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Abstract

Title: MET receptor signalling

Background: The METtyrosine kinase receptor is a receptor for
hepatocyte growth factor/ scatter factor (HGF/SF). The HGF/SF-MET
signalling axis is necessary for embryonic development and deregulation of
this system leads to tumourigenesis and metastasis. It is an active target for
the developmentof therapeutic agents by the pharmaceutical industry. The
aim of this work was to determine the intracellular signalling pathways
regulated by the MET receptor, when activated by HGF/SF and when
activated in a ligand-independent manner.

Materials and Methods: Robust in vitro cell systems were set up to

investigate the activation of MET by HGF/SF in human HaCaT
keratinocytes and the activation of METin a ligand independent mannerin

Rama 37 cells. Western blotting was used to measure specific or total
phospho-proteins and cell proliferation was measured by *H-thymidine
incorporation. A panel of signalling inhibitors were used prior to
measurement of proliferation and phospho-protein activation, to help
identify signalling networks activated by MET. Proteins phosphorylated
on tyrosine residues were immunoprecipitated using agarose-conjugated
antibodies and separated by 1D and 2D SDS-PAGE. Protein bands of
interest were excised from gels and digested with trypsin prior to
identification by mass spectrometry. Phospho-peptides were purified using
a combination of SCX and IMAC methods. Theisolated phospho-peptides
were then identified by mass spectrometry and the phosphorylation sites
located.

Results: Examination of the phosphorylation kinetics of p3gMark

p42/44™“PK and Akt after HGF/SF stimulation with and without specific

inhibitors shows that these pathways, normally considered to act in

parallel, clearly function as a network, with a high degree of crosstalk in

HGF/SF stimulated HaCaT cells. The MEK 1/2, PI3-K, JNK, Gi/o, PK-C

and NF-«B pathways were also shownto play a critical role in HGF/SF
stimulated proliferation, because if any of these pathwaysare inhibited it
leads to a significant reduction in DNA synthesis. Twelve proteins were
identified from bands that were phosho-tyrosine immunoprecipitated from
HaCaT cells stimulated with HGF/SF. There were fifteen phospho-
peptides identified from HGF/SFstimulated HaCaTcells after SCX/IMAC
purification. The phospho-proteins and phospho-peptides identified were
from a diverse group of proteins, which included, signalling proteins,
RTKs, structural proteins, metabolic enzymes, mRNA processing
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enzymes, proteasome associated proteins, cell cycle proteins and a heat
shockprotein.

Conclusions: The work in this study has identified new unique signalling
pathways of MET using both the broad candidate approach and two
different types of global phosphoproteomics approaches. While the broad
candidate approach allowed the kinetics of the new biochemical
interactions to be characterised, the two global approaches identified new
signalling targets of the MET receptor. Future work should use the two
global signalling approaches to identify a more comprehensive set of
pathways activated by the MET receptor by both its ligand, HGF/SF and
by the ligand-independent mechanism. This will enable the elaboration of
models of the METsignalling network.
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1 Introduction

1.1 Overview

The MET (mesenchymal-epithelial transition factor) tyrosine kinase

receptor is a receptor for hepatocyte growth factor/ scatter factor

(HGF/SF). The HGF/SF-METsignalling axis is necessary for embryonic

development [1, 2] wound repair [3] and tissue regeneration [4];

deregulation of this system leads to tumourigenesis and metastasis. It is an

active target for the development of therapeutic agents by the

pharmaceutical industry.

c-met was first identified as an oncogene in the 1980s [5]. MET is a

heterodimeric receptor tyrosine kinase and is expressed in both normal and

malignantcells [6]. When activated, MET triggers a complex biological

program which has been analysed in substantial detail, its pathological and

physiological roles have been established in cellular and animal models, as

wellas in patient samples.

METis expressed in numerous cell types, but mainly in epithelial and

mesenchymal compartments. MET is over expressed and amplified in

cancers of the thyroid, pancreas, kidney and many others [7]. Thefirst

form of METidentified was the TRP (translocated promoter region)-MET

mutant in which the translocated promoter region was fused to MET. It
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was found expressed predominantly in humanepithelial and fibroblast cell

lines and was an orphan receptor at the time [8]. Concurrently, two

different experimental approaches identified a potent motility factor (SF)

[9] and a potent mitogenic factor for hepatocytes (HGF) [10-12]. Further

experiments then showed that these two molecules were in fact identical

and that HGF/SFis a ligand for the METreceptor [13-16].

Preliminary sequence analysis of HGF/SF showed that it had a domain

structure that had structural similarity with proteases of the plasminogen

family, a structure that hadn’t previously been identified in growth factors

[17]. METhasa distinctive domain structure, which includes a B-propeller

fold that is responsible for ligand binding [18]. There are two unique

characteristics of METsignalling: firstly the carboxy] tail of MET contains

a unique docking site for recruiting intracellular signalling molecules [19];

secondly, the receptor’s single adaptor GABI1 (growth-factor-receptor-

bound protein 2 (Grb-2)-associated binder 1), which mediates the majority

of the complex cellular responses to MET activation [20], including

significant effects on epithelial cellular growth, motility and

morphogenesis [9-12, 21]
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1.2 HGF/SFstructure

1.2.1 Introduction

HGF/SFis a large multidomain protein (728 amino acids), unlike other

known polypeptide growth factors, which are usually small single domain

proteins. HGF/SFis related to the blood protease precursor plasminogen

and like plasminogenis produced asan inactive protein (pro-HGF). This is

cleaved by plasminogenactivators at a trypsin-like site [22], or by a serine

protease related to blood coagulation factor XII [23-25]. Processing of

pro-HGF/SFatits trypsin-like site produces an a and B chain connected by

a disulphide bond. The a chain is 69 kDa and contains four kringle

domains (K1-4) and a plasminogen activation domain [26] (Figure 1.1).

The B chain is 34 kDa and consists of a single domain which is the fold

found in the catalytic domain of serine proteases, but it is inactive in

HGF/SF due to mutationsin critical residues in the active site and in the

substrate bindingsite [9] (Figure 1.1).

1.2.2. Truncated variations ofHGF/SFanddeletion analysis

Mutations in the NK3 and NK4 domains of HGF/SF showed reduced

biological activity measured bycell scattering or DNA synthesis in Madin

Darby canine kidney (MDCK) cells, but mutants in the NK1, NK2,

19



<AQOE®a
nn

NK2 ;

IIGF/SF

Figure 1.1 Representation of the domain structure of HGF/SF

HGF/SFis secreted, along with two truncated isoforms, NK] and NK2 (N-terminal

domain + kringle domains). The isoforms are produced by alternative splicing of the

HGF/SFtranscript [27]. The residues from 1-494 form the a chain and the serine

protease (SP) domain formsthe f chain, the cleavage site between Arg494 and Val495

is indicated by an arrow.
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the hairpin loop of the N-terminal domain and the serine protease domain

completely lost such activity [28]. Subsequent studies analysing receptor

phosphorylation and binding confirmed these results [24, 29] and indicate

the relative importanceofthese structures in mediating the cellular effects

of HGF/SF.

Studies on the HGF/SFtruncated isoforms NK1 (N-terminal domain +

kringle 1) and NK2 (N-terminal domain + kringle 1 + kringle 2)

determinedtheircritical role in mediating HGF/SF binding to MET. NK1

was initially genetically engineered and only later was it found to be

expressed as an alternatively spliced variant of HGF/SF transcript in vivo

[22]. NK2 has a large antagonistic effect on MET activity [30] and was

first discovered as an alternative spliced isoform of HGF/SF [31]. Whereas

initial work found that NK1, like NK2, was a potent antagonist of MET

[23], further studies have shown that NK1 and NK2 fragments can, under

certain conditions, act as partial receptor agonists [32]. It is believed that

the presence of cell surface proteoglycans (heparan sulphate (HS) and

dermatan sulphate (DS) or their common experimental proxy heparin)

induce the dimerisation of the NK1 and NK2 fragments, which results in

these isoforms producing a stimulatory response in the target cell [32].

Taken together these results indicate that many different parts of the

HGF/SFprotein are involved in mediatingits biological responses.
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1.2.3 Structure ofthe N domain

A model of the three dimensional structure of the N-terminal domain of

HGF/SF has been proposed from NMRspectroscopy [33]. The structure

of the N domain has been very well defined and the central part of the

structure is a B-sheet made up offive anti-parallel strands. This sheet is

flanked on oneside by extended loops, which then turn into the strands to

make the sheet, and on the other side by a two turn a helix. The hairpin

loop is made up from the two turn a helix and the two central strands from

the B-sheet andthis structure is stabilised by internal disulphide bonds.

1.2.4 Structure ofthe kringle domain in NK1

The kringle domain found in the NK1 fragment is made up of four main

loops (Figure 1.2). The loopstructures are held together in a characteristic

shapeby three disulphide bonds [34, 35], one connects the N and C termini

and the other two pass through the hydrophobic core of the molecule. The

kringle domain starts at residue 128, a cysteine, and the overall fold

structure of the domain is very similar to the plasminogen (PM)kringle 4

(K4) domain. The hydrophobic core of the kringle domain is very well

conserved compared with other kringles [34, 35].
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Figure 1.2 3-dimensional structure of the NK1

The structure of the NK1 (N-terninal and kringle domains) kringle deduced by NMRrepresented

in cartoon form. The arrowedsheets highlight B sheets and the ribbons highlight a helices. The N

domain is shownin red and the K1 domain shownin blue. PDB: | gp9.
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1.3 MET: Expression and Structure

1.3.1 The c-met gene

The human c-met geneis located on the chromosome 7 band 7q21-7q31. It

is over 120 kb, contains 21 exons, and is separated by 20 introns. The

largest exon is exon 2 (4 kb), the smallest is exon 16 (81 bp) [5] (Figure

1.3A). Theintrons’ sizes range from about 26 kb to 0.1 kb. Thefirst exon

encodes the 5° untranslated region (UTR) (394 bp) of the c-met transcript,

whichis separated by a 21 kb intron from the second exon [5]. The second

exon is the largest and encodes 14 bp of the 5‘ UTR andthenthefirst 400

amino acids. The cleavage site in the MET precursor protein which gives

rise to the a and f chains is encoded within the exon 2 sequence[8, 13].

The hydrophobic transmembrane domain and the end ofthe extracellular

domain are encoded within exon 13 and this contains the start of the

intracellular domain. The entire intracellular domain is encoded in exons

14-21 and the exons 15 to 21 encode the intracellular kinase domain [13].

The ATP bindingsite is encoded for in exon 16, the kinase activation loop

site by exon 19 and the carboxyl terminus and the 3° UTRpart of the gene

are encoded by exon 21, which also encodes the docking site for SH2

containing proteins [18] (Figure 1.3A).
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Figure 1.3 Schematic diagram of the c-met gene and the METprotein [18]

A. The coding sequence (4173 bp) is shown as boxes 2-12 (exons coding for the extracellular

domains), boxes 14-21 (sequence coding forthe intracellular domains) and box 13 (coding for the

transmembrane domain). The black triangles indicate the splicing sites. Several of the structural

and functional elements are highlighted. B. The protein domain structure of MET,aligned to the

gene in panel A and highlighting the important regulatory phosphorylation sites (S=serine,

Y=tyrosine). The SEMA domain (domain found in semaphorins), PSI domain (domain found in

plexins, semaphorins and integrins), IPT domains (domains found immunoglobulins, plexins and

integrins); transmembrane domain, juxtamembrane and tyrosine kinase domainareall highlighted.
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1.3.2 Isoforms ofMET

Isoforms of MET arise due to alternative splicing and proteolytic

processing. A number of METtranscripts of different sizes have been

observedin a variety oftissues and cell lines [36, 37]. At least three 8 kb

variants of MET have beenidentified, which have been assumedto arise

from alternative splicing. The most commonisoform of MET described to

date has 18 amino acids deleted in the extracellular region encoded by

exon 10 [38-40]. Alternative splicing of exon 14 causes a deletion of 47

amino acids within the juxtamembrane domain [41]. There is an 85 kDa

fragment of MET found in malignant musculo-skeletal tumours that has a

truncated N-terminus. This could possibly be due to alternative splicing,

although a mechanism hasn’t been identified and so this fragment could

also be the result of proteolytic cleavage or an alternative start to

transcription [41].

1.3.3 The structure ofthe METreceptor

The METreceptor is synthesised as a 1408 amino acid single chain

precursor that is partially glycosylated. This is cleaved at an acidicsite

into a and £ chains after further glycosylation. The a chain, is

extracellular, contains the ligand binding domain and is made up of
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residues 1-307 (50 kDa). The B chain contains amino acids 308-1408 (140

kDa), contains an extracellular domain, which is boundto the a chain by a

disulphide bond, a hydrophobic transmembrane helix, which spans the

membrane and the intracellular domain consisting of the tyrosine kinase

domain along with the C-terminal domain [18], which contains a

conserved docking site for SH2 domains madeup of two tyrosine residues

(Figure 1.3B).

METispart of a receptor tyrosine kinase sub-family (class VI) containing

RONand SEA. Thetyrosine kinase domain of MET also shows sequence

homology with the Tyro 3 family of immunoregulatory molecules, which

includes Tyro 3 itself, MER (implicatedin retinitis pigmentosa) and AXL

[42]. The insulin growth factor I receptor also shows homology with the

tyrosine kinase domain in the MET family [43].

The MET family of receptor tyrosine kinases contain a SEMA domain

(Figure 1.3B) which shows sequence homology with plexins, semaphorins

and semaphorin receptors [44]. The plexin-semaphorin signalling axis

regulates cell scattering, which is modulated by MET andother sub class

VI receptors. The semaphorinsare a large and diverse group of proteins

that are transmembranereceptors or secreted proteins. They control cell

repulsion and dissociation events, which are key in the migration of cells
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and axons during neuronal development, though unlike MET, they do not

possessintrinsic tyrosine kinaseactivity [44, 45].

All semaphorins contain a conserved cysteine rich extracellular domain,

which is 500 amino acids in length (SEMA domain) and is found within

the MET related sequence (MRS). The regions of homology between

semaphorins and MET, RON and SEAare the SEMA and MRSdomains.

The plexin family includes SEX (plexin A3), SEP (plexin Bl), NOV

(plexin Al) and OCT(plexin A2), where SEX is the prototypical member

[46]. The plexins, which are receptors for semaphorins also contain the

sema and MRS domains[47].

The PSI domain is so called because of its homology in plexins,

semaphorins and integrins. PSI domains contain numerous cysteine-rich

sequences and are found in over 500 signalling proteins [47, 48], which

have a common biological theme of regulating cell scattering, cell

guidance, body weight and cell differentiation. The domain is made up of

50 amino acids and normally contains between 3 to 4 disulphide bonds. It

is critical to the biological activity of semaphorin 3A, because mutations in

the PSI domain negatively affect its activity. There is a structural model of

the PSI domain from semaphorin 4A, derived from X-ray crystallography,

although the domain isn’t well described in models of integrin structure

[27, 49]. Work done on the structure of the PSI domain in MET (Figure
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1.3B) has shown that despite poor sequence similarity there is a strong

correlation between the core structure of the PSI domain in METandthat

of semaphorin 4A.

The TIG domains are also known as IPT domains, and are so called

because of the homology of the domain in immunoglobulins, plexins and

transcription factors. There are four IPT domainsin the extracellular part

of MET(Figure 1.3B), the first of which is adjacent to the PSI domain and

the last of which is adjacent to the transmembrane domain[7].

The juxtamembrane domain spansresidues 956 to 1093 and separates the

transmembraneandtyrosine kinase domains (Figure 1.3B). It contains two

regulatory residues, Ser985 and Tyr1003, which can be phosphorylated

and regulate METactivity. Tyr1003 plays a key role in regulating MET

activity, as it binds c-CBL, which ubiquitinates MET andtargets it for

degradation [7].

The intracellular tyrosine kinase domain contains residues critical for

interactions with signalling proteins (Figure 1.3B). Upon ligandactivation

of the extracellular domain, the intracellular tyrosine kinase is able to

phosphorylate the activation loop tyrosines of the adjacent METreceptor,

leading to the activation of the enzyme, which then phosphorylates
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tyrosines in the C-terminal tail and signalling proteins that bind to the

receptor (Figure 1.3B).

1.4 The MET:HGF/SFreceptorligand system

1.4.1 Formation ofthe MET and HGF/SFactive signalling

complex

There are at least two ways that HGF/SF is thought to effect MET

dimerisation. The first model involves one HGF/SF molecule binding to

two METreceptors through two separate non-equivalent binding sites on

the HGF/SF molecule to form a 1:2 ligand receptor complex. The second

modelis a 2:2 signalling complex, which can be formed by association of

two binary ligand and receptor complexes or by ligand dimerisation. The

formation of ligand dimers is supported by X-ray crystallography structure

of the NK1 homodimer(Figure 1.2) [50, 51]. In this proposedstructure,

two identical amino acid patches strongly implicated in MET binding

(residues Glu159, Serl61, Glul195, and Arg197) are located on either side

of the outer surface of the NK1 dimer. This would then mean that each

molecule could engage one receptor molecule, thus causing receptor

dimerisation.
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METand HGF’/SFassociateinitially using their N-terminal regions. MET

binds to HGF/SF through its SEMA domain, which contains a B propeller

fold, the protein-protein interaction is mediated in a similar way to the

semaphorin-integrin protein-protein interactions, as semaphorins possess a

similar structure to that of the B propeller fold [18, 47, 52]. Both the N1

and K1 domainshavea high affinity for the MET receptor. There is also a

low affinity MET bindingsite on the B-chain of the HGF/SF for the SEMA

domain on MET,but this contact doesn’t involve HSand, therefore, isn’t

thoughtto be critical to MET activation [28, 53-55].

1.4.2 The active MET-HGF/SF complex:role ofproteoglycans

Early work indicated that HGF/SF bound heparin, an experimental proxy

for cellular HS though in the absence of glycosaminoglycans HGF/SF

could nevertheless engage MET [53, 55]. However, the activation of

MET,intracellular signalling and a cellular response in the absence of

sulphated glycosaminoglycans was weak or not detectable [48, 56, 57].

Moreover, covalently cross-linked conjugates of HGF/SF and

glycosaminoglycans were able to fully activate MET and downstream

signalling pathways [48, 58].
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The modelofcellular activation by the NK1 and NK2 isoforms of HGF/SF

found in vivo (Fig. 1.1) is different to that of HGF/SF. Both NK1 and NK2

elicit no cellular response in vitro in cells which do not express HSon their

surface, though the complete effects of full-length HGF/SF can be

recovered with the addition of exogenous heparin [50]. In the absence of

sulphated glycosaminoglycans, neither NK1 nor NK2 bind to MET with

significantaffinity.

Therefore, the balance of evidence demonstrates that the MET:HGF/SF

receptor-ligand system has a strict requirement for a glycosaminoglycan

co-receptor. This requirementhasdistinctive properties when comparedto

the archetypal HS-dependent growth factor system, that of the fibroblast

growth factors [54, 57]. For example, HGF/SF binds both HS (Heparan

Sulphate) and DS (Dermatan Sulphate) and the latter glycosaminoglycan

functionsefficiently in the activation of MET [54, 57-59]. There is also

evidence that at least in certain cell types, notably MDCK and mammary

myoepithelial-like cells, the glycosaminoglycan must be presented on a

proteoglycan at the basolateral surface [53, 57, 60], though in other cell

types, e.g., humankeratinocytes, soluble oligosaccharides have been found

to function effectively [61].
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1.4.3. The specificity ofdifferent glycosaminoglycans

1.4.3.1 Heparan sulphate and dermatansulphate

HGF/SF showsaffinity to certain sulphated glycosaminoglycans. HS (and

its proxy heparin) and DS, but not chondroitin sulphate (CS), normally

found covalently attached to proteins as proteoglycans on the cell surface

and in the extracellular matrix [48]. HGF/SF displays a similar high

affinity for both HS and DS, whichisrelatively unusual [57, 59, 62, 63].

A heparin binding site has been identified in the N-terminus of HGF/SF by

co-crystallography of the heparin-NK1 complex [62], by heparin affinity

chromatography of recombinant N-terminal HGF/SF [62] and by

oligosaccharide titration of NKI1 with heparin using NMR [64].

Tetrasaccharides are sufficient to bind and activate HGF/SF in cultured

cells [54, 61]. It requires a hexasaccharide fragment of heparin to

completely fill the binding site, though increasing the length of the

oligosaccharide doesn’t significantly improve its binding affinity [61].

Although tetrasaccharide to octasaccharide can equivalently activate

HGF/SF signalling, decasaccharides and longer oligosaccharides have

increased potency [61]. This finding is not explained by the structural [51]

and biophysical data [61].
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Heparin/ HS and DSare from twodifferent groups of the GAG family.

The polymeric backboneofDS consists of alternating B1-3 glucuronic acid

(GlcA) and B1-4 acetylgalactosamine (GalNAc), whereas heparin/ HS are

made up of alternating B1-4 GlcA and a al-4 N-acetylglucosamine

(GlcNAc) [58]. Both HS and DS_ undergo post-polymerisation

modifications, some of which are the same in both and some are GAG

specific. The epimerisation of GlcA to iduronate (IdoA) is a key common

modification, since HGF/SF does not bind CS, which only differs from DS

by virtue of the absence of IdoA. Modifications carried out by specific

sulphotransferases diverge the structures of the hexosamines of HS and DS

[58]. Thus GlcNAc, is added on by N-acetlylases/ N-sulphotransferases to

produce GlcNSand by 6-O sulphotransferases and 3-O sulphotransferases,

whereas GalNAc maybe 4-O or 6-O sulphated. A key issue, therefore, is

how HGF/SFcanbe similarly activated by heparin/ HS and DS. In the

crystal structure of the NK1 homodimer with a heparin oligosaccharide,

there is an electro-positive lined groove on the N-terminal domain where

heparin binds [51]. A heparin-derived tetradecasaccharide was used to

form the NK1-heparin complex, butof this, only four saccharides boundin

the positively charged groove, over a distance of 17 A,

The 2-O-sulphate ofthe Idurate and 6-O-sulphate of the glucosamine in the

heparin chains are the main groups that interact with NK1 at the nitrogens

in the backbone andthe side chains of Thr61, Lys63, Arg73 and Gly79.
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This tetrameric unit of heparin has been shownin vivo to be the minimal

sized chain of heparin needed to show binding with NK1. This, however,

only applies to certain structured heparins and the determining factor

appears to the position of the sulphates on the sugar chain rather than the

extent of sulphation [58]. Increasing the length of the heparin chain to a

hexamerresults in almost complete binding to NK1 and there is not the

variety of binding affinities seen with the tetramer. The minimumsize of

DS required is a hexamer. This is probably due to the difference in

structure when comparedto heparin and it requires more subunitsto fulfill

the requirements for binding.

Initial work showed that the affinities of HGF/SF for HS were

approximately 20-fold higher than for DS. More recently, it has been

shown that there is complex interplay between the average level of

sulphation and iduronate content, in that high sulphation can overcomethe

requirementfor iduronate and vice versa [58]. Physiologically, HS and DS

are not as highly sulphated as the source of GAGsused inthelatter study,

highlighting the relative specificity of binding that can be imparted by the

stoichiometric sulphation and epimerisation of glucuronates and iduronates

that occurs in cellular HS and DS.

The structural differences in DS and HS makeit difficult to identify the

requirements required for GAG binding to HGF/SF and its activation.
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However, whatis clear is that HS has a higher affinity for HGF/SF than

DS. Work done on NK1, which provides a smaller structural unit more

amenable to analysis than HGF/SF has shown that the presence of the

sulphated groups in heparin is critical for binding NK1; the removal of

these sulphates one by one from each disaccharide leads to a progressive

loss of binding affinity. Thereis still an affinity for NK1 whenthere is just

one sulphate group per disaccharide and this is enough to support

activation of NK1 binding to MET. Thelevel of binding is comparable in

this case to that of mammalian DS, which is generally monosulphated [56,

65, 66]. Work done on DS from different species has shownthat there is

flexibility in the position of the hexosamine sulphation on the DS

backbone; variations in this, e.g. Cy or Co, do not significantly affect

affinity to NK1. DS is mainly monosulphated and only contains a small

proportion of disulphated disaccharides, which are generally clustered.

The removal of these clustered 2-O-sulphates from DS causes a large

decrease in its affinity for HGF/SF. There isn’t a requirementfor a large

numberof contiguous 2-O-sulphates on heparin/HSand DS.

Taken together, these results suggest that NK1 and HGF/SF are to

accommodate short oligosaccarides (~hexosaccarides) in their

glycosaminoglycan binding site. This site is able to recognise with similar

efficiencies sulphate groups on different sugars, e.g. O-sulphated

galactosamine, N-sulphated glucosamine,by virtue ofits ability to adapt to
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different spatial geometries of sulphate groups. In this respect, it is notable

that HGF/SF’s interactions with the sugar is heavily driven by ionic

interactions, evidenced by the extremely fast association rate constants [57,

58, 61, 63]. The interactions with other groups involving H-bonding and

van der Waals interactions are possibly minor, and hence the type of

saccaride and its conformation may influence HGF/SFbinding farless than

for other growth factors.

1.4.3.2. Possible interactions of GAGsin theformation ofthe MET-HGF

complex

The HSand DSonthe cell surface may act as a repository for HGF/SF.

This hypothesis has been proposed for other heparin-binding growth

factors and would result in an increased concentration of HGF/SF at the

cell surface, thus increasing the probability of an interaction with MET

[51]. However, HS and DSalso have more specific roles, as shown by a

need for these sugars for HGF/SF’sefficient interaction with MET.

There are several models proposed to explain the role of heparin in the

binding of NK1 to MET. The first postulates that when heparininteracts

with the NK1, it causes a conformational change, which then allows the

NK1 to dimerise and then form a stable complex with MET [51]. The

second modelpostulates that NK1 forms dimers in the absence of heparin,
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but that these are stabilised by heparin, shifting the equilibrium position

towards the formation of dimers. Using gel filtration chromatography,

protein-protein cross linking andstructural studies, NK1 has been shownto

form homodimersin the presence of heparin [50, 51, 54].

The third model postulates that when there is no GAG present HGF/SF can

still bind MET as a monomer, but there is only a limited stimulation of

MET. Normally when HGF/SFis in solution it appears to be a monomer

[67] and the amount of HS on the surface of the cell makes it impossible

for HGF/SF to interact with MET first. Thus, HGF/SF will initially

interact with HS, which mayallow it to dimerise and then the dimer can

bind and activate MET. The modelalso postulates that the issue with NK1

monomers binding directly to METisthat the linker region between the N

and K1 domains is flexible and this flexibility prevents the N and Kl

domains from forming receptor binding domains. The role of heparin/HS

may thus be to rigidify the structure and allow receptor binding to take

place. Mutagenesisstudies carried out on NK1 show there are aminoacid

patches on both the N and K1 domains that contribute to MET binding

[68]. Crystal structures of the NK1 dimer have shownthat these clusters

are positioned on the same face of the structure [27, 49, 68]. Therefore,

heparin may not only promote dimerisation of NK1, but as a consequence

of this dimerisation, positions the receptor binding sites of N and K1 in a

conformation that promotes METbinding.
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A fourth model stems from the observation that in MDCKcells and in

human mammary myoepithelial cells only exogenous glycosaminoglycans

anchoredto the culture substratum are able to functionally replace cellular

sugars [53, 60]. Moreover, in human myoepithelial cells cellular

glycosaminoglycans can only promote HGF/SF signalling when the cells

are grown on collagen or fibronectin, conditions that will lead to a

substantial amount of cellular glycosaminoglycans binding to the

extracellular matrix proteins of the substratum [60]. Thus, these studies

suggest that HGF/SF can only activate METin the presence of a physically

fixed sugar. Work on HaCaT cells has shown that in this case, notable

heparin oligosaccarides can replace cellular glycosaminoglycans, with

respect to HGF/SFactivation of MET, which suggests that the requirement

for fixed sugar maybecell type specific. However, recently, it has been

shown in HaCaTcells that the exogenously added oligosaccarides are not

in solution but boundto the culture substratum, probably dueto the cells

depositing a substantial matrix (Zhu and Fernig, unpublished data). Thus,

the requirementfor the sugar to be anchoredto the substratum/extracellular

matrix on the basal side of the cells maybe a general one. This would

localise the activation of MET by HGF/SFto sites where the cell is

actively engaged in forming adhesions.
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1.5 Interactions of the MET:HGF/SFreceptorligand with

protein co-receptors

1.5.1 Introduction

MET can interact with a number other cell membrane proteins (co-

receptors) including neuropilin, plexins, integrins, FAS, CD44 and receptor

tyrosine kinases such as RON [69]. These interactions can affect the

activation states of MET andthe cellular response to HGF/SF. There are

no adequate in vivo animal models to understand the physiological

consequences ofthese interactions, but in vitro experiments have shown

they aren’t essential to cell survival, but help integrate extracellular signals

present in the environmentand so orchestrate the survival, invasive growth

and morphogenic cell responses to HGF/SF. For example, there is

increasing evidence that these interacting proteins cooperate with METto

promote metastasis and tumourigenesis.

1.5.2. METinteractions with CD44

The CD44 receptor family contains various isoforms, which are receptors

for hyaluronic acid, a major glycosaminoglycan of the extracellular matrix.

The CD44receptors have been implicated in both tumourigenesis and
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Figure 1.4 Interactions between METandits co-receptors

An illustration of how MET interacts with other families of cell surface receptors and their

crosstalk [69].
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metastasis, and various isoforms are expressed due to alternative splicing

[70, 71]. There have been several studies, which have shown that CD44

isoforms can promote METactivation via two routes. CD44v6 complexes

with both HGF/SF and MET,and in certain cell types is needed for

HGF/SF-induced MET activation. The MET-HGF/SF interaction is

favoured by the extracellular domain of CD44v6 andits intracellular

domain interacts with MET’s intracellular domains and provides a

platform for other signal transducers to interact with MET [72]. A second

isoform, CD44v3, possess’s a HS chain that binds to HGF/SFandin this

way CD44v3 can act as both an HS co-receptor and a CD44 co-receptor,

enhancingactivation of HGF/SF [73].

1.5.3, METinteractions with integrins

Anassociation of «684 integrin with MET has been shown(Fig. 1.4). The

interaction between this integrin and METis independent of the former’s

role in adhesion. Instead, the integrin acts as an intracellular signalling

platform for MET, allowing certain signal transducers, which promote

invasion to interact with MET [74]. The other receptor in the tyrosine

kinase receptor type VI family, RON, also interacts with a6B4 integrin

after binding macrophagestimulating factor (MSP). This causes a switch

in the integrin, resulting in it changing from a mechanical adhesive device
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to a signalling platform involved in keratinocyte migration [75]. There is a

large variation in the functions of MET’s interactions with adhesive

receptors based on cell type and the role and need for these interactions

isn’t fully characterised [74].

1.5.4. METinteractions with Plexins

METand RONcan both form heterocomplexes with each other, which

leadsto their transphosphorylation. They also share intracellular signalling

pathways and when RONisinactive it exerts a dominant negative effect on

MET [76]. Both MET and RONcanspecifically interact with three

different types of class B plexin. Plexins are the transmembranereceptors

for semaphorins and their extracellular domains have similar structural

features to that of the class VI receptor tyrosine kinases. Plexins

intracellular domains control the structure of the cytoskeleton and don’t

show anystructural similarity with the class VI receptor tyrosine kinases.

Plexin B1 is activated by SEMA4d andplexin B3is activated by SEMA

5a and wheneither the receptor or ligands are over expressed they cause

METor RONactivation and activation of an invasive growth programme.

This suggests that there must be a functionalrelationship [44, 52, 77, 78].

Moreover, SEMA 4d can interact with MSP and HGF/SF, which allows
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low levels of these ligands to fully activate MET and RON,respectively.

Plexins are thought to activate MET and RON by a mechanism in which

plexins, activated by their semaphorin ligand, oligerimerise and cluster.

This then leads to activation of the permanently associated MET/RON

receptor by proximity to other MET/RON. This has been shownin colon,

liver, pancreas and gastric carcinomacell lines where Plexin BI has been

over expressed, which has lead to constitutive activation of MET [78].

Studies using siRNA have shown reduced expression of plexinscorrelates

with inactivation of MET,leading to a decrease in the invasive property of

the cells [78].

1.5.5 METinteractions with other receptor tyrosine kinases and

G-protein coupled receptors

METcaninteract with tyrosine kinase receptors outside of subclass VI

such as members of subclass I, the epidermal growth factor receptor

(EGFR) and c-erbB2 (Figure 1.4). In thyroid carcinomacells, EGFR has

been observedto stimulate up-regulation of METtranscription [79]. When

EGERis over-expressed in tumourcell lines it can directly associate with

MET,phosphorylate it and hence causeits activation [80]. EGFR has been

found to transactivate MET in conjunction with G-protein coupled

receptors (GPCR) in pancreatic and hepatocellular carcinomacell lines.

The mechanism follows the activation of the EGFR and GPCR, which
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leads to the production of reactive active oxygen species. These inactivate

tyrosine phosphatases, which would otherwise de-phosphorylate MET,

leading to its prolongedactivation [81].

1.5.6 HGF/SF and METinteractions with neuropilin

Neuropilins (NRPs) are transmembrane glycoproteins that play a role in

various biological processes such as angiogenesis and axon guidance [82].

Until recently it was thought that neuropilin only bound to several

members of the VEGF family and to class III semaphorins. However, it

was shown in 2005 that at least neuropilin-1 (NRP-1) interacts with a

substantial array of unrelated HS-binding proteins, including HGF/SF [83].

Following this, Sulpice et a/ (2008) [82] found that both neuropilin 1 and

neuropilin 2 act as co-receptors for HGF/SF in endothelial cells. RNA

interference showed that reduction in NRP-1 and neuropilin-2 (NRP-2)

expression reduced the ability of HGF/SF to activate MET. Therefore,it

appears that NRP acts to potentiate the HGF/SF stimulation of MET, but

isn’t essential for a response, in a manneranalogousto the activity of NRP

with respect to fibroblast growth factor 2 [83]. Interactions between NRP-

1 and MET have been implicated in pancreatic ductal adenocarcinoma
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(PDAC) andits enhanced invasive properties [84]. This work showsthat

when VEGFRexpression is K/O angiogenesis is abolished [84].

1.5.7 Thephysiological importance ofMETcrosstalk with other

receptors

The interaction of MET with other transmembranereceptors imparts new

signalling properties to MET. For example, B plexins have been shownto

be directly affected by activated MET. Theintracellular domain of the B

plexins is critical in their generation of repulsive signals. However, the

interaction of the intracellular domain of plexins with METconverts the B

plexin signal to an attracting one [85]. Another MET interaction is with

the death receptor FAS, which prevents FAS multimerising and bindingits

ligands, thus preventing FASactivation and the consequentstimulation of

apoptosis [85]. HGF/SF will thus have a two-fold effect, as its binding to

METreleases FAS,therefore stimulating apoptosis,whereas the activation

of METleadsdirectly to anti-apoptotic signals [85].

METinteracts with the transmembranereceptor ErbB2 andexertsits effect

on the intracellular signalling pathways activated by ErbB2 by enhancing

the size of the response, this promoting a malignant phenotype [86].

Currently only associations between pairs of receptors have been

examined, although the picture appears far more complex, as ErbB2 stably
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associates with plexin B1 and integrin «684, which all can form

heterodimers with EGFR, which can also interact with MET. This would

create a far more intricate and complex network, though the structure ofthe

complexesthat form at the cell surface remain to be established.

The observation that MET interacts with other transmembrane receptors

raises a numberof questions, these include: what is the major influence,

METorits partner(s), in terms of how they affect each others signalling

networks; are these interactions highly regulated to enable fine tuning of

the cellular response or is METsignallingcritical to, for example, invasive

growth, and that it must beactivated for this to occur?

Perhaps the answer to the above questions lies in the fact that they have

been posedin the first place. This may simply reflect the poverty of our

existing paradigms ofcell-cell communication, rooted in 30-40 year old

concepts of 1 hormone: 1 receptor: 1 second messenger. Thus, it is

possible that a rethink ofextracellular events is required. To activate the

appropriate cohort of intracellular signalling pathways, transmembrane

proteins may act together and may associate in different ways depending

on the required cellular response, which thus may be determined by the

kinetics, stoichiometry and amplitude.
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1.6 Intracellular signalling interactions mediated by MET

1.6.1 Introduction

Asdescribed previously, when METis activated by its ligand HGF/SF,it

stimulates numerous physiological responses [87]. These include cellular

motility [9], growth [88], morphogenesis [89], invasion [90] and

angiogenesis [91]. When METis activated it is phosphorylated at tyrosine

residues Tyrl093, Tyrl151, Tyrl230, Tyrl234, Tyrl313, Tyr1349,

Tyrl1356 and Tyrl365 within its cytoplasmic domain [88]; these

phosphorylation sites have a variety of functions. The signal transduction

proteins that bind MET are multi-domained proteins, characterised by

domains like phosphotyrosine binding domain (PTB), SRC homology

domain-2 (SH2) and SRC homology domain-3 (SH3). A large number of

these signal transduction proteins can bind directly to MET, including

STAT3 [92], GRB-2 [19], the p85 subunit of PI3-K, phospholipase C-y

[16], SHC [93] and GAB1 [94]. The proteins GAB1, SHC and GRB-2 are

considered to be docking proteins, as they have no intrinsic enzyme

activity [95]. All the proteins described above bind and interact

specifically with the C-terminal tail of MET. The multi-functional docking

site on METbinds numerousprotein substrates, both adaptor proteins and

kinases and these must compete for one or both the phosphorylated

tyrosine residues. For example, SHP | and Grb-2 only bind to Tyr1356,

48



whereas GABI and PI3-K bind to both Tyr1349 and Tyr1356. How

competition by signalling molecules for this binding site regulates

downstream signalling is not fully understood, though it clearly has the

potential to provide the means to fine tune the cellular response to MET

activation.

1.6.2. GAB interactions

The GAB family of proteins are related to the insulin receptor substrate I

(IRS-I) family [94] (Figure 1.5). Three isoforms of GAB have been

identified in mammals, GAB1, 2 and 3 [96]. They contain multiple motifs

that can interact with numeroussignalling molecules, but only GAB1 can

interact with MET [97]. GABI1 wasfirst identified as the major substrate

for the METintracellular tyrosine kinase in cells with the TRP-MET

mutation, which leads to MET beingconstitutively active [98-100]. Mice

which have a knockout in GABI phenocopy are identical to mice with

knockouts in MET and HGF/SF,with smaller livers and defects in muscle

formation and in muscle precursorcell migration [101].

The majority of the signalling downstream from METis regulated by

GABI1. Unlike MET, GABIhas homologues in Drosophila melanogaster

and Caenorhabditis elegans. GABI1 in these organisms regulates
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signalling downstream oftyrosine kinase receptors. GAB1 presumably has

then evolved its METrelated functions in vertebrates. Critical to this is the

interaction of GABI with the bi-dentate docking site on MET, which

consists of Tyr1349 and Tyr1356 and other nearby amino acid residues

[17, 20, 37, 102].

The METreceptor binds GAB1 through its MET binding domain (MBD),

which is specific to GABI1 and isn’t present in any of the other GAB

proteins [103]. The MBDfacilitates the binding of GAB1 to METfor long

periods of time, allowing the sustained phosphorylation of GAB1. Other

growth factor receptors, such as the epidermal EGFR that have GABI as a

substrate exhibit faster GAB1 dissociation rates.

GABIcan interact with signalling proteins SHP-2 tyrosine phosphatase,

PI3-K, PLC-y1 and the adaptor protein CRK and so recruit them to MET.

It has been shown in MDCKcells that the interaction between SHP-2 and

GABI iscritical to the formation of branched tubules [103], whereas the

interaction between PI3-K and GABI has been shownto beessential for

the inhibition of apoptosis [104]. GABI1 interacts with both the EGF

receptor and MET,butit is recruited to ie formerindirectly, via GRB2,

which may explain in part the distinctly different biological responses of

the EGF and METreceptors [105, 106].
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Figure 1.5 Scaffold adaptor proteins similar to mammalian GAB1

Scaffolding adaptors share a commonstructure, these includes a membranetargeting sequence

such as a pleckstrin-homology (PH) domainthat binds to specific lipids at the plasma membrane,

or a myristoylation site (M). Their central proline-rich domains(P) contain numerousbindingsites

for SRC-homology-3 (SH3). In addition, GAB1 contains a unique METbinding site (MBS)that

allows its direct interaction with MET, but not with other receptors. Several tyrosine

phosphorylation sites (Y) are positioned along the sequenceofthe scaffolding adaptors, and these

enable them to bind proteins with SRC-homology-2 (SH2) or phosphotyrosine-binding (PTB)

domains. The mammalian GAB proteins function downstream of many receptors; these include

those for HGF/SF,insulin and EGFreceptors[103].
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The MBD within GABI acts as a PTBin that it recruits GAB1 to MET

and other receptor tyrosine kinases [107]. There is a 16 amino acid motif

(GMQVPPPAHMGER) within the MBD, which is sufficient for the

interaction with MET. The MBD domain of GABIcan also bind ERK1,

ERK2, PI3-K and GRB-2 when bound to MET, which illustrates its

potential as a recruiter of signalling pathways to MET[21, 99, 104, 107-

109].

1.6.3 Interactions with other signalling modules

Althoughall the signalling proteins mentioned in the introduction to this

section can bind MET,the key interaction is that of GAB1. The gab/

knockout in mice has the same phenotype as the c-met and hgf/sf

knockouts; therefore, when GABI isn’t present the other signalling

proteins that can bind MET cannot compensate to generate sufficient

signals from activated MET. Although the binding ofsignalling proteins

to activated MET is competitive, GAB1 binding must be favoured asit

plays an irreplaceable role in METsignalling. This may be due in part to

GABI’sability to bind METfora sustained period of time and,to bind the

othersignalling proteins.
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GRB-2 is another protein that plays a key role in regulating MET

intracellular signalling. It comprises one SH2 domain and two SH3

domains, the SH2 domains enable it to bind to ligands containing the

sequence PXXPXR,a proline-rich sequence [110, 111]. A connection

between GRB-2 andtyrosine kinase receptors and Ras wasfirst established

when it was discovered GRB-2 bound hSOS1,a guanidine-releasing factor

[112]. Interestingly SHC, another protein which binds MET and is

phosphorylated by MET contains two SH2binding sites to which GRB-2

can bind [104, 108, 113, 114].

SHCcontains two SH2 domains and a PTB domain and was thefirst such

protein identified which bound to an activated tyrosine kinase receptor

[115, 116]. It plays a role in MET-mediated mitogenesis. The PTB and the

SH2 domains have been shownto differ in how they bind the pTyr. The

SH2 domain recognises the residues at +4 and +1 C-terminal from the

pTyr and its engagementresults in the transduction of mitogenic signals,

whereas the PTB recognises the sequence N-P-X-pTyr and binding of SHC

through this domain causes transduction of migratory signals [117]. SHC

is critical in intracellular decision making,as it contains both SH2 and PTB

domains, which means it can determine whether a cell is going to

proliferate or migrate or both, although the mechanisms underlying this

switch in response haven’t been fully elucidated.
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SHP (Src homology containing phosphatase) proteins are protein

phosphatases and both SHP1 and SHP2 can bind to MET. SHP1 bindsto

METat Tyr1356, in the multiple substrate binding site. There is an

identical amino acid sequence YVNVpresent in SHP and GRB-2 to which

SHC binds and when this sequence is mutated the ability of MET to

stimulate branching is abolished [118]. There is contradictory evidence

regarding whether SHP1 and PI3-K are associated before HGF/SF

stimulation or become associated after HGF/SF stimulation [118]. The

interaction of SHP1 and SHP2 with METhas been showntobecritical for

MET-stimulated epithelial branched morphogenesis and it is also needed

for sustained activation of ERK 1 and 2 [106, 119]. Moreover, SHP2

regulates the two small G-proteins, Ras and Rho,and thesearecritical to

HGF/SFstimulated cell scattering [120].

The regulatory subunit of PI3-K can bind GABI in a phosphorylation-

independent mannerthrough its SH2 domain,but the physiologicalrole of

this interaction isn’t understood. The PI3-K/Akt pathway is an anti-

apoptotic pathway and MET mutants that enhance PI3-K activity have

been implicated in hereditary papillary renal carcinoma [121]. The

pathway is knownto prevent transformedcells from undergoing apoptosis.

In most cell types, when METis activated it phosphorylates both PI3-K

and PLC-yl [104, 108, 122], but in astrocytes only PI3-K is

phosphorylated by MET. PLC-yl is also phosphorylated, but by a
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different kinase. PLC-y1 activation plays a key role in HGF/SF stimulated

migration and, therefore, the regulation of PI3-K and PLC-yl

phosphorylation by different signalling modules in different cell types

provides for enhanced controloverthis cellular response.

STAT3 is another key signalling protein, which associates with MET.

STAT3 has been found to be constitutively active in numerous primary

tumours and oncogenic cell lines. The constitutive phosphorylation of

STAT3 can lead to a point mutation in MET often called the MET 2b

mutation which leadsto oral cell squamouscell carcinoma[123].

1.7 Ligand-independentactivation of MET

MET can be activated in a ligand-independent manner by several

mechanisms, which include a number of cases in which MET

dysregulation occurs. Thus, MET over expression, resulting in abnormally

high levels of c-met encoded mRNA,can be caused by gene amplification,

as found in malignant gastrointestinal mucosa [124], or by activation of

oncogenes such as Ras [125]. The activation of other small GTPase

proteins such as RAN, which is normally responsible for determining

directionality of nucleocytoplasmic transport during interphase have also

been implicated [126]. The higher density of MET receptors on the cell

>



surface can cause them to spontaneously dimerise, but this is not usually

sufficient to activate the receptor, which requires a second event such as

activation by other receptors or possibly a reduction in the levels of

suppressor molecules [124].

Anothercase in which HGF/SFis not required for activation is when MET

undergoes abnormal processing. TPR-METis a well known oncogenic

form of MET which has occurred via gene rearrangement. TPR-MET

protein, which is localised in the cytoplasm, contains the leucine zipper

domain of TPR and the kinase domain of MET. Theinteractions of TPR

leucine zipper domains with one another allow the dimerisation of the

METkinase domains and, therefore, transphosphorylation of the latter and

activation of intracellular signalling. Lack of cleavage of the MET

precursorresults in the single chain MET localising to the membrane and

this protein is then phosphorylated in the absence of HGF/SF [124].

Osteopontin (OPN) has been associated with certain aspects of malignant

transformation [125, 127] by enhancing malignant cell attachment and

migration and contributing to anchorage-independent growth of tumour

cells [128]. Moreover, transfection of benign, non-metastatic rat mammary

cells with the cDNA encoding OPN endowsthe transfectants with the

ability to overproduce OPN in vitro and to metastasize in vivo [129].

Further work has shown that RAN encoding mRNA was also over
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expressed in metastatic tumours along with OPN [129]. The work has

suggested that RAN mayfunction, in part, as an effector of OPN-induced

invasion and metastasis in an epithelial model of breast cancer

dissemination through ligand-independentactivation ofMET.

1.8 MET: Cancer and disease

In neoplastic cells, METis often aberrantly activated, which causes cells to

invade surroundingtissue and spreadfirst via the lymphatic system to other

parts of the body. When METis constitutively active the cells survive,

since METprotects against apoptosis and anoikis (apoptosis stimulated by

non-contact). The cells then extravasate and colonize a newsite, giving

rise to a metastatic lesion [130].

The only MET mutation involving gene re-arrangement is the TPR-MET

mutation, which results from a chromosomal translocation and leads to

METfused with TPR sequences. This wasinitially discovered in vitro by

chemical carcinogenesis [5] but has since been seen at low frequency in

gastric tumour-derived cell lines [131]. Several mutations in MET have

been found in both sporadic and hereditary papillary renal cell carcinomas

[100]. If only present as a heterozygote, however, they do not promote

57



tumour formation. Duplication of the mutated gene is required for tumour

formation, which results from chromosome7 trisomy [132].

The most commontype of genetic alteration of MET,is the amplification

of the gene, leading to over expression of c-met. The over expression of

METhasbeen described in human renal cell [133] (68% correlation with

poorclinical outcome), ovarian [134], prostate, colorectal [135] and gastric

carcinomas [136, 137]. MET over expression has also been identified in

about 70% of papillary and poorly differentiated thyroid carcinomas and

25% offollicular thyroid carcinomas, whileit isn’t detectable in either the

normal gland or benign thyroid diseases [138]. It has also been observed

in NSCLC (non-small cell lung cancer) tumourcells resistant to EGFR

inhibitors and have a 20% increase in MET expression, which contributes

to drug resistance [139, 140]. Interestingly, tumours of mesenchymal

origin, such as osteosarcomas and rhabdomyosarcomas, often utilize an

autocrine mechanism by producing HGF/SF in order to activate the MET

receptor [141, 142]. Elevated HGF/SFlevels and the over expression of c-

met are often associated with poorclinical outcomesthat include increased

tumour metastasis, more aggressive disease and shortened patient survival

[143-145].
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1.9 MET as therapeutic target in cancer treatment

The study of the MET-HGF/SFsignalling axis over the past 20 years has

demonstrated unequivocally that it plays a critical role in normal

development and in both tumourigenesis and metastasis. The signalling

axis has been shownto be a good target for cancer therapy in both animal

models andin vitro studies. Over recent years there have been significant

advances in the search for therapeutic agents that target the MET and the

best seem to be small molecule inhibitors or receptor specific antibodies,

an approach that has been successful with other receptor tyrosine kinases

[146, 147]. There has been a large number of anti-MET compounds

enteringclinical trials recently [148, 149], such as ARQ197, developed by

ArQule and PF2341066, developed by Pfizer, so it may be possible to

control tumours displaying aberrant METsignalling in the near future.

1.10 Phospho-protein and phospho-peptide purification

techniques

1.10.1 Introduction

Protein phosphorylation is one of the key regulatory mechanisms of

intracellular biochemical pathways, which include cell signalling,
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proliferation, differentiation, cell survival, metabolism, homeostasis,

degradation of proteins, transcription and translational regulation [150].

Protein phosphorylation is a regulated multi-faceted interplay between

particular protein phosphatases and kinases, which keep strict temporal

and spatial control of the phosphorylation and dephosphorylation events at

precise sites in target proteins. Phosphorylation of proteins in eukaryotes

can take place on serine, threonine or tyrosine residues. Currently, the

numberof proteins regulated by phosphorylation is not known, butit has

been estimated that there are more than 100,000 phosphorylation sites in

the human proteome [151] and that over 50 % of proteins are

phosphorylated during their lifetimes [152]. Although phosphorylation

plays such critical role in cellular processes, the phosphorylated forms of

the proteins are far less abundant than their unphosphorylated counterparts.

1.10.2 Phospho-protein detection andidentification

There are numerous techniques that can be used for detecting phospho-

proteins. Complex samples can be separated by 2D PAGE,according to

their PIs and molecular masses [153]. The gels can then be stained with

dyes such as Pro-Q diamond whichvisualises the phospho-proteins[154].

There are alternative visualization techniques, which involve labeling

phospho-proteins with radiolabelled 2D or *P [155] and then detection by
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autoradiography. Although this technique maybe the most sensitive, it

maynot be compatible with certain MS procedures.

Phospho-proteins can also be visualised by western blotting using

antibodies against general tyrosine, serine and threonine phosphorylation

[156], but this provides no information about specific sites. Phospho-

proteins must be immunoprecipitated, then separated by SDS-PAGE,and

then identified by MS for further validation. Using antibodies specific for

generalserine, threonine and tyrosine phosphorylation to identify phospho-

proteins is limited by the specificity of the antibody [157, 158]. Of the

general phospho-protein antibodies, the general phospho-tyrosine

antibodies have the highest selectivity for the enrichment of tyrosine

phosphorylated proteins [159]. Unfortunately due to their lack of

specificity anti-phospho-threonine andserine antibodies are yet to be used

routinely in phosphoproteomics[160].

1.10.3 Phospho-peptide identification and detection

1.10.3.1 Immobilised metal affinity chromatography (IMAC)

IMAC is an affinity-based technique, which is widely used for the

enrichment of phospho-peptides prior to MS analysis. A stationary phase

is formed by chelating metal ions (Fe, Al’', Ga**, or Co”) to either
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nitrilotriacetic acid (NTA) or iminodiacetic acid (IDA) coated beads. The

metal ion complex can chelate phosphate groups on peptides [161]. The

main problem associated with IMACis that when dealing with a complex

sample there are high levels of non-specific binding. Non-phosphorylated

peptides containing acidic amino acids co-purify with the phosphorylated

peptides and reducetheselectivity of the method. Work has been doneto

try and improvetheselectivity of IMAC by the O-methylesterification of

carboxylic acid groups in peptides prior to IMAC purification [162].

Unfortunately, this wasn’t a great success because the O-methyl

esterification was never stoichmetric and, therefore greatly increased the

complexity of the data analysis [163]. Another approach used to improve

IMACwasthe pre-fractionation of samples prior to IMAC purification.

This has been done using IEF (Iso-electric focusing) [164], SCX (Strong

cation-exchange) [163] and hydrophilic interaction chromatography[165].

1.10.3.2 Metal oxide affinity chromatography (MOAC)

The use of MOACfor the enrichment of phospho-peptides has grown over

the past few years because of their selectivity and high recoveries. There

are four types of metal oxide, which can be used for phospho-peptide

enrichment; these are titanium dioxide (TiO2), zirconium dioxide (ZrQ2),

aluminum oxide (Al,03) and niobium oxide (Nb2Os). The most commonly
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used metal oxide for phospho-peptide enrichmentis titanium dioxide. At

an acidic pH,the surface of the titanium dioxide is positively charged and

selectively absorbs phosphorylated peptides. When this is combined with

the appropriate buffers for sample loading, rinsing and eluting, the titantum

dioxide is highly specific for phosphorylated peptides over acidic peptides

[166].

1.10.3.3 Calcium phosphate enrichment

An initial method was derived for phospho-peptide enrichment using Ca**

ions and 50% ethanol to precipitate serine phosphorylated peptides from

casein [167]. This was then optimized by Zhang and colleagues, using

calcium chloride (CaCl2), disodium phosphate (Na2HPO,) and ammonia

solution (NH3H2O). When used in conjunction with another phospho-

peptide enrichment technique it can be a useful phospho-proteomic

technique [168].

1.10.3.4 Ion-exchange chromatography

Anion-exchange chromatography has been used to pre-fractionate complex

peptide mixtures before phospho-peptide enrichment [169]. In anion-

exchange chromatography the more highly phosphorylated a peptide the
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longer the peptide is retained on the column. Unfortunately, acidic

peptides bind tightly to the anion exchange as well and can contaminate

phospho-peptide enrichment; the phospho-peptides can also be difficult to

recover from the resin. SCX was originally used as a pre-fractionation

technique for peptides and proteins. Manipulation of pH and the ionic

strength of buffers is used to increase binding and elution of certain

molecules. When SCXis carried out at pH 2.7 this removes the negative

charge from carboxylic acid groups, but if a peptide is phosphorylated this

increases its negativity and reducesits binding to the SCX. Using SCX in

this way Beausoleil ef a/. identified 2 000 phosphorylation sites from 8 mg

nuclear extract of HeLa cell lysate and found early fractions contained high

levels of phospho-peptides comparedto later fractions [170].

1.11 Aimsof thesis

The aims of this thesis are to establish as comprehensive as possible

intracellular signalling network of the MET receptor following its

activation by its extracellular ligand, HGF/SF, and by an intracellular,

ligand-independent mechanism. Activation of METbyits ligand HGF/SF

playsa critical role in embryonic development[1, 2], woundrepair [3] and

tissue regeneration [4]. It is the aberrant activation of METin an autocrine

mannereither by over-expression of HGF/SF,or byits ligand-independent
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activation that leads to the physiological responses that characterize

tumourigenesis and metastasis. In order to further understand ligand

dependent activation of MET; a robust in vitro cell system was set up,

which washighly responsive to HGF/SF. Given the complexity of ligand-

dependent METreceptorsignalling, two different approaches wereutilized

in order to identify intracellular signalling proteins downstream of

activated MET. Thefirst was the broad candidate approach by western

blotting for activated forms of a wide variety of signalling proteins. This

allowed characterization of the dynamicsof signalling proteins affected by

the METreceptor. The second approach wasa global one where levels of

tyrosine, serine and threonine phosphorylation were analysed before and

after HGF/SFstimulation, which aimed to identify new members of what

mightbe called the MET phosphoproteome. This would entail establishing

methods for tyrosine and serine/threonine phospho-proteomics. To study

possible methods of ligand-independent activation of MET, two cDNAs

encoding candidate ligand-independent activators of MET were over

expressed in Rama 37cells and the levels of phosphorylation of MET and

downstream targets of MET were measured.
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2 Materials and Methods

2.1 Materials

Human recombinant HGF/SF was obtained from R & D Systems

(Abingdon, UK). Reagents for electrophoresis were purchased from Bio-

Rad andcell culture reagents were obtained from Life Technologies, Inc.

MAPK MAPK
4 8 ;Antibodies against phospho- and pan-p42/4. , phospho-p3

phospho-Akt, phospho-SAPK/JNK, phospho-SHP2, phospho-STAT1

(Tyr701), phospho-STAT3 (Tyr705, Ser727), PAN-phospho-PK-C,

phospho-GAB1, phospho-MAPKAP-2, phospho-EGFR, MET (f chain),

IkBa and IkBB were purchased from Cell Signalling (MA, U.S.A.).

Antibody against phospho-actin was purchased from Abcam (Cambridge,

U.K.). Agarose conjugated antibody against phospho-tyrosine (4G10) and

unconjugated 4G10 antibody was purchased from Upstate (VA, USA).

Protein A/G conjugated to agarose and anti-phosphotyrosine pY99 were

purchased from Santa Cruz Biotechnology (CA, USA). Pertussis toxin,

Bay 11, Bis-1, JNK inhibitor IX, antibody against actin and bovine serum

albumin (BSA) were from Sigma-Aldrich (Dorset, U.K.). Nitrocellulose

membrane, Hyperfilm, secondary peroxidase-labelled rabbit and mouse

antibodies to IgG and enzyme-linked chemiluminescence reagents were

from Amersham Pharmacia Biotech (Buckinghamshire, UK). Immobilised
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pH gradient (IPG) holders, IPG 7 cm strips pH 3-10 non-linear and the

protein IEF cell were from Bio-Rad, Hertfordshire, UK. Wortmannin,

LY294002, PD098059, SB203580 and phosphatase inhibitor cocktail were

from Calbiochem (Nottingham, UK). Protease inhibitor cocktail were

from Roche (East Sussex, UK). Titanium Dioxide was purchased from

Glygen (Columbia, USA) and the POROS MC was purchased from

Applied Biosystems (CA, USA). All other reagents were from Sigma-

Aldrich (Dorset, UK; BDH Laboratory supplies (Poole, UK); Fisher

Scientific (Loughborough, UK) or Gibco (Paisley, UK), if not stated.

2.2 Methods

2.2.1 Cell Culture

Immortalized human HaCaT keratinocytes, generously provided by Dr

Fusenig (Division of Carcinogenesis and Differentiation, German Cancer

Research Center, Heidelberg, Germany) and benign rat mammary cellline

Rama 37 (R37) (see table 2.1), generously provided by Dr. Mohamed K.

El-Tanani (Centre of Cancer Research and Cell Biology (CCRCB),

Queen’s University Belfast, Belfast), were both cultured in Dulbecco’s

modified Eagle’s medium supplemented with 10% (v/v) foetal calf serum

(FCS), penicillin (1000 units/mL) and streptomycin (1 mg/mL)
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(Invitrogen, Paisley, UK). The cells were passaged when they reach

approximately 70-80 % confluence.

To passage the cells, the culture medium wasaspirated and the cells

washed twice with Versene (1:5000 (v/v), Gibco). The cells were then

trypsinised with 1 mL of trypsin solution (2.5% w/v) at 37°C for

approximately 5 min until all the cells detached from the substratum, as

observed undera light microscope. 9 mlof cell culture medium was then

addedto stop the trypsinisation process. The cells were then aliquoted into

five 9 cm diametercell culture dishes per one trypsinised dish. Depending

on experimental needs, the dilution of cell seeding in the dishes could be

varied.

To freeze the cells, they were first trypsinised, then resuspended in 9 ml of

medium. 0.5 mlofcells in the medium were then counted using a coulter

counter and the remainderofcells were then centrifuged at 800 rpm for 5

min. Sufficient freezing solution (18.5 mL DMEM/20% FCS(v/v) and 1.5

mL DMSO) was added to the pellet to give a concentration of 1 to 1.5

million cells/mL. The cells were then addedto labelled cryovials in 1 mL

aliquots and quickly transferred to dry ice, to gradually freeze at

approximately 1°C a minute. After freezing in dry ice for at least 1 h, the

cells were thentransferred to the —70°C freezer for storage.
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To recover frozen cells, a vial was removed from the —70°C freezer and

placed immediately in a 37°C water bath and constantly swirled until the

medium had completely thawed. The cells were then removed from the

vial and pipetted into a 25 ml tube. Then 20 mL ofcell culture medium

was addedto the tube and the cells were centrifuged at 1000 g for 5 min.

The medium wasaspirated, leaving a pellet of cells, and 20 mL of fresh

cell culture medium was added. The cells and medium were then

subjected to rigorous pipetting until the pellet of cells had been completely

resuspended. The cells were then seeded onto two 9 cm cell culture dishes.

HaCaT cells used in HGF/SF stimulation experiments needed to be

rendered quiescent(all cells at Go in the cell cycle). The R37 cells were

also rendered quiescent before harvesting even though they weren’t

stimulated with HGF/SF. Cells were rendered quiescent when they wereat

70-80 % confluence. This was done by aspirating the normal media from

the cells and washing them twice with PBS and then adding DMEM media

without FCS and with 250 pg/ml of BSA. The cells were then left under

normal conditions for 48 hours and were then ready to be stimulated with

HGF/SF. The medium waschanged after 24 hours and changed two hours

before the experiment.
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Table 2.1 R37 cell lines

 

 

Cell Line cDNAtransfected

R37 None

R37-CMV Host vector only

R37-OPN Osteopontin
R37-RAN RAN

R37-WTRAN RAN

R37-MutRAN Mutated RAN     
2.2.2 DNA synthesis assay

Quiescent HaCaT cells were stimulated with HGF/SF, with and without

inhibitors as detailed in figure legends. After 18 hours when DNA

synthesis was maximal, 20 pL of 40 pCi/mL thymidine was addedto the

cells. After 2 hours of incubation, the cells were washed twice with PBS

then 500 uL of cold 5% (w/v) TCA was added andleft for at least 30 min

at 4 °C. A wash with cold 5% (w/v) TCA wasperformed, followed by two

washesof cold 95% ethanol. Thecells were left to completely dry before

the addition of 500 pL 0.2 M NaOHto solubilise the TCA precipitate.

This was then left for 30-60 min at 37°C or overnight at 4°C before

transferring to a scintillation vial and adding 1 mL ofscintillation cocktail

fluid. This was shaken well and counted on a TRICARB 2100TR liquid

scintillation analyzer. The results were given in disintegrations per minute

(dpm).
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2.2.3 Protein extractionfor western blotting

HaCa¥ cells were seeded for 48 h in 9 cm dishes and rendered quiescent,

as before. HGF/SF was then added for 0, 5, 10, 15, 20, 30, 45 and 90

minutes. Incubations were terminated by washingthe cells twice with ice-

cold PBS. Cells were lysed by addition of reducing sample buffer, boiled

andidentical amounts of protein were separated by SDS-PAGE. R37 cells

were treated in the same wayonly they weren’t dosed with HGF/SF.

2.2.4 Immunoprecipitation with 4G10

HaCaTkeratinocytes or R37 cells were seeded into 9 cm dishes and grown

upto 70-80 % confluence. The cells were then washed twice in PBS and

the culture medium was then replaced with Dulbecco’s modified Eagle’s

medium supplemented with 250 ng/mL BSA for 48 h. After the 48 h

incubation in this medium to renderthe cells quiescent, HGF/SF was added

at 3 ng/mL to the HaCaT cells. The HaCaT cells were then left for the

relevant amount of time and then washed twice in ice cold TBS(Tris

Buffered Saline). Quiescent R37 were immediately washed twice in ice

cold TBS. Cells were then lysed by the addition of the relevant amount of

lysis buffer (25 mM Tris-Cl, 100 mM NaCl, 50 mM NaF, 1% (v/v)

Nonidet P-40, 0.5% (w/v) deoxycholic acid, 0.1% (w/v) SDS, pH 7.5), to

which a complete protease inhibitor cocktail (1 tablet/10 ml of buffer)
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(Roche, Lewes, U.K.) and phosphatase inhibitor at 1% (v/v) were also

added (Calbiochem, Nottingham, UK). Lysates were incubated on a rotary

platform overnight with agarose-conjugated anti-P-Tyr (4G10). The

following day, samples were centrifuged at 16,000 x g for 10 min. Pellets

were washed three times with 0.5 mL lysis buffer and once in PBS. After

addition of one volume of 2X reducing sample buffer (50 mM Tris-HCl,

2% w/v SDS, 2% (v/v) B-mercaptoethanol, 10% (v/v) glycerol, 0.005%

(w/v) bromophenolblue and protease inhibitor cocktail, pH 6.8) to the

pellet and boiling for 5 min, samples were subjected to SDS-PAGE.

2.2.5 Quantification ofprotein lysates prior to

immunoprecipitation

Protein concentrations were quantified using the Pierce Biotechnology

BCAprotein assay following the manufacturer’s instructions. A standard

curve was prepared using bovine gamma globulin (IgG) at a range of

concentrations from 0.25-2 mg/ml as standard and measuring absorbance

readings at 214 nm using a Bio-Rad microplate reader 3550.
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2.2.6 Cell signalling inhibitors

In order to inhibit specific signalling pathways, HaCaT cells were treated

with one of a collection ofinhibitors (table 2.2) for 15 min at 37 °C, prior

to stimulation. The exception to this was PTX, which was dosed 120 min

prior to HGF/SFstimulation.

Table 2.2 Cell signalling inhibitors used for this study

 

 

 

 

 

 

 

 

     

Name Target Diluent Final Concentration

PD-098059 MEK1/2 DMSO 50 uM

SB-203580 p33rs DMSO 1 uM

LY-294002 PI3-K DMSO 1 uM

Wortmannin PI3-K DMSO 0.005 uM

Bis-1 PK-C DMSO 0.8 pg/ml

Bay 11 NF-kB DMSO 5 uM

JNKinhibitor IX SAPK/JNK DMSO 10 mM

Pertussis Toxin Gi/o DMSO 250 ng/ml

(PTX)
 

13

 



2.2.7 1D SDS-Polyacrylamide gel electrophoresis (SDS —PAGE)

12% polyacarylamide SDS-PAGE gels were prepared using Bio-Rad

casting apparatus with 0.75 mm spacers. 10 mL of resolving gel was

prepared, sufficient for two minigels, and was composed of 3.5 mL of

distilled water, 4.0 mL 30% acrylamide/bis solution (Bio-Rad), 2.5 mL 3

M Tris (pH 8.85), 0.1 mL 10% (w/v) SDS and 0.1 mL 10 % (w/v)

ammonium persulphate. Polymerisation wasinitiated by the addition of 10

ul TEMED (N, N, N’, N’-tetramethyl-ethylenediamine; Sigma). The

mixture was then gently mixed and poured betweenthe glass plates of the

Mini-ProteanII gel electrophoresis apparatus, leaving sufficient space for a

stacking gel (approximately the length of the comb plus 1 cm). The

resolving gel was then overlayed with isobutanol and left at room

temperature for approximately 30 minutes to allow complete

polymerization. After this, the overlay was removedand the top of the gel

rinsed several times with de-ionised water to remove unpolymerised

acrylamide. The water was poured off and the excess removed usingfilter

paper.

A 4% (w/v) polyacrylamide stacking gel was prepared by mixing 7.7 mL

distilled water, 1.3 mL 30 % acrylamide/bis solution (Bio-Rad) (v/v), 1.0

mL 1.25 M Tris-Cl (pH 6.8), 0.1 mL 10% (w/v) SDS and 0.1 mL 10%
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(w/v) ammonium persulphate. Polymerisation wasinitiated by the addition

of 20 ul TEMED. The mixture was quickly mixed by swirling and poured

on top of the polymerized resolving gel. Clean Teflon combs were then

placed into the stacking gel solution to create ten lanes. The stacking gel

wasthen left for 10 minutes to polymerize and then the comb was removed

and the wells washed several times with deionised water to remove

unpolymerised acrylamide. The gels were mounted in the electrophoresis

apparatus and SDSgel running buffer (50 mM Tris, 192 mM glycine, 0.1%

(w/v) SDS, pH 8.3) was added to the top and bottom reservoirs ofthe tank.

Samples were prepared by addition of SDS gel loading buffer at the

appropriate concentration to give a final concentration of 2% (v/v)

glycerol, 2% (w/v) SDS, 1% (v/v) 2-mercaptoethanol and 63mM Tris. The

SDSgel loading buffer was made upat a stock concentration of 5X (10%

(v/v) glycerol, 10% (w/v) SDS, 5% (v/v) 2-mercaptoethanol, 315 mM Tris-

Cl, pH 6.8 and coloured with bromophenol blue). One lane was loaded

with an aliquot of marker containing a mixture of proteins of known

molecular mass. Unstained Protein Precision Standards (Bio-Rad) were

applied to gels, which were going to be stained. For gels, which were to be

transferred to a nitrocellulose membrane, Prestained Protein Markers (Bio-

Rad) were used. After loading the samples and marker, electrophoresis

wascarried out at 200 V until the dye reached the bottom ofthe resolving

gel.
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2.2.8 2D SDS-PAGE

Samples for 2D PAGE were prepared by adding 6 parts acetone to | part

sample andleft at -20 °C for 4 hours. This was then centrifuged at 3,000 x

g and the acetone removed. 2D PAGEsample buffer (2% (v/v) Trion X-

100, 2% (w/v) CHAPS, 9 M urea, bromophenolblue) 125 yl was added to

the pellet and the sample vortexed thoroughly to solubilise proteins. 5%

(v/v) 2-mercaptoethanol and 0.5% (v/v) IPG buffer were added to the

sample in 2D-PAGE sample buffer prior to loading on to the 7 cm IPG

strips, which were covered with IPG cover fluid. The sample was then

subjected to 12-15 h of rehydration and electrofocusing under the

following conditions: 500 V for 0.5 h, 1000 V for 0.5 h and 5000 V for 5-

10 h. The strips were then incubated in 2 mL of equilibration buffer (50

mM Tris-Cl pH 6.8, 6 M urea, 10% (v/v) glycerol, 2% (w/v) SDS, 5%

(v/v) mercaptoethanol and bromophenolblue) for 15 min. For the second

dimension, a 1 mm thick, 12% SDS-PAGEgel was prepared andthestrip

positioned ontop andsealed with agarose. The gels were run at 175 V and

30 mA pergel.

2.2.9 Western Blotting

Proteins to be analysed by Western blotting were separated by SDS-PAGE

as described previously, alongside Prestained Protein Markers (Bio-Rad).
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Immediately after electrophoresis, proteins were transferred

electrophoretically to nitrocellulose using a Mini-Transblot transfer

apparatus (Bio-Rad). A piece of nitrocellulose membranecutto slightly

larger than the gel, two pieces of Whatmann 3 MMfilter paper and two

transfer pads were soaked in transfer buffer (1 L contains: 14.4 g glycine,

3.03 g Tris, 200 mL methanol) for 5 min. The cassette of the transfer

apparatus was used to assemble a “sandwich” in the following order:

transfer pad, filter paper, gel, nitrocellulose membrane, and filter paper

transfer pad. This was done in a way to ensure that each layer was

saturated with transfer buffer and that all bubbles were removed. The

cassette was inserted into the transfer apparatus that had been filled with

transfer buffer. Transfer was allowed to proceed at 75 V for 1 hour.

After the completion of electrotransfer, the nitrocellulose membrane was

stained with Ponceau S to check the transfer had occurred and that protein

levels were consistent across lanes. The membrane was then immersed in

blocking buffer [Tris-buffered saline (TTBS: 20 mM Tris-Cl, pH 7.5; 500

mM NaCl), 5% (w/v) non-fat dried milk or BSA, 0.2% (v/v) Tween 20]

and left shaking for 1 h at room temperature. Immunoblotting was

performed by adding the suitable amountof primary antibody to the TTBS

blocking solution at the relevant concentration for the appropriate antibody

and leaving it shaking overnightat 4°C.
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Protein of Primary antibody Secondaryantibody Relative
interest (dilution) (dilution) molecular

mass (kDa)

Phospho- Mouseanti-p42/44 Goat anti-mouse HRP 42/44

p42/44MAPK (1:2000) conjugated (1:2000)

PAN- Mouseanti-p42/44 Goat anti-mouse HRP 42/44

p42/44MAPK (1:2000) conjugated (1:2000)

Phospho- Rabbit anti- Donkeyanti-rabbit HRP 38

p38MAPK p38MAPK(1:2000) conjugated (1:2000)

Phospho-Akt Rabbit anti-Akt Donkeyanti-rabbit HRP 60
(1:2000) conjugated (1:2000)

Phospho-SHP2 Rabbit anti-SHP2 Donkeyanti-rabbit HRP 72
(1:2000) conjugated (1:2000)

Phospho- Rabbit anti- Donkeyanti-rabbit HRP 46/54

SAPK/JNK SAPK/JNK(1:2000) conjugated (1:2000)

Phospo-STAT1 Rabbit anti-STAT1 Donkeyanti-rabbit HRP 91
(1:2000) conjugated (1:2000)

Phospho-STAT3- Mouse anti-STAT3 Goat anti-mouse HRP 86
Y705 (1:2000) conjugated (1:2000)

Phospho-STAT3- Mouse anti-STAT3 Goat anti-mouse HRP 86
Ser727 (1:2000) conjugated (1:2000)

Phospho- Rabbit anti-PK-C Donkeyanti-rabbit HRP 82/80/60

PKCa,B,6 (1:2000) conjugated (1:2000)

IxBa/B Rabbit anti-IkB Donkeyanti-rabbit HRP 39/48
(1:2000) conjugated (1:2000)

Phospho-GAB1 Rabbit anti-GAB1 Donkeyanti-rabbit HRP 110
(1:2000) conjugated (1:2000)

METB-chain Rabbit anti-MET Donkeyanti-rabbit HRP 145
(1:2000) conjugated (1:2000)

Phospho- Rabbit anti- Donkeyanti-rabbit HRP 49
MAPKAP2 MAPKAP?(1:2000) conjugated (1:2000)

Actin Rabbit anti-Actin Donkeyanti-rabbit HRP 42
(1:2000) conjugated (1:2000)

Phospho-actin Rabbit anti-Actin Donkeyanti-rabbit HRP 40
(1:2000) conjugated (1:2000)

Mouseanti-phospho- Goat anti-mouse HRP 175Phospho-EGFR
EGFR(1:2000) conjugated (1:2000)
 

  Phospho-tyrosine Mouseanti- Goat anti-mouse HRP
4G10 phosphotyrosine conjugated (1:2000) -

4G10 (1:2000)

Phospho-tyrosine Mouseanti- Goat anti-mouse HRP
pyYy99 phosphotyrosine conjugated (1:2000) - pY99 (1:2000)   
 

Table 2.3 Primary and secondaryantibodies used in western analysis

The antibodies used with multiple masses were for multiple isoformsof the protein

78

 



The membrane was washed with TTBS for 3 x 5 min. Immunoblots were

developed by incubation with a horse radish peroxidase (HRP)-conjugated

goatanti-rabbit IgG (Sigma) or anti-mouse IgG (Sigma) depending on the

primary antibody used, at a final concentration of 1:2000 in TTBS/5 %

(w/v) non-fat dried milk or BSA, for 1 h shaking (see Table 2.3 for details

of antibodies used). The membrane was washed with TTBS for 5 x 5 min

to remove excess antibody and wash the membrane. The membrane was

then washed for 5 min with a 1:1 mixture of stable peroxide solution and

luminol solution (Pierce Biotechnology), which was freshly made. The

membrane was then covered in cling film and developed on film

(Amersham) in the dark room.

2.2.10 Ponceau S staining

Subsequent to immunoblotting, the membranes were stained in Ponceau S

(0.1% (w/v) Ponceau S, 5% (v/v) (acetic acid) for approximately 2 min and

then destained using distilled water.

2.2.11 Coomassie blue staining

Gels were subjected to 3 x 5 min water washes to remove excess SDS,then

they were incubated with Coomassie blue R250 (50% v/v methanol, 10%
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v/v acetic acid, 0.25% w/v Coomassie blue R250). All gels were incubated

in sandwich boxes at room temperature with gentle agitation for | h. The

gels were then de-stained using (30% (v/v) MeOH and 10 % acetic acid)

for the required amountoftime to clear the backgroundsufficiently.

2.2.12 Silver staining 1D-PAGEgels

Proteins separated by 1D-PAGEto besilver stained were initially fixed by

immersing the gel in fixative solution (4:5:1 (v/v) methanol/water/acetic

acid) for 60 min. The gel was then washed twice for 5 min in 10% (v/v)

ethanol, followed by three, 5 min de-ionised water washes. The gel was

then immersed in 0.2% (w/v) silver nitrate solution for 30 minutes. The

silver nitrate solution was then removed and the gel was washed for 5

seconds with de-ionised water and the water removed. The developer

solution was then added (2.5% (w/v) sodium carbonate, 0.08% (v/v)

formaldehyde) for the amount of time it took to stain the bands to the

required intensity. To stop development, the developer solution was

removedand the gel immersed in a 1% (v/v) acetic acid solution for 5 min.

The gel was then washed with de-ionised water six times, each wash for 5

min. The gel was then reduced to remove the darkened background. This

was done by adding reducer solinibin (200 mL de-ionised water: 0.6 g

sodium thiosulphate, 0.3 g potassium ferricyanide, 0.1 g sodium carbonate)

until the background colour started to clear and then the gel was washed
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with copious amounts of water followed by for 6 x 5 min washes with de-

ionised water. This would visualise bands containing approximately 20-50

ng of protein. To visualise bands containing approximately 1-2 ng of

protein, the process wasrepeated but leaving outthe initial fixing step and

beginning with the addition of 0.2 % (w/v) silver nitrate solution for 30

minutes.

2.2.13 In-gelprotein digestion

Coomassie blue stained gels were placed onto a glass plate and protein

bands were excised using a 70% ethanol (v/v) cleaned fine scalpel. The

bands were chopped into small pieces (both horizontally and vertically)

and placed into 1.5 ml microfuge tubes. The carefully excised gel

fragments were de-stained by washing 3 x 5 min in 50 ul of 50% v/v

acetonitrile, in 200 mM ammonium bicarbonate (ambic) at 37°C.

Following de-staining, the samples were then incubated at 37°C for 30 min

after the addition of 10 mM DTT. The samples were then incubated at

21°C for 45 min after the addition of 4.2 mM iodoacetamide in the dark.

Gel fragments were then dehydrated using 10 pl of 100 % v/v acetonitrile

at 37°C until they turned opaque. When the gel fragments were fully

dehydrated they were then rehydrated in 10 pl of a trypsin solution (2 pl

(0.1 pg/ul in 50 4M acetic acid) and 8 pl of 50 mM ambic). Protein
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digestion in trypsin proceeded overnight at 37°C, the supernatant was then

removed from each microfuge and pellets were washed with 3 x 10 ul of

100 % v/v acetonitrile. Following each wash, the supernatants were pooled

and concentrated by centrifugal evaporation. The concentrated peptide

digests were then stored at -20°C until they were analysed by mass

spectrometry.

2.2.14 In-solution protein digestion

Proteins of interest were suspendedin a suitable volume of 25 mM ambic

and 6 M guanidine hydrochloride solution and then incubated at 37°C for

30 min after the addition of 10 mM DTT. Theprotein solution was then

incubated at 21°C for 45 min after the addition of 4.2 mM iodoacetamide

in the dark. The protein solution was then diluted six fold with 25 mM

ambic. Trypsin 5 % (v/v) (1 ug/l) was then added to the protein solution

and left at 37°C overnight. Once proteins of interest were digested, the

resultant peptides were then cleaned up using C18 ZipTips andstoredat -

20 °C.
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2.2.15 Phospho-peptide Enrichment

2.2.15.1 Reverse Phase HPLC (C18)

Peptides were concentrated down to a suitable volume (50-100 ul) for

injection onto the RP-HPLC by centrifugal evaporation. The peptide

solution was then adjusted to 0.08 % TFAbefore injection onto an Applied

Biosystems PepMap C18 RP-HPLC column (100 x 2.1 mm). Peptides

were separated with a 30 min gradient from 0 to 64% acetonitrile in 0.1%

TFA andelution was monitored at 214 nm.

2.2.15.2 Strong Cation Exchange Chromatography (SCX)

C18 pre-treated peptides from in-solution digests were evaporated down to

dryness by centrifugal evaporation. The peptides were dissolved in 100 ul

buffer A (10 mM potassium phosphate, pH 2.7, 20% (v/v) acetonitrile) and

loaded onto a PolySULFOETHYL A™200 A, 5 um (dimensions: 50 x 4.0

mm) (Poly LC, Columbia, USA) column. The samples were loaded onto

the column using an AktA FPLC system (Amersham Biosciences) at 0.25

ml/min going from 0 - 0.25 M KCL over 40 min and then 0.25 - 0.6 M

KCL over 15 min. Samples were collected at 1 ml intervals over the 55

min time course and elution was monitored at 280 nm.
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2.2.15.3 Peptide purification using C18 ZipTip

Peptides from in-solution digests were concentrated down to a suitable

volume (1-10 yl) for aspiration onto the C18 ZipTip (Millipore). The

peptide solution was then adjusted to a pH < 4 using TFA before loading

onto the ZipTip. The ZipTip wasfirst attached to a 1-10 yl pipette and

then wetted by aspirating and dispensing 10 pl of 100% (v/v) acetonitrile

twice. The ZipTip was then equilibrated by aspirating and dispensing 10

ul of 0.1% (v/v) TFA twice, the peptides were then boundto the ZipTip by

pipetting the peptide solution up and down for 7-10 cycles. The peptides

once bound to the ZipTip were desalted by aspirating and dispensing 10 pl

of 0.1% (v/v) TFA four times. The peptides were then eluted by aspirating

5 ul of the elution buffer (0.1% (v/v) TFA and 50% (v/v) acetonitrile) up

through the ZipTip and dispensed into 1.5 ml microfuge tubes andstoredat

-20°C.

2.2.15.4 Immobilised Iron (Fe III) metal affinity chromatography

(IMAC)

IMAC was carried out in a 10 ul filter tipped pipette tip, which was

converted into mini column. Before peptides could pass through the

IMACcolumn they were solubilised in buffer A (70 mM acetic acid and

30% (v/v) acetonitrile). IMAC columns wereset up by charging Poros 20
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MC matrix (Applied Biosystems) with 10 mM FeCl; and this solution was

then added to a mini column and was washed with five column volumes of

buffer A. Peptides were then loaded onto the IMAC column and passed

through fives times. The column was then washed with five column

volumes of buffer A, and then the peptides were eluted with three column

volumesof elution buffer (5% (v/v) phosphoric acid (PA) and 50% (v/v)

acetonitrile). The peptides were dispensed into 1.5 ml microfuge tubes and

stored at -20 °C.

2.2.15.5 Titanium dioxide affinity chromatography (TITOX)

The TITOX mini columns were set up in the same way as the IMAC

columns only using Titansphere™ 5 uM beads in 100% (v/v) acetonitrile.

Peptides were solubilised in loading buffer (2% (v/v) TFA and 80% (v/v)

acetonitrile) before loading onto the TITOX mini column. The TITOX

mini column was wetted with two column volumesof loading buffer and

then the peptides were loaded onto the column bypassing the peptide

loading solution through five times. The column was then washed three

times with the loading buffer and the peptides eluted by washing the

column through with three column volumesofelution buffer (0.05% (v/v)

ammonia, 2% (v/v) TFA and 80% (v/v) acetonitrile). The peptides were

dispensed into 1.5 ml microfuge tubesandstored at -20 °C.
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2.2.16 Protein identification by mass spectrometry

2.2.16.1 Protein identification using LC-MS/MS

The peptide digests were made up to a volume of 20 wl with 0.1% v/v

formic acid, prior to injection into the LC-MS/MS. The system consisted

of an UltiMate nano liquid chromatograph (LC Packings, Dionex, Surrey,

UK) connected to a Q-Tof Micro’tandem mass spectrometer

(Micromass). Theliquid chromatograph wasset up with a p-Precolumn™

Cig cartridge (LC Packings) followed by a Cig 3 pm 100 A column

(dimensions: 15 cm x 75 ym internal diameter). The solvent system used

was a linear gradient of 5% (v/v) solvent B (0.1% v/v formic acid in 80%

v/v acetonitrile in water) in solvent A (0.1% v/v formic acid in 2% v/v

acetonitrile in water) to 100% v/v solvent B over a 60 minute period, at a

flow rate of 200 nl/min. The eluted peptides were monitored at an

absorbance of 214 nm.

Eluted compounds were ionised by electrospray ionisation (ESI). The

mass spectrometer was set to perform Data Directed Analysis (DDA),

where the quadrupole — MS performed a survey scan from 400-1500 (m/z),

searching for doubly or triply charged ions, since these were the most

likely to be peptides. When doubly ortriply charged ions were detected,

the spectrometer switched to MS/MS mode, and the ion of interest was
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fragmented in the collision cell (energy level is mass dependent,

approximately 30 V). The time offlight mass spectrometer detected these

fragments (range 100-2000 m/z), providing a spectrum characteristic of the

amino acid sequenceofthe peptide.

The tandem mass spectrometry spectra were analysed using MassLynx

software (Waters, Massachusetts, USA). Peptides of interest were selected

from the chromatogram. The fragmented spectrum for each peptide of

interest was processed using the MaxEnt3 tool, which smoothes and

centres the spectra, and converts any doubly charged ionsto their singly

charged mass. This modified spectrum was then analysed using the

PepSeq software, either by using an automated sequencing tool, or by

manually assigning amino acids to the intervals between the peaks in the

fragmentation pattern. The amino acid sequences obtained were then

searched either by submitting the fragmentation spectrum to MASCOT(in-

house software, obtained from Matrix Science), or InsPect [171], or the

amino acid sequence to BLAST(http://www.ncbi.nlm.nih.gov/blast/).
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2.2.16.2 Protein identification using Matrix-assisted laser

desorption/ionization (MALDI-TOF)

MALDI-TOF analyses were performed on a Micromass, MALDI-TOF

mass spectrometer (Micromass, Altrincham, UK). For each peptide

analysis, a Iul aliquot of the peptide mixture in 50% (v/v) acetonitrile

0.1% (v/v)trifluoroacetic acid was spotted onto the MALDItarget. Tothis

was then added 1of a saturated solution of a-cyano-4-hydroxy-cinnamic

acid in 50% (v/v) acetonitrile, and the two solutions were carefully mixed

using a clean pipette tip. The target was allowed to dry at room

temperature and then placed in the mass spectrometer. Positive ion mass

spectra were acquired over the mass range m/z 800 to 4,000 Da. A list of

the peptide [M+H]’ ionsobserved wasthenusedto perform a peptide mass

fingerprint search using Mascot (Matrix Science).
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3 Intra cellular pathways involved in MET

mediatedsignalling

3.1 Introduction

The METreceptor can be activated in both a ligand-dependent manner by

its specific ligand HGF/SF and in a ligand independent manner. When

activated, the METreceptor is thought to form dimers, though these may

evolve to larger multimer complexes. Dimerisation allows the kinase

domain ofthe receptor to phosphorylate the activation loops of the adjacent

receptor, whichin turn activates intracellular signalling cascades.

Once the METreceptor kinase domainis activated, it autophosphorylates

Tyr1349 and Tyr1356. These residues form a multi-substrate dockingsite.

Proteins containing SRC homology 2 (SH2) domains can bind the multi-

substrate docking site and are the initiators of canonical growth factor

signalling pathways. SHC [115], growth factor receptor-bound protein-2

(GRB-2) [102], GRB-2 associated binding protein (GAB1) [94, 96, 97]

and the 85 kDa subunit of phosphatidylinositol 3-kinase (PI3-K) [117] all

have the capacity to bind at the multi-substrate docking site of MET. This

breadth and potential competition for intra-cellular binding to the MET

receptor gives it the ability to alter the phenotypic response to its
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activation. Thus, of the growth factor receptors the activated MET

receptor has the ability to stimulate one of the largest repertoires of

physiological responses, which include proliferation, migration,

morphogenesis, apoptosis and anoikis [149].

The work described in this chapter represents the candidate approachto the

investigation of signalling pathways. The binding of SH2-containing

proteins to the activated MET receptor initiates the activation of

downstream signalling complexes. The activation of these signalling

proteins by phoshorylation at threonine, serine and tyrosine residues has

been analysed in this chapter by using antibodies specific to the

phosphorylated residues on the signalling proteins. The effect of the

activation of METin both a ligand-dependent manner (by HGF/SF)or in a

ligand-independent manneronthese proteins has been analysed overtime.

In parallel, the complex interactions between major signalling networks

have been analysed using inhibitors of signalling proteins to see which

pathways are interacting in METsignalling. Understanding interactions

between signalling proteins and pathways in METsignalling is central to

understanding, which physiological responses occur upon METactivation.

In order to further understand the link between pathways and cellular

responses, work was also carried out to identify which pathways are
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involved in MET-stimulated proliferation as determined by S-phase DNA

synthesis.

3.2 Results

3.2.1 Validation of the HaCaT cell system as a model for

HGF/SFstimulatedproliferation through MET

The METreceptoris unique in that it can promulgate various physiological

responses from single stimulus. There are numerousfactors whichaffect

the physiological response from the stimulus and one of these is the

phosphorylation kinetics of signalling proteins. The temporal pattern of

activation of signalling pathways has been recognised as one ofthe routes

wherebya cell achieves a specific responseto a given signal.

METis expressed in numerous cell types, mainly those ofepithelial origin

and some mesenchymalcells [172]. There is a great deal ofliterature

describing MET receptor signalling in a variety of in vitro cell systems

[99]. In this study immortalised human epithelial skin cell line HaCaT

(Human adult low Calcium Temperature keratinocytes) cells were used

[173], since there were basal data on the activation of p42/44Mars by

HGEFE/SF and it is a well characterised epithelial cell line, capable of

recapitulating keratinocyte differentiation in vitro [173].
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Figure 3.1 Level of DNA synthesis in HaCaT cells after stimulation with increasing

concentrations of HGF/SF

HaCaTcells were serum starved for 48 hours and then incubated with HGF/SF in 24 well plates

(see Section 2.2.2). 18 h after HGF/SF stimulation [*H]-thymidine was added for 1h. The cells

were then washed, lysed and the amount of radioactivity incorporated into cellular

macromolecules in each well was measured. Results are the mean + SEoftriplicate wells from a

single typical experiment andare given in dpm.
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A HGF/SFresponse curve was determined by measuring (°H]-thymidine

incorporation after stimulation with a range of HGF/SF concentrations

(Figure 3.1). The results show that the response is saturated at

concentrations above 3 ng/ml with a half maximal response (EDs0)

occurring at 1.2 ng/ml (Figure 3.1). It was, therefore, decided to carry out

all signalling assays in HaCaTcells using 3 ng/ml HGF/SF.

It was important to show that under the conditions of the DNA synthesis

assay that MET was phosphorylated and activated when cells were

stimulated by HGF/SF. The levels of phosphorylation of GAB1 were also

analysed as it is the major signalling partner of MET. Since a robust

phospho-specific antibody wasnot available for MET, a phospho-tyrosine

specific antibody was used to immunoprecipitate tyrosine phosphorylated

proteins from HaCaT cells (Section 2.2.4). The phospho-tyrosine

immunoprecipitate was then analysed by western blotting for MET before

and after HGF/SF stimulation (Figure 3.2). To analyse GABI

phosphorylation an antibody for the Tyr phosphorylation of GAB1 at

residue 627 was used. This residue is phosphorylated by the METtyrosine

kinase when GABI is bound to MET. Phosphorylation at Tyr627 is

required for binding to and activation of SHP2 a tyrosine phosphatase

[174, 175].
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Figure 3.2 HGF/SF stimulation of MET tyrosine phosphorylation and GABI1

phosphorylation at Tyr627

HaCaTcells were cultured for 48 h in serum-free medium and were then incubated with HGF/SF

(3 ng/mL) (see Section 2.2.9). For MET (A) HaCaTcells were stimulated with HGF/SF for 0, 60

and 120 min. Thecells were lysed, then immunoprecipitated using a phospho tyrosine antibody

(4G10) andthen the precipitate was analysed by western blot to determinethe levels of MET (see

Section 2.2.4). For GAB1 (B) HaCaTcells were stimulated with HGF/SF for 0, 5, 10, 15, 20, 30,

45 and 90 min andthe levels of phosphorylation at Tyr627 of GAB1 were analysed by western

blot. Actin was usedas a protein loading control for GAB1 (C). The relative intensities of the

bands that correspond to GAB1 and MET from two independent western blots were analysed

using AQM advance 6 (Kinetic Imaging). The intensity of each of the bands was calculated

relative to its respective actin band and theintensity of the T=0 time point in each blot wasset as a

standard of | and intensities of the other bands werecalculated from this.
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The results show that the level of tyrosine phosphorylation of the MET

receptor increases after HGF/SF stimulation for 60 and 120 minutes. The

antibody used was for the B chain of MET, which is 145 kDa (Figure

3.2A). There is a significant 4.9+/-1.1 fold (n=2, p<0.005) increase in the

level of tyrosine phosphorylated MET B chain 60 min and a 9.7+/-2.6 fold

(n=2, p<0.005) increase after 120 min. Thereis no actin blot to normalise

protein levels in the samples as the sample is an immunoprecipitate but the

total protein levels from the cell samples were made equal prior to

immunoprecipitation (Section 2.2.4). There is also a significant 7.7+/-2.8

fold (n=2, p<0.005) increase in a 55 kDa fragment of MET 60 min after

HGF/SF stimulation, which increases to 10.2+/-1.9 fold (n=2, p<0.005)

after 120 min.

There were multiple bands observed in the phospho GAB1 blot because

the antibody can cross react with other isoforms of GAB. The major band

at 110 kDa corresponds to the size of GAB1 in SDS-PAGE whenit is

phosphorylated at Tyr627 (Figure 3.2B). Between 0 min and 90 minafter

HGF/SF stimulation there is a_ significant increase in GABI

phosphorylation at Tyr627 (n=2, p<0.005). Thus, HGF/SF in the HaCaT

cells is signalling through the MET receptor. The phosphorylation of

GABI after HGF/SF stimulation is further evidence that HGF/SF is

activating the METreceptor.
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3.2.2 Interaction of the Akt, p42/44qarn and p38”4°K signalling

pathwaysfollowing HGF/SF stimulated METactivation

The major signalling networks known to be involved in HGF/SF-MET

signalling are Akt, p42/44™4"" and p38™“P* [176]. These pathways can

activate different cellular responses depending on their interactions with

each other and other pathways. This is whyit is critical to analyse the

kinetics of their activation to elucidate how they may work together to give

a specific cellular response [177, 178].

After the HaCaT cells were treated with HGF/SF there was an increase in

phosphorylation of p42/44““"* (Figure 3.3A), p38™“"* (Figure 3.3B) and

Akt (Figure 3.3C). Analysis of the blots showed there were very low

levels of both p38 and p42/44““"* phosphorylation in the HaCaTcells

before HGF/SF stimulation, whereas the basal levels of Akt

phosphorylation were higher. Therefore, there were more significant

4™4?* phosphorylation relative torelative increases in both p38 and p42/4

that of Akt. Both p42/44 and p38 are part of the MAPK family and the

western blots are for the specific dual phosphorylation at Thr202/Tyr204

for p44 and Thr185/Tyr187 for p42 and Thr180/Tyr182 for p38. The

phosphorylation of p42, p44 and p38 at these sites is specific to MKK

(MAPkinase kinase) isoforms.
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Figure 3.3 The p38™4PK, Akt and p42/44™4"* phosphorylation kinetics in HaCaTcells after

HGF’/SFstimulation

HaCaTcells were cultured for 48 h in serum-free medium and were then incubated with HGF/SF

(3 ng/mL)(Section 2.2.1). HaCaT cells were stimulated with HGF/SF for 0, 5, 10, 15, 20, 30, 45

and 90 min. Thelevels of the activated phosphorylated forms of p42/44M4PK (A), p38™PK (B)

and Akt (C) were determined by Western blotting with the appropriate antibodies. Actin was used

as a protein loading control (D) (Section 2.2.9). The relative intensities of the bands in the

western blots were analysed using AQM advance 6 from data derived from three experiments.

The intensity of each of the bands was calculated relative to its respective actin band. The

intensity relative to actin of the T=0 time point in each blot was set as a standard of | and

intensities of the other bandsgivenrelative to this ratio along with the standard error.
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MEK1/2 phosphorylate p44 and p42 respectively and MKK 3/6 can

AMAPK are
phosphorylate p38. These phosphorylationsites in p38 and p42/4.

within the activation loop for their serine/threonine kinase domains and

activate kinase activity, so measurement of the dual phosphorylation of

these MAPKis a proxyforthe activation of their enzymaticactivity.

Previous work has shown that there are lower expression levels of p44

(Erk1) than p42 (Erk2) in HaCaT which is why the level of

phosphorylation of p44 is always lower in blots [179]. The levels of

phosphorylation both p42 and p44“PS have been combined when

quantifying the relative changes in all blots. Although both p42/44 and

p38 are activated by similar kinases, there is no link between their

phosphorylation kinetics after HGF/SF stimulation (Figure 3.3). There are

significant increases in p42/p44™“"* phosphorylation after 5 min (n=3,

p<0.001), which is followed by a decline, with a minimum at 20 min and a

second lower maximum at 45 min (n=3, p<0.001) comparedto the first

maximum at 5 min. A seconddecline is apparent at 90 min, butlevels are

still approximately 5 times those at t=0 (n=3, p<0.001). Oneclear feature

of the phosphorylation of p42/p44™P* is that it is rapid and apparently

oscillatory (Figure 3.3A)

The phosphorylation of p38™“"* doesn’t increase significantly until 15 min

after HGF/SF stimulation (n=3, p<0.001) and then decreases gradually
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until almost no phosphorylation is apparent after 90 min (Figure 3.3B).

The lack of similarity in the phosphorylation kinetics of p38 and

p42/44™“P* could be due to the fact that their specific signalling pathways

are being activated by a different MAPKKK (MAPkinase kinase kinase),

whichlie upstream [180].

The western blot for Akt (Figure 3.3C) was performed using an antibody

that recognises phosphorylation at Ser473 of Akt, which is involved in the

activation of its serine/threonine kinase activity (Figure 3.3). The kinase

target for Ser473 is thought to be an mTOR-rictor complex [181], Akt also

needs to be phosphorylated at Thr308 by PDK1forfull kinase activation.

Thereis no oscillation in the phosphorylation kinetics of Akt, just a 2-fold

increase 5 min after HGF/SF stimulation (n=3, p<0.001), which remains

constant throughout the 90 min time course (Figure 3.3C).

The results show that the phosphorylation kinetics of Akt are different

from that of p42/44 or of p38“?(n=3, p>0.05). The only similarity seen

is the rapidity of the increase in phosphorylation of both p42/44Mars and

Akt after HGF/SFstimulation, as they both increase to almost maximum

MAPK
levels within 5 min whereas the phosphorylation of p38 takes 15 min

to increase to its maximum level.
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Figure 3.4 The effect of wortmannin on the stimulation by HGF/SFof p3s™4PK. Akt and

p42/44Mark phosphorylation

HaCaTcells were pre-treated for 15 min with 5 nM wortmannin andthen stimulated with HGF/SF

for 0, 5, 10, 15, 20, 30, 45 and 90 minin the continued presence of wortmannin (Section 2.2.1).

The levels of the activated phosphorylated forms of p42/44MArK (A) p3gMArK (C) and Akt (E)

were determined by Western blotting with the appropriate antibodies. Actin wasused as a protein

loading control (B, D, F) (Section 2.2.9). The relative intensities of the bands in the western blots

from two experiments were analysed using AQM advance 6. The intensity of each of the bands

wascalculatedrelative to its respective actin band. Theintensity relative to actin of the T=0 time

point in each blot wasset as a standard of | andintensities of the other bandsgivenrelative to this

ratio along with the standarderror. PC = positive control.
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MAPK4To further investigate the interactions between the Akt, p42/4 and

g™APK signalling pathways, well-characterised inhibitors were used.p3

This approach would identify any cross talk between the pathways and

potentially, reveal which signalling protein was upstream in the HGF/SF-

METsignalling cascade. There are examples in different in vitro cell

systems with different stimuli where p38 and p42/44 pathwayscrosstalk

[178] and where p38 [177] or p42/44 “?* [182] interact with Akt.

The first inhibitor used was wortmannin at 5 nM, whichis a specific

inhibitor ofall isoforms of PI3-K [183] which is directly upstream of Akt.

There is also evidence that Akt can be activated via a MAPK-mediated

pathway in certain cell systems [184], therefore, wortmannin inhibition of

Akt phosphorylation would determine which pathway is responsible for

Akt phosphorylation. The results show that there is no phosphorylation of

Akt at Ser473 after HGF/SF stimulation in the presence of wortmannin

(Figure 3.4E). This is significantly different to the levels of

phosphorylation seen without inhibitor (Figure 3.3C)acrossall time points

from 5 min to 90 min (n=2, p<0.05). This shows that Akt in this system

wasactivated through a PI3-K-mediated pathway. The HGF/SFstimulated

phosphorylation kinetics of p42/44“P" (Figure 3.4A) aren’t affected in

any significant way by wortmannin inhibition (n=2, p>0.05).
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Figure 3.5 The effect of SB203580 on the HGF/SF stimulation of phosphorylation of

p38™4PK Akt and p42/44™4?* in HaCaTcells.

HaCaTcells were cultured for 48 h in serum-free medium and were then incubated with HGF/SF

(3 ng/mL) (Section 2.2.1). HaCaT cells were pre-treated for 15 min with 1 uM SB203580 and

then stimulated with HGF/SF for 0, 5, 10, 15, 20, 30, 45 and 90 min. Thelevels of the activated

phosphorylated forms of p42/44M4PK (A), p38™4PK (C) and Akt (E) were determined by Western

blotting with the appropriate antibodies (Section 2.2.9). Actin was used as a protein loading

control (B, D, F). Therelative intensities of the bands in the western blots from two experiments

were analysed using AQM advance6. Theintensity of each of the bands wascalculatedrelative to

its respective actin band. Theintensity relative to actin of the T=0 timepointin each blot wasset

as a standard of 1 andintensities of the other bands given relative to this ratio along with the

standarderror.
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This could meanthat p42/44““"* and Akt signalling pathways aren’t cross

talking or that the Akt pathway is downstream of the p42/44™4?* pathway

in HGF/SF stimulated signalling in HaCaT cells. The results of the

wortmannininhibition on p38™“"* phosphorylation kinetics (Figure 3.4C)

showedthat wortmanin was havinga significant effect by either increasing

or decreasing its levels of phosphorylation compared to untreated cells

(Figure 3.3B) depending onthe time point (n=2, p<0.01).

Thus, there were significant increases in phosphorylation of p38™"*at 30

min and at 45 min (n=2, p<0.05) in the wortmannin treated cells, but

significantly less phosphorylation at 10 min and at 20 min compared to

untreated cells (n=2, p<0.05). These results show that the wortmannin is

altering the kinetics of phosphorylation of p38““?*. Thus,there is clearly

cross talk between the PI3-K and the p38““"* pathways during HGF/SF

stimulation of HaCaTcells (Figure 3.4). This may be due to p3 gMAPK lying

downstream of PI3-K, such that the Akt pathway acts to suppress p38““P*

phosphorylation. However, the biphasic stimulation of p3sMark

phosphorylation observed in the presence of wortmannin may argue

against such a simple explanation.

The p38™“P* inhibitor SB203580 [185] is an inhibitor of its

serine/threonine kinase activity and doesn’t inhibit its phosphorylation at

Thr180/Tyr182. The results (Figure 3.5C) confirm this, as there is an
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increase in p38™4"* phosphorylation after HGF/SF stimulation in the

presence of SB203580. In fact, when comparing the phosphorylation

kinetics of p38““P* after HGF/SF stimulation with (Figure 3.5C) and

without (Figure 3.3B) SB203580, there is no significant difference at all

time points apart from 90 min wherethere are significantly higher levels of

38M“? phosphorylation in the SB203580treated cells than untreated cellsPp

(n=2, p<0.005). This may be dueto the inhibition of the kinase activity of

p38™"* by SB203580 preventing p38”“?* phosphorylating andactivating

its own phosphatase. The phosphatase may beprotein phosphatase 2C,

which targets de-phosphorylation of MKK 3/6, this then leads to a

reduction in p38™4"* phosphorylation [186].

There are significant differences in the phosphorylation kinetics of

p42/44™“P* after HGF/SF stimulation in the presence and absence of

SB203580 (Figure 3.3A). Similar levels of p42/44“"* phosphorylation

are observed 5 min after HGF/SFstimulation, but these differ significantly

after 20 min and 90 min (n=2, p<0.05) (Figure 3.5A). Thus, there are

significantly higher levels of p42/44Marn phosphorylation in the SB203580

treated cells after 20 min and 90 min of HGF/SFstimulation compared to

the untreated cells (n=2, p<0.05). It appears that inhibiting p33mark

4MAPK specific phosphatases,activity prevents the activation of p42/4

possibly protein phosphatase 2A [187]. The activation of p42/44MArk

specific phosphatases by p3gvars may normally account for the relative
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de-phosphorylation seen after 20 min and 90 min, and so would be

responsible for the oscillation in p42/44““"* phosphorylation.

Treatment of HaCaT cells with SB203580 doesn’t significantly affect

HGF/SF stimulated Akt phosphorylation (Figure 3.3C). In both treated

and untreated HaCaT cells there is an increase in Akt phosphorylation 5

min after HGF/SFstimulation and this increase remainsrelatively constant

for the full 90 min time course. The only significant difference that is seen

between untreated and treated HaCaTcells is the level of phosphorylation

at t=0. Where the SB203580treated cells had significantly (n=2, p<0.05)

lower levels of phosphorylation at t=0 than the untreated cells. This is the

reason whythe fold increase seen in Akt phosphorylation in the treated

cells (Figure 3.5E) is significantly higher in the time points from 5 min to

90 min than the fold increase seen in the untreated cells (Figure 3.3C).

gM4PK phosphorylationThus, in unstimulated cells the basal level of p3

would appear to stimulate basal levels of Akt phosphorylation. When the

SB203580 is dosed to the cells 15 min before HGF/SF stimulation, the

level of Akt phosphorylation is reduced. Therefore, unlike in wortmannin

treated cells (Figure 3.4C) where Akt inhibition affected HGF/SF

MAPK MAPKstimulated p38 phosphorylation, p38 inhibition doesn’t affect

HGF/SFstimulated Akt phosphorylation.
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Figure 3.6 The effect of HGF/SF stimulation on p38“, Akt and p42/44™4?*

phosphorylation kinetics in HaCaTcells after treatment with PD098059

HaCaTcells were cultured for 48 h in serum-free medium and were then incubated with HGF/SF

(3 ng/mL), as described (Section 2.2.1). HaCaT cells were pre-treated for 15 min with 50 uM

PD098059 and then stimulated with HGF/SFfor 0, 5, 10, 15, 20, 30, 45 and 90 min. Thelevels of

the activated phosphorylated forms of p42/44M4PK (A), p38™APK (C) and Akt (E) were determined

by Western blotting with the appropriate antibodies. Actin was used as a protein loading control

(B, D, F) (Section 2.2.9)). The relative intensities of the bandsin the western blots were analysed

using AQM advance 6 from eachof the two experiments used. The intensity of each of the bands

was calculated relative to its respective actin band. The intensity relative to actin of the T=0 time

point in each blot wassetas a standardof | andintensities of the other bands givenrelative to this

ratio along with the standard error. PC = positive control.
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To conclude this work on inhibitors, the phosphorylation kinetics of Akt,

p38 and p42/44™“P* were analysed after HaCaT cells were pre-treated with

the MEK 1/2 specific inhibitor, PD098059 [188]. MEK 1/2 are specific

) MAPK to
threonine/tyrosine kinases and dually phosphorylate p44/4

activate their serine/threonine kinase activity. _PD098059 prevents the

phosphorylation of p42/44™4"* after HGF/SF stimulation of HaCaT cells.

The results show that p42/44™4°K is regulating the activation of both

p38™4?K and Akt (Figure 3.6C), as PD098059 completely inhibits HGF/SF

stimulated p38”°K phosphorylation (Figure 3.3B) (n=2, p<0.05) and Akt

phosphorylation (Figure 3.3C) (n=2, p<0.05). The PC (positive control)

lane (Figure 3.6 C, E) showsthat the western blots worked correctly.

gMAPK and Akt may beactivated downstream ofTheresults suggest that p3

p42/44M4PK in HGF/SF-METstimulated HaCaTcells. This is particularly

interesting, becausethere is a significant increase in the phosphorylation of

p42/44MPK (n=3, p<0.005) and Akt (n=3, p<0.005) (Figure 3.3) 5 min

after HGF/SF stimulation. This suggests that p42/44M“P* may be activated

first, which then allows the subsequentactivation of Akt within 5 min after

HGF/SF stimulation. Since the wortmannin experiments show that the

HGF/SFstimulated Akt phosphorylation is via a PI3-K mediated pathway,

p42/44™“"* activation may, therefore, be required for PI3-K activation, or

the activation of p42/44Marn mayrelease a physical block on the activation

MAPK
of PI3-K by MET. Thelack of any significant p38 phosphorylation
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after HGF/SF stimulation in the presence of PD098059 shows that

p38™4"* phosphorylation in HGF/SFstimulated HaCaT cells also depends

4M4PK_mediated pathway. Examination of the activation ofupon a p42/4

p3smPK 42/44M4°6 and Akt shows that these pathways, normally

considered to act in parallel, clearly function as a network with a high

degree of cross talk. This further adds to the complexity of HGF-MET

mediated signalling in HaCaT cells. It was, therefore, thought to be

important to widen the numberofsignalling partners characterised after

stimulating HaCaT cells with HGF/SF.

3.2.3 Investigatingfurther HGF/SF-METsignal transduction

pathways in HaCaTcells

As discussed in 3.2.2, the Akt, p42/44™4"* and p38™“"* pathways function

as a network in HGF/SF-METsignalling in HaCaT cells. However, the

METreceptor has been shownto activate various other signalling cascades

in a variety of different cell systems, and the pathwaysactivated appear

different depending of the cell system. It was, therefore, evident that

APK APK4M gM
measuring the activation of the Akt, p42/4 and p3 pathways

would only provide a partial view of METsignalling, whereas extending

the analysis would give a more global view of METintracellular signalling

in HaCaTcells. Thus, it was decided to screen the HaCaT cell system with

various antibodies to specific phosphorylation sites on signalling proteins,
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which had shown to be activated in other cell systems. These

phosphorylation sites were all knownto lead to activation of the kinase or

adaptor protein. PK-C [189], NF-KB [190], SHP2 [174], SAPK/JNK

[191], STAT1 [192] and STAT3 [193] had all been shownto be activated

by a variety of RTKsin different cell systems and could play a critical role

in METintracellular signalling in HaCaTcells.

The phosphorylation kinetics of SHP2, SAPK/JNK and STATI were

analysed after stimulation with HGF/SF over 90 minutes after the cells

were rendered quiescent (Figure 3.7). The antibody for SHP2 wasfor its

phosphorylation at Tyr542, whichis at the protein’s carboxyl terminus and

phosphorylation at this site prevents inhibition of the its tyrosine

phosphataseactivity. The results show the levels of SHP2 phosphorylation

at this site do not vary after HGF/SF stimulation (Figure 3.7). There

appears to be basal phosphorylation at t=0 and this doesn’t alter

significantly over the time course. This result is surprising, as SHP2 is

knownto play a significant role in METsignalling in other cell systems. It

has been shown to associate with GAB1 by which meansit can sustain

p42/44™“"* phosphorylation after MET activation. Consequently,if this

mechanism applies in HaCaTcells, it is unlikely to involve changesin the

phosphataseactivity of SHP2.
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Figure 3.7. SHP2, JNK 2 and STAT1 phosphorylation kinetics in HaCaT cells after

stimulation with HGF/SF.

HaCaTcells were cultured for 48 h in serum-free medium and were then incubated with HGF/SF

(3 ng/mL)(Section 2.2.1). HaCaT cells were stimulated with HGF/SF for 0, 5, 10, 15, 20, 30, 45

and 90 min. The levels of the activated phosphorylated forms of SHP2 (A), JNK 2 (C) and

STATI (E) were determined by Western blotting with the appropriate antibodies (Section 2.2).

Actin was usedas a protein loading control (B, D and F) (Section 2.2.9). The relative intensities

ofthe bands in the western blots from three independent experiments were analysed using AQM

advance 6. The intensity of each of the bands wascalculatedrelative to its respective actin band.

The intensity relative to actin of the T=0 time point in each blot wasset as a standard of 1 and

intensities of the other bands givenrelative to this ratio along with the standarderror.
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Figure 3.7 showsthat there is basal phosphorylation of the p54 isoform of

JNK at t=0 and thereafter there is very little variation in phosphorylation

across the 90 minute time course and nosignal at all from the p46 isoform.

The antibody used wasfor the dual phosphorylation site at Tyr183/ Thr185

of both the p46 and p54 isoforms. Both SAPK/JNKare normally activated

after a stress response and have been observedto be activated by MET in

somecell systems following HGF/SFstimulation [194].

The levels of phosphorylation of STAT! at Ser727 do not change to any

significant degree after stimulation with HGF/SF over 90 minutes (Figure

3.7E). There appears to be a basal level of phosphorylation of Ser727 in

the HaCaT cells before HGF/SF is added. Phosphorylation of STAT] at

Ser727 has been shown in different cell systems to be dependent on

p38™“F*; therefore the present result was unexpected given the activation

of pas by MET (Figure 3.3B). This suggests that the transient

phosphorylation of p38™“P* caused by HGF/SF activation of MET is not

sufficient for significant Ser727 phosphorylation of STAT1.

The antibodies used to analyse PK-C activation in Figure 3.8 were for

phosphorylation at Ser660 in each of the isoforms of this enzyme. Novel

membersofthe PK-C family contain an inhibitory pseudo substrate,
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Figure 3.8 Phosphorylation kinetics of PK-C isoforms and of STAT3 at Tyr705 and Ser727

and in HaCaTcells after HGF/SFstimulation

HaCaTcells were cultured for 48 h in serum-free medium and were then incubated with HGF/SF

(3 ng/mL)(Section 2.2.1). HaCaT cells were stimulated with HGF/SF for 0, 5, 10, 15, 20, 30, 45

and 90 min. The levels of the activated phosphorylated forms of PK-C (A), STAT 3 Tyr705 (C)

and STAT 3 Ser727 (D) were determined by western blotting with the appropriate antibodies

(Section 2.2). Actin was used asa protein loading control (B and E) (Section 2.2.9). The relative

intensities of the bands in the western blots from two experiments were analysed using AQM

advance 6. Theintensity of each of the bands wascalculatedrelative to its respective actin band.

Theintensity relative to actin of the T=0 time point in each blot was set as a standard of | and

intensities of the other bandsgivenrelative to this ratio along with the standard error.
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which stops the kinase from being activated, and the site at Ser660, when

phosphorylated, relieves this inhibition and regulates subcellular

localisation [195]. Phosphorylation at Ser660 meansthat the PK-C kinase

is active, as this site is autophosphorylated following phosphorylation at

Thr500 in the activation loop of the enzymes [195]. There is

phosphorylation of three PK-C isoforms after HGF/SF stimulation. The

band at 82 kDa corresponds to PK-Ca, that at 80 kDa to PK-CBI and the

band at 60 kDa to PK-C8. The other bands present on the western blot of

lower apparent molecular weights are non-specific bands (Figure 3.8A)

There were different phosphorylation kinetics for each of the PK-C

isoforms. The most significant increase in phosphorylation was observed

for the PK-Ca isoform, where the levels increase by 24-fold after 10 min

(n=2, p<0.05) and then reduce to a 5-fold increase over basal levels after

45 min, which is followed by a second increase when phosphorylation

increases 20-fold at 90 min (n=2, p<0.05). The other isoforms, BI and 6,

which are activated after HGF/SF stimulation are phosphorylated to a

much lesser level than a. The phosphorylation of isoforms BI and 6

doesn’t increasesignificantly until 90 min after HGF/SF stimulation, when

they both reach their maximum 4- to 5-fold increase overbasal levels (n=2,

p<0.05). This coincides with the second peak in phosphorylation of the a

isoform, which suggests that the second peak of phosphorylation of this

isoform maybelinkedto activation of the BI and 6 isoforms.
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The phosphorylation kinetics of STAT3 (Figure 3.8 (C,D)) are particularly

interesting, becauseit is activated by various growth factor receptors [196]

and is constitutively active in a number of human tumours[197, 198]. The

STAT proteins are transcription factors and are activated by the JAK

family of tyrosine kinases [198] and this tyrosine phosphorylation induces

their dimerisation and activation [199]. The tyrosine phosphorylation site

for STAT3 is at 705, but it can also be phosphorylated at Ser727 by

p42/44™“P* 1200] and by mTOR [201]. Whilst phosphorylation at Tyr705

is required for activation, the subsequent phosphorylation at Ser727 is

required for maximal transcriptional activation of STAT3a but not for

STAT3B which doesn’t contain the Ser727residueasit is truncated [200].

The results shown for STAT3 in Figure 3.8 are representative of STAT3a,

because the size of the bands in parts C and D correspondto the size of

STAT3a (86 kDa) and STAT3B (79 kDa) cannot be phosphorylated at

Ser727. The phosphorylation of STAT3a at Tyr705 is not significantly

affected by HGF/SF (Figure 3.8C) (n=2, p>0.05), but phosphorylation at

Ser727 is stimulated by HGF/SF (Figure 3.8D). There is a basal level of

phosphorylation of Tyr705 (C) in the HaCaT cells and this doesn’t alter

significantly after HGF/SFstimulation.
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Figure 3.9 Analysis of the levels of the NF-KB inhibitory subunits IkBa and IkBB in HaCaT

cells after HGF/SF stimulation

HaCaTcells were cultured for 48 h in serum-free medium and were then incubated with HGF/SF

(3 ng/mL)(Section 2.2.1). HaCaT cells were stimulated with HGF/SF for 0, 5, 10, 15, 20, 30, 45

and 90 min. Theprotein levels of IkBa (A) and IkBB (B) were determined by Western blotting

with the appropriate antibodies. Actin was used asa protein loading control (C) (Section 2.2.9).

Therelative intensities of the bands from two experiments western blots were analysed using

AQMadvance6. The intensity of each of the bands wascalculated relative to its respective actin

band. The intensity relative to actin of the T=0 time point in each blot wasset as a standard of|

and intensities of the other bandsgivenrelative to this ratio along with the standarderror.
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This could be due to the cells being immortalised [173] and STAT3’s anti-

apoptotic activities [197] being required for immortalisation. There is very

little basal phosphorylation of Ser727 before HGF/SFstimulation, but this

increases up to 3-fold after 5 min (n=2, p>0.01) and then drops back down

to basal levels after 20 min. Similarly to what was seen with PK-Ca,there

is a second increase in STAT3 phosphorylation at Ser727 after 90 min,

when Ser727 phosphorylation levels rise to 3-fold above basal levels (n=2,

p>0.01). The similarity seen in the phosphorylation kinetics of PK-Ca. at

Ser660 and STAT3a at Ser727 seem suggests that they could be the target

of the same kinase.

The NF-«B pathway was analysed by monitoring the protein levels of the

inhibitory proteins IkBa and IkBB by western blotting. The inhibitory

proteins IkBa and IxBB form a trimer complex with NF-«B isoforms and

RelA when there is no stimulus, preventing their translocation into the

nucleus from the cytoplasm [202]. When IkBaor IkBf are phosphorylated

they are then ubiquitinated, which targets them for proteasomal

degradation. This allows NF-«B isoforms to form homoandhetero dimers

with RelA, which then translocate into the nucleus where they act as

transcription factors [202]. Importantly, IkBa is part of a feedback loop

whereby NF-«B stimulates IkBa transcription, which acts to attenuate the

NF-«B response. However, IxBf transcription isn’t promoted by NF-xB

andsois notpart of an inhibitory feedback loop [190].
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The results show HGF/SFthat does not stimulate classical activation of the

NF-«B pathway (Figure 3.9). Usually when the NF-«B pathway is

activated in a classical manner the levels of both IkBa and IkBB drop

significantly after the stimulus and the levels of IkBa increase again, as

part of the transcription feedback loop. However, there is only a minor

decrease in the levels of IkBa 15 min after stimulation with HGF/SF of

25%, but then at 20 min there is a 50% increase in the levels of IkBa.

However, the five minutes between these time points is too short for

protein to be synthesised de novo so it may be dueto inhibition of the

degradation of IkBa. There is anotherincrease in IkBalevels after 90 min,

which could be due to protein synthesis or may be dueto inhibition of the

degradation of IkBa. There is a significant increase (3 fold) (n=2, p>0.05)

in the levels of IkBB compared to basal levels at t=0 20 min after HGF/SF

stimulation. This increase in IkBB remains relatively constant up to the

end of the experiment (90 min). As for the increase in synthesis of IkBa,

the increase in IkBBisn’t indicative of activation of NF-kB. However,it is

clear that HGF/SFis affecting the NF-«B pathway in HaCaTcells, but not

in a classical mannerand it would seem that it is inhibiting the degradation

of these inhibitory subunits and is, therefore, suppressing NF-«B

activation.

The work described in this section indicates that there is unlikely to be any

involvement of JNK 2/3, SHP2 and STATI in the first 90 minutes of
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HGF/SF-MET mediated signalling in HaCaT cells (Figure 3.7). It does

highlight the involvement of PK-C a, BI and 6 isoforms in HGF/SF-MET

mediated signalling in HaCaTcells (Figure 3.8). It also identified HGF/SF

dependent phosphorylation of STAT3a in HaCaT cells and that there is

basal Tyr705 phosphorylation of STAT3a, which may contribute to the

immortalisation of the cell line (Figure 3.8). The results also show that

HGF-METsignalling in HaCaT cells impacts on the NF-KB pathway,

although not in a classical manner and its requirement in transducing a

HGF-MET stimulated physiological response needs to be further

investigated. Therefore, because the work done in Sections 3.2.2 and 3.2.3

was only analysing the kinetics of activation of HGF/SF-METstimulated

pathways, it was decided to relate these responses to a specific

physiological response, the level of DNA synthesis in the cells, which

relates directly to S-phase entry andproliferation.

3.2.4 Investigating which signallingpathways are involved in

HGF-METstimulatedDNA synthesis

When HGF/SFactivates the MET receptor it can stimulate proliferation,

migration, morphogenesis, apoptosis and anoikis, which is the most diverse

set of physiological responses stimulated by any receptor tyrosine kinase.

HGF/SFactivates p38, p42/44M4"%, Akt, STAT3 and PK-C, whereasit

appears likely to inhibit the NF-KB pathway. It is important to try to
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isolate which pathways contribute to particular physiological responses.

This was done by analysing the levels of DNA synthesis in quiescent

HaCaT cells after the addition of the growth factor. When HGF/SF

activates MET in HaCa¥ cells it stimulates proliferation and this leads to

an increase in DNA synthesis 18 hours after HGF/SF stimulation.

The concentration of 3 ng/ml of HGF/SF usedfor the activity of signalling

proteins was used for all of the DNA synthesis assays. For each assay

HaCaT cells were dosed with HGF/SF alone, as well as with specific

inhibitors of signalling proteins (Figure 3.10B). When HGF/SFis added (3

ng/ml) there is a 10-fold increase in DNA synthesis (20,000 dpm), which is

the consequence of the growth factor stimulating quiescent cells in Go to

enter the cell cycle and, 18 h later to be engaged in S-phase DNA synthesis

(Figure 3.10A).

PD089059, the MEK 1/2 inhibitor inhibits DNA synthesis in HaCaT cells,

since the levels of DNA synthesis are reduced by approximately 20-fold

(n=3, p<0.005) from the level observed in the absence PD089059 (Figure

3.10A). Similarly, the PI3-K specific inhibitors Wortmannin and

LY294002 significantly inhibit HGF/SF stimulated DNA synthesis, by

approximately 10-fold (n=3, p<0.005). The JNK inhibitor JNK inhibitor

IX, which inhibits all isoforms of JNK,also significantly inhibits HGF/SF

stimulated DNA synthesis by approximately 10-fold (n=3, p< 0.005).
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Figure 3.10 The levels of DNA synthesis in HaCaTcells after being dosed with HGF/SF and

inhibitors of signalling proteins

[A] 4 x 10* HaCaTcells/well were serum-starved for 48 hours and then incubated with HGF/SF(3

ng/ml) and specific inhibitors (Section 2.2.2). Results are the mean + SEoftriplicate wells and

are given in dpm (disintegrations per minute). [B] Inhibitors used, the concentration determined

initially from the supplier andthe literature.
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The Gi/o regulatory protein inhibitor PTX [203] was observed to inhibit

HGF/SF stimulated DNA synthesis by approximately 10-fold (n=3,

p<0.005). The PK-C isoform inhibitor Bis-1 and the NF-«B inhibitor Bay

11 both reduced HGF/SF stimulated DNA synthesis to well below basal

levels (BSA,Fig. 3.10) (n=3, p<0.005). In summary from Figure 3.10 the

MEK 1/2, PI3-K, JNK, Gi/o, PK-C and NF-kB all play critical role in

HGF/SFstimulated DNA synthesis in HaCaTcells because if any of these

pathwaysare inhibited it leads to a significant reduction in DNA synthesis.

A surprising result was the inhibition of HGF/SF stimulated DNA

synthesis by PTX the inhibitor of Gi/o proteins. A link between Gi/o

proteins and HGF/SF stimulated DNA synthesis hasn’t been previously

observed in HaCaTcells and has only been suggested by some work in

hepatocytes [204], so it was decided to try to establish the mechanism of

action ofPTX in HGF/SFsignalling.

3.2.5 Investigating the role Gi/o proteins play in HGF-MET

stimulatedDNA synthesis

Theinhibition of HGF/SF stimulated DNA synthesis by PTX (Figure 3.10)

indicates an involvement of Gi/o heterotrimeric G proteins in HGF/SF

signal transduction through the METreceptor. Heterotrimeric G proteins

consist of a, B and y subunits, all of which are capable ofparticipating in
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signal transduction. There are four distinct classes of hetero trimeric G

protein Gs, Gi, Gq and G12, both Gs and Gi classes are involved in the

regulation of adenylyl cyclase enzymes [205]. The Go class of proteins

aren’t as well understood but have been implicated to be involved in the

regulation of cell growth [205]. Pertussis toxin (PTX), produced by

Bordetella pertussis, contains a single peptide that ADP-ribosylates Gi/o

proteins, locking the G protein in the GDP-bound or inactive state,

inhibiting dissociation of the a and By subunits and, therefore, preventing

subsequent signalling through the Gi/o protein-coupled pathway [203].

The involvement of G-proteins in signalling by such growth factors has

been suggested in a few instances, e.g., fibroblast growth factor-2 (FGF-2)

[206] and platelet-derived growth factor (PDGF) [207]. In the case of

HGF/SFacting on rat hepatocytes, it has been suggested that Gi/o protein

is involved in the metabolism of inositol phosphates, the activation of

phospholipase D and the dual phosphorylation ofp42/44M4"* 1204].

To try to understand the way PTX is interfering with HGF-METsignal

transduction in HaCaTcells, it was decided to analyse the levels of Akt

and p42/44™4"* phosphorylation after pre-treatment with PTX followed by

stimulation with HGF/SF. The work done previously (Figure 3.3) shows

that HGF/SF normally stimulates both Akt and p42/44Mare

phosphorylation and both are critical for HGF/SF stimulated DNA

synthesis (Figure 3.10).
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Figure 3.11 The effect of PTX on HGF/SF-stimulated phosphorylation of p42/44M4PK and

Akt

HaCaTcells were stimulated with HGF/SF (3 ng/mL and 100 ng/mL) for 15 min (A and D) and

45 min (B and E) in the presence and absence of PTX. The levels of the activated, dual

phosphorylated forms of p42/44™4PK and of phosphorylated Akt were determined by western

blotting with the appropriate antibodies. Actin was used asa loading control (C and F) (Section

2.2.9). (A and B)Effect of pertussis toxin (0.25 g/mL added 2 h prior to addition of HGF/SF) on

the phosphorylation of p42/44MarK, (D and E) Effect of pertussis toxin (0.25 g/mL added 2 h

prior to addition of HGF/SF) on the phosphorylation of Akt. Theresults are representative of two

independent experiments.
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Work done in PC12 cells shows that NGF (Nerve Growth Factor) can

stimulate Akt through Gi/o proteins and inhibition of the Gi/o reduced Akt

phosphorylation [208]. The Gi/o proteins could also be signalling through

p42/44™4"K as studies done in HEK293 cells have shown that PTX

inhibits calcitonin-induced p42/44™“P* phosphorylation [209]. Therefore,

MAPK4it was thought that Akt and p42/4 were good candidates to be

affected by Gi/o proteins in HGF/SFsignalling.

The levels of both Akt and p42/44““"* phosphorylation were analysed

after HGF/SF (3 ng/ml and 100 ng/ml) stimulation of PTX-treated and

untreated HaCaT cells (Figure 3.11). The control lane shows that there

was no changein phosphorylation of Akt or p42/44™4"* at 15 min and 45

min. PTX alone (Figure 3.11) did not have any detectable effect on Akt

and p42/44™4"* phosphorylation after 15 min and 45 min. At maximal (3

ng/ml) and supramaximal(100 ng/ml) concentrations of HGF/SF, the level

of phosphorylation of Akt and p42/44““P* was increased overbasallevels,

but to the same extent (Figure 3.11). This means that the 3 ng/ml of

HGF/SFis sufficient to fully activate MET in HaCaT cells and backs up

the DNAsynthesisresults (Figure 3.1).
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Figure 3.12 The levels of DNA synthesis in HaCaTcells after dosing with HGF/SFandeither

p38™4PK or the Gi/o inhibitor PTX

[A] 4 x 104 HaCaTcells/well were serum-starved for 48 hours and then incubated with HGF/SF (3

ng/ml) and co-dosed with a concentration range of PTX (ug/ml) (Section 2.2.2). [B] 4 x 10°

HaCaTcells/well were serum-starved for 48 hours and then incubated with HGF/SF (3 ng/ml) and

either a p38™4?K inhibitor (SB203580) or a Gi/o inhibitor (PTX). Results are the mean + SE of

triplicate wells and are given in dpm.
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Whenthe PTX-treated cells were stimulated with 3 ng/ml and 100 ng/ml of

HGF/SFthere wasnosignificant difference (n=3, p>0.5) in the levels of

both Akt (D and E) and p42/44™4"* (A and B) phosphorylation, compared

to the untreated HGF/SFstimulated cells. Both the 15 min and 45 min

time points show nosignificant (n=3, p<0.5) difference between the PTX

treated and untreated cells. These results indicate (Figure 3.10) that PTX

wasn’t exerting its DNA synthesis inhibitory effects through either an Akt

or a p42/44™“P* mediated pathway.

The inhibition of HGF/SF stimulated DNA synthesis in HaCaT cells by

PTX wasfurther investigated to determine the potency ofthe inhibition in

HaCaTcells. The PTX was dosed at a concentration range from 0.05 to

0.50 pg/ml 2 h before HGF/SF stimulation. The results showed DNA

synthesis was inhibited to basal levels at 0.10 ug/ml PTX and at

concentrations above that the DNA synthesis levels remained at basal

levels indicating that PTX did not havea toxic effect (Figure 3.12B). The

results showed that the concentration being used (0.25 pg/ml, initially

chosen from the literature) was high enough for complete inhibition of

HGF/SFstimulated DNA synthesis.

Since Akt and p42/44M4"* don’t appear to be involved in HGF/SF

signalling through Gi/o heterotrimeric proteins, other candidate signalling

pathways that have been shown to signal through Gi/o proteins were
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investigated. Analysis of Gi/o signalling in the current literature showed

that NGF stimulates p38“'* phosphorylation through a Gi/o mediated

pathway [210]. Therefore, HGF/SF could be stimulating DNA synthesis in

MAPKwhich is regulatedHaCaTcells through a pathway dependent on p38

by Gi/o heterotrimeric proteins. To investigate the idea it was decided to

treat HaCaT cells with the p38““?* inhibitor SB203580, stimulate them

with HGF/SF, and determine if it affected the level of DNA synthesis.

HaCa¥Tcells were pre-treated with SB203580 (1, 5 and 10 1M) and then

stimulated with HGF/SF (Figure 3.12B). The results show that 1 uM

SB203580 doesn’t significantly reduce HGF/SF stimulated DNA

synthesis, whereas 5 uM reduces it by approximately 50 % compared to

the untreated control cells (n=3, p<0.005). The DNA synthesis levels were

reduced downto basal levels by 10 uM SB203580 (n=3, p<0.005).

Work published by Sugden ef a/. (1998) [211] on rat myocytes suggests

that SB203580 can also inhibit JNK2 isoforms, as well as p38““P* (a) and

p3s™PK (8) [211]. They show that the IC50 for p38"" for SB203580is

0.07 uM, whereasitis less selective for JNK2 isoforms, for which it has an

IC50 of 3-10 uM. This is significant because 1 1M of SB203580 didn’t

inhibit HGF/SF stimulated DNA synthesis, but 5 and 10 nM SB203580

had an inhibitory effect (Figure 3.12). Thus, it is likely that at 1 uM

SB203580 inhibits just p38““P* in the HaCaT cells, but at the higher

concentrations, it’s off target inhibition of JNK results in the observed
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inhibition of DNA synthesis. In agreement, JNK inhibitor IX completely

abrogates DNA synthesis (Figure 3.10A). Therefore, these results suggest

that although p38™“P* is phosphorylated upon stimulation of HaCaT cells

by HGF/SF,this event is not directly related to subsequent stimulation of

DNAsynthesis.

The HaCaT cells were co-dosed with the p38" inhibitor (SB203580)

and Gi/o inhibitor (PTX) before HGF/SF (Figure 3.12A) stimulation and

the levels of DNA synthesis monitored to see if there were interactions

between the two pathways. The results show that when HaCaTcells were

co-treated with both the SB203580 and PTX there was no significant

reduction (n=3, p>0.2) in HGF/SF stimulated DNA synthesis. However,

when the cells were treated with PTX alone before HGF/SF stimulation

there was a significant reduction in DNA synthesis (n=3, p>0.0001). This

MAPK
meansthat there is an interaction between the p38 and Gi/o signalling

pathways.

MAPK ‘and Gi/o signalling pathways wasThe interaction between the p38

then further investigated by analysing the levels of p3gMark

phosphorylation following PTX treatment and stimulation with HGF/SF

(Figure 3.13).
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Figure 3.13 The effect of SB203580 and PTX on the phosphorylation of MAPKAP-2 kinase

and p38™4?¥ after stimulation of HaCaT cells with HGF/SF

HaCaTcells were cultured for 48 h in serum-free medium and were then incubated with HGF/SF

(3 ng/mL)(Section 2.2.1). HaCaT cells were pre-treated for 15 min with 1 uM SB203580 (G) or

for 120 min with PTX (A and C) and then stimulated with HGF/SF for 0, 5, 10, 15, 20, 30, 45 and

90 min. Thelevels of the activated phosphorylated forms of MAPKAPkinase (A, E and G) and

p38™4?K (C) were determined by western blotting with the appropriate antibodies. Actin was used

as a protein loading control (B, D, F and H) (Section 2.2.9). The relative intensities of the bands

in Western blots from three experiments were analysed using AQM advance 6. Theintensity of

each of the bands wascalculatedrelative to its respective actin band. Theintensity relative to

actin of the T=0 time point in each blot was set as a standard of | and intensities of the other

bandsgivenrelative to this ratio along with the standard error.
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This also allowedthe efficacy of the p38™?* inhibitor SB203580 to be

MAPKthe phosphorylationdemonstrated. As a proxy for the activity of p38

of MAPKAP-2 kinase was measured after HGF/SF stimulation alone

(Figure 3.13G), and then with pre-treatment with SB203580 (Figure

3.13C) followed by stimulation with HGF/SF, since MAPKAP-2 kinaseis

a direct target of p38““"" [212]. The levels of MAPKAP-2 kinase

phosphorylation were also analysed after pre-treatment with PTX (Figure

3.13E) and then HGF/SF stimulation. The effect of the SB203580 and

PTX inhibitors on normal HGF/SF stimulated phosphorylation of

MAPKAP-2 kinase wasthen analysed.

HGF/SF stimulated a significant increase in MAPKAP-2_ kinase

phosphorylation at Thr334 (n=3, p>0.005) after 5 min, and this level was

sustained up to 90 min (Figure 3.13E). There was a much smaller increase

gM4?K phosphorylation seen after 5 min of HGF/SFstimulation, asin p3

observed previously (Figure 3.3B), and there wasn’t a significant increase

in pes phosphorylation until 10 min after stimulation (n=3, p>0.001)

(Figure 3.3). Therefore, it would appear that there only needsto be a slight

increase in p38™““P* phosphorylation for full phosphorylation of

MAPKAP-2 kinase. MAPKAP-2 kinase must be activated through a

p38™“"K_mediated pathway (Figure 3.13G), since SB203580 (1 4M), the

p3s™PK specific inhibitor, abolishes the HGF/SF stimulated

phosphorylation ofMAPKAP-2 kinase (n=3, p>0.001).
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Onceit had been established that MAPKAP-2 kinase wasbeing activated

through a p38™““?*-mediated pathway (Figure 3.13G), MAPKAP-2 kinase

could then be used as a tool to analyse how PTX affected p38™“P*

phosphorylation. The results (Figure 3.13) show the effect PTX has on

HGF/SF-stimulated MAPKAP-2 kinase phosphorylation (Figure 3.13A)

gMA?K phosphorylation (Figure 3.13C). The figures include timeand p3

points at -120 min and -60 min, to cover the time when PTX is added.

There is a significant increase in both MAPKAP-2 kinase (n=3, p>0.005)

and p38™“P* (n=3, p>0.005) phosphorylation at t=0, 120 min after the

addition of PTX to the HaCaT cells compared to t = -120 min. PTX also

causesa significant reduction in the levels of MAPKAP-2 phosphorylation

45 min and 90 min after HGF/SF (n=3, p>0.005). Therefore, this early

activation by PTX of MAPKAP-2 kinase prior to HGF/SF stimulation

leads to an attenuation of the capacity of HGF/SFto stimulate MAPKAP-2

phosphorylation. PTX has a similar effect on HGF/SFstimulated p33mArs

phosphorylation, sinceit leads to an attenuation of the HGF/SFsignal. The

levels of p3gMark phosphorylation return to basal levels after HGF/SF

stimulation after 90 min (Figure 3.3B), but with PTX treatment they return

to basal levels after only 45 min (Figure 3.13G).

The data described in Figures 3.11-13 show that Gi/o proteins are likely to

play a critical role in HGF/SF-stimulated DNA synthesis. The Gi/o

proteins aren’t signalling through either the PI3-K or the p42/44Mark
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pathways (Figure 3.11). Instead, there is a clear interaction between the

p38™“P* and Gi/o pathways, because inhibition of p38™“P* relieves the

inhibition of DNA synthesis by PTX (Figure 3.12A). The interaction

gMAPK and Gi/o pathways was further validated by thebetween the p3

analysis of phosphorylation of p38“and MAPKAP-2 kinase (Figure

3.13E, G), which showed that PTX clearly attenuates the HGF/SF

stimulated p38““?* signal. This suggests the Gi/o proteins are acting to

gMAPK phosphorylation and in doing so permitnegatively regulate p3

HGF/SFto stimulate DNA synthesis. The release of this inhibition by

PTX leads to the activation of p38™“"* and this interferes with the normal

activation of DNA synthesis through the METreceptor and hence explains

how PTX prevents METinducing DNAsynthesis. This also explains why,

when HaCaTcells are treated with both SB203580 (p38™“"*inhibitor) and

PTX (Gi/o protein inhibitor), HGF/SF can stimulate DNA synthesis,

because the activation of p38““?* by PTX is prevented by SB203580.

Since p38™4"* isn’t required for HGF/SF to stimulate DNA synthesis

(Figure 3.12A), HGF/SFis nowable to stimulate DNA synthesis.

The work presented in sections 3.2.1-5 has shown that HGF/SF can

activate MET intracellular signalling through numerous signalling

pathways in HaCaT cells. Moreover, there are complex interactions

between different signalling pathways, which help determine the cells’

physiological response to METactivation. Therefore, it is also important
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to understand whether METcanbeactivated in other ways, for example in

a ligand independent manner, and whether activation of MET by a

different stimulus would affect the intracellular networks that are activated.

3.2.6 Ligand- independent activation ofMET

METcanbeactivated in a ligand-independent mannerin several different

ways. One such manner is when there is over expression of oncogenes

such as Ras, which lead to MET activation [213]. Another possible

oncogene which could be signalling though the MET receptor is

osteopontin (OPN). The protein OPN is associated with malignant cell

attachment, migration and anchorage-independent growth [214]. Work

has also shownthat OPN overexpression is associated with metastasis and

poor prognosis in human primary breast cancer [215], but the exact

molecular mechanisms of OPN regulated metastasis are still not

understood.

Work done by Kurisetty ef a/, 2008 [216] showed that benign rat

mammary cell line Rama 37 (R37) cells, when stably transfected with an

expression vector for OPN (R37-OPN) become invasive and metastatic.

The transfection of OPN in the R37 cells led to an increase in RAN

GTPase (RAN)expression, which is a small GTP binding protein member
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of the Ras super family. Stable transfection of non-invasive R37 cells with

an expression vector for RAN (R37-RAN/RANWT) induced an

invasive/metastatic phenotype in vitro and the development of metastases

in vivo in syngeneic rats. This work also showedthat stable transfection of

invasive R37-OPN cells with RAN siRNAinhibits the invasive/metastatic

phenotype in vitro and in vivo. These data suggested that RAN may

function, in part, as a pivotal effector of OPN-induced invasion and

metastasis in an epithelial model ofbreast cancer dissemination.

Although a clear link between OPN and RANhad beenestablished in the

metastatic/invasive transformation of R37-RAN and R37-OPN cells, the

exact molecular mechanisms, which allowed these transformations to take

place were not understood. This is because OPN and RAN alone cannot

transform cells to become invasive and metastatic, so they must somehow

be cooperating to activate signalling pathways that lead to an invasive

phenotype. This led to the work carried out in this section, where the

possibility of OPN and RANsignalling through the MET receptor to

activate an invasive phenotype wasinvestigated. The MET receptor was a

prime candidateto be a signalling partner of OPN and RAN,becauseit can

uniquely stimulate proliferation, migration and anchorage-independent

growth, whichareall characteristic phenotypes of metastasis.
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Figure 3.14 The effect of transfecting R37 cells with OPN, RAN on MET, and Akt

phosphorylation [216]

R37 cells were transfected with cDNAs (Table 2.1) and the level of MET f chain phosphorylation

(A) and Akt phosphorylation at ser473 (B) were analysed (see section 2.2.9). The levels of

normal R37 cellular protein were normalised to the transfected R37 cellular protein before

phospho-tyrosine immunoprecpitation and then the levels of MET B chain was analysed by

western blotting (A). Akt phosphorylation at Ser473 was analysed by western blotting on R37

cell lysates and protein levels were checked by ponceaustaining (B) (Section 2.2.10). R37 cells

treated with LY294002 (10 uM), were pre-treated for 30 min before cells were harvested. The

relative intensities of the bands in Western blots from three experiments were analysed using

AQM advance 6. Theintensity of the untransfected R37 cells was set as a standard of | and

relative intensities of the other bands were calculated from that and given along with the standard

error.
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All the cell lines (Table 2.1) were generously supplied by Dr Mohamed K.

El-Tanani (Queen’s University, Belfast) and were cultured in serum-free

medium (Dulbecco’s modified Eagle’s Medium supplemented with 250

ug/ml BSA) for 48 h before being harvested, so that the effect of any

growth factors in the serum would not obscure the analyses. The levels of

METB chain tyrosine phosphorylation were measured by western blotting

for the MET B chain after phospho-tyrosine immunoprecipitation (Figure

3.14)

The results show that there is a significant increase in MET tyrosine

phosphorylation (n=3, p>0.005) in both R37-OPN cells (3.6+/-0.2-fold

increase) and R37-RANcells (10+/-1-fold increase) compared to the

parental, untransfected R37 cells; transfection with the empty vector only

caused a small, 1.6-fold increase in MET phosphorylation. In Figure 3.14B

the levels of Akt phosphorylation at Ser427 were analysed by western

blotting in the R37, R37-CMV, R37-OPN, R37-RAN and R37-mutRAN

cell lines. The results showed that Akt phosphorylation increased

significantly (n=3, p>0.001) in both the R37-OPN cells (21+/-1-fold

increase) and R37-RAN cells (22+/-1-fold increase) compared to the

parental R37 cells. Akt is also being activated by a PI3-K mediated

pathway becausethe PI3-K inhibitor LY294002significantly reduces (n=3,

p<0.0001) the Akt phosphorylation in the R37-OPN and R37-RANcells

(Figure 3.14B). There is further evidence (Figure 3.14B) that the
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transfection of the R37 cells with a cDNA encoding RANis causing the

increase in Akt phosphorylation, since transfection of a cDNA encoding a

mutant RAN (permanently in GDP boundform) into the R37 cells had no

significant affect (n=3, p>0.2) on Akt phosphorylation compared to the

parental R37 cells.

These results (Figure 3.14) clearly show that transfection of cDNAs

encoding OPN and RANinto R37cells significantly increases both MET

and Akt basal phosphorylation levels. These results support the idea that

the OPN and RAN could beeliciting their phenotypic response through the

METreceptor. The activation of Akt through METactivation of the PI3-K

pathway in the OPN and RANtransfected cells would then stimulate

anchorage-independent growth.

3.3. Discussion

HGF/SF binds and activates the MET receptor in co-operation with

heparan/dermatan sulphate proteoglycan co-receptors [56, 217]. It is a

potent mitogen and motogen, and a key mediator of mesenchymal-

epithelial interactions. Over-expression of the MET receptor and HGF/SF

is a causative factor in many carcinomas and is associated with poor

prognosis [218], but over expression of METonits own is also associated
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with poor prognosis [219, 220]. Therefore, understanding the activation of

MET, whether in a ligand-dependent manner (HGF/SF) or in a ligand-

independent manneris critical with respect to understanding its role in

carcinomas andits link with poor prognosis in patients. Thus, because

there are two modes of METactivation, understanding the differences in

these types of METactivation could becritical in directing the search for

new pharmacological targets to suppress the receptor’s activity.

When METis activated either by HGF/SF or in a ligand-independent

mannerits tyrosine kinase domain is activated and it autophosphorylates

Tyr1349 and Tyr1356, the residues that form a multi-substrate docking

site. Proteins such as SHC [115], GRB-2 [102], GAB1 [94, 96, 97] and the

85 kDa subunit of phosphatidylinositol 3-kinase (PI3-K) [117] all have the

capacity to bind at the multi-substrate docking site of MET. Because of

the numberofdifferent proteins that can bind activated MET,it is able to

activate in turn a large number of downstream signalling pathways.

However, since there is only one phospho-tyrosine docking site in MET,

this allows for both competition between pathwaysandtheir cross talk. It

is the activation of these downstream signalling pathways, which

determines which specific phenotypic response, or responses will occur

after METactivation.
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To try and understand the underlying molecular mechanisms of MET

activation and signal transduction two different in vitro cell systems were

used. The immortalised human skin epithelial cell line HaCaT was used to

analyse ligand dependentactivation of METand the benign rat mammary

cell line Rama 37 (R37) wasused to analyse ligand independentactivation

of MET. The HaCaTcells were a goodin vitro model for analysing ligand

dependentactivation of MET, because they express the METreceptor and

are very responsive to HGF/SF when rendered quiescent. Thus, HGF/SF

caused a significant 9-fold increase in DNA synthesis (n=3, p>0.0001)

(Figure 3.1). The level of HGF/SF stimulated DNA synthesis reached a

plateau (Figure 3.1) in HaCaT cells at concentrations above 3 ng/ml.

These results showed that HaCaT cells were responsive to HGF/SF and

they would be anin vitro model with a signal-to noise ratio similar to that

seen in fibroblasts usually used to analyse signalling [221] and thus would

be suitable for the analysis of ligand-dependentactivation ofMET.

Whenstimulated by HGF/SF the level of tyrosine phosphorylation of the

METreceptor (8 chain) in HaCaT cells significantly increased (Figure

3.2). Interestingly there was also an increase in the level of

phosphorylation of a band at 55 kDa after HGF/SF stimulation, which

mirrored the increase in the band at 145 kDa (MET 8 chain). Work done

by Jeffers et al, 1997 [222] identified a 55 kDa derived MET degradation

product following the activation of the receptor. This 55 kDa truncated
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version of MET contains the kinase domain and is_ tyrosine

phosphorylated, which would explain why it was seen in Figure 3.2,

because the HaCaT were phospho-tyrosine immunoprecipitated. In

previous work this degradation product has only been observed when the

ubiquitin-proteasome pathway has been inhibited after MET activation.

Since this isn’t the case in the present experiments there must be high

levels of this 55 kDa product being produced or it is more stable in the

HaCaTcells. With tyrosine phosphorylation levels of the 55 kDa product

increasing at similar levels to that of the 145 kDa(B chain), the processing

of the 145 kDa B chain is likely to be taking place at a reasonably rapid

rate. This result also highlights how ligand-dependent activation of MET

in HaCaT cells is likely to activate its own ubiquitin-proteasome

processing pathway.

The phosphorylation of GAB1 after HGF/SF stimulation of HaCaT cells

indicates that MET has been activated (Figure 3.2). Unfortunately, the

phosphorylation of GAB1 by MET doesn’t provide any indication of the

cells’ response to receptoractivation, since GAB1 canitself activate many

of the physiological responses associated with METactivation [94, 96].

Therefore, the investigation of major candidate downstream pathways

activated by MET in HaCaTcells was required, which were Akt,p3gMArK

and p42/44MF* (Figure 3.3). When activated Akt can stimulate a variety

of cellular responses these include cell survival [223], cell growth [223]
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and migration [224], whereas p42/44Mark can also stimulate cell growth

[180] and migration [224] and p38™“"* can stimulate apoptosis as well as

migration [225].

Analysis of the phosphorylation kinetics of Akt, p38?" and p42/44™4?*

by HGF/SF in HaCaTcells shows that Akt and p42/44™4"*are activated

very rapidly, since their phosphorylation increases significantly within 5

MAPK8min after stimulation, compared with p3 , which is not significantly

phosphorylated until 10 min. The cross talk between different pathways

suggested by the data are summarised in Figure 3.15. When the MEK 1/2

inhibitor (PD098059) was added to HaCaT cells before HGF/SF

stimulation, it not only significantly reduced (n=2, p<0.01) p42/44MP*

phosphorylation,but also significantly reduced the phosphorylation of Akt

and of p38™“P* (n=2, p<0.01) (Figure 3.6). The data also (Figure 3.15)

MAPK
8showedthat activation of p3 wasplaying a negative feedbackrole in

METsignalling with respect to p42/44““P* activation. The suggestion is

AMAPK MAPK
to negatively regulate itsthat activated p42/4 is activating p38

own activation. Work done by Liu, et a/. 2004 [187] in cardiac myocytes

also showed when p38™4"“ was inhibited with SB203580 the

MAPK4phosphorylation of p42/4 increased. They showed this was due to

p38™“P* activation of PP2A, which then de-phosphorylated p42/44Mark
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Figure 3.15 A schematic diagram of MET activation in HaCaT cells and the sequential

activation of downstream signalling pathways

The diagram shows the Akt p38“P* and p42/44M4PK sionalling pathways and the specific

inhibitors of those pathways. The diagram has been produced from the results of Akt, p3

and p42/44™4P?K western blots (Figures 3.3-7).
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Therefore, it is possible that in HaCaTcells activation of p38™"* Jeads to

4MAPK activity. However,itactivation of PP2A, which then regulates p42/4

should be noted that this scenario can only occurin the context of existing

activation of p42/44“P*, PTX, which increases the “basal” activity of

p38™“"* observed at the time of addition of HGF/SF and then

subsequently alters the phosphorylation kinetics of p3gM4PK does not cause

any detectable changein the phosphorylation of p42/44“P*,

The inhibitor data also indicated that p38““"* was regulating its own

activity (Figure 3.5), as the level of p38“? phosphorylation was

significantly higher in the SB203580 cells 90 min after HGF/SF

stimulation compared to the untreated cells (Figure 3.3). PP2C has been

identified as the phosphatase that regulates p38“'* phosphorylation,asit

de-phosphorylates MKK3/6, the kinase that phosphorylates p38“"* [186].

Therefore, it is likely that in HaCaT cells stimulated with HGF/SF that

p38™““"*is activating PP2C, which leads to down regulation of its own

activity. The aberrant activation of p42/44™“P* has been identified in

numerous different cancers [226] and, when negative regulation pathways

like that involving p38™4"" in HaCaT cells are inhibited, then this can

MAPK4allow uncontrolled activation of p42/4 which can lead to an

oncogenic phenotype[226].
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MAPK
Theresults also showed an interesting interaction between the p38 and

Akt pathways, since Akt is required for full initial activation of p38““'*

initially after HGF/SF stimulation. However, when Akt is inhibited there

pene phosphorylation 30 min after HGF/SFis a second peak of p38

stimulation (Figure 3.4), which isn’t seen in control cells (Figure 3.3). This

shows there is an interaction between the Akt and p38™“?* signalling

g™APK activation,pathways where Akt has an initial positive effect on p3

but at later times it has a negative regulatory effect. Figure 3.15

summarises some of the HGF/SF-METactivated signalling cascade in

HaCaTcells. However, such schematics do not capture what may be a key

finding, that the activation of these pathways by HGF/SF is dynamic.

Indeed, clear oscillations are apparent in the levels of phosphorylation of

p38™“"* and of p42/44MP* though not of Akt. Whereasthere is no

evidence for the activation of STATI, JNK and SHP2, HGF/SFclearly

caused the phosphorylation of PK-C, STAT3 and changesin the levels of

IxBa and of IkBB. Again, a clear observation is that these changes involve

oscillations. The consequence of these oscillations is that if they are in

phase, a different pattern of cell activation will occur compared to when

they are out of phase.

The phosphorylation kinetics of PK-Ca and p42/44™“"* havea similar bi-

K4qMaP
phasic profile, but phosphorylation levels of p42/4 seem to increase

slightly earlier than PK-Ca across the 90 min, which would suggest that
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commontargets would befirst phosphorylated by p42/44™“"*_ Work done

by Sugano ef al, 2006 [227] showed that activation of PK-Ca in bovine

adrenal chromaffin cells treated with insulin and nicotine lead to an

increase in p42/44™“"* phosphorylation. Interestingly, PK-C BI and &

phosphorylation levels only increase significantly after 90 min, which

synchronises with the second phase of PK-Ca phosphorylation. This

indicates that different targets of PK-C will be phosphorylated at early and

later times. Such temporal co-ordination may be important factor in PK-C

isoforms contributing to the exit of the cells from Go/1 and their successful

transition into S-phase where DNAsynthesis occurs.

The role of STAT3 in HGF/SF-METsignalling appears to be an atypical

one, as HGF/SF doesn’t affect STAT3 Tyr705 phosphorylation, which is

the site usually phosphorylated when STAT3is activated. Although there

is a basal level of STAT3 Tyr705 phosphorylation in the HaCaTcells, this

doesn’t change after HGF/SF stimulation. In contrast, the phosphorylation

kinetics of STAT3 Ser727 have a similar bi-phasic profile seen with

HGF/SF stimulation of PK-Ca (Figure 3.8). The phosphorylation of

STAT3at Ser727 significantly enhances its DNA binding capability [228]

and has been previously shown to be a downstream target of p42/44Mars

[228]. As hypothesised above, such oscillations may co-ordinate STAT3

and PK-C mediated signalling events in the HaCaTcells.
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Whilst it was clear that the NF-«B pathway was required for HGF/SF

stimulated DNA synthesis (Figure 3.10), there was no clear decrease in

IxBa protein levels associated with activation of the NF-«B pathway

(Figure 3.9) [190]. Instead there were significant increases in the levels

IkBBprotein and less significant increases in IkBa protein after HGF/SF

stimulation. This may highlight an atypical activation of the NF-«B

pathway andfurther investigation of the NF-KB system in HaCaT cells is

required, particularly at much later time points, before any mechanistic

conclusions can be drawn.

Gi/o heterotrimeric proteins were identified as playing a critical role in

HGF/SFstimulated proliferation. When the HaCaT cells were pre-treated

with PTX,the specific Gi/o inhibitor, before HGF/SF stimulation there was

a significant reduction in the capacity of HGF/SF to stimulate DNA

synthesis. Further analysis of the effect of PTX on HGF/SFstimulated

HaCaT cells showed that Gi/o proteins weren’t acting through a

p42/44™“P* or Akt mediated pathway (Figure 3.11), which had been

suggested by work in other systems [208, 209]. Further investigation

gMAPK and whenshowed that Gi/o proteins wereclearly interacting with p3

p38™“"* activity was abolished along with that of Gi/o proteins there was a

full recovery of HGF/SF-stimulated DNA synthesis.
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This result is particularly interesting, because it appears that in HaCaTcells

Gi/o proteins are negatively regulating p38““'* activity. When this

MAPK
8inhibition is relieved, p3 phosphorylation increases (Figure 3.13),

along with that of downstream targets such as MAPKAP-2 kinase.

MAPK ig inhibited it doesn’t significantly decreaseSurprisingly, when p38

HGF/SF stimulated DNA synthesis, but, when it is activated before

HGF/SF stimulation (Figure 3.13) it appears to inhibit DNA synthesis.

This again highlights how crucial a role timing plays in intracellular

gMAPK is activated by HGF/SF along with multiplesignalling, as when p3

other pathways it doesn’t inhibit DNA synthesis, but when it becomes

activated prior to HGF/SF stimulation (Figure 3.13) it can inhibit DNA

gMAPK is enoughto start downstreamsynthesis. This early activation of p3

signalling pathways (MAPKAP-2), which can lead to apoptosis [229, 230]

and cell cycle arrest [231, 232] and whichis sufficient to inhibit HGF/SF

stimulated DNA synthesis in HaCaT cells. Work done by Shen et al. 2006

[233] showed that p38““P* could prevent signalling through the insulin

receptor by stimulating PTEN expression. Therefore, the early activation

of p38™4"* by PTX maybe arresting HGF/SF mediated DNA synthesis

through increased expression of PTEN.

From analysis of ligand (HGF/SF) dependentactivation of METit is clear

that METactivates numerousdifferent signalling pathways in HaCaTcells.

Activation of these pathwaysis obviouslycritical in determining thecells’
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physiological response to HGF/SFand workin this chapter has shownthat

not one, but several pathways need to be activated in order for DNA

synthesis to occur. Therefore, there is a complex interaction of pathways,

which leads to a cell’s response to HGF/SF rather than a simple single

pathway being activated leading to oneparticular response.

Another possible mode of activation of MET wasalso investigated in this

chapter using benign rat mammary cell line, Rama 37 (R37). MET was

identified as the target that transduces the phenotype seen in the R37cells

transfected with cDNAs encoding OPN and RAN. Both OPN and RAN

had already been identified as key markers for poor prognosis in human

carcinomas. When both wherestably transfected into R37 cells they

transformed the cells to a metastatic phenotype. Mechanistically, the

results show that RAN increases MET and Akt phosphorylation (Figure

3.14) and that the PI3-K inhibitor LY294002 or mutation of RAN in the

GTPbinding pocket blocks RAN mediated phosphorylation of Akt (Figure

3.14). These data then suggest that the GTPase activity of RAN is a

prerequisite for RAN-mediated invasion through cell surface receptors

such as MET linked to PI3-K. The fact that the MET receptor is

phosphorylated less in OPN over expressing Rama37 cells (3.6-fold over

parental R37 cells) than in RAN overexpressing cells (10-fold), but Akt is

phosphorylated to similar levels (21-,22- fold, respectively), may suggest

that OPN can partially activate PI3-K by a route other than through
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RAN/MET. Alternatively, the MET receptor may not need to be

completely phosphorylated to signal full activation of PI3-K [234]. The

data clearly show that major effector molecules such as RAN and OPN can

induce an invasive/metastatic phenotype through recruitment and

activation of METinthis in vitro breast cancer model.

In this chapter it has been shownthat robust in vitro models of both ligand

dependent (HGF/SF) and ligand independent (OPN and RAN)activation

of METallow detailed investigation of intracellular pathwaysactivated by

MET. Theresults have led to a further understanding of HGF/SF activated

intracellular pathways in HaCaTcells by identifying new pathwaysthat are

involved in MET signalling in HaCaT cells. The work with PTX

highlighted how important kinetics are in transducing an extracellular

signal (HGF/SF) into a cellular response, as the changes in timing can

completelyalter a cell’s response to a particular signal. The work has also

highlighted that MET can be activated by an intracellular ligand such as

RAN and OPN, which then leads to a significant change in the cell’s

phenotype.
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4 Phospho-tyrosine analysis of MET receptor

signalling

4.1 Introduction

The METreceptoris a tyrosine kinase receptor [235] and therefore, most,

if not all of its direct signalling targets are phosphorylated at tyrosine

residues. Mapping all the tyrosine phosphorylation changes that occur

after METactivation, would provide a valuable insight into how the MET

receptor transduces its downstream cellulareffects.

A major signalling partner of MET is GAB1 [94], which is directly

phosphorylated by MET at numerous tyrosine residues [236]. The

interactions of MET with signalling proteins such as GABI allowsit to

exert its downstream cellular affects. Given the ability of MET to

stimulate a variety of cellular responses [213] it is critical to identify as

manyas possible of its downstream signalling targets.

There are various phospho-proteomic techniques that can be used to

analyse changes in tyrosine phosphorylation; these usually involve prior

enrichment of low abundant phospho-proteins before analysis by mass

spectrometry. Some of these are complex methods that involve chemical
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modification of the phosphate groups [237], whereas others are simpler,

using direct enrichment of phospho-proteins by immunoprecipitation using

anti-pTyr antibodies [238-240] prior to 1D or 2D SDS-PAGEanalysis.

Analysis of serine and threonine phosphorylation can also be performed

using anti-pS and anti-pT antibodies, but anti-pTyr antibodies [238-240]

have proved more successful due to their greater specificity and affinity.

In order to identify differences in the levels of HaCaT cell tyrosine

phosphorylation following HGF/SF stimulation a general anti-pTyr was

used.

This chapter details analyses of the kinetics of tyrosine phosphorylation

following HGF/SF stimulation of HaCaT cells via the MET receptor.

Initial experiments focused on highlighting differences in the resultant

tyrosine phosphorylation using western blotting and on optimisation of an

immunoprecipitation protocol. The optimised immunoprecipitation

method was then validated by western blotting immunoprecipitates to test

for the presence of signalling proteins previously shown to be tyrosine

phosphorylated in this system (Chapter 3). Results showed the presence of

proteins which are tyrosine phosphorylated in both unstimulated and

stimulated cells, and only proteins which becametyrosine phosphorylated

after stimulation with HGF/SF, were then identified by mass spectrometry.
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4.2 Results

4.2.1 Investigating HGF/SFstimulated tyrosine phosphorylation

in HaCaTcells usingpY99 and 4G10 antibodies

There are two particular antibodies, pY99 [241] and 4G10 [238-240],

which have been shownin the literature to work successfully in isolating

tyrosine phosphorylated proteins. These two antibodies are usually used as

an agarose bead-Protein A-IgG conjugate. Use of antibodies in this form

greatly reduces the contamination of immunoprecipitates with IgG and

Protein A.

In an initial study, the levels of global tyrosine phosphorylation in

quiescent HaCaT cells before and after HGF/SF stimulation was assessed

using both the pY99 (Figure 4.1A) and 4G10 (Figure 4.1B) antibodies by

1D SDS-PAGE western blotting. The results showed that there are

significant increases in global tyrosine phosphorylation after 10 min of

HGF/SF stimulation when using both the pY99 (Figure 4.1A) and 4G10

(Figure 4.1B) antibodies.
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Figure 4.1 Comparison of the specificity of different general phospho-tyrosine antibodies

HaCaTcells were cultured for 48 h in serum-free medium and were then incubated with HGF/SF

(3 ng/mL) for 0, 5, 10, 15, 20, 30, 45 and 90 min (Section 2.2.1). The levels of tyrosine

phosphorylation were determined by Western blotting with either of two antibodies specific for

tyrosine phosphorylation; pY99 (A) and 4G10 (B). Measurementof actin levels was used as a

protein loading control (C) (Section 2.2.9). The blots shown are representative of two

experiments.
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There were significant differences in the tyrosine phosphorylation pattern

seen in the pY99 and 4G10 western blots over the entire 90 min time

course. However, there are fewer tyrosine phosphorylated proteins

detected in the unstimulated cells with pY99 than with 4G10 and,

importantly, far more proteins detected by 4G10 after stimulation with

HGF/SF. From this result it was decided that the 4G10 antibody would be

the better antibody to use for the immunoprecipitation.

Although the greatest number of differences in protein tyrosine

phosphorylation were seen with the 4G10 antibody (Figure 4.1), because of

the numberofbands highlighted by the antibody there is a large amount of

blurring in the blot. To further analyse the differences in global tyrosine

phosphorylation in the HaCaT cells occurring before and after HGF/SF

stimulation, 2D SDS-PAGEwestern blotting was used with 4G10.

The results showed that there were clear differences in the tyrosine

phosphorylation profiles of the unstimulated HaCaT cells and the HGF/SF

stimulated cells (Figure 4.2). This supports the results from the 1D SDS-

PAGE 4G10 western blots (Figure 4.1B), which show that HGF/SF

stimulation resulting in an increase in global tyrosine phosphorylation in

HaCaTcells.
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Figure 4.2, Comparison of unstimulated and HGF/SFstimulated HaCaTcells for levels of

tyrosine phosphorylation using 2D SDS-PAGEand western blotting with 4G10.

Quiescent, untreated HaCaT cells and HaCaTcells treated for 15 min with HGF/SF were lysed

with reducing sample buffer. 250 ug of each of the lysates was then precipitated and then re-

suspended in 2D sample buffer. The samples were then separated by their pI values using pH 3-

10 non-linearstrips, before separating by their molecular size using a 10 % (w/v) SDS-PAGEgel.

The resulting gels were then western blotted using 4G10 to analyse the levels of tyrosine

phosphorylation (Section 2.2.9). The proteins with increased phosphorylation following

stimulation have beencircled.
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The 2D SDS-PAGE 4G10 western blots (Figure 4.2) are representative of

three separate experiments, but due to the quality of spots generated on the

blots, the differences between unstimulated and stimulated cells could not

be quantified. The blots do show qualitative differences in global cellular

tyrosine phosphorylation. The major differences in the 2D blots have been

circled (Figure 4.2) and most of the proteins that have become

phosphorylated after 15 min of HGF/SF stimulation are greater than 100

kDa. There is no pattern with respect to the pH of the proteins, which

becometyrosine phosphorylated after HGF/SFstimulation, with two spots

in the low pHrange, two spots in the high pH range, and twoclusters of

spots in the neutral pH range.

4.2.2 Optimisation of the 4G10 anti-phospho-tyrosine

immunoprecipitation protocol

Differences in global tyrosine phosphorylation between untreated and

HGF/SF treated HaCaT cells were apparent from both the 1D and 2D

SDS-PAGE4G10 blots (Figures 4.1 and 4.2). These blots were carried out

on HaCaTcell lysates and, in order to identify the differentially tyrosine

phosphorylated proteins these proteins needed first to be isolated by

immunoprecipitation and then identified. The 4G10 antibody was used for

immunoprecipitation as it had shown the greatest difference in the global
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tyrosine phosphorylation between untreated and HGF/SF treated cells

(Figure 4.1).

Initially, it was decided to immunoprecipitate tyrosine phosphorylated

proteins from the unstimulated quiescent HaCaT cells and the 15 min

HGF/SF stimulated cells, so the method could be optimised. The

immunoprecipitation was carried out using the manufacturers protocol

(Section 2.2.4), to see if the same differences seen in the 4G10 western

blots (Figures 4.1 and 4.2) could be observed in a silver stained SDS-

PAGE gel or a 1D SDS-PAGE 4GI10 western blot of the

immunoprecipitates.

The results showed that there were minor differences between the 4G10

immunoprecipitates from the unstimulated and HG/SFcells in the silver

stained 1D SDS-PAGEgels (Figure 4.3A) and nosignificant differences in

the 1D SDS-PAGE 4G10 blot (Figure 4.3B) of the immunoprecipitates.

Neither of these results resemble the 1D SDS-PAGE 4G10 of the whole

HaCaTcell lysate (Figure 4.1B). The silver stained 1D SDS-PAGEgel

(Figure 4.3A) showed differences between the unstimulated (T=0) and

HGF/SF (T=15) stimulated cells, but unfortunately there was insufficient

protein in the immunoprecipitates to permit identification by mass

spectrometry.
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Figure 4.3. The differences in cellular protein tyrosine phosphorylation observed between

HGF/SFstimulated- and unstimulated HaCaTcells

Quiescent, untreated HaCaT cells and HaCaTcells treated for 15 min with HGF/SF werelysed,

and proteins in the lysates (1 mg of protein) were immunoprecipitated using an antibody for

tyrosine phosphorylation (4G10). The 4G10 immunoprecipitates were released from the antibody

using reducing sample buffer and were then analysed by 1D SDS-PAGEandthe protein

visualised bysilver staining (A) or by western blotting with the 4G10 antibody (B) (Section 2.2).
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In addition, there appeared to be IgG light chain bandspresentin the silver

stained 1D SDS-PAGE gel of the immunoprecipitates (Figure 4.3A),

which could have been masking differentially tyrosine phosphorylated

proteins. The antibody bands weren’t present in the 1D SDS-PAGE 4G10

blot (Figure 4.3B) of the immunoprecipitates because the 4G10 antibody

conjugated to the agarose used a different secondary antibody to the 4G10

antibody used for the western blots. There were no differences between

the unstimulated and HGF/SF stimulated 1D SDS-PAGE 4G10 blot

(Figure 4.3B) of the immunoprecipitates, and no correlation between the

blot and the gel of immunoprecipitates. It appears that the basal level of

tyrosine phosphorylation in the 1D SDS-PAGE 4G10 blot (Figure 4.3B) is

high and these bands mask any differences in new phosphorylation

following stimulation.

In orderto try to identify the proteins that becometyrosine phosphorylated

after HGF/SFstimulation (Figure 4.3A), the amountof cell protein, which

was used for immunoprecipitation, was increased from 1 mg (Figure 4.3)

to 3 mg (Figure 4.4). It was hoped that this could generate enough of the

differentially tyrosine phosphorylated proteins for identification by mass

spectrometry. In order to detach the immunoprecipitates from the 4G10-

agarose, non-reducing sample buffer was used to prevent IgG light chain

bands appearing in the immunoprecipitates (Figure 4.3A).
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Figure 4.4 The differences in cellular protein tyrosine phosphorylation observed between

HGF/SF stimulated- and  unstimulated-HaCaT cells using an optimised

immunoprecipitation protocol

Quiescent, untreated HaCaTcells and HaCaTcells treated for 15 min with HGF/SF were lysed,

and proteins in the lysates (3 mg of protein) were immunoprecipitated using an antibody for

tyrosine phosphorylation (4G10). The 4G10 immunoprecipitates were released from the antibody

using non-reducing sample buffer and were then analysed by 1D SDS-PAGE andproteins

visualised by silver staining (A) or by western blotting with the 4G10 antibody (B) (Section 2.2)
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Analysis of the results showed that no IgG light chain bands were present

in the immunoprecipitates when non-reducing sample buffer was used

(Figure 4.4A). The results also showed that increasing the initial protein

levels from 1 mg to 3 mg led to an increase in the amount of protein

present in the silver stained 1D SDS-PAGEgel of the phospho-tyrosine

immunoprecipitates.

There were differences between the bandspresent in the silver stained 1D

SDS-PAGEofthe unstimulated and HGF/SFstimulated phospho-tyrosine

immunoprecipitates (Figure 4.4A), but these were not the same protein

bands as those seen whenusing | mgoftotal cell extract. There was also

a substantial increase in the amountofprotein in the unstimulated cell lane

in silver stained 1D SDS-PAGE gel (Figure 4.4A) compared to that seen

whenusinglesstotal protein (Figure 4.3A).

Theresults also showedthat increasing the amountofprotein increased the

amount of tyrosine phosphorylated proteins detected in the 4G10 blot of

the 4G10 immunoprecipitates (Figure 4.3B and 4.4B). No obvious

differences could be seen in the 4G10 blot of the immunoprecipitates

between the unstimulated and HGF/SF stimulated HaCaTcells. There are

large amounts of a small numberoftyrosine phosphorylatedproteins in the

quiescent HaCaT cells, which are masking any subtle differences in
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tyrosine phosphorylation between unstimulated and HGF/SF stimulated

cells being seen on the 4G10 blots of the inmunoprecipitates.

Analysis of the silver stained 1D SDS-PAGE gel of the 4G10

immunoprecipitates (Figure 4.4A) did highlight subtle differences between

the unstimulated and HGF/SFstimulated cells but, these did not mirror the

differences seen in the initial 1D SDS-PAGE 4G10 blot of the wholecell

lysates (Figure 4.1B). However, the differences between the stained gels

of the 4G10 immunoprecipitates and the initial 4G10 blot could be due to

proteins which are associated with tyrosine phosphorylated proteins which

aren’t seen in the 4G10 blots but are seen in the stained gels. These

proteins would associate with tyrosine phosphorylated proteins after

HGF/SFstimulation and form part of the signalling network.

It was concluded that the differences seen between the unstimulated and

HGF/SF stimulated HaCaT cell 4G10 immunoprecipitates in the silver

stained 1D SDS-PAGE gel (Fig 4.4B) could be proteins significant to

HGF/SFsignalling through MET and warranted further investigation. Due

to the large numbers of proteins present in both the unstimulated and

HGF/SF phospho-tyrosine precipitates it is difficult to distinguish the

different bands.
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Figure 4.5 Comparison of tyrosine phosphorylation in unstimulated and HGF/SF

stimulated HaCaTcells levels using 2D SDS-PAGEandsilverstaining

Quiescent, untreated HaCaT cells and HaCaTcells treated for 15 min with HGF/SF were lysed

and the cell lysates (3 mg of protein) were immunoprecipitated using an antibody for tyrosine

phosphorylation (4G10) (Section 2.2.4). The 4G10 immunoprecipitates were released from the

antibody using non-reducing sample buffer and were then analysed by 2D SDS-PAGEthensilver

staining (Section 2.2). The squares highlight the proteins which are found in both unstimulated

(T=0) and HGF/SF (T=15) stimulated 4G10 immunoprecpitates and thecircle highlights the one

protein found only in the HGF/SF (T=15) stimulated 4G10 immunoprecipitate.
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In order to clarify the differences between the unstimulated and HGF/SF

stimulated HaCaT cells protein tyrosine phosphorylation levels, the

phospho-tyrosine immunoprecipitates were analysed by 2D SDS-PAGE

with silver staining. For the 2D PAGE the phospho-tyrosine

immunoprecipitates were prepared in an identical manner to those analysed

by the 1D SDS-PAGEshownin Figure 4.4. The results showed only one

difference in tyrosine phosphorylated proteins between the unstimulated

and HGF/SFstimulated HaCaT cells (Figure 4.5). The square boxes in

Figure 4.5 highlight the tyrosine phosphorylated proteins that don’t change

in abundance between the unstimulated and HGF/SF stimulated cells, and

the circled spot highlights the one difference.

There were significantly fewer proteins present in the 2D SDS-PAGEgels

of the phospho-tyrosine immunoprecipitates (Figure 4.5) compared to the

1D SDS-PAGEgel of the immunoprecipitates (Figure 4.4A). The 2D

PAGEgels shownin Figure 4.5 are representative of three attempts and in

every case there wassignificantly less protein seen than in the 1D SDS-

PAGEgelof the immunoprecipitates (Figure 4.4A). It was discoveredthat

the problem with the 2D PAGEwasthat remnant agarose beadsattached to

the 4G10 antibody interfered with the iso-electric focusing process.

Unfortunately, the agarose beads couldn’t be completely separated from

the immunoprecipitates and the problem couldn’t be resolved.
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Figure 4.6 Analysis of unstimulated HaCaT cell lysates pre-clear washes with protein A

boundto agarose

Quiescent unstimulated HaCaTcells were lysed and three mg of lysate was then pre-cleared for

30 min using protein A bound to agarose and this was repeated a further 3 times using fresh

protein A bound to agarose after the previous protein A bound to agarose was removed. These

four pre-clear washes were then washed with PBS and then washed with non-reducing sample

buffer and the samples were then analysed by 1D SDS-PAGEandsilver staining (Section2.2).
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The results of the analysis of the 4G10 __phospho-tyrosine

immunoprecipitates from the unstimulated and HGF/SFstimulated HaCaT

cells weren’t mirroring the results seen from the 4G10 western blots. One

obvious reason was non-specific binding of proteins in the lysate to the

agarose, which would increase the total number of proteins in the

unstimulated controls. To determine if non-specific binding was

contributing to the lack of signal in the immunoprecipitation experiments,

it was measured.

Within the manufacturer’s immunoprecipitation protocol there is a pre-

clear wash (Section 2.2.4), which involves spinning the whole cell lysate

with agarose boundto protein A before the 4G10 covalently bound to the

protein A-agaroseis addedto the lysate to bind the tyrosine phosphorylated

proteins. This process is designed to remove proteins that bind non-

specifically to protein A-agarose, thus when 4G10-agarose is added only

tyrosine phosphorylated proteins should bind. Three pre-clearing steps

were addedto the IP protocol. The proteins boundto the beads during pre-

clearing steps were analysed by SDS-PAGE. Theresults show that thereis

no significant reduction in protein levels bound to the beadsin each of the

four sequential protein A-agarose pre-clearing steps (Figure 4.6). This

suggests that non-specific binding to the protein A-agarose part of the

4G10-agarose complex was masking differences in tyrosine

phosphorylation.
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Figure 4.7 Comparison of unstimulated and HGF/SF stimulated HaCaT cells levels of

tyrosine phosphorylation after phospho-tyrosine immunoprecipitation using a further

optimised immunoprecipitation protocol

Quiescent, untreated HaCaT cells and HaCaTcells treated for 15 min with HGF/SF were lysed

and the cell lysates (3 mg of protein) were immunoprecipitated using an antibody for tyrosine

phosphorylation (4G10). The 4G10 immunoprecipitates were released from the antibody using

non-reducing sample buffer and were then analysed by 1D SDS-PAGEand coomassie blue

(Section 2.2).
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Instead of using centrifugation as the basis of the IP, the 4G10 beads were

tried in a column form. This would allow pre-clear washes to be carried

out more efficiently and would hopefully improve binding specificity.

Both protein A-agarose and 4G10-agarose columns were made using 200

ul filtered pipette tips. The whole cell lysates were then pumped through

the columns (1 mL/min) at 4°C. Using this method, the HaCaTcell lysates

were subjected to five pre-clear washes, by passing the lysates once

through five protein A-agarose columns. The lysates were then loaded

onto a 4G10-agarose column, which was then washed with PBS to remove

any remaining non-specifically bound proteins. The 4G10-agarose beads

were then removed from the column and the boundproteins released using

non-reducing sample buffer.

The results show that fewer proteins are present in 4G10

immunoprecipitates from both the unstimulated and HGF/SF stimulated

HaCaT cells (Figure 4.7) using the new method compared to using the

previous one (Figure 4.4A). Moreover, numerous differences between

4G10 immunoprecipitates from unstimulated and HGF/SF stimulated

HaCaT cell phospho-tyrosine could be observed using the modified

method (Figure 4.7). These differences are similar to what was seen

originally in the 1D SDS-PAGE 4G10 blot of the whole cell extract

(Figure 4.1B), where there are tyrosine phosphorylated proteins present in

168



the unstimulated cells, but there is a significant increase the number of

proteins tyrosine phosphorylated after 15 min of HGF/SF stimulation.

4.2.3 Validation ofthe optimised anti-4G10 phospho-tyrosine

immunoprecipitation protocol

After the 4G10 immunoprecipitation protocol had been improved, a clear

increase was observed in the number of tyrosine phosphorylated proteins

present in the HGF/SF stimulated HaCaT cell phospho-tyrosine

immunoprecipitates comparedto that in the unstimulated ones (Figure 4.7).

This is what had been expected from the initial 4G10 blots of whole cell

extract (Figures 4.1B). Given the increased pre-clear washes and different

washing technique it was decided to validate the optimised IP method, to

check if it was causing tyrosine phosphorylated proteins to be released

from the 4G10-agarose beads. To validate this new IP method, it was

decide to blot the phospho-tyrosine immunoprecipitates with antibodies for

proteins that are known to be tyrosine phosphorylated after HGF/SF

stimulation (Chapter3).

The results showed that when using the new phospho-tyrosine

immunoprecipitation method that p42/44™4"— GABI and MET wereall

present in the phospho-tyrosine immunoprecipitates (Figure 4.8).
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Figure 4.8 Levels of p42/44™4°X, GABI and MET in the 4G10 immunoprecipitates

generated using the optimised protocol

HaCaTcells were cultured for 48 h in serum-free medium and were then incubated with HGF/SF

(3 ng/mL) (Section 2.2.1). HaCaT cells were stimulated with HGF/SF for 0, 15, 60 and 90 min.

Theprotein extract from the HaCaTcells was then subjected to immunoprecipitation using 4G10

(Section 2.2.4) and then the precipitate was analysed by western blot to determine the levels of

p42/44M4PK (A), GABI (B) and MET (C). Therelative intensities of the bands from two

independent western blots were analysed using AQM advance 6. Theserelative intensities are

given along with a +/- of the standarderrorofthe result.
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This confirms previous results (Chapter 3), that p42/44™4PK GABI and

METareall tyrosine phosphorylated after stimulating quiescent HaCaT

cells with HGF/SF. Theresults also show that p42/44M4"* and METare

highly tyrosine phosphorylated 15 min after HGF/SF stimulation, whereas

GABI takes up to 60 min before it is maximally phosphorylated.

The high levels of tyrosine phosphorylation of p42/44““"", GABI and

METseen 15 min after HGF/SF (Figure 4.8) stimulation identify it as the

time point at which MET kinase activity is optimal. Therefore, it was

decided to identify the proteins shown to be different between the

unstimulated and 15 min HGF/SF-stimulated cells. This would hopefully

give a good snapshot of the global phospho-tyrosine signalling after

HGF’/SFstimulation. Once differentially tyrosine phosphorylated proteins

could be identified from this time point, work could them be done

analysing the kinetics of global tyrosine phosphorylation.

4.2.4 Identification ofproteins tyrosine phosphorylated after

HGFYSFstimulation ofHaCaTcells

In order to identify the proteins that become tyrosine phosphorylated 15

min after HGF/SF stimulation using the optimised 4G10-agarose column

method, the amount of wholecell lysate used was further increased to
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Figure 4.9 Identification by MS-MSof differentially tyrosine phosphorylated proteins

following HGF/SFstimulation of HaCaTcells

10 mg of unstimulated HaCaTcell lysate and 10 mg of HGF/SF stimulated (15 min) HaCaTcell

lysate were immunoprecipitated using 4G10 and this was carried out according to the optimised

phospho-tyrosine immunoprecipitation protocol. The immunoprecipitated proteins were analysed

by 1D SDS-PAGEand coomassiebluestaining. Bandsof interest were excised and digested with

trypsin and analysed using ESI-LC Q-TOF MS/MS(Section 2.2.16). Fragmentation spectrum

were submitted to Inspect (MQ>1; P<0.05; n=1) and Mascot (Mowse score>38; P<0.05; n=1).
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A

 

 

Proteins identified using InsPect Molecular mass (kDa) MQ score

Epidermal growth factor receptor (EGFR) 150 1.284

Heat shock 70kDa protein 1A 70 3.401

TNFa induced protein 2 70 1.683

Hypothetical protein LOC84910 60 1.761

Cell division cycle 20 55 1.68

Alpha tubulin | 52 3.806

Alpha actin 42 1.716     
 

B

 

 

Proteins identified using Mascot Molecular mass (kDa) Mowsescore

Proteasome-associated protein ECM29 204 44

Nef-associated factor | (Nafl) 72 43

Transketolase 68 47

Alpha-enolase 47 79

Heterogeneousnuclear ribonucleoprotein Al 39 96     
 

Figure 4.10 A summaryof the differentially tyrosine phosphorylated proteins identified

following HGF/SF stimulation of HaCaT cells using both the Mascot and Inspect search

engines

(A) Showsthe proteins identified using InsPect and (B) shows the proteins identified using

Mascot. The respective score and the molecular mass of each protein is also given. For the

InsPectresults an MQscoreis assigned to the spectra (MQ>1=P<0.05)and for the Mascotresults

a Mowsescore is assigned to the spectra (Mowse>38=P<0.05). All the results show are

significant hits.
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Proteasome-associated protein ECM29

Sequence: EDPKLLSMAYSAVGK

Molecular Mass : 204 kDa
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MQScore: 1.284

P-value: 0.002

Sequence: ELVE PLTPSGEAPNQALLR

Molecular Mass: 150 kDa

Identification by MS-MSofdifferentially tyrosine phosphorylated proteinsFigure 4.11

following HGF/SFstimulation of HaCaTcells

Examples of the peptide sequence generated by the Mascot [A] and InsPect [B] search engines.

The ECM29protein wasidentified using the Mascot search engine and the EGFR wasindentified

using the InsPect search engine.
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10 mg ofprotein so that sufficient of the tyrosine phosphorylated proteins

would be immunoprecipitated for identification. The results showed that

this increase in protein quantity didn’t affect the efficacy of the 4G10-

agarose column,providing the quantities of protein A-agarose used for pre-

clearing and amounts of 4G10-agarose beads were increased

commensurably (Figures 4.7 and 4.9).

The increase in the quantity of whole cell lysate meant that sufficient

protein was immunoprecipitated to be analysed by 1D SDS-PAGE and

coomassie blue stained (Figures 4.9). A representative coomassie blue

stained gel is shown in Figure 4.9 and the differentially tyrosine

phosphorylated proteins are highlighted. The selected bands were excised,

digested with trypsin and then subjected to ESI-LC Q-TOF MS-MS.

Following MS-MSanalysis (Mascot and InsPect) and spectra database

(SwissProt) searching, several proteins were successfully identified from

the phospho-tyrosine immunoprecipitated HaCaT cells stimulated with

HGF/SF(Figures 4.9). There was a band at approximately 200 kDa which

wasidentified as proteasome associated protein ECM29. ECM29 appears

to become tyrosine phosphorylated 15 min after HGF/SF stimulation of

quiescent HaCaT cells (Mowsescore: 44, P<0.05; n=1). The results also

show that a band at approximately 150 kDa wasidentified as the EGFR

(MQscore: 1.3, P=0.002; n=1).
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There were five proteins, which appeared to become tyrosine

phosphorylated 15 min after HGF/SFstimulation in the range from 60-100

kDa (Figure 4.9). These included three proteins identified from one 1D

SDS-PAGE band, which were Hsp70 (MQscore: 3.4, P=4.8X107; n=1),

transketolase (Mowsescore: 47, P<0.05; n=1) and TNF-a induced protein-

2 (TNFAIP2) (MQ score: 1.7, P=0.02; n=1). NAF1 (Mowsescore: 43,

P<0.05; n=1) and the hypothetical protein LOC84910 (MQ score: 1.8,

P<0.05; n=l) appeared to be tyrosine phosphorylated after HGF/SF

stimulation (Figure 4.10). Five proteins were identified in the region of 60

kDa andless that were phospho-tyrosine immunoprecipitated after 15 min

of HGF/SFstimulation, which weren’t present in the unstimulated HaCaT

phospho-tyrosine immunoprecipitate. These were a tubulin (MQscore:

3.8, P=2.7x107; n=1) and cde20 (MQ score: 1.7, P=8.9x10°; n=1)

identified in one band, and alpha enolase (Mowsescore: 79, P<0.05; n=1),

alpha actin (MQscore: 1.8, P<0.05; n=1) and HNRA1 (Mowsescore: 96,

P<0.05; n=1) identified in individual bands.

All the proteins that were identified from the bandspresent in the HGF/SF

stimulated phospho-tyrosine immunoprecipitate and not present in the

unstimulated cells have been summarised in Figure 4.10. The proteins

identified using the InsPect search engine are shown in Figure 4.10A and

those identified using the Mascot search engine are shownin Figure 4.10B.

This highlights that different peptide spectral search engines use different
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algorithms when processing the spectra. This allowed extra information to

be extracted from raw mass spectra of the peptides from the digested

protein bands. An example of the peptides sequenced using the MS/MS

spectra is shown in Figure 4.11. There is an example from the Mascot

search engine (ECM29) and an example from the InsPect search engine

(EGER).

4.2.5 Validation of proteins identified to be tyrosine

phosphorylated after HGF/SF stimulation of HaCaTcells

by phospho-tyrosine immunoprecipitation

Twelve proteins were identified from bands that were phosho-tyrosine

immunoprecipitated from HaCaT cells stimulated with HGF/SF that were

not present in the immunoprecipitate of the unstimulated HaCaT cells. In

order to confirm that they are indeed tyrosine phosphorylated in response

to HGF/SF in HaCaTcells it was decided to western blot for the tyrosine

phosphorylated versions of two of the identified proteins for which

antibodies were available, EGFR and a actin. These antibodies were used

to validate the tyrosine phosphorylation of EGFR and @ actin in response to

HGF/SFandto determinethe kinetics of their activation over 90 min.
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HaCa¥Tcells

HaCaTcells were cultured for 48 h in serum-free medium and were then incubated with HGF/SF

(3 ng/mL)(Section 2.2.1). HaCaT cells were stimulated with HGF/SF for 0, 5, 10, 15, 20, 30, 45

and 90 min. Thelevels of the tyrosine phosphorylated forms of a actin (A) and EGFR (B) were

determined by Western blotting with the appropriate antibodies. Beta actin wasusedas a protein

loading control (C) (2.2.9). The relative intensities of the bands in the western blots were

analysed using AQM advance 6 using data derived from two experiments. The intensity of the

T=0 timepoint in each blot wasset as a standard of | and relative intensities of the other bands

werecalculated from that and are given along with the standarderror.
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The antibody used for EGFR was for its phosphorylation at Tyr1068,

which is autophosphorylated when the EGFRisactivated [242]. This is a

particularly interesting site because it binds the GRB2 adapter protein,

4™4PK activation. The antibody used forwhich leads to downstream p42/4

alphaactin tyrosine phosphorylation was specific for its phosphorylation at

Tyr55. Unfortunately, little is known about the function of the tyrosine

phosphorylation of a-actin.

The results show that both the EGFR and o actin are tyrosine

phosphorylated after HGF/SF stimulation of HaCaT cells (Figure 4.12).

Importantly the western blots show a significant increase in both EGFR

and @ actin tyrosine phosphorylation levels 15 min after HGF/SF

stimulation (n=2, p<0.05), which validates their presence in the 15 min

HGF/SFphospho-tyrosine immunoprecipitates (Figures 4.9).

4.3 Discussion

The METreceptoris a tyrosine kinase receptor andis part of the receptor

tyrosine kinase class VI [243]. It is the activation of its tyrosine kinase

domainthatallowsit to activate numeroussignalling pathways by tyrosine

phosphorylation of kinases and adaptor proteins. Activation of these

pathways can leadto a variety of physiological responses and the response
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is dependent on which of these pathwaysare activated [213]. The analysis

of global tyrosine phosphorylation in MET activated HaCaT cells would

provide a valuable insight into the pathways activated by MET.

Knowledge of pathways activated by the MET receptor would then help

understanding of how METcan activate such a variety of physiological

responses [213].

Analysis of MET stimulated tyrosine phosphorylation was carried out

using an antibody specific for phosphorylated tyrosine residues. This

technique had previously been used for the analysis of other growth factor

receptor phospho-tyrosine proteomes such as the EGFR and PDGFR[244]

and therefore, was a proven strategy to use for the analysis of the MET

phospho-tyrosine proteome. MET was activated in a ligand-dependent

manner using HGF/SFin HaCaTcells rather than in a ligand-independent

manner. Analysis of HaCaT cell lysates by western blotting using two

different phospho-tyrosine antibodies (4G10 and pY99) highlighted large

increases in cellular tyrosine phosphorylation during HGF/SFstimulation

over a 90 min time period (Figure 4.1). The observation of this large

increase in tyrosine phosphorylation gave confidence in using this

approachfor analysis of the MET phospho-tyrosine proteome.

The two antibodies used for the phospho-tyrosine western blots were

obtained from different suppliers and had different specificities. The 4G10
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antibody (Figure 4.1B) highlighted a larger increase in phospho-tyrosine

proteins present in HaCaT cell lysates after HGF/SF stimulation than the

pY99 antibody (Figure 4.1A). 1D and 2D PAGE 4G10 western blotting

were used to quantify differences in tyrosine phosphorylation in HaCaT

cells. The 1D SDS-PAGE 4G10 western blot (Figure 4.1B) wasn’t clear

and whilst the 2D blot did show global increases in HaCaT cell global

tyrosine phosphorylation after HGF/SF stimulation (Figure 4.2), it wasn’t

sufficiently clear to allow quantification.

To identify the proteins highlighted by the 4G10 1D and 2D western blots

as being tyrosine phosphorylated after HGF/SF stimulation, these needed

to be immunoprecipitated. Previous work (Chapter 3) had shownthat

HGF/SFstimulates tyrosine phosphorylation of p42/44™4"*, GABI and

METin HaCaTcells, so blotting HGF/SF stimulated HaCaT cell phospho-

tyrosine immunoprecipitates for those proteins provides a quality controlto

check if the immunoprecipitation protocol is working. The

immunoprecipitation protocol wasinitially tested using the manufacturer’s

protocol, and it was discovered that the differences seen in the 4G10

western blots of the whole cell extracts weren’t replicated in 1D gels and

blots of phospho-tyrosine immunoprecipitates (Figure 4.3 and 4.4). Further

analysis of the immunoprecipitates by 2D SDS-PAGEdidn’t highlight any

differences as the beads attached to the 4G10 antibody interferred with the

iso-electric focusing of the proteins (Figure 4.5).
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The 4G10 phospho-tyrosine immunoprecipitates from the unstimulated and

HGF/SFstimulated HaCaT cells both contained many moreproteins than

the corresponding 4G10 blots of the whole cell extracts. This led to the

investigation of the non-specific binding capabilities of the 4G10-agarose,

which wasbeing used to bind the tyrosine phosphorylated proteins. The

HaCaT cell lysate contained numerousproteins which had a strong non-

specific affinity for the protein A-agarose, and even after four sequential

washeswith the beads there was nosignificant reduction in the binding to

the protein A-beads (Figure 4.6). This led to a re-design of the 4G10

immunoprecipitation protocol, using a column formatinstead.

The change in protocol increased the specificity of the binding of the

proteins to the 4G10-agarose, because it caused a decrease in the number

of proteins present in both the unstimulated and HGF/SF phospho-tyrosine

immunoprecipitates (Figure 4.7) from the number seen when using the

previous protocol (Figure 4.5). The decrease in non-specific binding then

allowed differences in tyrosine phosphorylation to be clearly identified.

This new method was then validated by blotting the phospho-tyrosine

immunoprecipitates for known tyrosine phosphorylated proteins

(p42/44™4°5 GABI and MET), whoselevels of tyrosine phosphorylation

all significantly increased after HGF/SF stimulation (Figure 4.8). This

result gave confidence in the method and the amountofstarting material
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was increased so the differentially tyrosine phosphorylated proteins could

be identified by mass spectrometry.

There were twelve proteins identified from the HGF/SF (15 min)

stimulated phospho-tyrosine immunoprecipitate that weren’t present in the

unstimulated one (Figures 4.9). Two of these proteins were receptor

proteins, EGFR and TMEM87B. EGFRis knownto interact with MET

[245] and is also a RTK (RTKclass I) [243]. This is a particularly

interesting result because the interaction between METand the EGFR has

been implicated in drug resistance in non-small-cell lung carcinoma

(NSCLC)treatments erlotinib and gefitinib (EGFRinhibitors) [245, 246].

In cell lines derived from NSCLC,it has been shown that METphysically

interacts with EGFR [245] and this physical interaction appears to be

mirrored in the HaCaTcells stimulated by HGF/SF.

Identification of EGFR in the HGF/SF stimulated phospho-tyrosine

immunoprecipitate was further validated when western blots for Tyr1068

phosphorylation of EGFR showedthat there was a significant increase in

tyrosine phosphorylation after HGF/SF stimulation of the HaCaT cells

(n=2; p<0.05). Tyr1068 is an autophosphorylation site of EGFR thatis

phosphorylated when the receptor becomesactivated [246], and in NSCLC

cell lines its phosphorylation levels are significantly reduced when shRNA

is used to knockout METactivity [245]. GRB-2 binds to phosphorylated
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MAPK and Akt signallingTyrl068 and activates downstream p42/44

pathways [245]. Therefore, it is possible that METis activating EGFR in

HaCaT cells in order to amplify its downstream signalling cascade by

4MAPK and Akt phosphorylation.maximising p42/4

The other receptor identified was TMEM87B, which is a relatively

uncharacterised receptor. Little is known about TMEM87Bbutit has been

identified via a yeast two-hybridisation screen as a binding partner for

humanpapillomavirus oncoprotein 18 E6 (HPV18 E6) [247]. The HPV18

E6 protein is associated with cervical cancer, but the role of TMEM87Bis

yet unknown. Over-expression of the MET receptor has also been

identified in cervix cancer [248] and it is possible that the human

papillomavirus is affecting MET activity through its interaction with the

TMEM87Breceptor. Bioinformatic analysis of the TMEM87B aminoacid

sequencehasidentified two possible tyrosine phosphorylation sites, which

could be targets for the METreceptor. This would explain the presence of

the TMEM87B receptor in the HGF/SF stimulated phospho-tyrosine

immunoprecipitate.

Two metabolic enzymes were identified in the HGF/SF stimulated

phospho-tyrosine immunoprecipitate. These were transketolase and

a enolase, neither of which has been implicated in HGF/SF-MET

signalling in the literature. Transketolase is an enzyme involved in the
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pentose phosphate pathway, its main functions are too produce a supply of

NADPH for biosynthetic reactions and nucleotides synthesis, and it has

been shownto be tyrosine phosphorylated in ALCLcell lines [249]. It is

possible that because METactivation can stimulate a variety of cellular

responses [213], which all require increased amounts of NADPH and

nucleotides compared to quiescent cells, that the transketolase enzymeis

tyrosine phosphorylated in response to this. As yet, the role of tyrosine

phosphorylation in transketolase at Tyr275 isn’t understood.

a enolase, as well as being a key enzymein glycolysis, has a splice variant

(MBP-1) which binds and negatively regulates c-myc transcription [250].

Tyrosine phosphorylated forms of alpha enolase have been identified in

various tumour cell lines [249, 251], which suggests a role in

tumourigenesis and its abnormal expression has been associated with

tumour progression [252]. The MET receptor is also associated with

tumourigenesis and tumour progression, so it is possible that the MET

receptoris tyrosine phosphorylating a enolaseas part of a global signalling

cascade, which leads to an invasive phenotype, which in tumourcells leads

into a tumourigenic and metastatic phenotype. The role of tyrosine

phosphorylation in a enolase is unknown but it has been identified

previously as a target of SRC tyrosine kinase in the chicken [253]. It is

already known that MET activates SRC when activated, so this would

provide a kinase target for a enolase. When a enolase is
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hyperphosphorylated its enzymatic activity [254], and possibly its c-myc

binding ability, is reduced. The release of the inhibition of c-myc

4MAPK activation (Chaptertranscription by a enolase combined with p42/4

3) would then lead to increased c-myc expression and consequently cell

proliferation [255].

Two TNF-a induced proteins appeared to becometyrosine phosphorylated

after HGF/SF stimulation (Figures 4.9). These were TNFAIP2 and NEF,

which, is also known as TNFAIP3. From analysis of the literature these

two proteins have not previously been shown to be tyrosine

phosphorylated, but they form part of the NF-«B signalling complex. One

possible explanation is that they are tyrosine phosphorylated but it hasn’t

been identified yet. This is plausible because after sequence analysis

(NetPhos 2.0) of both TNFAIP proteins; TNFAIP2 contains two possible

tyrosine phosphorylation sites (Tyr253 and Tyr275) and TNFAIP3

contains one (Tyr535).

Anotheralternative explanationis that since a variety of the componentsin

the NF-KB pathways are tyrosine phosphorylated, and TNFAIP2 and 3

have been immunoprecipitated as part of a tyrosine phosphorylated

complex. Although, it has been shown in Chapter 3 that HGF/SF requires

NF-«B pathways to stimulate proliferation in HaCaT cells, the roles of

TNFAIP2 and 3 haven’t been characterized in HGF/SF-METsignalling. It
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is possible that METis activating TNFAIP2 and 3 because TNFAIP2 is

involved in MET’s pro-angiogenic signalling [256] and TNFAIP3 is

involved in anti-apoptotic signalling. Interestingly, in mice with an

induced MET knockoutin the liver cells, it was found that the MET K/O

were more susceptible to pro-apoptotic signals [257]. Micro-array analysis

of genes down regulated in the MET K/O micelivers highlighted both

TNFAIP2 and 3 as being down regulated [257], therefore it seems likely

that TNFAIP2 and 3 play critical part in MET stimulated anti-apoptotic

signals.

Twocytoskeletal proteins, a actin and @ tubulin, were identified as being

tyrosine phosphorylated after HGF/SF stimulation of HaCaT cells.

HGF/SFactivation of MET can stimulate migration in epithelial cells such

as HaCaT cells [258, 259]. Migration is characterized by actin and

cytoskeleton re-arrangement stimulated by Rho and Rac GTPases[260]. It

is possible that both the actin and tubulin are tyrosine phosphorylated in

response to MET’s stimulation of migration. The role of the tyrosine

phosphorylation of @ actin isn’t fully understood butit has been identified

in phospho-proteomic analysis of lung tumors [251]. Western blotting

(Figure 4.12) further validated the tyrosine phosphorylation of o actin after

HGF/SF stimulation. Tubulin is a major constituent of the cytoskeleton

and hasn’t been shown to be tyrosine phosphorylated. Cytoskeleton re-

arrangement does involve a variety of tyrosine kinasesandit is likely that
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a tubulin has been co-precipitated as part of the cytoskeleton re-

arrangement complex [258, 260-262].

Anotherprotein identified as possibly being tyrosine phosphorylated after

HGF/SF stimulation of HaCaT cells was cell division cycle 20 protein

(cdc20). Cdc20 is part of the Anaphase Promoting Complex (APC)

essential for anaphase [263]. Cdc20 hasn’t been shownto betyrosine

phosphorylated in the literature and its transcription is induced at G1. It is

possible that cdc20 is part of an inhibitory complex in Gl, before it is

required for anaphase and this complexis tyrosine phosphorylated.

There wasa protein identified from pre-mRNA packaging which possibly

became tyrosine phosphorylated after HGF/SF stimulation. This was

HNRAI(Figure 4.9), it can be tyrosine phosphorylated at two positions,

which wereidentified in a variety oftumour cell lines [249, 251]. Tyrosine

phosphorylation of HNRAI has not been linked with MET receptor

signalling but, since MET stimulates a large amount of transcriptional

activation, it isn’t surprising to see an up regulation of transcriptional

machinery by MET.

METalso appears to activate a component of the protein degradation

machinery as it appears to stimulate tyrosine phosphorylation of ECM29

(Figures 4.9) [264]. This is particularly interesting because MET
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activation is known to be regulated by ubiquitination, the process that

targets proteins to the proteasome for degradation. It is possible that

ECM29-related processing and degradation pathways are regulating MET

activation. Investigation of the literature on ECM29 has shownthat only

phosphorylation at Ser833 has been identified [170]. The peptide from

ECM29 which was sequenced by MS/MShighlighted phosphorylation of

Ser421, a phosphorylation identified by the neutral loss of 98 Da in the

collision cell of the MS/MSspectra. The loss of 98 Darepresents the loss

of H3PO4 from the phosphorylated peptide [265]. The phosphorylated

Ser421 residue is underlined in the peptide sequence identified from

ECM29 (Figure 4.11A). Further analysis of the peptide sequence of

ECM29 for possible tyrosine phosphorylation sites (NetPhos 2.0)

highlighted eight possible residues. HGF/SF appears to stimulate tyrosine

phosphorylation of the heat shock protein Hsp70 (Figures 4.9). Hsp70

activation has been foundto signal as part of the Ras signalling complex

[266], and Ras signalling is activated via MET activation. The role of

Hsp70 in Rassignalling isn’t fully understood and neither is its tyrosine

phosphorylation but clarification of the latter may help in understanding

the role of Hsp70 in the Rassignalling complex.

In this chapter, the isolation of tyrosine phoshorylated proteins from

HaCaTcells was successfully optimised. This allowedthe identification of

a variety of different types of cellular protein, which appeared to become
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tyrosine phosphorylated after HGF/SF stimulation of HaCaT cells, or were

precipitated as part of complexes containing proteins that becametyrosine

phosphorylated. Included in this list were signalling proteins, RTKs,

structural proteins, metabolic enzymes, mRNA processing enzymes,

proteasome associated proteins, cell cycle proteins and a heat shock

protein. Such a variety of proteins highlights the diversity of proteins that

are activated in response to HGF/SF activation of MET,and the variety of

proteins which are required for MET to stimulate its numerous cellular

responses. In the time available, only the presence of tyrosine

phosphorylated forms of EGFR and oa actin in HGF/SFstimulated HaCaT

cell lysates could be validated by western blotting. The other proteins

identified from the phospho-tyrosine immunoprecipitation of HGF/SF

stimulated HaCaT cells require further validation of their involvement in

METsignalling.
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5 Optimisation of the of analysis of MET

stimulated serine, threonine and tyrosine

phosphorylation

5.1 Introduction

The activated METreceptor stimulates an intracellular signalling cascade

which can lead to numerous physiological responses [213]. Protein

phosphorylation at tyrosine, threonine and serine residues can regulate

protein activity. The focus on tyrosine phosphorylation in Chapter 4 was a

consequence of MET being a tyrosine kinase and phosphorylation at

tyrosine residues was analysed using phospho-tyrosine antibodies.

The problem with the analysis of protein tyrosine phosphorylationis that it

only represents approximately 1% of total cellular phosphorylation [267,

268], therefore, it is important to analyse changes in serine and threonine

phosphorylation levels after HGF/SF stimulation of HaCaT cells. The

major METsignalling pathways investigated in Chapter 3 were p3 gMAPK

p42/44™4°K and Akt, which are all serine/threonine kinases [269]. This

highlights the fact that serine and threonine phosphorylation play an

important role in regulating MET receptor signalling. Thus, a further
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understanding of global serine and threonine phosphorylation will help

explain how activated METstimulates different cellular responses.

The use of an antibody for analysis of global tyrosine phosphorylation has

been successful on many occasions [267], as well as in Chapter 4 due to

anti-pTyr’s specificity to tyrosine phosphorylated residues [270]. There

are problems associated with using an antibody for analysis of global

serine and threonine phosphorylation, however. This is in part because

serine and threonine phosphorylation sites may have a proline residue in

proximity which prevents the antibody binding the site [156]. There are

also problems with steric hindrance, which prevent the antibody accessing

the epitope. These issues mean that generic phospho-serine and phospho-

threonine antibodies are a lot less specific than the generic phospho-

tyrosine antibodies [156].

Consequently, antibodies to phosphorylated serine and threonine residues

were not a viable option for the analysis of global MET stimulated

phosphorylation in the HaCaT cells, and so other techniques were

explored. The strategy was to isolate phosphorylated peptides instead of

phosphorylated proteins. There are a variety of affinity based techniques,

which can be used to isolate phosphorylated peptides; these include IMAC

[271] and TITOX [272] based chromatography beads, both of which have

affinity for phospho-peptides [268]. There are also other non-affinity
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based techniques which can be used to isolate phospho-peptides, one of

which uses SCX (strong cation exchange) at a low pH. The decision was

madeto try both affinity based techniques IMAC [271] and TITOX [272],

combined with the SCX methodin this study, with the aim of developing a

methodforthe isolation of phospho-peptides from HaCaTcells. Technical

development was carried out using caseins because they are heavily

phosphorylated [271].

5.2 Results

5.2.1 Validation ofmethodsfor the isolation ofphospho-peptides

using a andB caseins

Given the complexity of METreceptor signalling in HaCaTcells, it was

decided to optimise phospho-peptide purification techniques on a model set

of proteins. These proteins were a-S1 casein, a-S2 casein and -casein,

which are known to be highly phosphorylated at numerousserine residues

by casein kinases [273]. The casein proteins were a good model for

analysing the efficiency of the purification of phospho-peptides because

whenthey are digested by trypsin they produce a large number of phospho-

peptides.
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No. Phosphopeptide (residues) No. of phosphoryl groups [M+H]* (m/z)

| a-S2. 153-164 l 1466.61

2 a-S2. 153-165 l 1594.7]

3 o-S1. 121-134 l 1660.79

4 |o-Sl. l 1832.85

5 o-S1. 58-73 2 1927.69

6 a-S1. 119-134 | 1951.95

7 BC. 48-63 I 2061.83

8 BC. 45-63 | 2432.05

9 o-S1. 74-94 5 2720.91

10 a-S2. 61-85 4 3008.03

Il B-C. 16-40 4 s12221  
 

Figure 5.1 Phosphopeptides derived from trypsin digestion of a-casein isoform 1 (S1) and 2

(S2) and B-casein (B-C) [271]

The [M+H]’ value for each tryptic phosphopeptide derived from casein isoform | (S1) and 2 (S2)

and B-casein (B-C) is shown along with the number of phosphorylation sites and the residue

numbers of the peptides. Each phosphopeptide was assigned a numbersothat the results of the

phosphopeptide validation experiments could be easily described.
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Using the casein proteins, the relative pros and cons of the phospho-

peptide purification techniques IMAC, TITOX and SCX were analysed.

Work done by Imanishi et a/, 2007 [271] optimising the conditions for

IMACpurification of phospho-peptides used a mixture of a and B caseins

as a model set of proteins. They produced a comprehensivelist of the

phospho-peptides which could be identified from the trypsin digestion of

a-Sl, a-S2 and B-caseins (Figure 5.1). This list of eleven phospho-

peptides included their [M+H] values, so that MALDI-MS (Section

2.2.16)) could be used to analyse the purified phospho-peptide fractions

from each technique, thus, avoiding the more complex and time-

consuming MS/MSESI-Q-TOF.

Whendigested with trypsin, a-S1 casein produces 22 peptides, if there is

complete digestion of the protein. Of these peptides, five of them are

serine phosphorylated and of the five, three are singly phosphorylated and

two are multiply phosphorylated (Figure 5.1). When a-S2 casein is

completely digested by trypsin it produces 32 peptides, two are singly

phosphorylated and one is multiply phosphorylated (Figure 5.1). B-casein

when completely digested by trypsin produces 17 peptides, two of which

are singly phosphorylated and one which is multiply phosphorylated

(Figure 5.1).
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Phosphopeptides identified by IMAC Phosphopeptides identified by TITOX
 

3: a-S1. 121-134 (1)
6: a-S1. 119-134 (1)
7: BC. 48-63 (1)
9: a-S1. 74-94 (5)
11: B-C.16-40 (4)

3: a-S1. 121-134 (1)
5: a-S1. 58-73 (2)

6: a-S1. 119-134 (1)
7: BC. 48-63 (1)
11: B-C.16-40 (4)     

B

 

IMAC
B No.ofphosphopeptides |

B No. ofnomphosphopeptides |       
Figure 5.2. Analysis of the phosphopeptides identified using MALDI-MSfrom a tryptic

digestion of a mixture of a-casein isoform 1 (S1) and 2 (S2) and f-casein (B-C) using IMAC

and TITOX

a-casein isoform 1 (S1) and 2 (S2) and B-casein (B-C) (25 pg of each) were mixed together and

digested with trypsin. The digested peptides were chromatographed on either an IMAC(Section

2.2.15.4) or TITOX (2.2.15.5) column and the phosphopeptides eluted. These phosphopeptides

were then identified by MALDI-MS(A)(Section 2.2.16) and the number of phosphopeptides

compared to contaminating non-phosphopeptides (B).
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The variety of singly and multiply phosphorylated peptides present in

trypsin digested casein proteins helps identify any bias in the phospho-

peptide purification techniquesfor either singly or multiply phosphorylated

peptides. The methods used for the IMAC [271] and TITOX [272]

techniques were taken from papers where the methods had already been

optimised for maximum phospho-peptide yield with minimum

contamination.

Theresults from using the previously optimised methods showedthat five

phospho-peptides were identified using IMAC andfive phospho-peptides

were identified using TITOX prior to MALDI-MS(Figure 5.2A). There

were four phospho-peptides identified in both IMAC and TITOX

enrichment fractions, which were 3, 6, 7 and 11 (Figure 5.1). Phospho-

peptide 9 was only identified using IMAC and phospho-peptide 5 was only

identified using TITOX. There were five unphosphorylated peptides

identified in the IMAC phospho-peptide eluent whereas six

unphosphorylated peptides were identified in the TITOX phospho-peptide

eluent (Figure 5.2B). This meant that the affinity of both IMAC and

TITOX techniques were relatively similar for casein phospho-peptides,

with 50% (IMAC) and 45% (TITOX) of the bound peptides being

phosphorylated.
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Figure 5.3 SCX trace of a trypsin digested mixture of a-casein isoform 1 (S1) and 2 (S2) and

B-casein (B-C) along with a graph representing the number of phosphopeptides in each

fraction

a-casein isoform | (S1) and 2 (S2) and B-casein (B-C)(25 ug of each) were mixed together and

digested with trypsin. The digested mixture was then chromatographed through a SCX column

(B), fractions were collected and the absorbance was measured at 280 nm (Section 2.2.15.2). The

fractions were then analysed by MALDI-MS(Section 2.2.16) for the presence of phosphopeptides

(A), the purple columns represent the phospho-peptides and the blue columns represent the

unphosphorylated peptides.
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The SCX method (Section 2.2.15.2) was also tested using caseins, to

determine if this technique improved phospho-peptideisolation efficiency.

The SCX wascarried out at a pH of 2.7 in order to remove the negative

charge on the carboxylic acid groups of the peptides. Ifa fully digested

trypsin peptide contained no phosphorylation sites and no histidine

residues it would have a theoretical charge of +2, which accounts for the

amine terminal of the peptide and the arginine or lysine residue. If a

peptide contains a phosphorylated residue it would then reduce its charge

by -1 and if it contains a histidine residue this would increase its charge by

+1. Therefore, the phosphorylated peptides should elute in the earlier

fractions andtheearlier fractions should contain mainly phospho-peptides.

The peptides within the first 25 fractions of the SCX separation of the

casein peptides were analysed by MALDI-MS(Figure 5.3A). Phospho-

peptides were only identified in fractions Al-7 and A12-13 (Figure 5.3A).

Fractions Al, A3, A4 and A5 each contained three phospho-peptides,

which was the maximum number of phospho-peptides found in any

fraction (Figure 5.3A). Fractions Al and AS were the fractions which

contained the highest percentage of phospho-peptides compared to

unphosphorylated peptides at 43 %. There was no obviousincrease in the

SCX UVtrace that corresponded with the fractions that contain the most

phospho-peptides (Figure 5.3B).
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No. of Charge of

phosphopeptide phosphopeptide at pH 2.7

3 +]

A 4 +]

5 0

6 2

7 +]

Fraction containing No. of

phosphopeptide phosphopeptide

Al 4,5,7

A2 ay 1

A3 3,4, 7

B A4 3,4,7

AS 3,4,7

A6 |

A7 7

Al2 6

Al3 6    
Figure 5.4 Analysis of the charge on a phosphopeptide at pH 2.7 and,the fraction eluted

(SCX)

[A] The phospho-peptides (see Figure 5.1), which were identified by MALDI-MSafter SCX and

their hypothetical charge at pH 2.7. [B] The identity of the phospho-peptides (see Figure 5.1)

found in the SCX.

200



Thereis only a significant spike at the end of SCX UVtrace (Figure 5.3B),

which probably corresponds to peptides which haven’t been completely

digested by the trypsin and, therefore, contain more than one arginine or

lysineresidue.

There were only a total of five phospho-peptides identified in the first 25

fractions of the SCX separation of the casein peptides (Figure 5.4A).

These were phospho-peptides 3, 4, 5, 6 and 7 (Figure 5.1), and each of

these peptides was identified in at least two fractions (Figure 5.4B).

Phospho-peptide 5 was foundin fractions Al and A2, and hada theoretical

charge of 0 becauseit is dually phosphorylated (Figure 5.4 A/B). It had the

most negative charge ofall the phospho-peptides identified from the SCX

and as expected eluted earliest (Figure 5.4 A/B).

Phospho-peptide 6 has the most positive charge of the phospho-peptides

identified from the SCX of +2 (Figure 5.4A). This was becauseit was only

a singly phosphorylated peptide and was the product of incomplete trypsin

digestion meaning there was an extra lysine residue within the peptide. As

expected, phospho-peptide 6 eluted later on the SCX than the other

phospho-peptides because ofits more positive charge and was only found

in fractions A12 and A13. All the other peptides identified from the SCX

had a net charge of +1, because none of them contained any histidine

residues or extra arginineor lysine residues from incomplete digestion, and
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they were all singly phosphorylated (Figure 5.4 A/B). The phospho-

peptides with a net charge of +1 were identified in earlier eluting SCX

fractions. Phospho-peptide 3 was found in fractions A3-6, peptide 4 in

fractions Al, A3-5 and peptide 7 was found in fractions Al-7. These

results show that, as expected the more negatively charged the phospho-

peptide and hence the more phosphorylated the peptide, the earlier the

peptide will elute from the SCX. There was no one fraction which

contained a high percentage of phospho-peptides; they were spread

throughout the earlier eluting fractions along with unphosphorylated

peptides.

5.2.2 Isolation ofphospho-peptidesfrom unstimulated and

HGFYSFstimulated HaCaTcells using IMAC

Analysis of the results of the phospho-peptide purification using caseins

showed the IMAC method resulted in isolation of the highest number of

phospho-peptides (Figures 5.2-3). The percentage of phospho-peptides

isolated in the phospho-peptide elution from the IMAC method was 50%,

which was superior to the TITOX method and was higher than the

percentage of phospho-peptides in any of the SCX fractions.
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Figure 5.5 Comparison of the C18 phosphopeptide profiles of unstimulated and HGF/SF

stimulated HaCaTcells using IMAC

HaCaTcell lysate from control (T=0) and HGF/SFstimulated cells (T=15) were passed through

an IMAC column and the phosphopeptides were eluted (Section 2.2.15.4). Both sets of

phosphopeptides were then analysed by C18 reverse phase HPLC (Section 2.2.15.1).
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Although the IMAC method wasn’t significantly more efficient at

purifying phospho-peptides than either of the other methods, it was also

morefinancially viable than TITOX and wassignificantly quicker than the

SCX method. Therefore, the IMAC method for isolation of phospho-

peptides was used on the more complicated HaCaTcell extracts.

Unstimulated and HGF/SF stimulated HaCaT cells were lysed in lysis

buffer, and an equal amounts of each cell lysate were precipitated, then re-

suspended and digested with trypsin. Once digested, the peptides from

both samples were separated on an IMACpurification column in order to

isolate the phospho-peptides (Section 2.2.14). The phospho-peptides

isolated from the unstimulated and HGF/SF stimulated HaCaT cells were

then analysed by RP-HPLC (Figure 5.5) and by MS/MS ESI-Q-TOF

(Figure 5.6).

The results showed that there were a large numberof peptides from both

stimulated and unstimulated cells that had eluted in the phospho-peptide

fraction from the IMAC method when analysed by RP-HPLC (Figure 5.5).

This means that any differences between the unstimulated and HGF/SF

samples may be maskedby the large number of peptides. However, there

did appear to be more peptides present in the phospho-peptide fraction

from the HGF/SFstimulated cell sample (Figure 5.5).
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Proteins identified using IMAC Peptide sequence Molecular Mowsescore

mass (kDa)

Keratin 6, type IT NLDLDSIIAEVK 60 150

Keratin 15, type I, cytoskeletal YATQLQQIQGLIGGLEAQLSELR 49 135

Annexin A2 SALSGHLETVILGLLK 38 119

Keratin, cytoskeletal APSTYGGGLSVSSSR 51 109

Tubulin alpha-1 chain LISQIVSSITASLR 50 67

Pyruvate kinase isozymes M1/M2 LDIDSPPITAR 58 62

Histone H2A.1 VTIAQGGVLPNIQAVLLPK 14 76

Histone H2Btype | AMGIMNSFVNDIFER 14 76

14-3-3 protein DSTLIMQLLR 28 62

Enolase AAVPSGASTGIYEALELR 47 59

Histone H4 ISGLIYEETR 11 57

Heat shock 70kDa AQFEGIVTDLIR 70 52

Actin, beta SYELPDGQVITIGNER 41 47

B
Proteins identified using IMAC Peptide sequence Molecular mass (kDa) Mowsescore

Annexin Al GLGTDEDTLIEILASR 23 92

Histone H2Btype 1 AMGIMNSFVNDIFER 14 88

Enolase AAVPSGASTGIYEALELR 47 87

Keratin, cytoskeletal APSTYGGGLSVSSSR 51 83

14-3-3 protein DSTLIMQLLR 25 80

Tubulin alpha-1 chain LISQIVSSITASLR 50 72

Keratin 5, type II, epidermal GLGVGFGSGGGSSSSVK 62 66

Annexin A2 SALSGHLETVILGLLK 38 66

Glucose-6-phosphate isomerase ILLANFLAQTEALMR 63 64

Histone H2A.1 VTIAQGGVLPNIQAVLLPK 14 59

Keratin 14, type I, cytoskeletal ALEEANADLEVK 52 56

Integrin beta4 precursor LLELQEVDSLLR 202 54

Tubulin, beta polypeptide GHYTEGAELVDSVLDVVR 42 53

Histone H4 ISGLIYEETR 11 52

Ephrin receptor LGVTLVGHQKK 108 52    
C

 
 

 

   

Proteins identified using IMAC Peptide sequence Molecular

mass (kDa)

Keratin, cytoskeletal APSTYGGGLSVSSSR 51

Tubulin alpha-1 chain LISQIVSSITASLR 50

Histone H2A.1 VTIAQGGVLPNIQAVLLPK 14

Histone H2B type 1 AMGIMNSFVNDIFER 14

14-3-3 protein DSTLIMQLLR 28

Enolase AAVPSGASTGIYEALELR 47

Histone H4 ISGLIYEETR 11

Annexin A2 SALSGHLETVILGLLK 38  
 

Figure 5.6 Peptides identified from IMAC purification of unstimulated and HGF/SF

stimulated HaCaTcells

[A] Table of proteins whose peptides were identified in the phosphopeptide eluate from IMAC

purification of unstimulated HaCaTcells. [B] Table of proteins whosepeptides wereidentified in

the phosphopeptide eluent from IMACpurification of HGF/SF stimulated HaCaT cells (15 min).

[C] Table of proteins whose peptides were identified in the phosphopeptide eluent from IMAC

purification of both unstimulated and HGF/SFstimulated HaCaTcells (15 min).
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Analysis of the peak distribution of both traces shows there were no

significant differences between the control and HGF/SF stimulated cells

(Figure 5.5), though the latter possessed larger peaks at 16 min and 23 min

(Figure 5.5). The results of the MS/MS ESI-Q-TOF analysis of the

phospho-peptide fractions from the IMAC column show that none of the

peptides identified were phospho-peptides (Figure 5.6).

The fragmentation spectra of the peptides identified in Figure 5.6 were

processed through the Mascotsearch engine and phosphorylation atserine,

threonine and tyrosine residues were specifically searched for when

identifying amino acid phosphorylation within a peptide. The search

engine looks for losses of either 98 Da, which is the loss of H3PO, from a

phosphorylation site or 80 Da, which is the loss of HPO3 from a

phosphorylation site. These losses are common with serine and threonine

phosphorylated residues but very uncommon with tyrosine

phosphorylation sites because they are more stable [274]. This makes

tyrosine phosphorylation sites harder to recognise and the search engine

relies on identifying +80 Da increases on the molecular weight of the

peptide, for the addition of a phosphate group ona tyrosineresidue.

The results showed that 8 unphosphorylated peptides were identified in

both IMAC “phospho-peptide fractions” from unstimulated and stimulated

cells (Figure 5.6C). There were a total of 13 unphosphorylated peptides
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identified from the unstimulated cell peptide digest after IMAC

purification (Figure 5.6A) and 15 unphosphorylated peptides identified

from the HGF/SF stimulated cell peptide digest after IMAC purification

(Figure 5.6B). This indicates that the most abundant peptide species

recovered from the IMAC column were not phosphorylated and,

presumably, explains why there are no large-scale increases in phospho-

peptides seen in the corresponding RP-HPLCtraces of the IMAC phospho-

peptide fraction (Figure 5.5). It is possible that because the HaCaT cell

peptide digest is so complex that abundant peptides are contaminating the

IMAC phospho-peptide purification, therefore masking any true

differences between HGF/SFand unstimulated HaCaT cells.

In order to identify the problem with the IMAC method, the amino acid

composition of peptides selectively eluted from the IMAC were analysed

(Figure 5.7). Of particular interest was the number of acidic residues

present in the peptides (D: aspartic acid, E: glutamic acid), as highly acidic

peptides have been shownin previous studies using IMAC to contaminate

phospho-peptide fractions [275]. The results showed that of the 8 peptides

found in both IMAC phospho-peptide elutions, three of them contained no

acidic residues and there was only an average of one acidic amino acid per

peptide (Figure 5.7). The peptides only found in either the T=0 IMAC

elution or the T=15 IMACelution had considerably higher acidic amino

acid compositions.
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perpeptide
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Figure 5.7 Analysis of the numberof acidic amino acid residues which are present in the

peptides which bound non-specifically to the IMAC columns

[A] The average numberofacidic amino acids (aspartic acid or glutamic acid) present in non-

phosphorylated peptides identified from IMAC purification of peptides both unstimulated and

HGF/SF (15 min) stimulated HaCaTcells. [B] The numberof acid amino acids (aspartic acid or

glutamic acid) present in non-phosphorylated peptides identified from IMAC purification of both

unstimulated and HGF/SF(15 min) stimulated HaCaTcells.
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The T=0 alone peptides averaged 2.4 acidic residues per peptide and the

T=15 alone peptides averaged 2.6 acidic residues per peptide. The 8

peptides found in both IMAC phospho-peptide fractions bind to the

column via non-acidic groups and their high abundance, e.g. keratin and

tubulin, may make washingrelatively inefficient, whereas the highly acidic

peptides are likely to bind to the IMAC column dueto their intrinsic

affinity.

5.2.3 Isolation of phospho-peptides from unstimulated and

HGF/SFstimulated HaCaTcells using a combination of

IMACandSCX

There were twoclear problems which wereidentified from the first attempt

at purifying phospho-peptides from HaCaT cells using a one step IMAC

process. One wasthe quantity of peptides produced from digesting whole

cell extract, which led to overloading of the IMAC column. The second

was non-specific binding because none of the peptides identified were

phospho-peptides. To try and find a method which would successfully

purify phospho-peptides from HaCaT cells it was decided to combine the

SCX and IMAC methods. The chosen strategy was to perform SCX on

trypsin digested HaCaT cells and then the collected fractions would be

individually subjected to IMAC chromatography.
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Figure 5.8 Comparison of the SCX profiles of trypsin digested cell lysates from

unstimulated and HGF/SF stimulated HaCaTcells

One mgof both unstimulated (T=0) and HGF/SF stimulated (T=15) HaCaT cell lysates were

digested by trypsin and then fractionated by SCX chromatography and the absorbance at 280 nm

recorded (Section 2.2.15.2). These results are representative of two separate experiments.
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By passing a fraction of the peptides through the IMAC columnsthis

greatly reduces the complexity of sample and so prevents the overloading

of the IMAC column which wasseen previously. The SCX on caseins

highlighted the fact that it focuses the phospho-peptides on the earlier

fractions; therefore IMAC wasonly carried out onthe first 15 fractions.

The results of the separation of the HaCaT cell lysate trypsin digest

peptides by SCX show that the UV profile of the T=0 and HGF/SF

stimulated (T=15) cells are very similar (Figure 5.8). There is an initial

peak in both traces at the Al fraction, which is the material that has passed

through the column and not bound. There is then a steady increase in the

absorbance up to fraction A7, at which point the absorbance suddenly

drops downat fraction A8 and plateaus (Figure 5.8). The initial fractions

(A1-A7) from the SCX of casein proteins contained most of the phospho-

peptides (Figure 5.3), and the peak at A7 in both traces is significantly

higher in the T=15 (180) trace than the T=0 (130) trace. Therefore,it is

possible that there are more phospho-peptides present in the T=15. There

is a second increase in absorbance from approximately fractions A10 to B4

(Figure 5.8). The second peakis of a similar size in both the T=0 (80) and

T=15 (80) traces and is probably where most of the unphosphorylated

peptides are located and have a net charge of +2. The peptides located

within the initial peak will likely have a net charge of +1 or less and may,

therefore, be phospho-peptides.
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Figure 5.9 Comparison of the phospho-peptides (IMAC)presentin fraction A2 of the SCX

from the unstimulated and HGF/SFstimulatedcells

Onetenth of fraction A2 wascollected from both T=0 and T=15 SCX separations (Figure 5.8) and

passed through an IMAC column. The phosphorylated peptide fraction eluted from the IMAC

columns wasthen analysed by C18 RP-HPLC (Section 2.2.15.1). This was carried out in two

separate experiments andthe results from the first experiment are denoted by [A] and the results

of the second experimentare denoted by [B].
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Figure 5.10 Comparison of the phospho-peptides (IMAC)presentin fraction A6 of the SCX

from the unstimulated and HGF/SFstimulatedcells

Onetenth offraction A6 wascollected from both T=0 and T=15 SCX separations (Figure 5.8) and

passed through an IMAC column. The phosphorylated peptide fraction eluted from the IMAC

columns was then analysed by C18 RP-HPLC (Section 2.2.15.1). This was carried out in two

separate experiments and theresults from the first experiment are denoted by [A]and the results

ofthe second experimentare denoted by[B].
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Figure 5.11 Comparison of the phospho-peptides (IMAC) presentin fraction A10 of the

SCX from the unstimulated and HGF/SFstimulatedcells

Onetenth of fraction A10 wascollected from both T=0 and T=15 SCX separations (Figure 5.8)

and passed through an IMAC column. The phosphorylated peptide fraction eluted from the

IMACcolumnswasthen analysed by C18 RP-HPLC (Section 2.2.15.1). This was carried out in

two separate experiments and the results from the first experiment are denoted by [A] and the

results of the second experiment are denotedby [B].
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The peptides after fraction B4 are probably peptides that haven’t been

completely digested by trypsin and contain more than one arginine and

lysine residue, giving them a charge of greater than 2+ and/or they may

contain histidine residues.

After the SCX separation of trypsin digested proteins in duplicate, the first

15 fractions (Al-A15) were then passed separately through individual

IMAC columns. To check the reproducibility of this method and to get an

indication of the number of isolated phospho-proteins 10 % of the

phospho-peptides from fractions A2 (Figure 5.9), A6 (Figure 5.10) and

A10 (Figure 5.11) were analysed by RP-HPLC. The results of RP-HPLC

analysis of A2 showsthat there are very few phospho-peptides present in

the T=0 samples (Figure 5.9). The A2 T=0 samples show good

reproducibility between replicates up to 35 min into the run,then thereis a

large peak which doesn’t appear to be a peptide, which elutes at slightly

different times between replicates (Figure 5.9). The A2 T=15 samples

HPLC UVtraces contained significantly more peaks than the UV traces of

the A2 T=0 samples (Figure 5.9). Therefore, if the binding to the IMAC

columns is specific then there are more phospho-peptides in the A2

fraction of the HGF/SF stimulated HaCaT cells compared with the T=0

unstimulated cells. The reproducibility between the repeat experiments of

the IMACpurified peptides from the T=15 A2 fraction does not appear

very good (Figures 5.9), but the traces are partially masked by non-peptide
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artefact at 26 min for A and 23 min for B whichis derived from the IMAC

column.

The results of the RP-HPLC analysis of the IMAC purified peptides from

fraction A6 of the SCX shows more phospho-peptides are present in the

T=0 sample from the A6 fraction compared to fraction A2 (Figures 5.9-

10). The UV traces also show more phospho-peptides present in the A6

fraction from the T=15 samples than in fraction A2 (Figures 5.9-11). The

reproducibility between the A6 T=0 replicates is good apart from the

interference from a non-peptide artefact at the end of the trace (Figure

5.10). There are also larger amounts and numbers of phospho-peptides in

the T=15 IMACpurified A6 fraction compared with the A6 T=0 samples.

The two replicates of the T=15 IMAC Aé6fraction have similar UV

profiles, but there is more material in replicate A comparedto thereplicate

B.

Theresults also show significant increase in phospho-peptides present in

the T=15 A10 IMACpurified samples compared to the T=0 A10 IMAC

purified samples (Figure 5.11). This result is consistent in all the SCX

fractions analysed by RP-HPLC-UV after IMACpurification, where the

T=15 samples contain more phospho-peptides and in larger quantities

(Figures 5.9-11). The reproducibility between replicates of the A10

fraction was the best of any fraction analysed by RP-HPLC. There was
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good reproducibility with both the A10 T=0 samplereplicates after IMAC

purification, as well as with the Al0 T=15 sample replicates, with respect

to both profile and quantity (Figure 5.11). The SCX fractions from the

T=15 replicates show fraction A2 to have the least amount of phospho-

peptides with fractions A6 and A10 containing more phospho-peptides.

The T=0 samples have a similar pattern of phospho-peptide fraction

distribution, with the A2 fraction containing the fewest number of

phospho-peptides and fractions A6 and A10 containing significantly more.

5.2.4 Peptides identified from phospho-peptide isolation using

SCX and IMAC together

Analysis of selected fractions from the SCX from both the T=0 and T=15

samples after IMAC purification by RP-HPLC-UV showed promising

results. There were significant increases in the phospho-peptides present in

the HGF/SF stimulated HaCaT cell samples (T=15) compared to the

unstimulated cell samples (T=0) (Figures 5.9-11).

This is what was expected as activation of MET leads to stimulation of

numerous kinase cascades and increased cellular phosphorylation, and this

wasalready identified when analysing protein tyrosine phosphorylation in

Chapter 4. The increase in the phospho-peptides present in the T=15

samples compared to the T=0 samples after SCX then IMAC, was vastly
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different to the HPLC-UV trace of phospho-peptides after IMACalone,

wherenosignificant differences could be seen (Figure 5.5). Therefore, the

remainder of the samples were analysed by MS/MSESI-Q-TOF.

In order to reduce the number of samples for mass spectrometry, the

fractions from both T=0 and T=15 were grouped together as follows: A1-

A3, A4-A6, A7-A9, A10-A12, A13-A15. The results of the MS/MSESI-

Q-TOF analysis of the SCX/IMAC purified peptides were processed

through the Mascot spectra search engine. The search engine was

specifically looking for phosphorylation of amino acids at tyrosine,

threonine and serine residues. All phosphorylated residues identified

within peptides from the SCX/IMAC purification from both the

unstimulated (T=0; Figure 5.12) and HGF/SF stimulated (T=15; Figure

5.13) HaCaTcell lysate peptides are underlined.

Whencarrying out the peptide spectra searches using Mascot, the fixed

modifications of methionine oxidation and cysteine carbamidomethylation

to peptides were also included. This was because methionineresidues are

readily oxidised in intact proteins [276] and canalso be oxidised during the

trypsin digestion. The cysteine carbamidomethyl modification occurs

during the trypsin digest method during the iodoacetamide alkylation step

(Section 2.2.14).
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Protein Peptide sequence Molecular Mowse IEX

mass (kDa) score fraction

Myocyte-specific enhancer KINEDIDLMISR 51 42 4-6

factor 2C

DNA QTGALMASSPQDIK 58 45 4-6
nucleotidylexotransferase   

B

 

 

 

 

      

Protein Peptide sequence Molecular Mowse TEX

mass score fraction

(kDa)

Death receptor 4 QLDLTKNEIDVVR 50 63 4-6

Matrix metalloproteinase- MILLTFSTGR 69 53 7-9

16 precursor

Orexigenic neuropeptide REPTDAMGGLGAGER 15 38 7-9
QRFPprecursor

Trypsin-1 precursor TLNNDIMLIK 27 47 7-9  
 

Figure 5.12 Peptides identified from fractions of the T=0 SCX following IMAC

chromatography

[A] Phosphorylated peptides identified in the T=0 SCX fractions after IMAC purification. [B]

Non-phosphorylated peptides identified in the T=0 SCX fractions after IMAC purification.

Underlined M (Methionine) residues represent oxidised methionine residues and underlined S

(Serine) residues represent phosphorylated serine residues. Fragmentation spectra from the

MS/MSESI-Q-TOF(Section 2.2.16) were submitted to Mascot (Mowse score>38; P<0.05). All

peptide sequencesidentified were significant.
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Protein Peptide sequence Molecular Mowse IEX

mass score fraction

(kDa)

STAT4 ENLSPTTIETAMK 86 40 1-3

Talin-2 LLGITKDSVMR 271 41 4-6

TNF-related apoptosis- YTSYPDPILLMKSAR 35 41 4-6

inducing ligand

Myocyte-specific enhancer KINEDIDLMISR 51 42 4-6/7-9
factor 2C

KIAA0586 VCTPLATPQPTPPCSPSSPAK 169 48 7-9

Low-density lipoprotein NCTTSMCTAEQFRCHSGR 216 44 7-9
receptor-related protein

Leucine-richrepeat TTASNHASATTPQGSLFTLK 71 43 7-9
transmembraneprotein

FLRTI precursor

Chromodomain-helicase- —SAEGQNVFPTYPLEGSELK 305 42 7-9
DNA-bindingprotein 6

Splicing factor 3B subunit GSETPGATPGSK 146 41 7-9
Teneurin-3 GAGCDVAMETLCTDSK 301 41 7-9

PRAX-1 QEAEWTAGEACPASSSTQGAR 200 39 7-9

p90-RSK 6 NETMNMILK 84 47 7-9

Thyroid hormone receptor LTKLQDNLR 20 44 7-9

associated protein 6

ECT2protein MAENSVLTSTTGR 100 44 10-12

Striatin-3 VRSLLGLSNSEPNGSVETK 87 48 13-15

B
Protein Peptide sequence Molecular Mowse TEX

mass score fraction

(kDa)

Pyruvate kinase isozymes LDIDSPPITAR 58 43 46

MI/M2 GVNLPGAAVDLPAVSEK 44 4-6

Paired amphipathic helix MAHAGGGSGGSGAGGPAGR 133 38 46
protein Sin3b

Histone H2B type 1-B AMGIMNSFVNDIFER 14 76 46

Death receptor 4 QLDLTKNEIDVVR 50 48 4-6/7-9

POM210 VFGAPEVLENLEVK 205 49 7-9

Beta-actin VAPEEHPVLLTEAPLNPK 42 41 7-9

14-3-3 protein DSTLIMQLLR 28 40 10-12

Figure 5.13 Peptides identified from fractions of the T=15 SCX following IMAC

chromatography

[A] Phosphorylated peptides identified in the T=15 SCX fractions after IMAC purification. [B]

Non-phosphorylated peptides identified in the T=15 SCX fractions after IMAC purification.

Underlined M (Methionine) residues represent oxidised methionine residues, underlined C

represents carbamidomethylation, and underlined S (Serine), T (Threonine) and Y (Tyrosine)

residues represent phosphorylatedserine, threonine andtyrosine residues. Fragmentation spectrum

from the MS/MS ESI-Q-TOF (Section 2.2.16) were submitted to Mascot (Mowse score>38;

P<0.05). All peptide sequences identified were significant.
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Identifying these modifications within the Mascot searches meant that

peptides that contained an oxidised methionine residue or cysteine

carbamidomethylation would be identified by the Mascot search and were

shown by underlining the residue in the results (Figures 5.12-13). The

results show that two phosphorylated peptides and four unphosphorylated

peptides wereidentified from the T=0 samples after SCX/IMACphospho-

peptide purification (Figure 5.12). The two phospho-peptides identified

from the T=0 sample after SCX/IMAC purification were from the

Myocyte-specific enhancer 2C and DNA nucleotidylexotransferase

(DNTT)proteins. Phosphorylation was identified at the Ser129 residue

within Myocyte-specific enhancer 2C and at the Ser26 residue with DNTT.

In the T=15 samples after SCX/IMAC phospho-peptide purification there

were 15 phospho-peptides and 7 unphosphorylated peptides identified

(Figure 5.13). Of the phospho-peptidesidentified, three were singly serine

phosphorylated and these were myocyte-specific enhancer 2C, KIAA0586

and PRAX1. Myocyte-specific enhancer 2C wasthe only phospho-peptide

identified in both the T=0 and T=15 samples after SCX/IMACpurification

(Figures 5.12-13). A phospho-peptide from within the KIAA0586 protein

contained a phosphorylation site at Serl052.. The other singly

phosphorylated peptide was identified from within the PRAX1 protein at

the Ser1203 residue. Five peptides from the T=15 SCX/IMACphospho-

peptide purification were singly threonine phosphorylated (Figure 5.13).
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These were STAT4, chromodomain helicase DNA binding protein 6

(CHD-6), p90RSK-6, thyroid hormone receptor associated protein 6

(THRAP-6) and epithelial cell-transforming sequence 2 oncogene (ECT2).

A peptide from STAT4 was shownto be singly phosphorylated at Thr739

and a peptide from CHD-6 was shownto be phosphorylated at Thr2012.

p90RSK-6 was shownto be phosphorylated singly at Thr281 after HGF/SF

stimulation in this system. A peptide from THRAP-6 was singly

phosphorylated at Thr76 and a peptide from ECT2 was singly

phosphorylated at Thr11 in the HGF/SF stimulated HaCaTcells.

There were seven multiply phosphorylated peptides identified from the

T=15 samples (Figure 5.13). These were a trypsin peptide from TALIN-2,

which was threonine phosphorylated at Thr336 and serine phosphorylated

at Ser339. Another protein identified as containing a multiply

phosphorylated peptide was the TNF-related apoptosis inducing ligand

(TRAIL). The TRAIL phospho-peptide identified was phosphorylated at

Tyr213 and Ser225. A multiply phosphorylated peptide was identified

from the low-density lipoprotein receptor related protein 4 (LRP4), which

was phosphorylated at Thr266, Ser268 and Thr271. FLRT-1 is a single

pass type 1 membrane protein [277], and a multiply phosphorylated

peptide from it was identified with phosphorylation at residues Thr366,

Thr367 and Thr383.
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Figure 5.14 Analysis of phospho-peptide presence in SCX fractions

[A] Fractions of the T=0 SCX that contained phosphorylated peptides and non-phosphorylated

peptides after IMACpurification. [B] Fractions of the T=15 SCX that contained phosphorylated

peptides and non-phosphorylated peptides after IMACpurification.
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Another multiply phosphorylated peptide was identified from Splicing

factor subunit 3B, that was phosphorylated at Ser242, Thr244 and Ser251.

There were multiply phosphorylated peptides from teneurin 3 andstriatin

3. The teneurin 3 peptide was phosphorylated at residues Thr782 and

Ser784 and the striatin 3 peptide was phosphorylated at residues Ser207,

Ser214 and Thr217. Analysis of the phosphorylation states of the peptides

from each fraction of the SCX identified from both the T=0 and T=15

samples after IMAC phospho-peptide purification indicates that the

phospho-peptides are concentrated within the first 9 fractions (Figure

5.14). Fractions 7-9 from the T=15 samples contained most of phospho-

peptides identified by mass spectrometry, containing 67% of all the

phospho-peptides identified from T=15 (Figure 5.14). Both of the

phospho-peptides identified in the T=0 samples were found in fractions

A4-6 (Figure 5.14).

5.2.5 Identifying biases involved in using SCX andIMAC

methods

There were 6 peptides identified from the unstimulated cell peptides (T=0)

after SCX and subsequent IMAC purification and 23 peptides from the

HGF/SFstimulated cell peptides (T=15) (Figure 5.13). Of the peptides

identified from the T=0 samples 33 % were phosphorylated and from the

T=15 samples 65 % were phosphorylated.
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Figure 5.15 Analysis of the number of acidic amino acids found in peptides that non-

specifically bound to the IMAC columnsand the numberof phosphorylation sites identified

in the phospho-peptides identified

[A] Numberofacidic aminoacids identified in peptides that non-specifically bound to the IMAC

columns from both the T=0 and T=15 SCX fractions.[B] Average numberofacidic aminoacids

within the peptides which non-specifically bound to the IMAC columns.[C] Comparison of the

numberofphosphorylationsites identified within phospho-peptides purified from IMAC.
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However, there werestill unphosphorylated peptides identified after both

SCX and IMAC phospho-peptide purification steps. The problem with

using IMAC alone wasthe presence of acidic peptides in the phospho-

peptide fraction. Therefore, the acidic amino acid content of the

unphosphorylated peptides identified after both SCX and IMAC

purifications was analysed.

Previous studies in the literature using IMAC to purify phospho-peptides

had also highlighted a bias for singly phosphorylated peptides [275], so

this was also analysed. The results showed that using SCX separation

before IMAC purification removes any obvious bias for either singly or

multiply phosphorylated peptides (Figure 5.15C). Of the phosphorylated

peptides identified by mass spectrometry 60% were singly phosphorylated

and 40% were multiply phosphorylated. The results also show that while

using SCX before IMAC increases the yield of phospho-peptides

identified, 41% of the peptides identified weren’t phosphorylated.

Analysis of the acidic amino acid content of the unphosphorylated peptides

identified by mass spectrometry shows that only two of the

unphosphorylated peptides are devoid of acidic amino acid residues

(Figure 5.15A). The unphosphorylated peptides contained on average

approximately two acidic residues per peptide (Figure 5.15B). Therefore,

there is a clear correlation between the presence of acidic amino acids

within unphosphorylated contaminating peptides.
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5.3. Discussion

The aim of this chapter was to validate phospho-peptide purification

techniques using caseins, in order to then set up a robust system to isolate

phospho-peptides from HaCaT cells. It was also the aim to identify

phospho-peptides from both unstimulated HaCaT cells and HGF/SF

stimulated HaCaT cells and compare the differences. The hope was to

identify new targets for MET signalling in order to further understand

HGF/SF-METsignaltransduction andits cellular effects.

Three phospho-peptide purification techniques were tried on a-S1 casein,

a-S2 casein and f-casein proteins initially, to identify an optimal approach.

Twoof these methods wereaffinity based IMAC [271] and TITOX [272],

and the other was SCX which had been shownto isolate phospho-peptides

in early eluting fractions [163]. All three methods only purified five of the

eleven phospho-peptides known to be produced from trypsin digestion of

casein [271] (Figure 5.2-3). The specificity of each technique wasslightly

different because each method isolated a different set of five phospho-

peptides. Even combining the results of the three methods only seven of

the eleven known phospho-peptides were identified. Of the three methods

tested, the IMAC methodresulted in purification of the highest percentage

of phospho-peptides at 50% oftotal peptides being phosphorylated. Since
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IMACwasalso cost and time effective it was chosen for the purification of

phospho-peptides from the HaCaTcells.

When the IMAC method was tested on both HGF/SF and unstimulated

HaCa¥cells after trypsin digest, there were no differences seen in the RP-

HPLC peptide profiles (Figure 5.6). This was unexpected because there

should have beena significant increase in global cellular phosphorylation

15 min after HGF/SF stimulation compared with unstimulated cells.

Results from chapter 3 showed that numeroussignalling proteins become

significantly phosphorylated 15 min after HGF/SF stimulation and results

from Chapter 4 showedthat there is a significant increase in global tyrosine

phosphorylation after HGF/SF stimulation. Therefore, it was expected that

there would bea significant increase in total cellular serine, threonine and

tyrosine phosphorylation after HGF/SF stimulation. However, after

analysis of the IMAC purified phospho-peptides from HaCaT cells by

MS/MSESI-Q-TOF (Figure 5.6), it became apparent that the peptides

purified were unphosphorylated. The peptides had non-specifically bound

to the IMAC column and eluted with the phospho-peptides. The non-

specifically bound peptides were present in such large quantities that no

phosphorylated peptides wereidentified.

In an attempt to overcome these problems the SCX and IMACtechniques

were combined to reduce the complexity of the peptide mixture. Analysis

228



of the SCX/IMACpurified peptides by RP-HPLC showedthat there were

significantly more peptides present in the HGF/SF stimulated samples than

in the unstimulated samples (Figures 9-11). The two step SCX/IMAC

phospho-peptide purification also appeared to be reproducible.

The samples that were purified by SCX/IMACandanalysed by RP-HPLC-

UV were also analysed by MS/MS ESI-Q-TOF to identify whether the

peptides were in fact phosphorylated. Only fractions A2, A6 and A10

were analysed by RP-HPLC-UV,whereasfraction Al-A15 were analysed

by MS/MSESI-Q-TOF. There were 15 phosphorylated peptides identified

from the HGF/SF stimulated HaCaT cells (Figure 5.12) and 2

phosphorylated peptides identified from the unstimulated HaCaT cells

(Figure 5.12). There were also 4 unphosphorylated peptides identified

from the unstimulated HaCaT cells and 8 from the HGF/SF stimulated

cells.

Ofthe peptides identified after SCX and IMAC purification of HaCaTcell

trypsin digest peptides, 60% were phospho-peptides. This was a higher

percentage than the 50% seen when using IMAC alone on caseins. This

improvement in enrichment of phospho-peptides was likely due to the

dramatic decrease in sample complexity after SCX which meant less non-

specific binding by abundant peptides. The increased concentrations of

phospho-peptides in the early fractions enhanced the efficiency of the
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IMAC phospho-peptide purification. This was highlighted by fractions

A7-A9, which contained the most phospho-peptides but also contained the

highest concentration of phospho-peptides compared to all the other

fractions.

The SCX fraction A7 corresponds with a peak on the UV trace, which is

significantly higher in the HGF/SF stimulated samples compared with the

unstimulated samples (Figure 5.8). The SCX fractions A7-A9 from the

HGF/SF stimulated samples also contained the most phospho-peptides

identified by mass spectrometry (Figure 5.14). These results indicate that

the phospho-peptides separated by SCX were eluting mainly from the A7-

AY.

Analysis of both IMAC and SCX/IMAC phospho-peptide purification

results from HaCaT cells identified the same three unphosphorylated

peptides. These were from the 14-3-3 protein zeta, pyruvate kinase

isozymes M1/M2 and histone H2B type 1-B proteins and they all

contained at least one acidic amino acid. It was probable that the acidic

amino acids were causing their non-specific binding to the IMAC column

and elution with the phospho-peptides. The unphosphorylated peptide

(residues 33-43) from pyruvate kinase isozymes M1/M2contains a Ser37

residue which is knownto be phosphorylated in cervical cancer HeLacells

[278]. It is possible that it has been phosphorylated at Ser37 in HaCaT
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cells but the phosphorylation hasn’t been identified because of a lack of

mass spectrometry sensitivity.

There were only two phospho-peptides identified from the unstimulated

HaCaT cells. These were from myocyte specific enhancer 2C and DNA

nucleotidylexotransferase (DNTT) proteins. This was a disappointing

result because there were a lot more than two peptides seen in the RP-

HPLC-UVtraces of the IMAC purified fractions A2, A6, Al0 (Figures

5.9-11). There were significantly more phospho-peptides identified in the

HGF/SF stimulated samples compared with the unstimulated cells, but

again there were significantly less peptides identified by mass spectrometry

than seen in the UV traces. These differences may be due tothe relative

lack of sensitivity of the MS/MS ESI-Q-TOF mass spectrometer used for

this study. The UV detector was moresensitive than the MS/MSESI-Q-

TOF, whereas similar studies described in the literature using less

biological material characterised hundreds of phospho-peptides using a

moresophisticated mass spectrometer [163].

The myocyte specific enhancer 2C phospho-peptide was phosphorylatedat

residue Ser129, which was a previously unidentified phosphorylation site

in both T=0 and T=15 samples. Myocyte specific enhancer 2C is a

transcriptional activator involved in morphogenesis and differentiation

[279], but because its phosphorylation at Serl129 hasn’t previously been

gal



identified, it is impossible to say howit affects the protein’s function. The

other phospho-peptide identified from the unstimulated HaCaT cells was

from DNTT, which was phosphorylated at Ser26. This is the fist time a

phosphorylation site has been identified within DNTT,therefore, its role

isn’t understood. DNTTactivity has been shownto besignificantly higher

in acute leukaemias [280] and phosphorylation at Ser26 could regulate its

enzymic activity in certain situations. Interestingly, DNTT is normally

only expressed in lymphatic cell types [281], but it has been identified as

being expressed in skin tumours [282]. This is particularly interesting

because HaCaT cells are an undifferentiated epithelial skin cell line.

DNTTnormally plays a role in recombination in T and B cells in antibody

production [281], but in HaCaTcells it is possible that it is playing a role in

regulating entrance into the cell cycle [281]. It has been postulated that,

DNTT synthesises unusual DNA complexes [283, 284], which could

identify an area of DNAin need ofrepair before a cell cycle checkpoint

can be passed [281].

There were 26 phosphorylationsites identified within the phospho-peptides

from the HGF/SFstimulated HaCaTcells. These came from 15 phospho-

peptides, 8 of which were singly phosphorylated and 7 were multiply

phosphorylated. These phospho-peptides came from a variety ofdifferent

types of protein, which are presumably involved in cellular affects

stimulated by the activated MET receptor. There were two proteins
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identified, TALIN-2 and ECT-2, which play roles in migration which is

stimulated by the MET receptor. Interestingly, TALIN-2 has been

identified as being phosphorylated at Tyr1665 [251] and Thr1883 [170] in

other studies but in this work it was identified as being phosphorylated at

Thr336 and Ser339. Theidentification of a TALIN phospho-peptide in the

HGF/SF stimulated cells shows a clear link between METand integrin

receptor signalling in HaCaT cells. Cell membrane interactions between

METandintegrins have also been identified in many other systems [285-

287]. ECT-2 as well as stimulating migration [288], is also required for the

GI/S transition in the cell cycle [289] and its phosphorylation at Thr11

identified in the HGF/SF stimulated HaCaTcells may activate its role in

cell cycle progression as well as migration. Phosphorylation of ECT-2 at

Thr11 has not been previously identified but it has been shown to be

phosphorylated at Ser40, Thr328, Ser336, Ser339, Thr342, Ser345, Ser811,

Thr815 and Ser858 [290-292].

There were also four different types of receptor proteins that were

identified as being phosphorylated after HGF/SF stimulated MET

activation. This isn’t surprising as MET has been shownto interact with

numerous different types of receptor; such as the EGFR as shown in

Chapter 4 and integrins [285-287]. One of these receptor proteins was

LRP4 (Figure 5.13), which is also known as MEGF7 because ofits

multiple EGF-like domains [293]. No phosphorylation sites had been
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identified within LRP4 before now andtheir potential functions can only

be speculated. In mice LRP4 mutants and mice LRP4 K/Othecritical role

of LRP4 in developmental morphogenesis was identified [294, 295].

Given that METalso plays a key role in developmental morphogenesis, it

is possible that MET and LRP4 interact during this process. Both MET

and LRP4 have been found to be expressed in papillary thyroid cancer

tissue which could indicate a synergistic tumourigenic interaction as well

[296].

Oneofthe receptors identified was FLRT-1, which hasn’t previously been

shown to be phosphorylated before this study. Interestingly, FLRT1, like

LRP4also plays a role in embryonic development[297]. Although, there

is no link between MET and FLRTI signalling, both play a role in

embryogenesis and FLRT1 has also been shown to regulate FGFR

signalling during development [297], linking it to RTK mediated

developmental pathways. Another receptor identified as being

phosphorylated in the HGF/SFstimulated cells was the KIAA0586protein,

which has an ortholog protein TALPID3 identified in chickens [298]. No

phosphorylation sites have been previously identified within the

KIAA0586. Analysis of mutated KIAA0586 protein in chickens leads to

aberrant chicken development due to the de-regulation of hedgehog

signalling [298]. Therefore, KIAA0586 protein could be interacting with

METinthe regulation of developmental pathways, integrating hedgehog
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and METsignalling. This is a particularly interesting link as aberrant

hedgehog signalling has been implicated in malignant transformations

associated with up-regulation of OPN expression [299]. As discussed in

Chapter 3, OPN has been shownto activate METin a ligand independent

manner, and therefore, KIAA0586 could be the link between MET ligand-

and ligand-independentactivation.

Anotherreceptor protein identified as being phosphorylated in the HGF/SF

stimulated HaCaT cells was teneurin-3. Little is known about the function

of teneurin receptors and there has been no previous evidence for the

phosphorylation of teneurin-3. Teneurin receptors have been implicated in

human development and morphogenesis [300, 301], and given the ability

of METto also stimulate morphogenesis [302, 303], it is possible that there

is interplay between the MET and teneurin-3 receptors during development

which helps regulate morphogenesis.

STAT4, p90RSK 6, CHD-6 and THRAP-6wereall phosphorylated in the

HGF/SFstimulated HaCaT cells and all play a role in transcriptional

regulation. All of these proteins have had phosphorylation sites identified

within them in different studies, but none of these sites matched up with

the phospho-peptides identified in this study. STAT4 has had

phosphorylation sites identified at Tyr693 and Ser721 residues previously

[304], but in this study it was shown to be phosphorylated at Thr739. The
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implication of STAT4 in HGF/SF-MET signalling is particularly

interesting, because of the known involvement of STATI! [305] and

STAT3 (see Chapter 3) in HGF/SF-METsignalling. STAT4 directly

interacts with the IL-12 receptor after receptor activation in an immune

response [306], but it is hard to implicate a role for STAT4 in HGF/SF-

MET signalling given it has no involvement in immune signalling.

Anothertranscription factor identified was p90RSK 6 which wasidentified

as being phosphorylated at Thr281, but in the literature it has only been

shown to be phosphorylated at Ser234 [292]. The protein p90RSK is

also known as RSK 4 and is one of four RSK isoforms [307]. RSK

isoforms can mediate proliferation and cell growth by concurrently

regulating factors in transcription andtranslation, as well as being able to

promote cell survival through inhibition of apoptotic factors [307]. This is

a particularly interesting result because RSK isoforms’ upstream activation

kinases are p42/44M"*. which play an integral role in HGF/SF-MET

signalling (see Chapter 3). All RSK isoformsare ubiquitously expressed in

cell lines and tissues, and at present, little is known about specific and

overlapping functionsofthe individual isoforms of RSK [307].

The final protein identified in HGF/SF stimulated HaCaT cells which is

involved in transcriptional regulation was THRAP-6, which has been

shownto be phosphorylated at Thr3 during the cell cycle [308]. THRAP-6

forms part of the mediator complex, which regulates transcription of RNA
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polymerase II dependent genes under normal conditions and during thecell

cycle [308, 309]. In this study it was identified as being phosphorylated at

Thr76 and it is possible that this phosphorylation site plays a role in

regulating THRAP-6 activity after HGF/SF-METstimulated proliferation.

It was expected that proteins such as THRAP-6 would be involved in

HGF/SF-METsignalling becauseit is the type of protein that is required

for progression through the cell cycle and HGF/SF has been previously

shownto stimulate proliferation in HaCaT cells (see Chapter3).

CHD-6 was another transcriptional regulation protein identified in the

HGF/SF stimulated HaCaT cells. CHD-6 is a highly phosphorylated

protein and has been shown to be phosphorylated at Ser53, Ser1069,

Ser1073 and Ser2041 residues [310]. None of these phosphorylation sites

were present in the phospho-peptide from CHD-6identified in this study.

CHD-6is normally phosphorylated in response to DNA damage [311], and

it is possible that it plays a role in HGF/SF-MET stimulated DNA

replication in regulating passage through the cell cycle if there is DNA

damage.

Splicing factor subunit 3B was the only phosphorylated protein identified

that plays a role in mRNAprocessing. It was shown to be phosphorylated

at Ser242, Thr244 and Ser251 in this study, but the phosphorylation at

Thr244 is the only site which has previously been identified in studies on

Zot



splicing factor subunit 3B [310, 312]. The phosphorylation of splicing

factor subunit 3B at Thr244 is involved in modifying its activity during

splicing and is regulated by CDKs during mitosis [308, 312]. HGF/SF

stimulates mitosis in HaCaTcells (see Chapter 3), which requires a sudden

increase in transcription and translation of numerousproteins, therefore,

the phosphorylation of mRNA processing proteins such as splicing factor

subunit 3B was expected.

The TRAILprotein was the only pro-apoptotic protein that was identified

as being phosphorylated in the HGF/SF stimulated HaCaT cells. TRAIL

has previously not been shown to be phosphorylated in the literature.

Given that undercertain conditions MET can stimulate apoptosis [313], it

is likely that TRAIL phosphorylation plays an integral role in MET

regulating pro- or anti- apoptotic [314, 315] signals depending on cellular

conditions.

Striatin-3_ was a structural scaffold protein identified as being

phosphorylated in the HGF/SF stimulated HaCaTcells. It has been shown

previously to be phosphorylated at Ser229 and Ser257 during mitosis [292]

andin this study wasidentified as being phosphorylated at Ser207, Ser214

and Thr217. Striatin-3 has been shownto be tyrosine phosphorylated in

SRC transformed mouse embryonic fibroblasts [316]. This is particularly

interesting because SRCis activated by the MET receptor [317, 318], and

238



Striatin-3 may play a key scaffold role in METstimulated SRCsignalling.

Interestingly, Striatins have been shownto form part of signalling scaffolds

with MAPK and Aktproteins [319], which both play significant roles in

HGF/SF-MET- signalling. Another protein identified as being

phosphorylated in the HGF/SF stimulated HaCaT cells was PRAX-1,

which hasn’t previously been shownto be phosphorylated in the literature.

There is no knownlink between PRAX-1 and HGF/SF-METsignalling, so

understandingthis relationship requires further investigation.

There were a total of 15 phospho-peptides identified from within 15

proteins from the HGF/SF stimulated HaCaT cells, but only 9 of these

proteins had been previously shown to be phosphorylated. Of the 14

phosphorylation sites identified within the 9 proteins known to be

phosphorylated only one of the phosphorylations had been previously

identified. From the 6 proteins which had previously had no

phosphorylation sites identified there were 12 new phosphorylation sites

identified. These results are particularly interesting because for the

proteins which have been previously shown by western blotting to be

phosphorylated in HGF/SF stimulated HaCaT cells (see Chapter 3), such

as p42/44™4"* and Akt, their trypsin phospho-peptides were not identified

in this work. This, along with the fact that of the 26 phosphorylation sites

identified in this work only one of them had been previously identified

highlights the fact that the SCX/IMAC phospho-peptide method may have
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certain biases. The reason for these biases may not be due to the

SCX/IMAC purification, but because of the relative levels of each

phospho-peptide in the HGF/SFstimulated HaCaTcells.

The phospho-peptides identified in this work may have been present in

relatively higher levels in the HGF/SFstimulated HaCaT cells compared to

the p42/44M4"* and Akt phospho-peptides, which can only be seen by

western blotting. Anotherpossibility is that the cell lysis and trypsin digest

methods prior to SCX/IMAC purification, may inadvertently remove

signalling proteins known to be phosphorylated in this system, if the

proteins are for some reason insoluble or are not digested properly. A

further reason why the phosphorylation sites in this study haven’t been

previously identified apart from one, maybethat no oneelse has carried out

this type of study with the HaCaTcells before, and this is bound to give a

new insight into HGF/SF-METsignalling in HaCaT cells. Theliterature

on global intracellular phosphorylation is made up from several large scale

phosphorylation mapping experiments in various cell systems.

Unfortunately, these types of studies have only been carried out in a

relatively narrow range of in vitro cell systems, and may explain why

almostall of the phosphorylation sites identified in this study are unique.

The phospho-proteins, from which the phospho-peptides have been

identified from in this study, have a wide variety of properties and
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functions, which are all possibly required for the MET receptor to

stimulate its numerous cellular responses. It is difficult to postulate how

the phosphorylation of these proteins at these positions is affecting their

biological functions. Further work needs to be carried out on these

proteins and these 25 new unique phosphorylation sites in order to

understand their biological affects. Before this can be carried out, further

work is required using a more sophisticated mass spectrometer and

optimized lysis and digestion methods in order to identify a more

comprehensive set of phospho-peptides from HGF/SF stimulated HaCaT

cells.
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6 Overall Discussion

6.1 Overview

The intra-cellular signalling pathways activated by the MET receptor

underlie its regulation of cell function andsoits role in development[1, 2],

woundrepair [3] and tissue regeneration [4], as well as in tumourigenesis

and metastasis [320]. Because ofthis, inhibitors of the MET receptor and

its associated signalling partners are being developed as treatment for a

variety of human cancers [320]. This thesis has analysed the activation of

METbythe classical HGF/SF route and by ligand-independent routes

through the over-expression of candidate intracellular activation ligands of

the METreceptor.

Twoapproaches were used to analyse METreceptorsignalling. Thefirst,

described in Chapter 3, was the broad candidate approach and the second

was a global approach analysing the effect of activated MET on global

phosphorylation. Using the candidate approach, signalling proteins that

had been implicated in HGF/SF-METsignalling in other in vitro cell

systems were identified. Using antibodies to their activated

phosphorylated forms or for their inhibitory subunits, western blotting was

used to identify if they had been activated by HGF/SF or in a ligand
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independent manner. Specific pharmacological inhibitors for p38““P*,

p42/44™“"* and PI3-K signalling proteins were dosed to HaCaTcells prior

to HGF/SFstimulation to identify biochemical interactions between these

pathways, which were then quantified over time by western blotting for the

phosphorylated forms of the p38™“"*, p42/44M4"* and Akt. This approach

allowed the analysis of pathways involved in HGF/SF-METstimulatedcell

proliferation.

The broad candidate approach was successfully used to identify the

kinetics of signalling of STAT3, PK-C isoforms, NFk-B, p3gvrr,

p42/44™“P* and Akt. However, while the broad candidate approach is

suitable for the identification of specific phosphorylation sites of specific

proteins, it can only provides a view of METreceptor signalling that is

biased by the current understanding of signalling and bythe availability of

reagents.

The second approach wasthe global analysis of MET receptor signalling.

This was achievedinitially using an antibody specific for protein tyrosine

phosphorylation to analyse global tyrosine phosphorylation after HGF/SF

activation of MET (Chapter 4). In subsequent work the purification of

phosphorylated peptides from unstimulated and HGF/SF stimulated cell

lysates provided a means to analyse serine, threonine aswell as tyrosine

phosphorylation. The phosphorylated peptides were isolated using a two
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step process to improveselectivity, with a first separation by charge using

SCX to reduce sample complexity for the second step, IMAC

chromatography (Chapter 5). These approaches for the global analysis of

METreceptor signalling identified a numberofproteins that were tyrosine

phosphorylated or associating with a tyrosine phosphorylated protein

(Chapter 4), or phosphorylated on serine/threonine after stimulation with

HGEF/SF (Chapter 5).

6.2 Candidate approach

The broad candidate approach confirmed the involvement of p42/44Mark

p38“? and Akt signalling proteins in HGF/SF-METsignalling in HaCaT

cells (Figures 3.3-6). This approach also allowed the analysis of the

activation by phosphorylation of these signalling proteins over time, which

wasparticularly important because the kinetics of protein phosphorylation

are a key determinant of a cells response to a particular stimulus [321].

When the pathways were investigated concurrently using specific

inhibitors for each pathway, a complex network of signalling between the

pathways was identified involving positive and negative feedback. The

results showed that if p42/44M@P§ kinase activity was inhibited then

MAPK
HGF/SFfailed to activate the p38 and the Akt pathways (Figure 3.6).

MAPK
8The results also showed that p3 activation appeared to activate
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phosphatases leading to its own inactivation as well as inactivation of

p42/44@“FS_ This result highlights how activated kinases involved in

controlling cell physiology can regulate their ownactivity.

The broad candidate approach identified several new pathways that hadn’t

previously been observed in HGF/SF stimulated HaCaT cells. These

included the STAT3, NF«-B, PK-C a, BI, 6 and Gi/o proteins signalling

pathways (Figures 3.8-10). All these pathways were implicated as playing

critical roles in HGF/SF-MET stimulated DNA synthesis alongside the

p42/44™“P* and Akt pathways (Figure 3.10). This relatively large number

of pathways involved in stimulating one specific cellular response

highlights the complexity of HGF/SF-MET signalling. The NFx-B

inhibitor prevented HGF/SF-METstimulated proliferation, but the western

blot results didn’t show any obvious reduction in the levels of the NFx-B

inhibitory subunits IkBa and B after HGF/SF stimulation, a characteristic

of NF«-Bactivation (Figure 3.9). However, the levels were only measured

up to 90 min after HGF/SF stimulation, whereas the DNA synthesis assay

is carried out 18 h after addition of the growth factor and thetransit of a

cell from Go to G; to its commitment to S-phase entry requires 12-16 h

stimulation. Therefore, it is possible that the reduction in the levels of

IkBa and B occurred beyond the 90 min time point measurement window

and would, therefore, be a middle to late signalling event in Gj.
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The involvement of Gi/o proteins in HGF/SF-MET signalling was

implicated by prevention of HGF/SF stimulated DNA synthesis by the

inhibitor, PTX (Figure 3.10). This was a particularly intriguing

observation, because while GPCR have been previously implicated in

METsignalling [81, 322], a role for them in DNA synthesis hadn’t been

identified. Further investigation showedthat the inhibition of the Gi/o was

MAPK
8leading to an increase in p3 phosphorylation, which appeared to

cause the failure of HGF/SF to stimulate DNA synthesis (Figure 3.12).

This result highlighted the importanceofkinetics to intracellular signalling

in determining the cellular response, since under normal circumstances

MAPK
8p3 is activated by HGF/SF; it was the changein the kinetics of the

MAPK
8activation of p3 that underpinned the PTX’s interference with the

stimulation of DNA synthesis by HGF/SF. Interestingly, this work also

showedthat, whereas the normalactivation of a pathway, p38™“"* in this

instance, may have no apparent consequence ona later cellular response

(the p38™"* inhibitor does not affect DNA synthesis), different kinetics of

activation can have a major impact (PTX) and this can be prevented by

MAPK
8appropriate pharmacological intervention (p3 inhibitor restores the

stimulation ofDNA synthesis by HGF/SF in the presence of PTX).

There have been several types of ligand-independent activation of MET

identified. These include gene re-arrangements leading to a constitively

activated MET, over expression of MET, which is thought to lead to
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spontaneous receptor dimerisation, adhesion to cell matrix activating

integrin receptors, which in turn through the SRC/FAKsignalling complex

activate MET andpossible interaction with intracellular ligands that also

stimulate MET phosphorylation. Workin this study focused on identifying

if the metastatic marker proteins, OPN and RAN,wereacting as possible

intracellular ligands for MET, manipulating the ability of METto stimulate

invasiveness and therefore, stimulating a metastatic phenotype through the

METreceptor.

The results showed that both OPN and RAN overexpression in R37 cells

lead to significant increases in METtyrosine phosphorylation compared to

the wild type R37 cells (Figure 3.14). Results also showed that

overexpression of OPN and RANstimulated a significant increase in Akt

phosphorylation, which mustbe transducingat least part of the MET signal

causing invasiveness (Figure 3.14). The mechanism by which RAN and

OPNare interacting with the MET receptor when they are over expressed

isn’t understood. It is possible that RAN and/or OPNare interacting at the

plasma membrane with MET,acting in a similar manner to when integrins

stimulate METactivation through adhesion, or they could be interacting

with internalised MET receptor in the cytoplasm by a unique mechanism.
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6.3 Global approach

The second type of approach used in this study was the global analysis of

protein phosphorylation in HGF/SF stimulated HaCaT cells. This was

carried out using two different philosophies; the first was analysis of global

tyrosine phosphorylation, using an antibody specific for protein tyrosine

phosphorylation, and the second was the analysis of global serine,

threonine and tyrosine phosphorylation using peptides.

Interestingly, MET, GABI and p42/44™4"* wereall shown to be presentin

the HGF/SF stimulated phospho-tyrosine immunoprecipitate by western

blotting (Figure 4.8), but when the bands were stained none of these

proteins were identified (Figure 4.9). Given the fact that MET and GAB1

are high molecular weight proteins, there will have been less protein

presentin the stained gel compared to the sameintensity ofband of a lower

molecular weight protein. Therefore, there was a bias against the

identification of larger proteins by mass spectrometry. METis also highly

glycosylated and contains di-sulphide bonds, both of which can inhibit

tryptic digestion. The fact that p42/44“P* wasn’t identified maybe due to

the fact it was present in smaller amounts, than the other proteins present in

the immunoprecipitate with similar molecular weights. Other signalling

MAPK
8proteins, which were expected to be identified such a p3 , which was
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shown in Chapter 3 to be tyrosine phosphorylated 15 min after HGF/SF

stimulation in the HaCaT cells (Figure 3.3) were not observed, again

probably due to a lack of abundance of these proteins. A similar study,

using phospho-tyrosine immunoprecipitation in mesenchymal stem cells

stimulated with both EGF and PDGF growth factors, identified numerous

signalling proteins from different signalling pathways [244].

A total of 12 proteins were identified that were present in the HGF/SF

stimulated HaCaT cell phospho-tyrosine immunoprecipitates and not

present in the unstimulated HaCaT cell immunoprecipitates (Figure 4.9).

These proteins either became tyrosine phosphorylated after HGF/SF

stimulation or became associated with a tyrosine phosphorylated protein

after HGF/SFstimulation. As discussed above, none of the proteins seen

by western blotting within the HGF/SF  phospho-tyrosine

immunoprecipitates were identified from the stained 1D SDS-PAGE gel.

Of the proteins identified only EGFR was classical signalling protein

(Figure 4.9). This result was particularly interesting given the clinical

implications of the interaction between MET and the EGFR in non-

responsive NSCLC patients. This result only shows that there is a

biochemical interaction between MET and the EGFR in the HGF/SF

stimulated HaCaTcells, and does notidentify a molecular mechanism.
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The other 11 proteins are functionally linked to metabolism, transcription

and subcellular functions. Their identification is likely to reflect their

relatively high abundance and highlights the diversity of biochemical

events required for the stimulation of cell division by HGF/SF in HaCaT

cells. Thus, stimulation of HaCaT cells by HGF/SF results in the

activation of far more pathwaysthan that leading from METto cyclins and

the cell cycle machinery. As well as issues of sensitivity, the phospho-

tyrosine immunoprecipitation results are only at an early stage in terms of

validation of the targets identified by mass spectrometry using western

blotting. Only the EGFR andalphaactin results could be confirmed using

western blotting for the tyrosine phosphorylated forms of these proteins

(Figure 4.12). The other proteins identified need to be validated by

western blotting. At this point the analysis can be optimised to try and

identify a more comprehensiveset of tyrosine phosphorylated proteins or

proteins that associate with tyrosine phosphorylated proteins after HGF/SF

activation of MET. The global tyrosine phosphorylation kinetics of

HGF/SFstimulation could then be elucidated from a more comprehensive

set of proteins.

Analysis of the global HaCaT cell phosphorylation using the combination

of SCX and IMACsuccessfully identified several signalling proteins and

receptors activated after HGF/SF stimulation (Figure 5.13). When using

the SCX/IMAC approach, which was a non-gel based method, numerous
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high molecular weight receptor proteins were identified that are normally

difficult to identify when using a gel-based method. This was apparent

from the phospho-peptides identified from the HGF/SF stimulated HaCaT

cells, because seven of the fifteen phospho-peptides identified had a

molecular weight of greater than 100 kDa (Figure 5.13). In contrast, a gel-

based separation and digestion technique after phospho-tyrosine

immunoprecipitation only identified two proteins with molecular weights

greater than 100 kDa (Figure 4.9). Interestingly, of the proteins from

which the phospho-peptides were identified, only one, p90-RSK was

4MAPK But the phospho-peptideexpected, as this is the target of p42/4

identified wasn’t the one expected from p90-RSK, which had been

previously identified in the literature but was a new unique

phosphorylation site. Given that of the 26 phosphorylation sites identified,

25 were unique (Figures 5.12-13), it is difficult to postulate how these

phosphorylation sites affect the functions of their respective proteins.

Therefore, further work is required to characterise these phosphorylation

sites.

6.4 Perspectives

Whilst this work has furthered understanding of METreceptorsignalling,

it has opened the door to future work, which is required to complete the
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picture concerning elucidating the MET signalling network. Chapter 3

indicated that there was a role for Gi/o proteins in METreceptorsignalling

using their specific inhibitor, PTX. To help confirm these results and

identify which specific Gi or Go isoforms are involved in METsignalling,

a siRNA to knockdownindividual G protein isoforms inhibited by PTX

could be used. This would then identify the specific G protein isoform/s

involved in METreceptor signalling. Ideally, the entire HGF/SF-MET

phospho-proteome would be analysed using the SCX/IMACpurification

system comparing HGF/SF stimulated HaCaT cells, with HGF/SF

stimulated HaCaT cells with siRNA knockdowns for the individual G

protein isoforms inhibited by PTX. This could be done using heavy stable

isotope labelling of the differently treated HaCaT cells to differentiate

between the siRNA treated and untreatedcells.

The METreceptor was shownto beactivated in both a ligand dependent

manner (HGF/SF) and in a ligand independent manner (RAN, OPN)within

Chapter 3. Further work is required to understand whether when METis

activated by RAN or OPNit activates the identical signalling pathways

when METis activated by HGF/SF. Indeed,it is not clear whether what

has been called the “ligand independent” pathway of METactivation is

indeed ligand independent. Thus, activation by HGF/SF may have an

absolute requirement for RAN activation of MET. Therefore, the

independenceor otherwise of these two modes of METactivation needs to
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be established. MET needsto be activated in the samein vitro cell system

by HGF/SF and by RAN/OPN,and the comparative phospho-proteome

analysed using the SCX/IMAC method and then mass spectrometry. The

differentially activated MET samples could be labelled with different

stable heavy isotopes (SILAC) and combinedfor analysis together and this

would allow direct comparisons to be made.

Further work is also required on identifying the location of the activated

METreceptor. This is because, when METisactivated it is internalized

through the clathrin pathway and then further traffics from endosomesto a

nondegradative perinuclear endosomal compartment. It has been shown

that signalling proteins such as STAT3 can associate with MET whenit is

trafficking, and that this is required for the full activation of the signalling

protein [323]. It has been postulated that signalling proteins such STAT3

and p42/44™4"* stay associated with MET while it is trafficking to the

perinuclear compartment, so they are protected from phosphataseactivity,

which, therefore increasestheir activity following subsequenttranslocation

to the nucleus.

It therefore, would be interesting to inhibit MET endosomaltrafficking and

identify if this inhibits MET’s ability to activate signalling pathways

sufficiently to abrogate its ability to stimulate various cellular responses,

such as proliferation. The ideal way to do this would be to identify the
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amino acids within the MET receptor responsible for endosomal

trafficking and mutate these residues. One would then measurethe levels

of STAT3 and p42/44™“P* in response to HGF/SFstimulation within cells

with normal MET compared to mutated MET,to see if inhibiting MET

endosomaltrafficking attenuates their phosphorylation levels and in turn

affects the cells’ response to activated MET. The differences in global

signalling could also be analysed between normal MET and METwith

inhibited endosomal trafficking to analyse to global phosphorylation

effects of this again using SILAC.

The work in this study has provided a solid basis for further work

investigating METreceptor signalling on a global scale. Whilst robust

methods were setup for the isolation and analysis of both tyrosine

phosphorylated proteins andserine, threonine and tyrosine phosphorylated

peptides, the data produced on HGF/SF-MET signalling is only

preliminary data and requires further validation. These experiments need

to be repeated on a larger scale, using moresensitive detection equipment

to increase the scope of the results. New phospho-tyrosine proteins can be

validated by western blotting whole cell extracts for the tyrosine

phosphorylated form of the protein, or if this is not available then blotting

for the HGF/SF stimulated cell phospho-tyrosine immunoprecipitate for

the native protein. If there is no native protein available then antibodies

would needto be generated de novo.
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New phosphorylation sites identified using the SCX/IMAC phospho-

peptide isolation method could also be validated by western blotting whole

cell extracts for phosphorylation at that specific site. If there was no

antibody available for a specific phosphorylation site then an antibody

would need to generated de novo for the unique phospho-peptide. Once

antibodies were available for all the phospho-proteins identified in

HGF/SF-MET signalling, the kinetics of their signalling could be

elucidated by analysing their phosphorylation state over time. Another

way to do this would be to label cells for different time points with

different stable heavy isotope labels (SILAC). The samples from all the

time points can then be combined before analysis by mass spectrometry

and the phosphorylation kinetics for each phospho-peptide can be

deciphered from its molecular weight depending on its time point. This

enables the global analysis of phosphorylation kinetics on a large scale and

requires far less laboratory work than the western blot approach. If this

method could be setup, then the data could be integrated to make a

working computational model of METreceptor signalling. This model

could then be used to drive future experiments in terms of further

understanding METreceptorsignalling.

The work in this study has focused on MET receptor intracellular

signalling, but it has also shown that METcaninteract with other receptors
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such as the Gi/o coupled receptors and the EGFR. Other studies have

shown that METcaninteract with a variety of families of receptor proteins

that can have an affect on MET receptor signalling. These include

integrins, CD44, plexins and other RTKsthat can all interact with MET at

the plasma membrane andinfluence MET receptor activation. How these

other receptors interact with the METreceptorisn’t fully understood, and

by either using siRNA or using mouse K/O embryonic cells it would be

interesting to knockout each receptor type individually and identify how it

affects METreceptorintracellular signalling. This could be analysed using

SILAC or even iTRAQ whichcanbe usedto label different sample groups

and then combinethe groupsfor analysis to allow for direct comparison.

Overall this work has added to the understanding of MET receptor

signalling in vitro and has successfully validated two methods for the

global analysis of METreceptor signalling. As described above, this work

has opened up new avenues of METreceptor research which will provide

the means to quantitatively measure the kinetics of MET receptor

signalling and so aid future efforts to target METtherapeutically.
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