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Abstract

Members of the Erythropoietin-Producing hepatoma (Eph) family of receptor tyrosine 

kinases are dynamically expressed during embryogenesis, with roles in topographic 

mapping, hindbrain segmentation and neural crest cell migration thought to be mediated 

by repulsive/anti-adhesive cues induced by interaction with their membrane-bound 

ligands, known as ephrins.

Formerly known as epithelial cell kinase (eck), EphA2 is expressed primarily in cells of 

epithelial origin in the adult, including the mammary gland. Results presented in this 

thesis demonstrate that elevated steady-state levels of catalytically active EphA2 protein 

were characteristic of mammary tumours arising in WAPra^ transgenic mice. These 

mice express v-Ha-Ras under the control of the mammary-specific whey acidic protein 

(WAP) promoter. Furthermore, a mouse mammary epithelial cell line expressing v-Ha- 

Ras also displayed elevated levels of EphA2 mRNA and protein. This implies a 

potential role for EphA2 in tumourigenesis, and provided a highly relevant in vitro cell 

culture model in which further investigation revealed downregulation of EphA2 in 

response to mitogen-activated protein kinase (MAPK) pathway inhibition.

Analysis of mice bearing an insertional mutation at the EphA2 locus crossed with 

WAFras transgenic mice revealed continued upregulation of EphA2 protein in 

mammary tumours, in contrast to the significant deficiency in EphA2 protein in other 

adult tissues of these double mutant mice. This suggests a potentially complex 

mechanism for the transcriptional regulation of EphA2.

Overexpression of recombinant EphA2 in a non-transformed mammary epithelial cell 

line resulted in a ‘rounded’ cellular morphology, implicating EphA2 in the regulation of 

cell-extracellular matrix interactions. Furthermore, recombinant ephrinAl, cloned and 

expressed as a source of cognate ligand for EphA2, also influenced the cytoskeleton.

Finally, receptor activation by ephrinAl induced transient inhibition of MAPK activity, 

suggesting the presence of an EphA2-MAPK regulatory feedback loop, which may be 

overcome by oncogenic Ras to upregulate EphA2 and thus confer anti-adhesive 

properties on tumourigenic cells.
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Chapter 1 

Introduction

The phenotype of a cell is influenced by its ability to respond to external stimuli. 

Although the environment of cells within tissues of multicellular organisms is more 

stable than that of a unicellular organism, these cells must nevertheless co-ordinate their 

behaviour by means of inter- and intra-cellular signalling. Membrane-spanning receptor 

tyrosine kinases have evolved as allosteric enzymes that are able to perceive a diverse 

array of extracellular signals and transduce them into the cell. Signal transduction by 

tyrosine kinases is achieved by means of the rapid addition of a phosphate moiety from 

the adenosine triphosphate (ATP) donor onto a tyrosine residue in the substrate. Such 

phosphorylation can modify target proteins, resulting in the rapid relay of a positive or 

negative signal, which ultimately evokes a cellular response. However, the extent of the 

response can be influenced by, among other things, the activity of protein tyrosine 

phosphatases, thus the reversible process of protein phosphorylation acts as a simple, 

yet effective, regulatable means of transduction.

Over the last ten years, Eph receptors have emerged as the largest group of receptor 

tyrosine kinases. There are currently 14 Eph receptors, which are subdivided into EphA 

and EphB receptors, depending on whether they interact with ephrin A or ephrinB 

ligands. Like their receptors, ephrins are generally present as membrane-bound 

proteins. This is achieved either through a glycosylphosphatidylinositol (GPI) linkage in 

the case of ephrinA ligands, or by the presence of a transmembrane domain, as is true of 

ephrinB s. Interactions between ephrins and Eph receptors therefore predominantly 

require cell-cell contact. Ephrins are also unusual in being able to mediate “reverse” 

signalling, such that signals can be transduced within the ephrin-expressing cell upon 

the engagement of an Eph receptor extracellular domain. Roles for Eph and ephrin 

signalling in mediating cell positioning have been proposed.

1.1. Eph Receptors and Ephrins
1.1.1. Introduction to Eph Receptors

The Eph family of tyrosine kinase receptors takes its name from the first member, Eph, 

which was cloned from an erythropoietin-producing hepatoma cell line following a
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search for sequences homologous to the y-fps viral oncogene tyrosine kinase domain 

(Hirai et a l,  1987). Thirteen Eph receptors have been identified subsequently using 

polymerase chain reactions (PCR) with oligonucleotide primers designed to anneal to 

regions of high homology in kinase domains (Wilks, 1989) (e.g. EphA4 (Lai and 

Lemke, 1991)), by screening expression libraries with antibodies that recognise tyrosine 

phosphorylated proteins (e.g. EphB2 (Pasquale, 1991)) and by the use of probes/primers 

to identify clones with homology to previously identified Eph receptors (e.g. EphBl 

(Sajjadi and Pasquale, 1993)). In 1997, subsequent to the discovery of a multitude of 

independently named Eph homologues and orthologues, the Eph Nomenclature 

Committee established a uniform nomenclature for Eph receptors and ephrins, thus Eph, 

as the founder member, was named EphAl (Eph Nomenclature Committee, 1997). 

Different species can be distinguished on the basis of a small-case letter prefix, thus ‘h’ 

represents human, ‘m’ is used for mouse, ‘r’ for rat, ‘c’ for chicken, etc. Please refer to 

Appendix 2 for details of previous names.

1.1.1.1. The Discovery of EphA2

The discovery of human EphA2 (hEphA2) cDNA was first reported in 1990 by 

Lindberg and Hunter (Lindberg and Hunter, 1990) using a degenerate oligonucleotide 

probe designed to anneal to the HRDLAAR amino acid sequence, which is highly 

conserved within the catalytic domain of protein tyrosine kinases (PTKs). Two clones 

with PTK homology were identified following screening of a HeLa cell cDNA library, 

one of which was used to re-screen the library, resulting in the isolation of a 3555 bp 

sequence corresponding to the 3’ end of hEphA2. The remaining 5’ end of hEphA2 was 

cloned from a human keratinocyte library using sequence from the 5’ end of the HeLa 

sequence as a probe.

Subsequently, mouse EphA2 has been cloned independently by four different groups, 

either by a PCR approach using degenerate oligonucleotides corresponding to highly 

conserved sequences in the catalytic domain of kinases (Becker et a l,  1994; Ganju et 

al,  1994; Ruiz and Robertson, 1994) or by screening using a degenerate oligonucleotide 

probe corresponding to the conserved amino acid sequence in subdomains VI and VII of 

the Eph receptor kinase domain (Lai and Lemke, 1991; Mori et a l,  1995).
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1.1.1.2, The Protein Structure of the Eph Receptor Family

As receptor tyrosine kinases (RTKs), Eph receptors possess an extracellular, a 

transmembrane and an intracellular domain (Figure 1.1). Comparison of the amino acid 

sequences of all Eph members shows that the receptors share a number of structural 

features and sequence motifs. In the extracellular domain this includes an amino- 

terminal ligand-binding domain, a cysteine-rich region and two fibronectin type III 

repeats. In the intracellular domain there is a highly conserved juxtamembrane motif 

and an uninterrupted catalytic domain, in addition to a PDZ (postsynaptic density 

protein, discs large, zona occludens) binding sequence and a SAM (sterile alpha motif), 

which are present at the carboxy terminus.

1.1.1.2.1. The Extracellular Domain

The amino terminus of Eph receptors was originally proposed to resemble an 

immunoglobulin domain (O’Bryan et al, 1991), which, in a number of other RTKs, can 

contribute to ligand binding. However, subsequent structural analysis has revealed that 

this N-terminal globular domain consists of 11 antiparallel p-strands forming a compact 

jellyroll p-sandwich which is important for ligand binding (Himanen et a l,  1998). 

Mutational analysis revealed that a long loop between two such p-strands may confer a 

degree of specificity between the ephrinA and ephrinB ligands (Himanen et a l,  1998), 

in agreement with a previous report in which the globular domain was shown to confer 

subclass-specific ligand binding specificity on the Eph receptor (Labrador et a l,  1997).

Carboxy terminal to the globular domain is a cysteine-rich region, consisting of two 

CnCXCnC repeats (with C representing cysteine, n a stretch of 12-15 amino acids, and 

X  any amino acid). The spacing of the cysteine residues within this region differs from 

that found in the cysteine-rich regions of other RTKs such as the epidermal growth 

factor (EOF) receptor and the insulin receptor, and the repeats share most similarity 

with the EGF repeats of extracellular matrix (ECM) proteins e.g. fibrillin, tenascin and 

thrombospondin (Connor and Pasquale, 1995). These residues have an, as yet, 

unknown function in Eph receptors, although they may play a role in some structural 

aspects of ligand binding rather than contributing to ligand binding specificity. A three- 

to four- fold reduction in the dissociation constant of ephrinB 1 binding to a mutant 

EphB2 receptor lacking the cysteine-rich domain was observed by Labrador (Labrador
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et a l,  1997), and studies by Lackmann and colleagues (Lackmann et a l,  1998) also 

implicate this region in ligand binding (see Section 1.1.4.1).

Between the cysteine-rich region and the transmembrane domain are two fibronectin 

type III repeats, a repeated series of predominantly hydrophobic amino acids similar to 

those found in fibronectin (Skorstengaard et a l,  1986). Such repeats are common in 

many cell adhesion molecules, which led to speculation that Eph receptors may be 

involved in cell-cell contact. However, these repeats also feature in the ectodomains of 

many other proteins, including RTKs, receptor tyrosine phosphatases, and cytokine 

receptors, where they are postulated to mediate receptor dimérisation (Somers et a l,

1994). Indeed, recent studies by Lackmann and colleagues have shown that a region of 

Eph A3, incorporating the fibronectin type III repeats, is able to induce ligand- 

independent transphosphorylation of endogenous full length EphAB molecules, 

implying the presence of a dimérisation motif within this region (Lackmann et a l,

1998) (also see Section 1.1.4.1).

The extracellular domain of EphA2 is subject to N-linked glycosylation, which is likely 

to account for the migration of EphA2 by sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS-PAGE) as a 125-130 kDa doublet (Lindberg and Hunter, 1990). 

Ganju and colleagues (Ganju et a l,  1994) demonstrated that N-linked glycosylation 

accounted for ~ 20 kDa of the size of the 130 kDa protein detected by EphA2 antisera. 

There are three potential glycosylation sites in hEphA2 and two sites in mEphA2 (see 

Appendix 1).

1.1.1.2.2. The Intracellular Domain

Carboxy terminal to the transmembrane domain, which in EphA2 consists of 24 

hydrophobic amino acids, is the cytoplasmic domain of the receptor. The first region of 

homology shared by all Eph receptors is the juxtamembrane region, a short stretch of ~ 

10 amino acids, beginning approximately 25-30 residues downstream of the 

transmembrane domain, that contains two invariant tyrosine residues (tyrosines 589 and 

595 in mEphA2) (Lhotak and Pawson, 1993) (Figure 1.2). This region is important for 

both intracellular signalling (Ellis et a l,  1996; Holland et a l,  1997; Hock et a l,  1998) 

and for the catalytic activity of the receptor (Zisch et a l,  1998; Binns et al, 2000; see 

also Section 1.1.4.2).
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Globular ligand-binding domain

Cysteine rich region

Fibronectin type III repeats

Juxtamembrane region

Tyrosine kinase domain

SAM domain

PDZ domain

Figure 1.1. Diagram of the Protein Structure of Eph Receptors
The Eph family of receptor tyrosine kinases are type I transmembrane proteins, and share a 
number of common features, as depicted. For more details, please refer to the text.
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Figure 1.2. Two Tyrosine Residues in the Juxtamembrane Domain of Eph Receptors are Highly 
Conserved
The predicted amino acid sequence of the juxtamembrane domain of mouse Eph receptors was aligned in 
relation to the tyrosines (Y) at residues 600 and 606 of mouse EphA l. Sequences were aligned by eye. 
Adapted from Ellis et al ,  1996.
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In PTKs, catalysis of the transfer of the y-phosphate of ATP to tyrosine residues of the 

substrate occurs in a cleft created by two lobes in the kinase domain. The conserved 

catalytic domain of Eph receptors spans approximately 250 amino acids and contains all 

of the 11 major subdomains described by Hanks and colleagues (Hanks et a i,  1988), 

displaying a particularly high degree of conservation in subdomains VI to IX. 

Subdomain VI, which forms the catalytic loop, contains the HRDLAAR sequence that 

was used to clone hEphA2 (Lindberg and Hunter, 1990). A conserved tyrosine residue 

in the activation loop (tyrosine 773 in mEphA2) is thought to be necessary for 

stimulating catalytic activity (Section 1.1.4.2; Kalo and Pasquale, 1999a; Binns et a l,  

2000). Another protein tyrosine kinase consensus motif, PI/VK/RWT/MAPE, is present 

in subdomain VIII of EphA2 as PIRWTAPE. Interestingly, whereas all other RTK 

families have a methionine in this sequence, the corresponding residue in Eph receptors 

is a threonine (van der Geer et ai,  1994). Furthermore, according to studies by 

Songyang and Cantley, this residue influences the substrate specificity of the kinase 

domain (Songyang and Cantley, 1995), which implies potential differences in signalling 

between Eph receptors and other RTKs, an implication which would be consistent with 

differences in the functions of the Eph receptor family compared to more conventional 

growth factors of the receptor tyrosine family.

The X-ray crystal structures for the SAM domains of EphA4 and EphB2 have recently 

been elucidated (Stapleton et al,  1999; Thanos et a l,  1999). SAM domains comprise 

60-70 residue conserved regions which are often present in proteins involved in 

developmental regulation. In Eph receptors, the SAM domain is present C-terminal to 

the kinase domain (Schultz et a l,  1997) and forms a five helix-containing ‘lobster claw’ 

(Stapleton et a l,  1999). Two such structures are believed to be able to homo- or hetero- 

dimerise with other SAM domain-containing proteins, implying a role for these 

domains in mediating protein-protein interactions. Although the function of Eph SAM 

domains is unclear, EphA4 SAM domain homodimerisation is an attractive mechanism 

by which Eph receptor dimérisation may occur (Stapleton et al,  1999). Furthermore, 

Thanos and colleagues (Thanos et al, 1999) have provided a mechanism, albeit 

theoretical, by which Eph receptor oligomerisation could occur via multiple SAM 

domain interactions at high receptor concentrations, which may thus be dependent on 

the ligand aggregation state. This high order clustering, in turn may create novel 

binding surfaces which could account for the differences in EphBl and EphB2 substrate 

recruitment observed when using either dimerised and oligomerised ephrinBl (Stein et
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ai, 1998a) (see Section 1.1.3.2). Alternatively, it is possible that SAM domains may 

negatively influence the formation of Eph receptor dimers by forming repressive intra- 

or inter- molecular interactions, and that, as described above (Section 1.1.1.2,1), 

dimérisation via the fibronectin type III repeats (Lackmann et a l,  1998) may serve to 

release such an inhibition. In addition to proposed receptor-receptor interactions, Eph 

receptor SAM domains may mediate substrate binding.

Eph receptors contain a PDZ domain binding motif at their extreme carboxy terminus, 

comprising a sequence of four or more amino acids, which is recognised by PDZ 

domain-containing proteins (PDZ proteins). Different PDZ proteins reportedly have 

different carboxy-terminal binding specificities (Saras and Heldin, 1996; Songyang et 

al, 1997), implying that the repertoire of Eph receptor-PDZ protein interactions is 

likely to be extensive. PDZ proteins have been reported to mediate the correct 

subcellular localisation of proteins, the aggregation of PDZ domain binding proteins 

into multimers, and the assembly of proteins containing PDZ binding motifs into 

signalling complexes, all of which are likely to be of significance in Eph-mediated 

signalling.

1.11.3. Chromosomal Location of EphA2

EphA2 was mapped to the distal region of chromosome 4 in the mouse (Becker et a l,  

1994; Ganju et al,  1994) and p36.3-p36.1 region of human chromosome 1 (Becker et 

al, 1994). hEphA2 has subsequently been mapped more precisely to lp36.1 (Sulman et 

al, 1997), in close proximity to the EphB2 gene (Kiyokawa et a l,  1994; Ikegaki et al,

1995). Interestingly, EphBl and EphB3 are closely associated on chromosome 3 

(Bohme et al,  1993; Tang et a l,  1995) and EphAl and EphB4 are both found on 

chromosome 7 (Yoshida et a l,  1989; Bennett et al, 1994), suggesting the existence of 

Eph receptor gene clusters.

1.1.1.4. The Gene Structure of Eph Receptors

Analysis of the genomic organisation of the chicken EphB2 (cEphB2) gene has revealed 

that the exon-intron structure correlates with the highly conserved protein domain 

structure of Eph receptors (Connor and Pasquale, 1995) as described in Section 1.1.1.2. 

This strongly implies that the Eph receptor exon structure is remarkably conserved, and 

the genomic structure of EphA2 is therefore likely to show strong similarity to that of
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EphB2. The cEphB2 gene is comprised of at least 16 exons, spanning over 35 kb 

(Connor and Pasquale, 1995). A number of Eph receptor isoforms have been described 

that can be explained on the basis of insertion, deletion or substitution within the exon- 

intron structure identified for cEphB2 (Connor and Pasquale, 1995). The function of 

the different Eph receptor isoforms is unclear, but based on both in vitro and in vivo 

observations, they are likely to play an important role in the precise regulation of Eph 

receptor signalling. For example, receptors lacking a functional kinase domain may act 

either in a dominant negative form by sequestering ligand (Xu et a l,  1995; Durbin et 

al, 1998) or, as described in Section 1.1.3.3, may function as ligands in “reverse 

signalling”. Recently, a function for kinase deficient truncated forms of the EphAV 

receptor in promoting adhesion in the developing neural tube has been proposed 

(Holmberg et a l,  2000).

None of the splice variants described in the literature thus far for other Eph receptors 

has been found to occur in EphA2 transcript processing. However, a novel exon (exon 

5.2) located ~ 10 kb upstream of the 5’ end of the published cDNA sequence was 

identified following a gene trap-mediated insertion event into the EphA2 locus (Chen et 

al,  1996). The function of this exon is unclear, as it comprises nucleotide sequence that 

does not contribute to functional protein, but transcripts have been isolated in which 

exon 5.2 sequence is spliced to nucleotide 179 of the published EphA2 cDNA sequence 

(Ganju et a l,  1994; Ruiz and Robertson, 1994). Such transcripts would have the 

potential to encode a truncated protein beginning at nucleotide 202 of the EphA2 cDNA 

sequence (Chen et a l,  1996). However, such a protein would lack the signal peptide 

sequence and therefore would be expected to reside intracellularly (see Section 1.1.8).

1.1.1.5. Eph Receptor Evolution

With the exon-intron structure of the vertebrate Eph receptor genes being largely 

conserved in those regions studied so far (Maru et a l,  1988; Chan and Watt, 1991; 

Sajjadi et a l,  1991; Connor and Pasquale, 1995; Lackmann et a l,  1998), it is quite 

possible that the Eph receptors have evolved from one ancestral gene by a process of 

gene duplication and subsequent mutations. So far, the EphA2 gene has been isolated 

from human, mouse and Xenopus, with a putative zebrafish homologue, based on a 

partial sequence. An alignment of the amino acid sequences of these four homologues 

is shown in Figure 1.3.
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Figure 1.3. Species Sequence Alignment of the EphA2 Receptor
Alignment o f the predicted amino acid sequence o f EphA2 from human (accession number (#)M 59371), mouse (#X78339), Xenopus (#AJ(X)2493) and a putative zebrafish 
homologue (#AJ005027). Boxes represent conserved residues. Alignment was performed by the MegAlign program (DNAStar) using the Jotun Hein method.



Sequence analysis reveals a 92% overall identity at the amino acid level between human 

and mouse EphA2 (Ganju et a l,  1994). The Xenopus and zebrafish sequences show 

most divergence from the human and mouse sequences in the fibronectin type III 

repeats, the cysteine rich region, the transmembrane domain and the carboxy terminus.

Other Eph receptors have been widely studied in rat, chicken, quail, Xenopus and 

zebrafish, with the identification, more recently, of Eph receptors in Drosophila (Scully 

et a l,  1999) and C. elegans (George et al, 1998). Interestingly, the C  elegans and 

Drosophila Eph receptor proteins display all the conserved domains of vertebrate Eph 

receptors, but both genes consist of only 10 exons (George et a l,  1998; Scully et a l,

1999), implying that intron gain may have been a feature in the evolutionary process of 

Eph receptors. Furthermore, the sequences of both C. elegans and Drosophila Eph 

receptor proteins show equal similarity to both vertebrate EphA and EphB receptors 

(George et al,  1998; Scully et a l,  1999), implying that vertebrate EphA and EphB 

receptors have diverged from a common ancestor.

Subdivision of the Eph family into the EphA and EphB subfamilies is based both on 

sequence homology of their extracellular domains, and their binding and activation 

specificities towards the two subclasses of ephrin ligands, ephrinAs and ephrinBs (Gale 

e ta l ,  1996a).

1.1.2. Introduction to Ephrins

Ligands for the Eph receptors are known as ephrins, Eph family receptor interacting 

proteins (Eph Nomenclature Committee, 1997). Alternatively, the name can also be 

derived from the Greek word “ephoros” meaning ‘overseer’ or ‘controller’ (Eph 

Nomenclature Committee, 1997). Eph receptors were for some time known as ‘orphan’ 

receptors, as a long period of time elapsed before the identification of the ephrin 

ligands. Although it is usually the case that RTKs are cloned before their ligands, the 

delay in cloning ephrins was partly due to the lack of a suitable bioassay by which they 

could be identified and partly due to the ligands being predominantly membrane bound. 

Ephrins are subdivided into ephrinAs and ephrinBs on the basis of whether they are 

attached to the membrane via a GPI linkage or exist as transmembrane proteins, 

respectively. Similar to the subdivision of Eph receptors, ephrinA and ephrinB 

subclasses also reflect the degree of homology shared between their extracellular
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domains and their binding properties towards the EphA and EphB receptors (Gale et al., 

1996a).

1.1.2.1, The Discovery and Cloning of EphrinA 1

The first ephrin to be identified was ephrinAl, which, on the basis of its binding affinity 

and expression pattern, is now widely accepted as the cognate ligand for the EphA2 

receptor, although other ephrins are also able to bind EphA2. Using the extracellular 

domain of EphA2 attached to a BIAcore sensorchip, concentrated cell culture 

supernatants were screened for binding activity (Bartley et a l,  1994). Following further 

purification and N-terminal sequencing, ephrinA 1, which had previously been cloned as 

B61, a tumour necrosis factor a  (TNFa)-inducible early response gene, was identified 

as a binding partner (Holzman et a l,  1990). Purified soluble ephrinA 1 was 

demonstrated to bind to EphA2-expressing cells and to induce a dose-dependent 

increase in tyrosine phosphorylation of the EphA2 receptor (Bartley et a l,  1994). 

However, a membrane-bound form of ephrinA 1 was also observed (Bartley et ai,

1994), and subsequent analysis revealed that ephrinA 1 is attached to the cell membrane 

through a GPI linkage which can be cleaved by phospholipase C (PLC) (Shao et al,

1995). Furthermore, membrane-bound ephrinA 1 is also able to induce EphA2 receptor 

phosphorylation (Shao et a i,  1995).

Other ephrins have been cloned following similar receptor affinity chromatography 

approaches (Lackmann et a l,  1996; Sakano et a l,  1996). However, a number of 

ephrins (both A and B) have been cloned using a soluble receptor affinity approach, in 

which so-called receptor-bodies (fusion proteins comprising the extracellular domain of 

Eph receptors coupled to the Fc region of IgG (Aruffo et al,  1990) or alkaline 

phosphatase tags (Flanagan and Leder, 1990) are used to screen expression libraries for 

positive binding activity. The ligand ephrinA5 was identified following a screen for 

GPI-linked proteins with repellent activity (Drescher et a l,  1995). It is likely that other 

ephrins remain to be cloned, as no binding partner for EphB5 has been reported, and 

ephrinA 1 only binds modestly to EphAl (Gale et al, 1996a).

1.1.2.2. The Protein Structure of Ephrins

As membrane proteins, both ephrinA and ephrinB ligands possess a short signal peptide 

at their amino-terminus, followed by a relatively conserved sequence of 125 amino
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acids which is thought to represent the receptor binding domain, a spacer region and a 

hydrophobic region (Kozlosky et a l,  1995) (see Figure 1.4).

The predicted open reading frame for mouse ephrinA 1 encodes a 205 amino acid 

polypeptide of approximately 25 kDa. The first stretch of hydrophobic amino acids in 

all ephrins (18 residues in ephrin Al) comprises the signal peptide which is subject to 

cleavage. There are a number of conserved residues in the putative receptor-binding 

domain (Zhou, 1998), including four invariant cysteine residues that are present in all 

ephrins (Kozlosky et al, 1995). The extracellular domain of ephrinA 1 contains a single 

site for potential N-linked glycosylation, the occurrence of which has been 

demonstrated by N-terminal sequence analysis (Bartley et a l,  1994). The carboxy 

terminus of ephrinA 1 is thought to function as a signal for GPI linkage to the 

membrane. The 23 hydrophobic amino acids are cleaved and a GPI moiety is attached 

via ethanolamine to the carboxy terminus. Consistent with the identification of 

ephrinA 1 as a soluble protein (Bartley et a l,  1994), the GPI linkage of ephrinA ligands 

can be cleaved specifically by phospholipases, as has been demonstrated for ephrinA 1 

(Shao et al,  1995) and ephrinA2 (Cheng and Flanagan, 1994).

Attachment of ephrinB ligands to the cell membrane is achieved by a stretch of ~ 25 

hydrophobic amino acids comprising a transmembrane domain, followed by an 80-90 

amino acid cytoplasmic stretch which contains 5 conserved tyrosine residues of 

potential importance in bidirectional signalling (see Section 1.1.3.3). Interestingly, a 

valine is present as the last carboxy terminal residue of all ephrinB ligands. A carboxy- 

terminal valine residue is also present in transforming growth factor a  (TGFa), colony- 

stimulating factor-1 (CSF-1) and stem cell factor (SCF), membrane-bound proteins that 

can also exist as soluble factors, and it has previously been demonstrated that 

extracellular cleavage of membrane-bound TGFa into its soluble form requires this 

valine residue (Bosenberg et a l,  1992). The carboxy terminus of ephrinB ligands also 

contains a PDZ domain binding motif (-YKV) (Bergemann et al,  1998; Torres et al,  

1998; Lin et al,  1999), similar to that found in the carboxy terminus of Eph receptors 

(see Section 1.1.1.2.2). This may provide a mechanism through which recruitment of 

signalling components to ephrinB ligands can occur for reverse signalling (see Section 

1.1.3.3) or by which ephrinB clustering may occur in order to facilitate EphB receptor 

activation (see Section 1.1.3.2).
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E phrinB  lig a n d s

Transmembrane Cytoplasmic 
region domain

Figure 1.4. Diagram of the Protein Structure of Ephrin Ligands
Ligands for Eph receptors are divided into ephrinAs or ephrinBs, depending on whether 
they are attached to the cell membrane via a GPI linkage (ephrinAs) or whether they exist 
as transmembrane proteins (ephrinBs). Four cysteine residues within the receptor-binding 
domain are conserved in all ephrins. The carboxy terminus of the cytoplasmic domain of 
ephrinB ligands shows a very high degree of homology.
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1.1.2.3. Chromosomal Location and Gene Structure of EphrinAl

EphrinA 1 is encoded by a single copy gene (Holzman et a l,  1990) that resides on 

mouse chromosome 3 (Shao et al,  1995; Cerretti et a l,  1996) and human chromosome 

lq21-22 (Cerretti et al, 1996), regions which are syntenic. Interestingly, as is observed 

for the Eph receptor genes, several of the ephrinA ligands are clustered in the same 

chromosomal region (Cerretti et al, 1996).

Although studies on the genomic organisation of vertebrate ephrin genes have been 

limited, the exon-intron structure of mouse ephrinA3 and ephrinA4, and that of human 

ephrinA2 and ephrinA4, have been elucidated (Cerretti and Nelson, 1998; Aasheim et 

al, 2000). Mouse ephrinA3 and ephrinA4 genes contain five and four exons, 

respectively, whilst human ephrinA2 and ephrinA4 genes both contain four exons. 

Unlike the situation in Eph receptors where the intron-exon structure correlates with the 

domain structure (Connor and Pasquale, 1995), the gene structure of ephrinAs does not 

strictly correspond to the four domains characterised by the signal peptide, receptor- 

binding region, spacer region and hydrophobic GPI linkage region proposed by 

Kozlosky and colleagues (Kozlosky et a l,  1995). The first three exons of the ephrinA 

ligands studied by Cerretti and Nelson (Cerretti and Nelson, 1998) contain sequence 

from the 5’ untranslated region to the beginning of the spacer domain, with three 

intervening introns. The presence of an additional intron in the spacer region 

determines whether the remainder of the protein and the 3’ noncoding region is 

contained in sequences derived from one or two more exons. However, for the first 

three exons, the location of the introns within the predicted sequence is conserved 

(Cerretti and Nelson, 1998).

Far fewer splice variants have been documented for ephrins than the number of 

isoforms reported for Eph receptors (Flenniken et a l,  1996; Weinstein et a l,  1996; 

Aasheim et al, 2000). Several of these isoforms give rise to soluble ligands, the reason 

for which is unclear, since soluble forms of ephrins can be created by mechanical 

processes outlined in Section 1.1.2.1.

1.1.2.4. Ephrin Ligand Evolution

The ephrinA 1 gene has been cloned from human, mouse and rat sources, and putative 

homologues have also been identified in Xenopus and zebrafish.
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Figure 1.5. Species Sequence Alignment of EphrinAl
Alignment o f  the predicted amino acid sequence o f ephrinA 1 from human (accession number (#) M 57730), mouse (#1126188), 
rat (#038056) and putative Xenopus (#AAA74485) and zebrafish (#CAA07264) homologues. Boxes represent conserved 
residues. Asterisks denote conserved cysteine residues. Alignment was performed by the M egAlign program (DNAStar) using 
the Jotun Hein method.



An alignment of the amino acid sequences of the ephrinA 1 gene from these species is 

shown in Figure 1.5. Strikingly, the four conserved cysteine residues are present in all 

species. The discovery of ephrins in Drosophila is imminent following the 

identification of a Drosophila Eph receptor (Scully et a l,  1999). Four putative ephrin- 

encoding genes, efn-1, efn-2, efn-3 and efn-4, have been identified in C. elegans (Wang 

et a l,  1999). The C. elegans ephrins contain a putative amino-terminal signal peptide 

and a carboxy-terminal GPI attachment signal, but they share more homology with the 

conserved region of vertebrate ephrinB ligands than ephrinAs (Chin-Sang et a l,  1999; 

Wang et al, 1999). The gene structure of efn-l/vab-2, efn-2 and efn-3 consists of 4, 5 

and 6 exons, respectively (Chin-Sang et al,  1999; Wang et a l,  1999).

1,1.3. Interactions Between Eph Receptors and Ephrins

I.I.3.I. Promiscuity of Ligand-Receptor Binding Interactions

As described in Section 1.1.2.1, many of the Eph receptor ligands were isolated from 

expression libraries using the soluble extracellular domain of the receptor coupled to a 

suitable tag such as IgG or alkaline phosphatase to aid detection (so-called receptor 

bodies). At an early stage in the process of identifying ephrins, a number of groups 

using this technique independently identified the same ligand using the extracellular 

domain of different Eph receptors (e.g. ephrinA 1 was found to bind EphA2, EphAS and 

EphA5 (Bartley et al, 1994; Beckmann et al,  1994; Davis et a l,  1994)) or different 

ligands using the same receptor-body (e.g. ephrinA 1 and ephrinB 1 were bound by 

EphAS (Kozlosky et al,  1995)), resulting in the accumulation of a number of different 

names for the same ephrin or Eph isolated from different species. For clarity, a new 

nomenclature was adopted (Eph Nomenclature Committee, 1997). However, it was 

apparent from these observations that a great deal of promiscuity existed in Eph 

receptor-ligand interactions. In vitro binding studies carried out by Gale and colleagues 

(Gale et al,  1996a) revealed that the ephrins can be functionally separated into two 

subclasses, depending on their ability to bind to EphA or EphB receptors. Significantly, 

this subdivision tends to correspond to the structural separation of the ligands into GPl- 

linked or transmembrane ephrins, such that ephrinA ligands bind to EphA receptors, and 

ephrinB ligands display preferential binding activity to EphB receptors, although 

EphA4 has been reported to be bound by ephrinB2 and ephrinB3 (Gale et a l,  1996a; 

Gale et al,  1996b) (see Figure 1.6).
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Figure 1.6. Summary of Binding Specifîcities of Eph Receptors and Ephrins
Eph receptors are divided into two subgroups based on sequence homology and ligand 
subclass binding specificity. The EphA subfamily interacts primarily with GPI-linked 
ephrinA ligands, whilst EphB receptors bind transmembrane ephrinB ligands. Only EphA4 
shows significant binding activity towards both ephrinA and ephrinB ligands. However, 
within each subclass, there is a great deal o f variation in the binding affinities o f  individual 
Eph-ephrin interactions, which may be highly significant in vivo. In contrast, EphAl only 
appears to be bound by ephrinA 1, whereas no ligand has yet been identified for EphB5.
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However, within each subgroup there is a great deal of variation in the binding 

specificities of ligand-receptor interactions, for example, ephrinA2 exhibits a 20-fold 

difference between its strongest affinity interaction (K<i = 1.03 nM for EphA?) and its 

weakest (IQ = 20.1 nM for EphA2) (Gale et al, 1996a). Such differences in receptor 

binding have been shown to be of functional significance in vivo where, for example, 

the different affinity of the EphA3 receptor towards ephrinA2 and ephrinA5 has been 

shown to be important in retinotectal mapping (Monschau et al,  1997) (see Section 

1.1.7.1). Furthermore, consistent with the in vitro binding studies, members from one 

ephrin subclass are only capable of inducing tyrosine phosphorylation in members of 

the respective Eph receptor subclass (Gale et al,  1996a). However, in some cases, high 

affinity binding interactions are not indicative of induction of receptor phosphorylation 

(Davis et a l,  1994; Lackmann et al,  1997) and discrepancies in binding affinities 

obtained using different receptor-body tags have been reported (e.g.. Gale et a l,  1996a; 

Lackmann et al, 1997; Bergemann et a l,  1998). The reason for such inconsistencies is 

likely due to the use of Fc fusions of receptor- or ligand- bodies in many of the studies 

of Eph-ephrin interactions. A detailed biochemical study carried out by Lackmann and 

colleagues (Lackmann et a l,  1997) demonstrated that divalent Fc-tagged ephrinA2 and 

ephrinAS ligand bodies both had similar binding affinities and kinetics for the EphA3 

receptor, whereas monovalent FLAG™-tagged ephrinA5 showed a much lower 

dissociation rate compared to FLAG™-tagged ephrinA2. Cross-linking the monovalent 

ligand bodies with an anti-FLAG™ antibody resulted in high affinity binding of both 

ligands to Eph A3, implying that only at high local concentrations would ephrin A2 be 

able to interact with Eph A3, whereas a stable interaction between ephrin A5 and Eph A3 

could occur at much lower concentrations of ligand (Lackmann et a l,  1997). Thus, 

many of the ephrin-Eph interactions that have been identified using Fc-fusion proteins 

may not be representative of a physiologically relevant ligand-receptor interaction.

1.1.3.2. A Requirement for Ephrin Clustering in Eph Receptor Activation?

Fc-tagged ligand bodies have also been used in the study of Eph-ephrin interactions to 

mimic the membrane-bound state of ephrins. This followed reports that, although able 

to bind their receptors, ephrins were unable to induce tyrosine phosphorylation of Eph 

receptors in their soluble form, but could be induced to do so by artificial clustering 

(Davis et a l,  1994). The existence of the ephrins as membrane-bound ligands was 

therefore highly significant and positive Eph-ephrin interactions were only thought 

possible upon cell-cell contact, perhaps reflecting the need for Eph receptors themselves
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to dimerise or oligomerise before downstream signalling can occur (Lemmon and 

Schlessinger, 1994). However, the fact remained that ephrinA 1 had been cloned as a 

soluble protein and, in this form, was capable of inducing tyrosine phosphorylation of 

the EphA2 receptor (Bartley et al, 1994). Paradoxically, the soluble, myc-tagged 

ephrinA 1 used in studies by Davis and colleagues (Davis et a i,  1994) was not capable 

of inducing EphA5 tyrosine phosphorylation until artificially dimerised, which led to 

speculation that soluble forms of the ephrins may actually function as antagonists of 

Eph receptor activation. Since then, there have been conflicting reports regarding the 

requirement of the ephrins to be artificially clustered in order to induce Eph receptor 

activation and elicit downstream signalling events. EphrinAl, as previously mentioned, 

was identified as a soluble protein and demonstrated to induce EphA2 phosphorylation 

in colon carcinoma cells (Bartley et al,  1994). However, ephrinA 1 has also been 

shown to be biologically active as a membrane-bound ligand (Shao et a l,  1995). 

Subsequent studies have used dimeric ephrinA 1 as an Fc fusion protein to activate 

EphA2, leading to the identification of receptor binding partners (see Section 1.1.4.4.1).

Thus, ephrinA 1 has been shown to activate EphA2 as a soluble, dimeric or membrane- 

bound ligand. EphrinA IFc also binds to and activates EphAS in the absence of further 

clustering (Choi et a l,  1999). However, despite displaying a high affinity in vitro 

interaction as an Fc fusion protein, ephrinA 1 is only able to activate EphAT in its 

membrane bound form (Ciossek and Ullrich, 1997). Further variations have also been 

seen with other ephrin-Eph interactions (e.g. Bennett et a l,  1995; Sakano et a l,  1996; 

Park and Sanchez, 1997; Ohta et a l,  1997), with a number of reports that soluble 

ligands are antagonistic (e.g. Winslow et al, 1995; Durbin et a l,  1998). The 

requirement for ephrins to be dimerised, clustered or membrane-bound therefore seems 

to be highly variable depending on the particular ligand-receptor interaction being 

studied, and may also reflect the cell type and conditions under which the experiment is 

performed. Interestingly, ephrinB ligands appear to have more of a requirement to be 

clustered into oligomers than do ephrinA ligands for efficient Eph receptor activation 

(Davis et a l,  1994; Gale and Yancopoulos, 1997). Furthermore, it can be envisaged 

that the same ephrin-Eph interaction may vary in its affinity and consequent ability to 

induce receptor phosphorylation depending on the cell type studied, which even then is 

not representative of an in vivo situation where it is likely that many other influences, 

such as co-operativity or inhibition from other cell-cell interactions will occur. Thus, in 

vitro studies alone cannot be used to predict whether an in vitro ligand-receptor
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interaction will be physiologically relevant in vivo. A bona fide ephrin-Eph receptor 

interaction is likely to occur if both ligand and receptor are demonstrated to co-localise 

to the same or neighbouring cells in addition to being shown to have a high affinity 

interaction in vitro. EphA2 and ephrinA 1 have been shown to co-localise in a number 

of different tissues (see Sections 1.1.6.1 and 1.1.6.2).

In addition to influencing whether or not the interaction will occur, ephrin clustering 

may also be an important factor in determining the cellular response. Both ephrinB IFc 

dimers and tetramers were shown to induce EphB 1 and EphB2 receptor phosphorylation 

to the same extent in endothelial and P19 cells, but only ephrinBl tetramers recruited 

the low molecular weight-protein tyrosine phosphatase, LMW-PTP, to the 

phosphorylated receptors (Stein et al., 1998a). This distinction between different 

oligomeric forms of ligand may be of fundamental importance in the response of cells to 

different gradients of ephrin in aspects of development.

The mechanism by which ephrins are clustered at the cell membrane is not yet clear, but 

recent studies have proposed that the presence of a PDZ domain binding motif at the 

carboxy terminus of ephrinB ligands may be highly significant (Torres et a l,  1998; Lin 

et al, 1999). Torres and colleagues (Torres et al, 1998) demonstrated that co­

expression of ephrinBl and the PDZ protein PlCKl (protein interacting with Ç a kinase 

1) resulted in significant co-clustering. Other PDZ proteins with which ephrinB ligands 

have been reported to interact include syntenin (Lin et a l,  1999), glutamate receptor- 

interacting protein (GRIP) (Bruckner et a l,  1999; Lin et al,  1999), a novel ephrin- 

interacting protein, PHIP (Lin et a l,  1999), and the tyrosine phosphatase FAP-1 (Fas- 

associated phosphatase) (Lin et a l,  1999). At least some of these proteins may be 

involved in the localisation and consequent clustering of ephrins at the cell membrane, 

while others may have a role in ephrinB-directed signalling. An additional method of 

clustering relevant to ephrinA ligands may be mediated by the concentration in lipid- 

rich caveolae of GPI-linked proteins (Simons and Ikonen, 1997), as has been reported 

for ephrinA5 (Davy et a l,  1999).

1.1.3 3. Reverse Signalling -  Eph Receptors as Ligands

Both genetic and biochemical evidence has demonstrated that ephrins are unusual in 

being able to act both as conventional ligands for Eph receptors and themselves 

initiating intracellular signalling pathways that are independent of the catalytic activity
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of Eph receptors. The concept that the cytoplasmic domain of ephrinB ligands may 

feature in some aspect of signalling was initially proposed upon aligning the amino acid 

sequences of the three ephrinB ligands (Gale et a l,  1996b). The carboxy terminus 

shows 91% homology over the last 33 amino acids, and contains 5 conserved tyrosine 

residues, some of which have the potential to become phosphorylated and thus act as 

docking sites for molecules involved in signalling (Pawson, 1995). Evidence 

supporting the occurrence of ephrinB phosphorylation was provided by cell culture 

studies (Holland et al., 1996; Bruckner et at., 1997). Presentation of EphB2 as a 

clustered Fc receptor body to cells expressing full length ephrinBl or ephrinBl resulted 

in their tyrosine phosphorylation, whereas cells expressing an ephrinB 1 mutant lacking 

the cytoplasmic domain failed to become phosphorylated. Furthermore, co-culture of 

EphBl-expressing cells with cells expressing either ephrinBl or ephrinBl resulted in 

the phosphorylation of tyrosine residues in the EphBl receptor and the ephrinB ligands, 

implying that signalling could occur in both the Eph- and ephrin- expressing cells 

(Holland et al,  1996), a concept termed bi-directional signalling. Evidence that 

phosphorylation of ephrinB ligands can also occur in tissues was provided by both 

groups who were able to immunoprecipitate tyrosine phosphorylated ephrinB ligands 

from mouse embryos (Holland et a l,  1996; Bruckner et al,  1997). Since the 

cytoplasmic domain of ephrins does not possess intrinsic kinase activity, the kinase(s) 

responsible for the tyrosine phosphorylation is unknown. Although able to 

phosphorylate ephrinB ligands in vitro (Holland et a l,  1996; Bruckner et al,  1997), a 

role for Src family kinases in in vivo phosphorylation of ephrinB ligands is unclear due 

to their slower rate of activation compared with that of ephrinBs (Bruckner et al,  1997). 

Tyrosine phosphorylation of ephrinBl was also observed following the addition of 

platelet-derived growth factor (PDGF) (Bruckner et a l,  1997), and following in vitro 

incubation with glutathione S-transferase (GST)-Tiel (Adams et a l,  1999), but the 

significance of these observations is also unclear. A recent study demonstrated that 

presentation of the ectodomain of EphBl to ephrinBl resulted in the recruitment of a 

serine/threonine kinase to the ephrinBl ligand via its interaction with the PDZ protein 

GRIP (Bmckner et a l,  1999), implying that PDZ proteins may be involved in the 

phenomenon of ephrinB-mediated reverse signalling.

Genetic evidence in support of reverse signalling was provided by studies on EphBl 

deficient mice, which show defective anterior commissure formation (Henkemeyer et 

al,  1996). However, mice expressing mutant EphBl receptors lacking the kinase
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domain displayed correct guidance of anterior commissure axons, which, together with 

the localisation of ephrinBl to the migrating axons implied that signalling pathways 

regulating proper commissure formation were being activated in the ephrinB 1- 

expressing axons by EphB2 extracellular domain-expressing cells in the adjacent 

territory (Henkemeyer et al,  1996). Additional evidence for kinase-independent 

signalling comes from recent studies in C. elegans. Since mutations affecting the kinase 

domain of the C. elegans Eph receptor VAB-1 caused weaker phenotypes compared to 

vab-1 null mutations (George et a l,  1998), it was proposed that VAB-1 may have both 

kinase-dependent and -independent functions (George et al,  1998), similar to the 

scenario in EphB2 mutant mice (Henkemeyer et a l ,  1996). Mutations of one of the four 

C. elegans ephrin genes, efn-1, synergised strongly with vab-1 kinase domain 

mutations, again implying a kinase-independent role for VAB-1. This is somewhat 

surprising, as all four of the C. elegans ephrins, being GPI-linked (Wang et al,  1999) 

lack any cytoplasmic residues. Moreover, recent reports suggest that ephrinA5 is also 

capable of eliciting intracellular signalling following stimulation with EphA5-Fc, 

resulting in an increase in cell adhesion concomitant with an increase in tyrosine 

phosphorylation within lipid-rich caveolae (Davy et a l,  1999; Davy and Robbins,

2000). Stimulation of ephrinA2 or ephrinAS by EphAS has also been demonstrated to 

result in the tyrosine phosphorylation of a 120 kDa membrane raft protein (Huai and 

Drescher, 2001). Indeed, the 10 minute lag phase preceding the increased tyrosine 

phosphorylation of a 120 kDa protein following EphAS treatment may well be the result 

of changes in the structure or content of lipid rafts leading to activation of signalling 

components (Huai and Drescher, 2001). Signal transduction via GPI-linked ephrins 

may occur in conjunction with other transmembrane proteins or co-receptors, as has 

been postulated to occur for the GPI-linked ciliary neurotrophic factor (CNTF) receptor 

(Davis et al,  1991) and the glial cell-derived neurotrophic factor (GDNF) receptor (Jing 

e ta l ,  1996; Treanor a/., 1996).

1.1.4. Signalling Through Eph Receptors

1.1.4.1. Ligand-Receptor Binding

Eph receptor activation, whether by cell-cell juxtaposition or engagement of soluble 

ligand, is proposed to involve a two-step process whereby ligand-receptor interactions 

facilitate localised Eph receptor clustering and, only on reaching a critical threshold of 

Eph receptor concentration is oligomerisation (putatively mediated by the extracellular
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membrane-proximal region), and subsequent autophosphorylation, able to occur 

(Lackmann et a l,  1998). In accordance with this, truncated or kinase-deficient 

receptors act in a dominant negative manner by dimerising with full length receptors 

and thus impairing the ability of dimers to autophosphorylate (Xu et a l,  1995; Xu et al,  

1996; Smith e ta l ,  1997; Durbin e ta l ,  1998).

Biochemical analysis by Lackmann and colleagues (Lackmann et al,  1997) has 

demonstrated that the stoichiometry of the ephriniEph interaction is 1:1, implying that 

additional factors may be involved in the formation of a stable Eph receptor dimer. 

Similar to ephrinB ligands, Eph receptors may also be held in pre-assembled complexes 

via interactions with PDZ proteins. Such complexes occur in neuronal synapses where, 

for example, the NR2 subunits of the N-methyl-D-aspartate (NMDA) receptor are 

thought to be clustered via interactions with the synapse-associated protein SAP90 (Kim 

et a l,  1995a). More recently, the PDZ protein afadin (AF-6) has been demonstrated to 

interact and co-cluster with a number of Eph receptors in transfected cells, and to co- 

localise in hippocampal postsynaptic membranes (Buchert et a l,  1999). However, 

although such pre-assembly may occur, a mechanism must also exist for Eph receptor 

activation to occur as a consequence of ephrin-induced receptor oligomerisation. A 

delayed time course for the activation of EphBl by ephrinB 1 has been proposed to be a 

function of the assembly of receptor oligomers (Gale and Yancopoulos, 1997), although 

this may vary according to the cell type and the ligand-receptor interaction being 

studied.

1.1.4.2. Activation of Eph Receptor Tyrosine Kinase Activity

Stimulation of the catalytic activity of receptor tyrosine kinases is generally initiated by 

ligand-induced receptor oligomerisation or re-positioning to facilitate the juxtaposition 

of the cytoplasmic domains of the receptors. Such positioning is thought to enable 

autophosphorylation to occur in trans between receptors, resulting in the 

phosphorylation of tyrosine residues in the activation segment of the kinase domain and 

within the cytoplasmic domain. These phosphorylation events lead to both stimulation 

of catalytic activity and the creation of substrate docking sites (Ullrich and Schlessinger, 

1990).

Recently, Binns and colleagues (Binns et a l,  2000) have employed site-directed 

mutagenesis in both in vitro and cellular assays to investigate the involvement of
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phosphotyrosine residues in Eph receptor activation. Similar to most other RTKs, 

mutation of a conserved tyrosine residue within the putative activation loop of the 

kinase domain significantly decreased kinase activity. However, phosphorylation of the 

highly conserved juxtamembrane tyrosine residues is also apparently necessary for full 

Eph receptor activation, as previously observed by Zisch and colleagues (Zisch et al,  

1998). Furthermore, additional sites of autophosphorylation within the kinase domain 

of Eph receptors have also been reported (Choi and Park, 1999; Kalo and Pasquale, 

1999a), suggesting a complex mechanism for the regulation of Eph receptor kinase 

activation.

Many proteins have been identified that are capable of binding to the cytoplasmic 

domain of Eph receptors. Such substrates may bind only when the receptors are 

activated, i.e. are dependent upon Eph receptor phosphorylation, whereas others may be 

able to associate via phosphorylation-independent means, for instance, through PDZ or 

SAM domain interactions.

1.1.4.3. Phosphorylation-Independent Binding Partners of Eph Receptors

Thus far, a number of Eph receptor-PDZ protein associations have been reported (see 

Section 1.1.4.1) and, although there have been no reports of any PDZ proteins 

interacting with EphA2, it is likely that such interactions will be identified. As 

previously discussed (Section 1.1.4.1), interactions with PDZ proteins may serve to hold 

Eph receptors in a pre-assembled complex to facilitate receptor oligomerisation. An 

alternative or additional function for Eph receptor-PDZ protein interactions may be to 

target Eph receptors to specific signalling complexes where many proteins can be held 

together in what is sometimes referred to as a ‘signalosome’. Within such complexes, 

signalling components are in close proximity to each other and may associate or 

dissociate depending on their phosphorylation status (Pawson and Scott, 1997). Thus, a 

constitutive Eph receptor-PDZ protein interaction may occur in the absence of receptor 

activation, but ephrin-induced receptor tyrosine kinase activity may modify the 

components in a phosphorylation-dependent manner, as described in Section 1.1.4.4. 

Furthermore, different Eph receptor-PDZ interactions in different subcellular locations 

may play additional roles in regulating the interactions of Eph receptors with their 

substrates. In C. elegans, mislocalisation of the RTK Let-23 by mutation of any one of 

three PDZ proteins results in defective signalling (Torres et a l,  1998), emphasising the 

importance of localised signalling.
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I.I.4.4. Phosphorylation-Dependent Binding Partners of Eph Receptors

Autophosphorylation of residues within the cytoplasmic domain of activated RTKs 

mediates subsequent phosphorylation-dependent intracellular signalling. Many 

cytoplasmic substrates are able to bind to such phosphorylated tyrosine residues and in 

turn recruit or modify other components. This results in propagation of the initial signal 

via protein-protein interactions in a signalling cascade (reviewed in Pawson, 1995). The 

cytoplasmic domain of Eph receptors contains 12 conserved tyrosine residues (Zhou, 

1998) which, if phosphorylated, may serve as binding/docking sites for signalling 

components that contain Src-Homology 2 (SH2) or phosphotyrosine binding 

(PTB)/phosphotyrosine interacting domains (PID). Such modules recognise not only 

the phosphorylated tyrosine residue but also short amino acid sequences (up to 8 

residues) either amino- or carboxy- terminal to it (Pawson and Scott, 1997), which may 

therefore function to maintain specificity between the 14 different Eph receptors. 

Substrates interacting with phosphorylated Eph receptors include enzymes, adaptor 

proteins and structural proteins (reviewed in van der Geer et a l,  1994). Additionally a 

number of novel proteins have also been identified in the pursuit of Eph binding 

partners. Several of these substrates have the potential to influence the behaviour of the 

cytoskeleton, and may therefore impinge on aspects of cell adhesion and migration, as 

has been reported in many cases (see Section 1.1.5). Substrates that interact directly 

with Eph receptors are listed in Table 1.1, whilst EphA2 binding partners are described 

below in Section 1.1.4.4.1.

Additionally, Eph receptor-mediated tyrosine phosphorylation of proteins that are 

implicated in cell morphology, such as R-ras (Zou et a i,  1999) and LI (Zisch et a l,

1997) has been demonstrated, although it is unclear whether these proteins bind directly 

to the activated receptors. A number of Eph receptors have also been reported to 

influence the activity of components of the so-called mitogen-activated protein ^nase 

(MAPK) modules, most notably causing activation of c-Jun N-terminal kinase (INK) 

(Stein et a l,  1998b; Becker et a l,  2000) and extracellular signal-regulated kinase 

(ERK)/MAPK (Zisch et al, 2000), and, more recently, reverse-signalling through 

ephrinA5 has been demonstrated to activate p42 MAPK and p44 MAPK (Davy and 

Robbins, 2000), suggesting that Eph- and ephrin- mediated signalling might be involved 

in the regulation of pathways that control transcriptional changes.
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Substrate Eph
receptor

Reference Signifîcance/potential function

Fyn EphA3
EphA4
EphAS
EphB3

(Zisch etal.,  1998) 
(Ellis etal.,  1996) 
(Choi and Park, 1999) 
(Hock etal., 1998)

Can interact with W ASP. May regulate 
cell shape, adhesion and migration 
(similar to Src and Yes) (Parsons and 
Parsons, 1997)

Src EphA3
EphA4
EphB2
EphBS

(Zisch etal., 1998) 
(Holland et a i ,  1997)

Interacts with, and is able to 
phosphorylate, components of focal 
adhesions. Negatively regulates the 
ability o f cortactin to cross-link actin.

Yes EphA3
EphA4
EphB2
EphBS

(Zisch et a i ,  1998) Similar to Src and Fyn.

PLCy EphA4 
EphB 2

(Kalo and Pasquale, 1999b) 
(Holland etal.,  1997)

May effect cytoskeletal organisation 
via increased intracellular calcium  
concentration.

p i20 GAP EphB2 
EphB 3

(Holland etal., 1997) 
(Hock et al., 1998)

Stimulates hydrolysis o f GTP-bound 
Ras. Constitutively associated with 
RhoGAP, and may regulate its activity 
(McGlade et a i ,  1993). Mediates 
complex formation between Nek and
p62^°"

Crk EphB3 (Hock etal., 1998) Binds to RasGEFs. Capable o f  
interacting with CAS to promote Rac- 
dependent migration and invasion 
(Klemke etal.,  1998).

Nek EphBl (Stein era/., 1998b) Required for axonal pathfmding in 
Drosophila (Garrity et a l ,  1996) 
Interacts with PAK and WASP.

Grb2 EphBl (Stein et al., 1996) Recruits Sos to plasma membrane to 
bring into proximity o f Ras. Sos also 
stimulates activity o f Rac (Nimnual et 
a i ,  1998)

GrblO EphBl (Stein eta /., 1996) Shares a region o f homology with the 
C. elegans M ig-10 protein, which is 
required for migration during 
embryogenesis (Manser gf a/., 1997).

LMW-PTP EphBl
EphB2

(Stein et al., 1998a) Negatively regulates mitogenesis? 
(Chiarugi e ta l ,  1998)

R-Ras EphB2 (Zou etal.,  1999) R-Ras activity promotes integrin 
function (Zhang et a i ,  1996a). 
Phosphorylation o f R-Ras inhibits its 
activity, thus compromising cell-ECM  
interactions.

SHEP
(SH2 domain- 
containing Eph 
receptor-binding 
protein 1)

EphB2 (Dodelet et a i ,  1999) Contains an N-terminal SH2 and a C- 
terminal GEF domain. Binds the 
GTPases R-Ras and Rap 1 A, thus may 
mediate integrin function and 
endo/exocytosis, respectively (Bos, 
1998)

Table 1.1. Summary of Phosphorylation-Dependent Eph Receptor Substrates
Adapted from Kalo and Pasquale, 1999b
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1.1.4.4.1, Binding Partners of EphAl

The first Eph receptor substrate to be identified was the p isoform of the p85 subunit of 

phosphoinositol 3-kinase (PI3K) (Pandey et al,  1994). The interaction was detected 

using the cytoplasmic domain of BphA2 as bait in a yeast two-hybrid screen and is 

thought to occur via the carboxy-terminal SH2 domain of p85. Although the tyrosine 

residue mediating this interaction has not been mapped, it is likely to reside in the 

kinase domain of EphA2, consistent with the presence of two YXXM motifs (Songyang 

et a l,  1993) at sites 686 and 848 (corresponding to the mouse sequence) in the kinase 

domain of EphA2. Moreover, stimulation of smooth muscle cells with ephrinA IFc 

resulted in an increase in PI3K activity (Pandey et al,  1994), which may have 

implications in cytoskeletal rearrangement, in particular, Rac-induced membrane 

ruffling (Ridley et a l,  1992).

Characterisation of other positive clones from the same yeast two hybrid screen that 

identified the EphA2-PI3K interaction also led to the discovery of a novel protein which 

contains SH2 and Src homology 3 (SH3 motifs) bearing strong homology to those of 

Src family kinases, but lacks a catalytic domain, and thus was named Src-like adaptor 

protein, SLAP (Pandey et al,  1995a). Like p85, SLAP also binds EphA2 in an 

bphrinA1 Fc-dependent manner. SLAP has subsequently been found to act as a negative 

regulator of PDGF-induced mitogenesis in fibroblasts (Roche et a l,  1998) and of T-cell 

receptor signalling (Sosinowski et al, 2000).

EphA2 has been reported to constitutively associate with focal adhesion kinase (FAK), 

a non-receptor tyrosine kinase present at regions known as focal adhesions where cells 

are closely associated with the extracellular matrix through integrins (Miao et a l,  2000). 

Upon stimulation with ephrinA IFc, FAK became dephosphorylated and the association 

with EphA2 was lost. This was demonstrated to negatively affect cell-ECM 

interactions, cell spreading and cell migration (Miao et a l,  2000) (see Section 1.1.5.2). 

Prior to FAK dephosphorylation, the protein tyrosine phosphatase Shp2 was recruited to 

EphA2, presumably via one of its two SH2 domains. Interestingly, another protein 

tyrosine phosphatase, LMW-PTP, is also found to coimmunoprecipitate with the EphA2 

receptor, but the association appears to be constitutive, as it occurs irrespective of 

ephrinA 1 Fc-induced EphA2 phosphorylation (Miao et a l,  2000). The mechanism by 

which EphA2 and phosphorylated FAK associate is unclear and it is quite feasible that 

FAK is indirectly associated with EphA2 via a component of a larger protein complex.
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1.1.5. Cellular Studies - Consequences of Signalling Through Eph 

Receptors

Roles for Eph receptors in several cellular functions, as outlined below, have been 

demonstrated.

I.I.5.I. The Involvement of Eph Receptors in Cell-Cell Interactions

The first strong evidence that Eph-ephrin interactions were able to influence cell-cell 

interactions came to light when ephrinA5 was identified as a repellent molecule in the in 

vitro stripe assay and hence was originally called RAGS (repulsive axon guidance 

signal) (Drescher et ai,  1995). Membranes from mock- or ephrinAS- transfected COS 

cells were used to coat a laminin substrate in alternating stripes. Retinal axons grew 

preferentially on the membranes prepared from the mock-transfected COS cells as a 

result of being repelled away from the ephrinA5-prepared membranes (Drescher et a i,  

1995). In a similar experiment, retinal axons were demonstrated to avoid ephrinA2- 

containing membranes (Nakamoto et a i,  1996). Likewise, stripe assays using 

immobilised ephrinB IFc or ephrinB2Fc alternating with an Fc control were used to 

demonstrate the repulsion of both neural crest cells and motor axons by these ephrins 

(Wang and Anderson, 1997).

Activation of an EGFR/EphA4 receptor chimera in Xenopus embryos resulted in loss of 

cell adhesion at the blastula stage (Winning et a l,  1996). Co-expression of a kinase 

dead chimeric receptor prevented this dissociation, as did co-expression of C-cadherin, 

suggesting that cadherins may be a target of Eph receptors (Winning et a l,  1996). 

Conversely, co-incubation of EphB 3-expressing and ephrinBl-expressing 32D myeloid 

cells resulted in the formation of cell aggregates (Bohme et a l,  1996), which could be 

inhibited by the addition of soluble ephrinB IFc. This difference in outcome, i.e. 

dissociation versus aggregation, may be due to cell-type specific effects, such that some 

cell types recruit different substrates to the activated receptors, or it may be due to 

contact occurring between cells that facilitates ligand-receptor interaction but not 

receptor activation (see Section 1.1.5.2 on mechanical tethering).

A recent elegant study has demonstrated that cell mingling between neighbouring 

populations is prevented by Eph-ephrin-mediated bidirectional signalling, whereas 

unidirectional signalling serves only to repel one cell population, whilst allowing the
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other to encroach into the adjacent cells (Mellitzer et al., 1999), Evidence from the 

same study suggests that interactions between ephrins and their receptors are also 

capable of restricting cell-cell communication through gap junctions, most likely due to 

repulsive/de-adhesive effects preventing the assembly of connexins into intercellular 

channels (Mellitzer et al,  1999). Among the potential consequences of impaired gap 

junction formation are effects on cell proliferation, differentiation and tissue patterning 

(Simon and Goodenough, 1998). Interestingly, rhombomeres of the hindbrain possess 

their own segmental identity which may correlate with the absence of gap junctions at 

rhombomere boundaries that are established at the interface of Eph-ephrin interactions 

(see Section 1.1.7.2).

I.I.5.2. The Involvement of Eph Receptors in Cell-ECM Interactions

In addition to influencing cell-cell behaviour, Eph-ephrin interactions are also thought 

to play a role in regulating the interaction of cells with their surrounding ECM 

environment. There are, however, conflicting reports concerning the ability of ephrins 

to either promote or inhibit adhesion and/or spreading of Eph receptor-expressing cells 

on their substrates. EphA2-expressing prostate epithelial cells were inhibited in their 

migration towards fibronectin by ephrinA IFc (Miao et al,  2000). This result is 

consistent with the induction of cell rounding in adherent cells treated with ephrinA IFc, 

and with the inhibition of integrin-mediated adhesion and spreading of cells plated onto 

fibronectin containing an immobilised source of ephrinA IFc (Miao et a l,  2000). 

Furthermore, decreased cell-ECM attachment upon treatment with ephrinA IFc has also 

been demonstrated in mammary epithelial cells (Dodge-Zantek et a l,  1999). Many 

more recent studies have also implicated Eph signalling in the disruption of cell-ECM 

attachment. Activation of EphB2 in 293T cells resulted in partial substrate detachment 

and a rounded cell morphology compared with 293T cells transfected with a kinase- 

dead form of EphB2, and treatment of EphB2-transfected cells with ephrinB IFc caused 

a reduction of cell adhesion (Zou et a l,  1999). Similar observations were made by 

Zisch and colleagues, and Binns and colleagues, using 293 and NG108-15 cells, 

respectively (Binns et al, 2000; Zisch et al, 2000), and overexpression of EphA8 was 

also shown to attenuate cell attachment responses 293 cells (Choi and Park, 1999).

However, a number of groups have reported an increase in cell-substrate adhesion in 

response to Eph receptor activation (Stein et al, 1998a; Stein et a l,  1998b; Huynh-Do 

et a l,  1999; Becker et a l,  2000; Zisch et a l, 2000), and more recently, reverse
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signalling through ephrinA5 has been demonstrated to increase adhesion by promoting 

integrin function (Davy et al, 1999; Davy and Robbins, 2000; Huai and Drescher,

2001). At least in some cases, the response may depend on the specific ephrin-Eph 

interaction being studied, the cell types being used, and the method used to detach the 

cells before assessing their adhesion. Recent data by Miao and colleagues (Miao et a/.,

2000) demonstrated that the method of ephrin presentation to the cells may also 

influence the response. Immobilised ephrinBlFc and ephrinAlFc were found to 

artefactually promote adhesion of cells expressing EphB 1 and EphA2, respectively, by 

mechanical tethering caused simply by the interaction of Ephs and ephrins. Although 

this may explain some of the contradictory findings, a study published by Stein and 

colleagues found a dramatic difference in the attachment response of EphB 1-expressing 

endothelial cells depending on whether the ephrinB 1 ligand was presented as a dimer or 

a multimer (Stein et a l,  1998a). Only tetramers were able to induce cell attachment, 

and also to recruit LMW-PTP to phosphorylated receptor complexes. An attractive 

theory has recently been proposed to explain such differences (Wilkinson, 2000a). For 

a repulsive signal to occur, activation of the Eph receptor must be above a certain 

threshold, but the nature of the repulsive response does not facilitate the assembly of 

multimers. However, in situations where the threshold cannot be reached, the 

interaction between the ephrin and its receptor mediates cell-cell adhesion and enables 

higher order Eph oligomers to form. This theory might also explain the recent findings 

of Holmberg and colleagues in which kinase-deficient splice variants of the EphA7 

receptor were found to promote closure of the neural tube by adhering to ephrinA5- 

expressing cells (Holmberg et al,  2000).

1.1.5.3. The Involvement of Eph Receptors in Cytoskeletal Rearrangement

Changes in the cytoskeleton are brought about by the actions of the small GTPases Rho, 

Rac and Cdc42, the activation of which brings about the formation of stress fibres, 

lamellipodia and filopodia, respectively (Nobes and Hall, 1995; Hall, 1998). Since the 

demonstration that many different ephrin ligands were capable of inducing growth cone 

collapse in a variety of neuronal cell types (Drescher et al,  1995; Nakamoto et a l,  

1996; Meima et al, 1997; Wang and Anderson, 1997) Eph-mediated signalling has 

been proposed to affect pathways controlling cytoskeletal regulation that are therefore 

able to bring about rapid changes in cell morphology. Indeed, studies by Meima and 

colleagues (Meima et al,  1997), using fluorophore-conjugated phalloidin to detect 

filamentous actin, showed that immediately prior to growth cone collapse, there is a
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rapid redistribution of actin away from filopodia and lamellipodia concentrated at the 

tips of the growth cone into the centre of the growth cone. Studies by Wahl and 

colleagues revealed that activation of the small GTPase Rho and its downstream 

effector Rho kinase, concomitant with downregulation of Rac activity, was responsible 

for the ephrinA5-mediated collapse of retinal ganglion cells (Wahl et a l,  2000). 

Changes in the actin cytoskeleton have also been reported in response to receptor 

activation in 293 cells transiently transfected with EphB2 (Zisch et a l,  2000), and 

neuronal NG108-15 stably expressing EphB2 (Binns et a l,  2000). The signalling 

pathways responsible for mediating Eph receptor-induced changes in the activity of the 

small GTPases are not yet known, although a number of downstream substrates found to 

associate with Eph receptors in a ligand-dependent manner are likely candidates (see 

Table 1.1).

1.1.5.4. The Involvement of Eph Receptors in Cell Proliferation

A role for Eph receptor activation in mitosis was initially postulated on the basis that the 

first Eph receptor to be cloned, EphAl, was found to be expressed in a number of 

human carcinomas (Hirai et al,  1987). Subsequent studies by Maru and colleagues 

(Maru et a l ,  1990) implicated EphAl in cell transformation due to its ability to confer 

anchorage independent.^ wRen overexpressed in NIH3T3 cells. However, no evidence 

for a role in mitosis was provided and despite the fact that a large number of Eph 

receptors are found to be overexpressed in a variety of different tumours (see Section 

1.1.7.6), activation of Eph receptors is not thought to be mitogenic. This is supported 

by evidence from studies by Lhotak and Pawson using an EGF receptor/EphB 1 receptor 

chimera which, upon activation with EGF, caused no significant change in the growth 

properties of transfected NIH3T3 cells (Lhotak and Pawson, 1993). A mitogenic 

response was not observed when EphA2-expressing cells were treated with ephrin A 1 

(Bartley et a l,  1994). Similarly, ligands failed to induce focus formation in 

EGF/EphA3 or TrkB/EphA3 chimeric assays (Brambilla et a l,  1995). Stimulation of a 

human glioblastoma cell line overexpressing EphA5 with ephrinAlFc induced receptor 

phosphorylation, but again failed to induce cell proliferation (Bruce et a l,  1999). In the 

majority of cases where Eph receptors have been artificially overexpressed to levels 

where ligand-independent tyrosine phosphorylation is induced, changes in cell 

morphology have been the predominant observation.
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However, in some cases, increased proliferation has been reported upon ligand-induced 

receptor activation, most likely depending on the cell type studied. Ephrin A1 was able 

to stimulate the growth of two melanoma cell lines which overexpressed the EphA2 

receptor (Easty et a l,  1995). Ephrin A1 was also reported to stimulate the growth of a 

colonic adenocarcinoma cell line (Rosenberg et a l,  1997). EphrinB2 has also been 

reported to induce the proliferation of EphB4-expressing umbilical cord blood 

mononuclear cells and to increase DNA synthesis in a haematopoietic cell line (Sakano 

e ta l ,  1996).

1.1.6. Expression Patterns of Eph Receptors and Ephrins

A combination of all Eph receptors and their ephrin ligands is expressed in most, if not 

all, tissues during embryogenesis (in the mesoderm, endoderm and ectoderm) and in a 

number of adult tissues. A study of the expression of Eph receptors and ephrins during 

mouse development was carried out by Gale and colleagues (Gale et a l,  1996a), who 

made use of the ability of tagged fusion proteins of ligand- and receptor- bodies to bind 

to their respective Eph receptors and ephrin ligands. This revealed that Eph A receptors 

and ephrinA ligands are expressed reciprocally, as are EphB receptors and their ephrinB 

ligands, giving the impression that Eph-ephrin interactions only occurred at distinct 

regions where the site of expression of one encountered that of the other. However, 

further conventional studies have revealed that Eph receptors and their ligands can be 

co-expressed within the same tissue (e.g. within the mammary gland (Nikolova et al, 

1998)) and even within the same cell type e.g. endothelial cells (Pandey et a l,  1995b), 

melanoma cells (Easty et a l,  1995), Caco-2 cells (Rosenberg et a l,  1997) and 

mammary tumour cells (Ogawa et a l,  2000). Such co-expression, which is most likely 

undetected by receptor- or ligand- bodies due to ligand or receptor binding sites being 

“masked” by endogenous interactions (Sobieszczuk and Wilkinson, 1999), may lead to 

receptor desensitisation, with potentially important consequences in cell positioning 

(Hornberger er fl/., 1999).

Within many tissues, there can be a gradient of Eph or ephrin expression. For instance, 

ephrinA5 and ephrinA2 are expressed in an increasing anterior to posterior gradient in 

the developing tectum (Drescher et a l,  1995; Monschau et al,  1997). Such gradients 

are known to play a critical role in the precise positioning of cells, such as occurs during 

the establishment of retinotectal connections (reviewed in Wilkinson, 2000b; see also 

Section 1.1.7.1).
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Many of the Eph receptors and their ephrins are expressed predominantly in the 

developing and adult brain, where they are known to play a role in the development of 

the nervous system. However, Eph and ephrin expression is not exclusive to the brain, 

and more recently an important role for Eph signalling in the development of the 

vasculature has also been discovered (see Section 1.1.7.5). During embryogenesis 

expression of Eph receptors and ephrins can also be observed in a number of tissues, 

including limb buds and somites. For a detailed account of the precise expression 

patterns of Ephs and ephrins other than those of EphA2 and ephrin A l, please refer to a 

recent detailed review by Zhou (Zhou, 1998).

1.1.6.1. Localisation of EphA2

The distribution of EphA2 protein in the developing mouse embryo has been studied by 

immunohistochemical staining using anti-EphA2 antibodies (Ganju et a l,  1994). 

EphA2 protein is first detected in the primitive streak of 7.5 dpc embryos undergoing 

gastrulation, with particularly strong EphA2 staining in notochordal cells aggregating in 

the midline. EphA2 protein is also present in increasing levels along the rostrocaudal 

axis of both the notochord and developing neural tube. In the developing hindbrain, 

EphA2 protein is detectable in the neuroepithelia, both before and after segmentation of 

rhombomere 4, implying that it may function in some aspect of rhombomere 

specification. Subsequent to segmentation, EphA2 protein is transiently expressed in 

neural crest cells of the second and third branchial arches, with barely detectable levels 

in these regions by 10.5 dpc. High levels of EphA2 protein are also observed in 

presumptive trunk neural crest cells in 9.5 dpc embryos. Expression of EphA2 protein 

is also found in the distal mesenchyme of both fore- and hind- limb buds at 10.5 dpc, 

with EphA2 protein localising to hand and foot plate regions in 11.5 dpc embryos. Also 

at 10.5 dpc, expression of EphA2 protein is observed in foetal tissue epithelia of the 

lung. Embryonic epithelia of the limb, tongue, thymus and submandibular gland have 

also been reported to express EphA2 protein.

Analysis of EphA2 transcripts in the developing mouse and adult by northern blotting 

and in situ hybridisation has revealed that EphA2 gene expression is largely consistent 

with the localisation of EphA2 protein as detected by immunohistochemistry (Lindberg 

and Hunter, 1990; Becker et al,  1994; Ganju et al,  1994; Ruiz and Robertson, 1994; 

Mori et a l,  1995). Similarly, p-galactosidase staining patterns observed following
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targeting of the EphA2 gene with a functional lacZ gene (Chen et a l,  1996; Michael et 

ai,  1999) also appear to reflect protein expression and localisation.

In the adult mouse, EphAl mRNA is detected at high levels in the lung, skin, small 

intestine and ovary, and at lower levels in the kidney, brain, spleen and submaxillary 

gland (Lindberg and Hunter, 1990; Ganju et al,  1994). EphAl expression has also been 

reported in the mammary gland (Andres et a l,  1994). A number of other tissues contain 

very low levels of EphAl mRNA (Lindberg and Hunter, 1990; Ganju et aL, 1994). 

Consistent with the original naming of EphAl as epithelial cell kinase, EphAl protein 

expression has been observed in several cell lines of epithelial origin, such as HeLa 

cells, kératinocytes, prostate cells, colon carcinoma cells and normal and transformed 

mammary cells (Lindberg and Hunter, 1990; Andres et a i,  1994; Rosenberg et ai,  

1997; Dodge-Zantek et ai,  1999; Walker-Daniels et a l,  1999; Miao et a l,  1000; Ogawa 

et al,  1000). EphAl mRNA is also expressed in embryonic stem (ES) cells (Ganju et 

al, 1994), and EphAl protein has been detected in melanomas (Easty et a l,  1995; Easty 

et al,  1999) and endothelial cells (Pandey et al,  1995b).

I.I.6.2. Localisation of ephrinA 1

For the occurrence of a true in vivo interaction, an Eph receptor and its ephrin ligand are 

expected to be expressed within the same regions due to the membrane-bound nature of 

both the receptor and ligand. The expression pattern of ephrinA 1 in developing mouse 

and rat embryos is very similar to that of EphAl in the mouse, with ephrinA 1 transcripts 

being detected in the lung, kidney, intestine and skin in the later stages of organogenesis 

(Shao et al, 1995; Takahashi and Ikeda, 1995). Additional expression is also seen in 

the salivary gland, cells in the developing tooth, hypertrophic chondrocytes, osteoblasts 

and in the dorsal root ganglia (Shao et a l,  1995; Takahashi and Ikeda, 1995). 

Interestingly, during the early part of development, ephrinA 1 transcripts are found in 

mesoderm derived from the primitive streak and endothelial cells of the developing 

vasculature (McBride and Ruiz, 1998), whereas expression switches to epithelial cells 

in the later stages (Takahashi and Ikeda, 1995).

EphrinA 1 protein has been detected in melanocytes and melanoma cells (Easty et al,  

1995), and increased levels of ephrinA 1 and EphAl protein have been reported during 

melanoma progression (Easty et a l ,  1999). EphrinA 1 is also co-expressed with EphAl
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in endothelial cells (Pandey et a l,  1995b), in colon carcinoma cells (Rosenberg et a l,

1997), and in mammary tumours (Ogawa et al, 2000).

I.I.6.3. Regulation of EphA2 Expression

The expression of EphA2 in the primitive streak and in prospective r4 coincides with 

that of Hoxal and Hoxbl, members of the Hox family of transcription factors. A 0.9 kb 

sequence of EphA2 genomic DNA was found to contain a rhombomere-specific 

enhancer to which Hoxal and Hoxbl, in combination with the Pbx cofactor, were able 

to bind in vitro and induce expression of a reporter gene in a cell based assay (Chen and 

Ruley, 1998). Furthermore, mice with null mutations in both hoxal and hoxbl express 

markedly decreased levels of EphA2 (Gavalas et al,  1998; Studer et a l ,  1998), 

suggesting that these transcription factors regulate aspects of EphA2 expression in r4. 

However, additional cw-regulatory elements must also exist, as the 0.9 kb genomic 

sequence was insufficient to drive EphA2 expression in the node (Chen and Ruley,

1998).

In E-cadherin'^' ES cells, levels of EphA2 mRNA and protein are downregulated, 

whereas ectopic expression of E-cadherin in NIH3T3 cells increased the normally low 

levels of EphA2 protein (Orsulic and Kemler, 2000). Moreover, EphA2 in E-cadherin'^' 

ES cells is localised to the perinuclear and Golgi regions, rather than at the cell 

periphery as observed in wild-type ES cells (Orsulic and Kemler, 2000). Differences in 

EphA2 localisation have also been observed between normal and neoplastic mammary 

epithelial cells, with EphA2 being localised to cell-cell contacts in normal cells, in 

contrast to a diffuse distribution in neoplastic cells (Dodge-Zantek et a l,  1999). Also in 

mammary tissue, upregulation of EphA2 mRNA expression in response to the ras 

oncogene has been reported (Andres et a l,  1994). EphA2 mRNA expression was also 

reported to be positively regulated by cytokines and EGF in Caco-2 colon carcinoma 

cells, although the increase in EphA2 mRNA was only transient (Rosenberg et a l,

1997). Factors that have been reported to regulate the expression of other Eph receptors 

include Hoxa2 (Taneja et al,  1996), Krox-20 (Theil et a l,  1998), retinoic acid and bone 

morphogenetic protein 2 (Patel et al,  1996), and Valentino (a zebrafish homologue of 

Kreisler) (Cooke et al, 2001).
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I.I.6.4. Regulation of EphrinAl Expression

EphrinA 1 was cloned as an early response gene on the basis of its upregulation by the 

cytokines TNFa and EL-1 (Holzman et al,  1990). Other ephrins are reported to be 

regulated by retinoic acid (Bouillet et a l,  1995) and en-1 and en-2, homologues of the 

Drosophila engrailed segment polarity gene (Logan e ta l ,  1996; Shigetani et a l,  1997).

I.1.7. In vivo Studies -Consequences of Signalling Through Eph 

Receptors

The proposed roles of Eph receptor- and ephrin- mediated signalling have been mainly 

inferred from the detailed study of their in vivo expression patterns in conjunction with 

knockout studies and supporting in vitro data. The widespread expression of Eph and 

ephrin genes during embryogenesis, and subsequently in restricted tissues of the adult, 

implies a role in development and tissue patterning, achieved by means of dynamic 

changes in cell-cell and cell-substrate interactions. A number of systems in which Eph 

receptor signalling is known to function, although not necessarily involving EphA2, will 

be briefly described below.

II.7.1. Retinotectal Mapping

In searching for molecules involved in the formation of neuronal connections between 

the retina and the optic tectum, ephrinA2 and ephrinA5 were identified from the chick 

tectum on the basis of their ability to repel retinal axons in the membrane stripe assay 

and to induce growth cone collapse in such axons (Drescher et al, 1995; Monschau et 

al, 1997). Both ephrinA2 and ephrinA5 proteins are expressed in an increasing anterior 

to posterior gradient in the chick tectum, but ephrinA5 has a much steeper gradient than 

that of ephrinA2 and is restricted to the more posterior area of the tectum (Drescher et 

al, 1995; Monschau et al, 1997). In retinal axons, there is also an increasing anterior 

(nasal) to posterior (temporal) gradient of EphA3 expression (Cheng et a l,  1995). The 

retinotectal topographic map is thought to be established by the differential repulsion of 

retinal axons as they enter the tectum. Temporal retinal axons expressing high levels of 

EphA3 can migrate only a short distance before they are repelled by the low levels of 

ephrinA2 at the anterior of the tectum. Conversely, nasal retinal axons expressing low 

levels of EphA3 are only repelled upon encountering a combination of high 

concentrations of ephrinA2 and ephrinA5 at the posterior of the tectum. Doubtless, this 

is a gross oversimplification of a highly intricate system, and it is known that there are
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additional Eph receptors and ephrins present both in gradients and evenly distributed 

throughout the retina (Hornberger et al,  1999), the effects of which must be finely 

counterbalanced by the existence of attractive cues to establish precise axonal mapping. 

Gradients of ephrinB ligands and EphB2 are also expressed in a dorsoventral manner in 

the retina and tectum, suggesting that a similar scheme may also operate in establishing 

the dorsoventral axis, although the precise mechanism by which this occurs is unclear 

(reviewed in Wilkinson, 2000a). Furthermore, gradients of Eph receptors and ephrin 

ligands may underlie the establishment of additional topographic maps such as the 

projection of retinal axons into the lateral geniculate nucleus (Feldheim et a l,  1998), 

projections from the thalamus to the cortex (Gao et al, 1998), from the septum to the 

hippocampus (Zhang et a l,  1996b), and from the substantia nigra to the striatum (Yue 

e ta l ,  1999).

11.7.2. Hindbrain Segmentation

The hindbrain is one of two regions of the vertebrate body axis that shows clear 

segmentation, giving rise to 7 or 8 repeated morphological units called rhombomeres 

upon the completion of gastrulation. Within each rhombomere, the cells are free to 

move, but cannot do so into neighbouring rhombomeres due to the formation of 

morphological boundaries that restrict cell movement. However, cells from 

rhombomeres 2, 4 and 6 (r2, r4 and r6) are able to intermingle, as can cells from r3 and 

r5. Interestingly, ephrinB 1, B2 and B3 are expressed in r2, r4 and r6 (Bergemann et a l,  

1995; Flenniken et a l,  1996; Gale et a l,  1996b) and Eph A4, EphB 2 and EphB 3 are 

expressed predominantly in r3 and r5 (Nieto et a l,  1992; Becker et a l,  1994; 

Henkemeyer et a l,  1994). EphA2 protein is transiently expressed in r4 (Ganju et a l,

1994), but as yet, no ephrinA ligands have been identified in the hindbrain.

It is widely thought that the morphological rhombomere boundaries are established at 

the sites of interaction between regions of alternate Eph and ephrin expressions. The 

first evidence implicating Eph receptors and ephrin ligands in the establishment of such 

boundaries came from studies in which expression of a dominant negative truncated 

Eph A4 receptor into zebrafish embryos disrupted rhombomere formation (Xu et a l,

1995). Recent studies by Xu and colleagues demonstrated that this was a result of the 

impaired ability to restrict cell movement, rather than due to any effects on cell identity 

(Xu et a l,  1999a). Overexpression of full length or truncated EphA4 or ephrinB2 in r2, 

r4, r6 or r3, r5, respectively, resulted in the activation and subsequent sorting of cells to

57



their appropriate boundaries, sometimes from within the middle of the rhombomere. 

Whether or not bidirectional signalling is involved in boundary formation is unclear, as 

another recent study (Mellitzer et al,  1999) concluded that activation of both full length 

receptor and ligand were required to prevent cell mixing, whilst activation of ligand or 

receptor alone resulted in the invasion of one cell population by the other. However, in 

both cases, communication through gap junctions was prevented (Mellitzer et a l,  1999). 

This is most likely due to the Eph-mediated repulsive or anti-adhesive effects 

preventing the formation of stable cell-cell contacts. Indeed, enlarged intercellular 

spaces are present between regions of Eph and ephrin expression in rhombomeres 

(Lumsden, 1999). Such restricted cell-cell communication between different 

rhombomeres may well provide a means for establishing segment identity within the 

rhombomeres.

The second region of the vertebrate body axis in which segmentation occurs is during 

the formation of the somites from the paraxial mesoderm. Similar to the alternating 

patterns of Eph and ephrin expression in the rhombomeres of the developing hindbrain, 

a number of Eph receptors and ephrins are expressed in an alternating pattern in the 

anterior and posterior halves of developing somites (Nieto et al,  1992; Bergemann et 

al, 1995; Irving et al, 1996; Krull et al, 1997; Wang and Anderson, 1997). 

Furthermore, injection of dominant negative receptor or ligand constructs into zebrafish 

embryos results in the formation of abnormal somite boundaries (Durbin et al, 1998).

1.1.7 3. Neural Crest Cell Migration

Neural crest cells are derived from the most dorsal point of the neural tube and migrate 

to several regions in the body before they differentiate to form a number of cell types. 

The migration of cephalic/cranial neural crest cells to form the skeletal and muscular 

components of the vertebrate head occurs according to their rhombomeric origin. In the 

developing mouse hindbrain, EphA2 expression is transiently observed in r4 and in 

neural crest cells migrating from this region (Ganju et a l,  1994; Ruiz and Robertson,

1994). Similarly, EphA2 mRNA expression in Xenopus is observed in r4 and in 

migrating neural crest cells (Brandli and Kirschner, 1995; Weinstein et a l,  1996; 

Helbling et a l,  1998). In Xenopus embryos, branchial/visceral neural crest cells migrate 

in four adjacent, but separate, streams originating from r2-r6 to populate 4 

branchial/visceral arches. It is important that the adjacent populations of migrating crest 

cells are prevented from mixing, as their rostrocaudal identity is already established.
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Eph receptors and ephrins have been implicated in maintaining separation between the 

adjacent populations, similar to the situation that occurs during the formation of 

rhombomere boundaries in the hindbrain (see Section 1.1.7.2), most likely by means of 

repulsive cues. In Xenopus embryos, interaction between ephrinB2-expressing second 

arch neural crest cells and third arch EphA4 and EphB 1-expressing neural crest cells 

has been demonstrated to be necessary in preventing third and second arch neural crest 

cells from intermingling (Smith et al,  1997). Interestingly, EphA2 is expressed in 

migrating cells of the second branchial arch (Helbling et al,  1998), whereas ephrinA 

ligand expression has been detected in all four branchial/visceral arch neural crest cell 

populations (Helbling et al,  1998). However, overexpression of a truncated form of 

EphA2 resulted in the abnormal separation of third and fourth arch neural crest cells 

rather than any defects involving EphA2-expressing second arch cells (Helbling et a l,

1998). The reason for this is unclear, but it may be due to the sequestration by EphA2 

of ephrinA ligands that signal to other Eph receptors involved in the separation of these 

two regions of arch neural crest cells.

Eph receptors and ephrins are also involved in the ventrolateral migration of trunk 

neural crest cells through the anterior half of each sclerotome. The expression of 

ephrinB ligands in the posterior half of the somites/sclerotome is thought to be 

responsible for repelling EphB3-expressing trunk neural crest cells, thus ‘guiding’ them 

through the anterior half (Krull et al,  1997; Wang and Anderson, 1997), forming dorsal 

root and sympathetic ganglia. In vitro studies have demonstrated that ephrinB ligands 

inhibit the migration of trunk neural crest cells (Krull et al,  1997; Wang and Anderson, 

1997).

1.1.7.4. Limb Development

A potential role for EphA2 in limb development is suggested by its expression in the 

distal mesenchyme of fore- and hind- limb buds (Ganju et al,  1994) following 

formation of the apical ectodermal ridge (AER). EphrinAl expression also occurs in 

the developing limb, both in the distal mesenchyme (Flenniken et al,  1996) and in the 

developing vasculature (McBride and Ruiz, 1998). Mesenchyme underlying the AER, 

known as the ‘progress zone’, is induced to proliferate by signals from the AER, thus 

enabling growth along the proximal-distal axis. Similarly, signals from the 

mesenchyme cells are responsible for sustaining the AER and determining the type of

59



limb to be formed. Thus, epithelial-mesenchymal interactions are important in the 

development of the proximal-distal axis of the limb.

Eph A4 and EphA7 are also expressed in the limb bud mesenchyme (Patel et a l ,  1996; 

Araujo et a l,  1998). The expression of EphA7 has been implicated in innervating 

distinct regions of the developing limb (Araujo et a l,  1998). The role of EphA4 in limb 

development is unclear, since, although targeted disruption of the EphA4 gene resulted 

in defective co-ordination of limb movement in homozygous mutant mice, this was 

attributed to defects in the corticospinal tract (Dottori et al,  1998). Similarly, EphA2 

mutant mice do not show any detectable defects in limb development (Chen et a l,  

1996). It is possible that EphA2 may have a role, in conjunction with that of ephrinA 1, 

in the development of the limb vasculature (see Section 1.1.7.5).

I.I.7.5. Vasculogenesis and Angiogenesis

An initial primitive vascular network arises during the process of vasculogenesis, in 

which angioblasts assemble to form endothelial cells, which, in turn, form a series of 

interconnected vessels. Additionally during vasculogenesis, the primordia of the heart 

and the major trunk vessels are formed. The subsequent process of angiogenesis then 

serves to extensively remodel this network, which involves processes of sprouting, 

branching and proliferation (Risau, 1997), resulting in the vascularisation of developing 

organs and the distinction between arteries, veins and capillaries.

Following its isolation as a gene upregulated in human umbilical vein endothelial cells 

(HUVECs) in response to cytokines (Holzman et a l,  1990), ephrinA 1 has been 

implicated in the process of vasculogenesis. In early embryogenesis, ephrinA 1 is 

expressed in the developing vasculature, including the dorsal aorta, primary head vein, 

intersomitic vessels and branchial arch arteries (Takahashi and Ikeda, 1995). Studies by 

Pandey and colleagues (Pandey et al, 1995b) demonstrated that ephrinAlFc was able to 

act as a chemoattractant for EphA2-expressing HUVECs, and to induce 

neovascularisation in normally avascular rat corneas. A subsequent study showed that 

ephrinA 1 was able to induce HUVECs to assemble into capillary-like structures (Daniel 

et a l,  1996). More recently, the assembly of such capillary-like structures was shown 

require elongation of endothelial cells, a process that was inhibited by the introduction 

of a dominant-negative form of EphA2 into HUVECs (Ogawa et al,  2000). In the same 

study, a detailed analysis of the localisation of ephrinA 1 and EphA2 in tumours
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revealed that receptor and ligand were expressed in tumour cells and the surrounding 

endothelial cells, implicating both in tumour vascularisation, and suggesting that Eph- 

ephrin interactions between the tumour and its surrounding endothelium may be 

important in initiating angiogenesis (Ogawa et a l,  2000).

Direct evidence for the involvement of Eph receptors and ephrins in the development of 

the vasculature was originally provided by the lethal phenotype of ephrinB2 null mice 

(Wang et al,  1998). Homozygous null mice died at E l l  due to the failure of the 

primitive vascular network to be remodelled. EphrinB2 expression was detected in 

arterial endothelial cells, whereas the EphB4 receptor was expressed in endothelial cells 

of embryonic veins, leading to speculation that correct development of the vasculature 

required reciprocal signalling between both components, as neither veins nor arteries 

developed in the mutant mice (Wang et al,  1998). However, although a subsequent 

independent study, also using ephrinB2 mutant mice, confirmed the lethal phenotype, 

the expression of additional Eph receptors and ephrins was also reported (Adams et a l,  

1999), ephrinB 1 and EphB3 being expressed in both embryonic arteries and veins, and 

ephrinB2 and EphB2 expression occurring in the adjacent mesenchyme. Interestingly, 

further analysis of EphB2/EphB3 double mutants (Orioli et a l,  1996) revealed a non- 

viable phenotype similar to that occurring in ephrinB2 null mice with defective 

angiogenesis (Adams et a l ,  1999), implying a complex role, with possible Eph-ephrin 

interactions occurring both in cis and trans between arteries, veins and the surrounding 

mesenchyme (Gale and Yancopoulos, 1999). In vitro analysis demonstrated that 

ephrinB 1 and ephrinB2 were able to induce sprouting of adrenal cortex-derived 

microvascular endothelial cells (Adams et al,  1999).

1.17.6. Tumourigenesis

The overexpression in several different tumour types and cell lines derived from 

tumours of many Eph receptors strongly implicates them in some aspect of cellular 

transformation. The first Eph receptor, EphAl, was isolated from an erythropoietin- 

producing human hepatocellular carcinoma cell line on the basis of its homology to the 

tyrosine kinase domain of the v-fps viral oncogene, and found to be overexpressed in 

several human carcinomas including lung adenocarcinoma and colon, mammary and 

hepatocellular carcinomas (Hirai et al, 1987). Subsequently, overexpression of several 

Eph receptors has been reported in tumours derived from a wide range of tissues (Maru 

et a l,  1988; Boyd et a l,  1992; Wicks et a l,  1992; Cance et a l,  1993; Iwase et a l,
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1993; Kiyokawa et al, 1994; Soans et al, 1994; Ikegaki et a l,  1995; Robinson et a l,

1996). In particular, EphA2 is overexpressed in tumours from mammary gland (Andres 

et a l,  1994; Dodge-Zantek et al,  1999; Ogawa et a l,  2000) and prostate (Walker- 

Daniels et al,  1999), and in melanomas (Easty et a l,  1995). Overexpression of 

ephrinA 1 also occurs in metastatic melanomas (Easty et a l,  1999), where it is reported 

to stimulate mitosis (Easty et al,  1995), and more recently in breast, lung, gastric and 

kidney tumour and endothelial cells (Ogawa et al, 2000). However, in most cases, Eph 

receptor activation does not stimulate proliferation (Lhotak and Pawson, 1993; 

Brambilla et a l,  1995; Bruce et a l,  1999; see also Section 1.1.5.4), implying that Eph 

receptor overexpression is likely to perform an alternative function in tumour 

progression. In view of the roles attributed to Eph receptors in the regulation of cell 

movement occurring, for example, in axonal guidance, hindbrain segmentation and 

neural crest cell migration, a role for Eph receptors in tumour cell invasion and 

metastasis is highly plausible.

Indeed, the level of overexpression of EphA2 correlates positively in many cases with 

the metastatic potential of the tumours in which it is expressed. Mammary tumours 

arising in transgenic mice in which oncogenic ras is overexpressed from a mammary- 

specific promoter are characterised by being metastatic, and these tumours display 

markedly upregulated levels of EphA2 mRNA. This is in contrast to highly 

differentiated, but poorly metastatic, mammary tumours derived from transgenic 

animals expressing the myc oncogene from the same promoter, in which EphA2 

upregulation was not observed (Andres et al, 1994). Similar observations were made in 

invasive mammary and prostatic tumours derived from non-transgenic mice (Dodge- 

Zantek et a l,  1999; Walker-Daniels et al, 1999), and greater levels of EphA2 were also 

observed in metastatic melanomas than primary melanomas (Easty et a l,  1995).

Although the precise mechanism by which EphA2 activation may positively influence 

tumour cell metastasis is unclear, in vitro studies have implicated EphA2 in the negative 

regulation of cell-ECM attachment (Dodge-Zantek et a l,  1999; Miao et a l,  2000). 

EphA2 has also been reported to stimulate PI3K activity in smooth muscle cells, which 

may have implications on the activity of Rac (Ridley et a l,  1992), a small GTPase 

involved in the formation of membrane ruffles and lamellipodia. Induction of tumour 

vascularisation, in which both EphA2 and ephrinA 1 have recently been implicated 

(Ogawa et a l,  2000), is also critical in metastasis.
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The recent finding that Eph receptor signalling can prevent gap junction mediated cell­

cell communication (Mellitzer et a l,  1999) may also be significant in tumourigenesis, 

as various disorders, including cancer, often display altered gap junctional intercellular 

communication (Simon and Goodenough, 1998).

1.1.8. Targeted Disruption of the EphA2 Gene

The EphA2 locus has been disrupted by the insertion of a gene trap retrovirus (Chen et 

al,  1996). The mutation, designated eck\ was identified by screening for genes that 

were developmentally regulated following in vitro differentiation of ES cells into which 

a p-galactosidase-encoding retrovirus had integrated. Being promoterless, these so- 

called ‘gene trap’ retroviral insertions usually occur in or near 5’ expressed exons, thus 

disrupting expression of an endogenous gene. Indeed, following transmission of the 

mutant eck  ̂ allele through the germ-line, its expression was evident in the primitive 

streak and in the hindbrain of homozygous mutant (eck‘̂‘) embryos (Chen et a l,  1996), 

thus reproducing the pattern of EphA2 expression seen by in situ hybridisation and 

immunohistochemical staining in wild-type mice (Becker et a l,  1994; Ganju et a l,  

1994; Ruiz and Robertson, 1994). eck‘̂ ' mice were born to the correct Mendelian ratio, 

developed normally and were fertile, despite a severe deficiency in EphA2 protein 

(Chen et a l,  1996). A detailed examination of the derivatives of the branchial arch 

revealed no abnormalities, as did analysis of a number of adult tissues including the 

lung, kidney, intestines and liver (Chen et a l,  1996). Closer inspection of the site into 

which the provirus had integrated revealed the presence of an unidentified functional 

exon, designated exon 5.2, 1.8 kb upstream of the integration site. Further analysis 

indicated that exon 5.2 was located ~ 9.8 kb upstream of the previously published 

EphA2 cDNA. Moreover, cDNA and mRNA transcripts containing both exon 5.2 and 

EphA2 sequence were isolated. Further analysis of the cDNAs revealed that the 5’ 

splice site of exon 5.2 was joined to nucleotide 179 of the previously published EphA2 

cDNA sequence (Ganju et al,  1994; Ruiz and Robertson, 1994; Chen et a l,  1996). 

Thus, the first 82 bp of the coding sequence, including sequence encoding the signal 

peptide, would be spliced out. According to studies by Connor and Pasquale (Connor 

and Pasquale, 1995), and Lackmann and colleagues (Lackmann et a l,  1998), this 

sequence, together with 5’ untranslated sequence, is likely to reside on exon 1. 

Transcripts comprising the upstream exon 5.2 and sequence downstream of nucleotide 

179 could potentially encode a truncated protein, beginning at the ATG codon at
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nucleotide 202 of the EphA2 sequence, although, in the absence of the signal peptide, 

the function of such a protein is unclear (Chen et a l,  1996).

Null mutations of EphA4, EphA8, EphB2 and EphB3 have resulted in either anatomical 

or behavioural defects, although all the mutant mice are viable (Henkemeyer et a l,  

1996; Orioli et al, 1996; Park et al,  1997; Dottori et a l,  1998; Cowan et a l,  2000). 

The absence of a readily detectable phenotype in eck^‘ mice may be due to residual 

activity from full length EphA2 protein, a compensatory activity of the putative 

truncated EphA2 protein, or functional redundancy occurring within the EphA 

subfamily, several members of which have been demonstrated to interact with ephrinA 1 

(Gale et al,  1996a). Thus, as appears to be the case in EphB2/EphB3 double mutant 

mice, stronger phenotypes may only be manifest in the absence of more than one 

receptor. The reason for the existence of 14 different Eph receptors is unclear, but 

based on their distinct and overlapping temporal and spatial expressions and their 

promiscuous ligand binding affinities, it is likely that they have evolved to perform 

finely tuned functions which require both individual and co-operative roles.

1.2. The Small GTPase Ras
The Ras proteins Ha-Ras, Ki-Ras4A, Ki-Ras4B and N-Ras are ubiquitously expressed 

21 kDa proteins that, in addition to four Rap proteins, two R-Ras-like proteins, two Ral 

proteins and Rheb, are members of the Ras superfamily of small GTPases. The four 

Ras proteins are encoded by three ras genes Ha-ras, Kl-ras and N-ras, the two Ki-Ras 

isoforms arising from alternate exon usage. The ras genes were first discovered in their 

oncogenic capacity as the transforming sequence in the Harvey and Kirsten murine 

sarcoma retroviruses, and only subsequently were their cellular proto-oncogenic 

counterparts further characterised. The Ras GTPase proteins function as molecular 

switches, cycling between a guanosine triphosphate (GTP)-bound ‘on’ and a guanosine 

diphosphate (GDP)-bound ‘off state, to control a wide range of cellular responses.

1.2.1. Protein Structure and Localisation

Ras is synthesised as a cytoplasmic protein and is targeted to the inner surface of the 

plasma membrane by a series of post-translational modifications. The carboxy terminus 

of the protein contains a CAAX motif, where C is a cysteine residue, A represents an 

aliphatic amino acid, and X corresponds to a serine or a methionine. This motif is
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recognised by a farnesyl protein transferase, which catalyses the addition of a 15-carbon 

farnesyl isoprenoid moiety to the cysteine residue. Following the removal of the three 

C-terminal amino acids, the exposed cysteine is then methylated. Immediately 

upstream of the CAAX motif is the hypervariable region, also required for membrane 

localisation, which comprises either a cysteine residue which undergoes palmitoylation, 

or a region of lysine residues, which confers a net positive charge.

In contrast to the variable nature of the carboxy terminus, the amino terminus of Ras is 

highly conserved. This region contains the guanine nucleotide binding site and the 

GTPase catalytic domain. Two regions of Ras differ conformationally between the 

GDP- and GTP- bound state and are referred to as Switch I and Switch II (Milburn et 

al,  1990). Switch I (comprising residues 30-38) contains the so-called effector domain 

(residues 32-40), which is identical among the four Ras proteins and is involved in the 

binding of Ras to its effectors.

1.2.2. Regulation of Ras Activity

For Ras to function efficiently as a molecular switch, cycling between the active GTP- 

and the inactive GDP- bound forms must be rapid and reversible. Although Ras 

proteins do possess intrinsic GTPase and GDP/GTP exchange activities, these are too 

slow (John et a i,  1988; Neal et al., 1988) to facilitate precisely controlled signalling, 

therefore Ras activity is regulated by the opposing actions of guanine nucleotide 

exchange factors (GEFs) and GTPase activating proteins (GAPs). GEFs enhance the 

rate of GDP-GTP exchange, thereby positively regulating Ras, whereas GAPs confer 

negative regulation by increasing the intrinsic rate of GTP hydrolysis. In turn, these 

GEFs and GAPs are subject to regulation by the activity of cell surface receptors, thus 

providing a mechanism by which Ras activity is influenced by extracellular cues.

I.2.2.I. GEFs

The principal action of GEFs is to promote the release of GDP from the GTPase, 

enabling it to bind free GTP to become active again. Dominant negative mutations of 

Ras result in its existence in a permanent nucleotide-free, or GDP-bound, state. In an 

attempt to revert to a GTP-bound state, GEFs are bound^but are unable to be released, 

thus sequestering free GEFs and ultimately resulting in the inactivation of wild-type 

Ras (see Quilliam et ai,  1995).
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The first Ras GEF, CDC25, was identified in S. cerevisiae (Camonis et al,  1986). The 

domain responsible for mediating exchange factor activity, termed the ‘exchange factor 

domain’ is common to all GEFs that have been subsequently identified in yeast, 

Drosophila and mammals (Boguski and McCormick, 1993). Additionally, Ras GEFs 

possess an amino terminal protein-protein interaction domain such as an SH3 or a 

pleckstrin homology (PH) domain, which may facilitate their localisation to membrane- 

bound targets (Boguski and McCormick, 1993)

The mouse counterpart of yeast CDC25, RasGRF (Ras guanine nucleotide releasing 

factor) was partially cloned using a complementation approach to restore function to a 

yeast strain lacking the CDC25 gene (Martegani et a l,  1992), which, in conjunction 

with other reports (Bollag and McCormick, 1991a), indicates functional homology 

between species. Following the cloning and characterisation of further Ras GEFs, it is 

apparent that Ras activation can occur through RTK- dependent and independent 

pathways (Crespo et a l,  1994; Farnsworth et al,  1995; Shou et al, 1995; Mattingly and 

Macara, 1996; Fam et a l,  1997; Ebinu et al, 1998).

1.2.2.1.L The Ras GEF Sos Links RTK Activation to Ras

The best characterised Ras GEF is the son-of-sevenless (Sos) protein, which regulates 

RTK-mediated activation of Ras. The sos gene was discovered by genetic studies in 

Drosophila, where signalling from the Sevenless protein tyrosine kinase via Ras is 

involved in the development of the ommatidiae of the Drosophila eye. Drosophila sos 

(D-sos) was able to compensate for loss-of-function mutations in the sevenless gene 

only in the presence of Ras, and on closer inspection it was revealed that the protein 

showed homology to the yeast CDC25 Ras GEF (Simon et a l,  1991; Bonfini et a l,

1992). A carboxy-terminal proline-rich domain implied that Sos could interact with 

SH3 domain-containing proteins, which was subsequently demonstrated between D-Sos 

and Drk (Olivier et al, 1993; Simon et al, 1993), Drk being the Drosophila homologue 

of the adaptor protein Grb2 (Growth factor receptor-bound protein 2), which contains 

two SH3 domains (Lowenstein e ta l ,  1992) (seebelow).

The ubiquitously expressed Sosl and Sos2 proteins (Bowtell et a l,  1992; Chardin et a l,

1993) both contain the exchange factor domain originally identified in CDC25 and a 

proline-rich carboxy terminal domain required for binding to Grb2. Interestingly, 

deletion of this proline-rich region results in elevated Ras GEF activity, implicating it in
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the negative regulation of Sos (Aronheim et al,  1994; Wang et al,  1995). A further 

study has also implicated a region N-terminal to the catalytic domain, which contains a 

Dbl-homology (DH) and a PH domain, in the positive regulation of Sos (McCollam et 

al., 1995).

Another component of the signalling pathway from RTKs to Ras was discovered by 

genetic analysis using C. elegans, in which activation of Ras is involved in vulval 

development. Sem-5 was found to act upstream of the Let-60 Ras-like protein and 

downstream of the Let-23 RTK. Sequence analysis revealed that the Sem-5 protein 

contained one SH2 and two SH3 domains, suggesting that it acted as an adaptor protein 

(Clark et a l,  1992). In a rather fortuitous sequence of events leading to the elucidation 

of the RTK-Ras signalling pathway, the mammalian homologue of Sem-5, Grb2, had 

recently been isolated on the basis of its ability to bind to ligand-activated EGF and 

PDGF receptors via its SH2 domain (Lowenstein et a l,  1992). Together with a number 

of reports demonstrating complex formation between the EGF receptor and Grb2, or 

Grb2 and Sos, or all three components (Buday and Downward, 1993; Chardin et al,  

1993; Egan et al, 1993; Li et a l,  1993), this suggested that Grb2 binds to activated 

growth factor receptors in an SH2-dependent manner, thereby recruiting Sos to the 

plasma membrane via SH3 domain interactions to bring it in proximity to membrane- 

bound Ras. Buday and Downward argued that this was sufficient to promote Ras 

GDP/GTP exchange after observing no increase in guanine nucleotide exchange activity 

of Sos following stimulation with EGF (Buday and Downward, 1993). Support for this 

model came from the findings of two independent groups who targeted either full length 

Sos or its catalytic domain to the membrane and reported Ras activation and cell 

transformation (Aronheim et al,  1994; Quilliam et a l,  1994).

The carboxy terminus of Sos also contains a number of consensus sites for 

phosphorylation by ERK/MAPK and has been demonstrated to be phosphorylated by 

ERK/MAPK in vitro (Cherniack et al, 1994; Buday et a l,  1995). In vivo evidence also 

suggests that phosphorylation of Sos is involved in part of a feedback inhibitory loop 

(Burgering et al,  1993). More recent evidence suggests that a MAPK substrate, MAP 

Kinase Activated Protein Kinase-lb (MAPKAPK-lb)/p90 Ribosomal S6 Kinase 2 (p90 

Rsk2), may also phosphorylate Sos (Donville and Downward, 1997). Interestingly, in 

yeast, phosphorylation of CDC25 following glucose stimulation results in its 

dissociation from Ras (Gross e ta l ,  1992).
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The adaptor protein She (src homology and collagen homology) can also be involved in 

mediating interactions between growth factor receptors and the Grb2-Sos complex. A 

role for She in growth factor signalling was first proposed after it was demonstrated that 

it bound to the ligand-activated EGF receptor and caused transformation when 

overexpressed in NIH3T3 cells (Pelicci et al,  1992). Furthermore, overexpression of 

She in PCI2 cells caused neurite outgrowth (Rozakis-Adcock et a l,  1992). Evidence 

suggests that the amino-terminal PTB domain of She, rather than the carboxy-terminal 

SH2 domain, is responsible for the majority of receptor interactions between She and 

phosphorylated tyrosines on cell surface receptors (van der Geer et al,  1995). Tyrosine 

phosphorylation of She subsequently creates a binding site for the Grb2-Sos complex, 

thus providing an alternative pathway whereby the Ras GEF, Sos, is recruited to the 

plasma membrane. Three isoforms of She exist, p46, p52 and p66 (Pelicci et a l,  1992). 

In contrast to the p46 and p52 isoforms, which are implicated in signalling via the Grb2- 

Sos complex to Ras, as described above, the p66 isoform is differentially expressed, and 

is postulated to inhibit Ras signalling (Migliaccio et a l,  1997).

I.2.2.2. GAPs

It is apparent from the existence of constitutively active oncogenic variants of Ras that 

downregulation of Ras activity is required for normal cellular function. The intrinsic 

GTPase activity of Ras can be enhanced by GAPs. GAP activity was first detected in 

Xenopus oocytes (Trahey and McCormick, 1987) and pl20 GAP, a 120 kDa protein 

responsible for increased RasGTP hydrolysis, was subsequently cloned from human 

placenta (Trahey et al, 1988).

Consistent with p i20 GAP acting as a negative regulator of Ras, PDGF-stimulated p i20 

GAP  ̂ cells display higher levels of RasGTP and sustained MAPK activity (van der 

Geer et al, 1997). As a predominantly cytoplasmic protein, p i20 GAP, like Ras GEFs, 

must be brought to the membrane in order to bind Ras (Huang et a l,  1993). pl20 GAP 

contains two SH2 domains and has been found to associate with activated growth factor 

receptors (Ellis et al,  1990; Kaplan et a l,  1990; Kazlauskas et al, 1990; Margolis et 

al,  1990), thereby providing a mechanism for membrane localisation.

A second Ras GAP, neurofibromin (NFl), is the product of the NFl tumour suppressor 

gene (Martin et al, 1990; Xu et al,  1990) which is lost or mutated in patients with von 

Recklinghausen neurofibromatosis. Such patients display abnormal neural crest cell
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growth, characterised by the occurrence of malignant neurofibrosarcomas, which may 

be a direct result of increased RasGTP levels (Basu et aL, 1992). In yeast, loss of the 

Ras GAP genes IRAI or IRA2 results in increased levels of RasGTP and consequent 

accumulation of cyclic adenosine 3’, 5’ monophosphate (cAMP) (Wigler, 1990). 

Similar to pl20 GAP  ̂ cells, Schwann cells from NFT^' mice display elevated levels of 

GTP-bound Ras (Kim et al,  1995b). Studies have shown that NFl binds Ras with a 

higher affinity than pl20GAP, but it is less active, (Bollag and McCormick, 1991b) 

suggesting that NFl might be the more effective Ras GAP at low Ras concentrations. A 

third mammalian Ras GAP, Gapl, exists as two forms, Gapl'" (Maekawa et a l,  1994) 

and Gapl^ '̂^  ̂(Cullen et a l,  1995).

1.2.3. Ras Effectors

That more than one effector pathway is responsible for mediating the biological effects 

of Ras is evident from studies in yeast (Wang et a l,  1991; Chang et a l,  1994; Marcus et 

al,  1995). In mammalian cells, a multitude of effector proteins have been reported to 

mediate the response of Ras to a diverse range of extracellular stimuli. The putative 

effectors show preferential binding to GTP-bound Ras, and a study by White and 

colleagues (White et al, 1995) was the first to demonstrate that different mutations 

within the effector domain could differentially modulate the binding of these effectors 

to Ras. A number of subsequent studies have utilised these mutants to dissect the role 

of individual Ras effector pathways in Ras-mediated transformation (see Section 1.2.5).

In addition to the Ras effectors described in detail below, other putative Ras effectors 

have also been described. These include the zeta isoform of protein kinase C (PKC^), 

AF-6, Rin, MEKK 1, and Nore (reviewed in Campbell et a l,  1998). However, many of 

these interactions have not been fully characterised and their functional significance is 

unclear. The role of the Ras GAP, p i20 GAP, as a Ras effector protein remains 

controversial. The amino terminus of p i20 GAP contains two SH2 domains and one 

SH3 domain (Boguski and McCormick, 1993) and was demonstrated to complex via its 

SH2 domains with two proteins, p i90 (RhoGAP) and p62 (p62"̂ °'") (Ellis et a l,  1990). 

Moreover, the p i20 GAP amino terminus was demonstrated to disrupt stress fibres and 

decrease focal contacts (McGlade et al,  1993), most likely through its association with 

RhoGAP (Settleman et al,  1992).
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I.2.3.I. Ral Guanine Nucleotide Dissociation Stimulator (RalGDS)

The Ral proteins RalA and RalB are members of the Ras superfamily of GTPases, and 

as such, are under the regulation of specific GEFs and GAPs. The Ral GEFs Ral 

guanine nucleotide dissociation stimulator (RalGDS) and its closely related 

homologues, Rgl and Rgl-2/Rlf have been identified as Ras effectors following yeast 

two hybrid and in vitro binding studies (Hofer et a l,  1994; Kikuchi et a l,  1994; 

Spaargaren and Bischoff, 1994; Peterson et al., 1996; Wolthuis et a i,  1996). All 

interact with the effector domain of Ras in a GTP-dependent manner through their 

carboxy-terminal Ras binding domain (RBD). Further evidence that Ral GEFs are 

effectors of Ras is provided by the demonstration of increased levels of GTP-bound Ral 

in response to Ras activation (Urano et a i,  1996; Murai et a i,  1997; Wolthuis et ai,

1997) and growth factors (Wolthuis et a l,  1998). Moreover, dominant negative Ras 

blocked the growth factor-induced activation of Ral (Wolthuis et at., 1998).

A role for Ral proteins in regulating the small GTPases Rac and Cdc42 has been 

postulated but not extensively studied. A GAP for Cdc42 and Rac, known as Ral- 

binding protein 1 (Cantor et al,  1995) or Ral-interacting protein 1 (Jullien-Flores et a l,  

1995; Park and Weinberg, 1995), binds to Ral in a GTP-dependent manner. Although 

this GAP contains both a Ral binding domain and displays GTPase activity towards Rac 

and Cdc42 (Jullien-Flores et al, 1995; Park and Weinberg, 1995), it has yet to be 

demonstrated that Ral binding influences its GTPase activity. There is also evidence 

that Ral may control phospholipase D (PLD) activity. Ral appears to be capable of 

interacting with PLD via an amino-terminal binding site irrespective of whether Ral is 

GDP- or GTP- bound, however, dominant negative Ral inhibited the ability of Ras to 

induce PLD activity, implying that Ral is involved in the Ras-induced activation of PLD 

(Jiang e ta l ,  1995).

I

1.2 3.2. Phosphatidylinositol 3-Kinase

Phosphatidylinositol 3-kinase enzymes(PBKs) are lipid kinases that phosphorylate 

phosphoinositides at the 3’ position of the inositol ring, thereby creating 3’ 

phosphorylated lipids such as phosphatidylinositol-3-phosphate (PtdIns(3)P), 

PtdIns(3,4)P2, PtdIns(3,5)P2 and PtdIns(3,4,5)P3. Three classes of PI3Ks have been 

described (reviewed in Vanhaesebroeck and Waterfield, 1999). Class I comprise the 

most extensively studied PI3Ks which are characterised by a 110 kDa catalytic subunit
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(pi 10) and an associated regulatory subunit. Class I PI3Ks preferentially phosphorylate 

PtdIns(4,5)P2 in vivo. A further subdivision into class Ia and class Ib is made on the 

basis of their activation by tyrosine kinases and heterotrimeric G-proteins, respectively, 

although both subclasses can associate with Ras (Vanhaesebroeck and Waterfield,

1999). The regulatory subunit of class Ia PI3Ks comprises an 85 kDa protein 

containing two SH2 domains and an SH3 domain. The SH2 domains are able to bind to 

phosphotyrosine residues of YXXM motifs, found in many RTKs and adaptor proteins 

(Songyang et al,  1993). This is thought to localise the p i 10 catalytic subunit, via its 

p85 binding domain, to the membrane.

A role for Ras in the activation of PI3K was proposed following the demonstration that 

dominant negative Ras could inhibit growth factor-induced 3’ phosphoinositide 

production, and that pi 10 and Ras could directly associate in vitro (Rodriguez-Viciana 

et al,  1994). A subsequent study showed that Ras-mediated activation of PI3K acted in 

synergy with p85 binding to tyrosine phosphopeptides (Rodriguez-Viciana et a l,  1996), 

suggesting, in accordance with studies by Klinghoffer and colleagues (Klinghoffer et 

al, 1996), that optimal activation of PI3K may require both RTK-mediated p85 binding 

and Ras-mediated pi 10 binding. The association of GTP-bound Ras with pi 10 was 

abrogated by a mutation within the effector domain of Ras, and addition of peptides 

spanning the effector domain also reduced the interaction (Rodriguez-Viciana et al,  

^994). Thus, strong evidence is provided that PI3K acts as an effector of Ras. In 

contrast, however, the findings of Hu and colleagues place Ras downstream of PI3K. In 

this study, it was demonstrated that c-fos transcription was increased in response to a 

constitutively activated form of PI3K (Hu et a l,  1995a). Moreover, levels of GTP- 

bound Ras were also elevated, and expression of dominant negative Ras or Raf 

constructs was able to block the response. Although there appears to be no explanation 

to reconcile these apparent differences, it is important to consider the potential of the 

cell to produce autocrine growth factors in response to activated signalling pathways, 

thus making the dissection of the role of individual signalling molecules a complex 

issue.

A role for PI3K as an effector molecule for Ras is particularly attractive when 

considering the process of transformation. Among the potential downstream candidates 

of PI3K are protein kinase B (PKB/Akt), Rac and p70^^ kinase. PKB/Akt, named on 

the basis of its homology to protein kinases A and C and it being the cellular homologue
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of the viral oncoprotein v-Akt, is implicated in the inhibition of apoptosis (Dudek et a l,  

1997; Khwaja et al, 1997; Kulik et a l,  1997). Since the PI3K inhibitors wortmannin 

and LY294002 (Powis et al, 1994; Vlahos et a l,  1994) induce apoptosis (Yao and 

Cooper, 1995), and PI3K has been implicated in PKB/Akt activation (Burgering and 

Coffer, 1995; Franke et al, 1995; Klippel et a l ,  1996; Franke et a l,  1997), PI3K 

appears to be a strong candidate for regulating cell survival. Initial studies suggested 

that PKB/Akt activity was regulated by the binding of PIP2 to the PH domain of 

PKB/Akt (Klippel et a l,  1997). However, more recent studies have demonstrated that 

PtdIns(3,4,5)P3 is able to activate 3’-phosphoinositide-dependent kinase 1 (PDKl) 

which can phosphorylate and contribute to PKB/Akt activation (Alessi et a l,  1997; 

Vanhaesebroeck and Waterfield, 1999). PKB/Akt activation may prevent apoptosis by 

phosphorylating a number of proteins such as BAD, caspase-9, forkhead and I-kB 

(reviewed in Vanhaesebroeck and Waterfield, 1999). More recently, inhibition of the 

activity of glycogen synthase kinase-3 (GSK-3), a further substrate of PKB/Akt, using 

selective inhibitors has been demonstrated to protect against cell death (Cross et a l,  

2001), providing a further way in which PI3K may prevent apoptosis.

Additionally, PI3K can influence the activity of Rac, a small GTPase implicated in the 

formation of lamellipodia and membrane ruffles (Ridley et al, 1992; Nobes and Hall, 

1995), thereby providing a means by which Ras activation can be linked to the 

activation of Rac. Activation of the PDGF receptor results in membrane ruffling and 

chemotaxis, and studies by two independent groups demonstrated that PI3K activity was 

required (Kundra et a l,  1994; Wennstrom et a l,  1994). Subsequently, PDGF-induced 

production of PtdIns(3,4,5)P3 was demonstrated to increase the levels of GTP-bound 

Rac (Hawkins et a l,  1995).

An additional target of PI3K is p70^^ kinase, which is required for entry into S phase 

following mitogenic stimulation (Mcllroy et al, 1997), although p70^^ kinase activation 

may occur indirectly through PI3K-mediated activation of Rac or PKB/Akt (Welch et 

a/., 1998).

PI3K activity may be involved in the negative regulation of Ras, as Sos activity in vitro 

was inhibited by the interaction of PtdIns(4,5)Pi with the PH domain of Sos (Jefferson 

e ta l ,  1998).
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I.2.3.3. Raf

The most extensively studied effector of Ras are the serine/threonine kinase Raf 

proteins. The mammalian Raf family comprises three distinct genes encoding the 74 

kDa proteins, Raf-1 (also known as c-Raf), A-Raf and B-Raf, all displaying three highly 

conserved regions, CRl, CR2 and CR3. The amino terminus contains CRl and CR2 

and plays a regulatory role, whereas the catalytic domain is found at the carboxy 

terminus within CR3.

Early biochemical and genetic studies implicated Raf as a downstream substrate of Ras 

(reviewed in Dickson and Hafen, 1994). Furthermore, inhibition of Raf function 

interfered with Ras signalling (Kolch et al,  1991; Schaap et al,  1993). Raf had 

previously been identified as an important signalling molecule that acted downstream of 

Ras by the demonstration that oncogenic v-raf was able to overcome Ras neutralising 

antibodies to induce transformation in NIH3T3 cells (Smith et a l,  1986). A number of 

groups demonstrated a high affinity interaction between Raf and GTP-bound Ras; 

(Koide et a l,  1993; Moodie et al, 1993; Van Aelst et a l,  1993; Vojtek et al, 1993; 

Warne et a l ,  1993; Zhang et al,  1993). Furthermore, mutations in the effector domain 

of Ras abrogated the interaction, as did incubation with a peptide corresponding to the 

effector region of Ras (Warne et al,  1993).

Inactive Raf is localised in the cytoplasm, but the association with Ras results in the 

relocalisation of Raf to the membrane (Traverse et a l,  1993; Wartmann and Davis,

1994). Early reports suggested that the sole function of Ras was to recruit Raf to the 

membrane, and it was demonstrated that artificially targeting Raf to the plasma 

membrane by addition of a CAAX motif increased the activity of Raf (Leevers et a l,  

1994; Stokoe et al,  1994). However, Ras is reported to interact with two amino- 

terminal Raf sites, the Ras-binding domain (RBD) (Vojtek et a l,  1993; Pumiglia et a l,

1995), and a cysteine-rich domain (CRD), which is proposed to be dependent on Ras 

binding to the RBD (Brtva et al, 1995; Hu et al, 1995b; Drugan et a l,  1996), and since 

removing the regulatory amino terminus of Raf creates a constitutively active protein 

(Stanton, Jr. and Cooper, 1987; Stanton, Jr. et al, 1989; Heidecker et a l,  1990), the 

function of Ras may be more than simply to target Raf to the membrane. In addition, 

Raf-CAAX activity could be further induced in a Ras-independent manner by EGF 

(Leevers et a l,  1994), suggesting that once at the membrane, additional signals are 

required for optimal Raf activation. Indeed, a number of Ras-independent signals

73



promoting serine and tyrosine phosphorylation of Raf have been reported to modulate 

the activity of Raf (Marais et ai, 1995; Marais et a i,  1997; Mason et al., 1999), which, 

in conjunction with reports that Raf interacts with other components such as molecular 

chaperones and phospholipids (reviewed in Campbell et a l,  1998) suggests that the 

regulation of Raf is evidently a highly complicated process in which Ras is necessary 

but not sufficient.

1.2.4. MAPK Cascades

In mammalian cells, five MAPK cascades have so far been identified, of which the 

ERK/MAPK, the JNK/stress-activated protein kinase (SAPK) and the p38 pathways 

represent the three most well-characterised (see Figure 1.7). The hierarchical 

organisation of such cascades provides a means by which extracellular signals are 

transduced into intracellular responses, but can be subject to positive and negative 

regulation at all levels, thereby facilitating amplification, divergence or attenuation of 

the initial stimulus.

Activation of Raf as a consequence of Ras activation results in the phosphorylation, and 

subsequent activation, of MAPK/ERK Kinase (MEK), which then activates 

ERK/MAPK. ERK/MAPK will subsequently be referred to as MAPK. In addition to 

phosphorylating several cytoplasmic proteins (see Section 1.2.4.2), MAPK is able to 

regulate cellular responses by phosphorylating a number of transcription factors (see 

Section 1.2.4.3). In mammalian cells, the JNK/SAPK and p38 pathways are responsive 

to stress, rather than mitogenic stimuli, (reviewed in Tibbies and Woodgett, 1999), but 

their modular organisation is strikingly similar to the MAPK pathway, and they are also 

able to regulate the activity of a number of transcription factors.
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Figure 1.7. Schematic Diagram of Mammalian MAPK Cascades
Mammalian MAPK pathways regulate cell growth, differentiation and responses to 
stress. The cascades are organised into a hierarchical module comprising MAPKKK 
(MAPK kinase kinase), MAPKK (MAPK kinase) and MAPK (mitogen-activated protein 
kinase). Other abbreviations -  MLK (mixed-Iineage kinase), MKK (MAPKK).
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1.2.4.1. Activation of MAPK via Raf and MEK

Once activated, the serine/threonine kinase Raf directly associates with, and 

phosphorylates, MEK on two highly conserved serine residues, thereby activating it 

(Dent et a l,  1992; Kyriakis et a l,  1992; Van Aelst et a l,  1993; Alessi et a l,  1994; 

Zheng and Guan, 1994; Papin et a l,  1995). Two isoforms of MEK exist, MEKl and 

MEK2, which share 80% sequence identity (Crews et a l,  1992; Zheng and Guan, 

1993). A proline-rich sequence in MEK is required for its interaction with Raf, the 

deletion of which severely attenuates the ability of Raf to activate MEK (Catling et a l,

1995).

As a dual specificity kinase, MEK activates MAPK (which also exists as two isoforms, 

p42 MAPK (ERK2) and p44 MAPK (ERKl)) by phosphorylating it on threonine 183 

and tyrosine 185 within a TE Y consensus motif (Payne et al, 1991). Phosphorylation 

of both residues is required for maximal (3000-fold) activation of MAPK, whereas only 

a 5-10-fold increase in activity is attained when either site alone is phosphorylated 

(Cobb, 1999).

Phosphorylation of MAPK greatly increases its capacity to homodimerise and form 

symmetrical dimers (Khokhlatchev et al, 1998), although dimérisation is not thought to 

influence its catalytic activity (Canagarajah et a l,  1997; Khokhlatchev et a l,  1998). It 

does, however, play a role in the localisation of MAPK to the nucleus (Khokhlatchev et 

al, 1998), although the mechanism by which this occurs is not fully understood. 

Activated MAPK is rapidly translocated into the nucleus in response to agonist 

stimulation (Chen et a l,  1992; Gonzalez et al,  1993; Lenormand et a l,  1993). 

However, not all activated MAPK accumulates in the nucleus. Activated MAPK is also 

localised to microtubules in the cytoplasm (Reszka et a l,  1995; Morishima-Kawashima 

and Kosik, 1996).

Once activated, MAPK is able to phosphorylate numerous cytoplasmic and nuclear 

substrates, enabling it to regulate a variety of cellular responses (see Section 1.2.4.4). 

MAPK is a proline-directed serine/threonine kinase, and in the majority of cases, 

substrate phosphorylation occurs at an optimal consensus motif of PXS/TP (Gonzalez et 

al,  1991; Songyang e ta l ,  1996)
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1.2.4.2. Cytoplasmic Substrates of MAPK

MAPK was identified initially on the basis of its ability to phosphorylate the 

cytoplasmic microtubule-associated protein, MAP-2 (Ray and Sturgill, 1987). 

Subsequently, MAPK has been reported to associate with, and phosphorylate, a number 

of other microtubule-associated proteins, including neurofilament proteins, Tau, 

synapsin and stathmin (Drewes et ai, 1992; Roder et al., 1993; Jovanovic et a l ,  1996; 

Veeranna et al,  2000). Cytoplasmic MAPK also phosphorylates and activates myosin 

light chain kinase (MLCK), thereby enhancing its ability to phosphorylate and activate 

myosin light chain (MLC) (Klemke et al, 1997). Activated MLC increases cell motility 

by influencing actin polymerisation (Klemke et at., 1997).

A further kinase substrate of MAPK is MAPKAPK-1 /p90 Rsk (Erikson and Mailer, 

1986; Dalby et al, 1998). MAPKAPK-1 has been shown to be activated in the 

cytoplasm, but is then rapidly translocated to the nucleus (Chen et a l,  1992). Among 

the cytoplasmic substrates of the serine/threonine kinase MAPKAPK-1 are GSK-3, 

which is inactivated on phosphorylation (Sutherland et a l,  1993), and the pro-apoptotic 

protein BAD (Bonni et al, 1999), the activity of which is also inhibited by 

phosphorylation. The nuclear activity of MAPKAPKs has also been demonstrated to 

influence gene transcription (see Section 1.2.4.3).

The recently identified MAPK signal-integrating kinase (MNK) is also a downstream 

substrate of MAPK, but can also be activated by p38 (Fukunaga and Hunter, 1997; 

Waskiewicz et a l,  1997). Once activated, MNK (which exists as two isoforms, MNKl 

and MNK2) is able to phosphorylate eukaryotic initiation factor 4E (eIF-4E) (Pyronnet 

et a l,  1999; Waskiewicz et a l,  1999), thus indicating a potential involvement in 

translational control.

Phosphorylation of phospholipase A2 (PLA2) promotes the release of arachidonic acid 

from membrane phospholipids. MAPK is able to phosphorylate PLA2, thereby 

increasing its activity (Lin et a l,  1993). A further potential cytosolic target of MAPKs 

includes the carboxy-terminal region of the Ras GEE, Sos (Section 1.2.2.1.1), 

(Cherniack et a l,  1994; Buday et al,  1995). Dissociation of the Grb2-Sos complex was 

reported following insulin-induced Sos phosphorylation (Cherniack et a l,  1995), 

implying that MAPK-induced Sos phosphorylation may be an important negative 

feedback mechanism.
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1.2 4.3. Nuclear Targets of the Raf/MEK/MAPK Pathway

As a nuclear kinase, the MAPK substrate MAPKAPK-1 is able to phosphorylate the 

transcription factors cAMP Response Element Binding Protein (CREE) (Xing et al,

1996), ÇREB Binding Protein (CBP) (Nakajima et al,  1996) and c-Fos (Chen et al,

1993).

The mitogen- and stress-activated protein kinase (MSK) proteins, MSK-1 and MSK-2, 

can also be activated by both MAPK and p38 pathways (Deak et a l,  1998) and, similar 

to MAPKAPK-1, they are able to phosphorylate CREB. Furthermore, MSK-1 has been 

reported to phosphorylate chromatin proteins, thereby implying additional potential for 

transcriptional regulation (Sassone-Corsi et al, 1999; Thomson et a l,  1999). More 

recently, MAPK has been demonstrated to directly phosphorylate carbamoyl phosphate 

synthetase II, an enzyme involved in the de novo synthesis of pyrimidines (Graves et 

al, 2000).

In many cases, MAPK activation results in gene transcription via the serum response 

element (SRE) found in the promoter of many immediate-early genes, for example c- 

fos. The SRE binds a transcription factor complex comprising serum response factor 

(SRE) and a member of the ternary complex factor (TCP) subfamily of Ets transcription 

factors, which includes Elk-1, Sap-1 and Sap-2 (reviewed in Wasylyk et al,  1998). 

MAPK has been reported to phosphorylate Elk-1 and Sap-1 (Gille et a l,  1995; Strahi et 

al,  1996).

Complexes of members of the Eos and Jun transcription factor families are able to 

homo- and hetero- dimerise by means of their leucine zipper domains to form the AP-1 

transcription factor complex. Different dimer combinations vary in their DNA binding 

specificity and transactivational activity, and this can be further modified by 

phosphorylation (reviewed in Whitmarsh and Davis, 1996). Although JNK appears to 

be the main activator of the c-Jun transcription factor (Derijard et a l,  1994), in some 

cases MAPK can also phosphorylate c-Jun (Pulverer et a l,  1991; Peverali et a l,  1996; 

Leppa gr a/., 1998).

AP-1 binds to a specific target sequence known as the TRE (tetradecanoyl phorbol 

acetate (TPA)-responsive element) (Angel et a l,  1987), present in promoter of many 

genes such as the cell cycle regulator, cyclin D1 (Albanese et a l,  1995). Thus, the
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MAPK pathway provides a means whereby an extracellular signal influences the 

cellular response by modifying aspects of transcriptional regulation. The analogous p38 

and JNK/SAPK kinase cascades phosphorylate c-Jun, ATF2 and Elk-1 transcription 

factors (reviewed in Tibbies and Woodgett, 1999), thereby evoking transcriptional 

responses to stress stimuli.

Recent evidence suggests that other signalling pathways can be modulated by MAPK 

activity. MAPK phosphorylates the oestrogen receptor, thereby enhancing its 

transcriptional activity (Kato et a l,  1995a). However, growth factor-induced activation 

of MAPK has been reported to phosphorylate, and thereby prevent the nuclear 

translocation of, Smadl, a protein involved in transforming growth factor p (TGFp) 

signalling (Kretzschmar et a l,  1997).

1.2.4.4. Biological Effects of MAPK

In yeast. Drosophila and C. elegans, MAPK appears to mediate predominantly 

differentiative processes, such as the mating response, photoreceptor development, and 

vulval formation. In mammalian cells, however, MAPK activation has been strongly 

implicated in the regulation of cell growth in addition to differentiation. That MAPK 

can act as a central regulator in the control of cell growth is evident from its ability to 

co-ordinately influence pathways involved in gene transcription and RNA, DNA and 

protein synthesis protein (Whitmarsh and Davis, 2000). Viral raf has been identified as 

an oncogene (Rapp et a l,  1983) and expression of a constitutively activated form of c- 

Raf led to cell transformation (Smith et a l,  1990). Similarly, expression of 

constitutively activated MEK resulted in fibroblast transformation (Cowley et a l,  1994; 

Mansour et al,  1994), whereas inhibition of MEK inhibits mitogen-induced DNA 

synthesis (Dudley et a l,  1995), as does constitutive expression of the MAPK 

phosphatase-1 (MKP-1) (Brondello et al,  1995). Sustained activation of MAPK 

induces cell cycle entry by driving expression of cyclin D l, which correlates with the 

expression of a subset of AP-1 genes (Balmanno and Cook, 1999). However, it is also 

known that expression of p21^'^\ a negative cell cycle regulator, occurs as a 

consequence of sustained MAPK activation (Sewing et a l,  1997). A recent study has 

revealed that a Ras-induced increase in Rho activity is able to suppress the levels of 

p21^'P‘, thereby driving proliferation (Sahai et a l,  2001)
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Sustained MAPK activation in PC 12 cells, however, in response to nerve growth factor 

(NGF) or fibroblast growth factor (FGF) results in the translocation of MAPK into the 

nucleus and subsequent neuronal differentiation, whereas a transient induction of 

MAPK activity in response to EGF results in cellular proliferation, and MAPK is 

retained in the cytoplasm (Marshall, 1995). MAPK activation also plays a role in 

differentiation of other cell types, including thymocytes (Alberola-Ila et a l,  1995; 

Crompton et al, 1996) and adipocytes (Hu et al, 1996).

MAPK activity is also required for cell migration. Inhibition of MAPK activity 

inhibited the migration of carcinoma cells on collagen, whilst having no apparent effect 

on their attachment or spreading (Klemke et al,  1997). Activation of MAPK was found 

to phosphorylate and induce the activity of MLCK, thereby resulting in the increased 

phosphorylation of its substrate, MLC.

1.2.5. Transformation by Ras

The initial discovery of Ras as the product of the oncogenic Harvey and Kirsten 

transforming retroviruses, together with the subsequent identification, in a wide range of 

tumours, of naturally occurring Ras point mutations (Bos, 1989), strongly implicates 

aberrant Ras signalling in the process of malignant transformation. Mutations at 

residues 12, 13 or 61 of Ras decrease its intrinsic GTPase activity and render it 

insensitive to negative regulation by GAPs (reviewed in Bourne et a l,  1990), thereby 

creating a constitutively active form of the protein. The incidence of these mutations 

varies greatly between tumour types (Bos, 1989), and is particularly low (5%) in breast 

tumours (Martinez-Lacaci et al,  2000). However, overexpression of Ras is frequently 

found in breast tumours (Miyakis et a l,  1998). Furthermore, Ras activity is often 

upregulated in response to overexpression of components of upstream signalling 

pathways, such as ErbB2 (reviewed in Hynes and Stern, 1994).

The consensus from a wealth of studies making use of Ras effector mutants and 

constitutively active and dominant negative constructs is that maximal transformation 

by Ras requires the activation of more than one effector pathway (White et a l,  1995; 

Oldham et a l ,  1996; Rodriguez-Viciana et al,  1997; Webb et a l,  1998). However, 

inhibition of the MAPK pathway can suppress Ras transformation (Dudley et a l,  1995; 

Khosravi-Far et al,  1995), and a number of studies have shown that activating 

mutations in the Raf/MEK/MAPK pathway alone can induce tumourigenesis (Smith et
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al,  1986; Cowley et a l,  1994; Leevers et al,  1994; Mansour et al,  1994), although 

these studies do not preclude contribution from other effector pathways by an autocrine 

mechanism. The significance of the Raf/MEK/MAPK pathway in Ras-mediated 

transformation likely reflects its key role in regulating cell growth and modulating the 

expression of additional genes involved both in the acquisition of the Ras-transformed 

phenotype and in aspects of tumour progression such as metastasis (Hernandez- 

Alcoceba et al,  2000).

The Rho family of GTPases, which are known to regulate the actin cytoskeleton (Nobes 

and Hall, 1995), are also thought to be involved in mediating the changes in cell 

morphology and motility required for metastasis. Additionally, Rho GTPases have been 

implicated in Ras transformation (Ridley et al,  1992; Ridley and Hall, 1992; Khosravi- 

Far et al, 1995; Qiu et a l ,  1995a; Qiu et al, 1995b; Qiu et a l,  1997; Sahai et a l,  

2001). In S. pombe, the Cdc42 GEF, Scdl, has been identified as an effector of Rasl, 

(Marcus et a l,  1995) and filamentous growth in S. cerevisiae is controlled by a Cdc42- 

mediated pathway downstream of Ras2 (Mosch et al,  1996).

A further important downstream target of Ras may include JNK (Granger-Schnarr et a l , 

1992; Clark et a l,  1997). JNK may be activated either as consequence of Ras-induced 

Rho GTPase activity (Coso et al,  1995; Minden et al,  1995; Olson et al,  1995) or via 

the direct interaction of MEKK with Ras (Minden et al, 1994; Y an et a l,  1994; Russell 

e ta l ,  1995).

1.3. The Mammary Gland
The mammary gland is an endocrine organ that exists only in mammals and is unique in 

that the majority of its development occurs after birth. This makes it an extremely 

suitable model in which to study aspects of normal development, such as proliferation, 

differentiation and cell death. Similar to most organs, the mammary gland comprises 

both an epithelial and a mesenchymal (embryonic)/stromal (adult) component.

1.3.1. Morphology of the Mammary Gland

The mammary epithelium comprises two different cell types, the luminal epithelium and 

the myoepithelium, embedded in surrounding mesenchymal/stromal tissue consisting of 

adipocytes, fibroblasts and blood vessels. In mammary ducts, the luminal epithelial
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layer is surrounded by a continuous layer of myoepithelial cells, in contrast to the 

terminal alveoli, where the distribution of myoepithelial cells is more discrete (see 

Figure 1.8).

A layer of basement membrane surrounds the epithelial layers, providing both structural 

support and biochemical signals. The basement layer is produced both by the 

epithelium and the surrounding mesenchyme/stroma and is an important factor in 

mammary gland development and homeostasis (see Section 1.3.4.3). It also governs the 

highly polarised nature of mammary epithelial cells, generating a basal-apical polarity 

that is highly significant for luminal epithelial cells in the function of milk secretion into 

the lumen of the alveoli and ducts. Within the epithelial cell layer, as is typical of 

epithelial cells, neighbouring cells are in very close contact with each other, thus, in 

addition to cell-ECM and epithelial-mesenchymal/stromal interactions, cell-cell 

interactions also contribute significantly to mammary gland function (see Section 

1.3.4.3).

1.3.2. Development of the Mouse Mammary Gland

Mouse mammary gland development begins during embryogenesis between 10 and 11 

dpc, with a localised thickening of the ectoderm into a mammary ridge or crest that 

extends between the fore- and hind-limbs on both sides of the ventral surface of the 

embryo. In 12 day old embryos, five pairs of mammary buds are visible, with a small 

amount of growth occurring mainly as a result of the recruitment of neighbouring 

ectodermal cells. Male embryos begin to produce androgen at a late stage of 13 dpc, so 

that by 14 dpc the sexual phenotype of the mammary gland is determined. This is 

accomplished by the detachment of a small group of cells from the remainder of the 

ectoderm following the destruction of the epithelial rudiment. In female embryos, the 

mammary bud continues to grow downwards quite slowly into the surrounding 

fibroblastic mesenchyme until the 16̂  ̂ or 17^ day of gestation, at which point it begins 

to elongate and undergo branching morphogenesis, penetrating into a second type of 

mesenchyme, the fat pad precursor. By the end of gestation, a small ductal tree 

comprising 10-20 branches has been formed from each individual mammary bud. In the 

first three weeks after birth, the ductal system undergoes limited elongation and 

branching resulting in the ramification of a ductal network throughout the fat pad. 

Puberty in mice occurs 4-6 weeks after birth, at which stage the distal end of each duct 

proliferates to form a bulbous endbud, known as a mammary or terminal end bud,
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comprising epithelial cells. The mammary gland remains in this state until the second 

half of pregnancy, when the number of mammary epithelial cells in the gland 

dramatically increases leading to the production of more ducts, and alveoli are formed 

from the terminal end buds. The distal epithelial cells lining these alveoli differentiate 

to develop secretory characteristics. At this point, the stroma dramatically decreases in 

volume to accommodate the expanding epithelium.

Upon parturition, milk is produced and secreted, enabling lactation to proceed. After 

weaning is completed, milk begins to accumulate in the ducts and alveoli, resulting in 

the collapse of cells inside the alveoli. Massive localised apoptosis occurs during the 

process of involution, after which the mammary gland is restored to its post-pubertal 

state, with the adipocyte stroma replacing the lost epithelium. Although now 

morphologically resembling a virgin mammary gland again, not until the mammary 

gland has undergone this process of proliferation, differentiation and death is it 

considered functionally developed (see Figure 1.9). Moreover, localised changes in cell 

proliferation, differentiation and death in the mammary alveoli also occur during the 

oestrus cycle, but on a much smaller scale than occurs during pregnancy, lactation and 

involution (Andres eî a l,  1995).

1.3.3. Mammary Gland Neoplasia

The continuous proliferative, differentiative and apoptotic signals encountered during 

both the oestrus and reproductive cycles make the mammary epithelium particularly 

prone to the accumulation of gene mutations and hence transformation. The vast 

majority of human breast cancers are characterised by having luminal-like tumour cells, 

with less than 3% displaying myoepithelial-like characteristics (Gusterson et a l,  1982). 

In addition, there is no evidence that myoepithelial cells are proliferative (Sapino et a l,  

1990), strongly implying that luminal epithelial cells, in addition to their role in ductal 

growth in normal development, are responsible for dysregulated growth in mammary 

tumours.
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Figure 1.8. Schematic Representation of a Mammary Duct and Alveolus
Mammary ducts and alveoli comprise luminal and myoepithelial cells. In mammary ducts, 
luminal epithelial cells are separated from the basement membrane by a layer of 
myoepithelial cells (a), (b) highly polarised luminal epithelial cells in mammary alveoli are 
responsible for the production of milk products. The majority of these cells are in direct 
contact with the basement membrane, with a more discrete distribution of myoepithelial 
cells. Adapted from Hagios et a i ,  1998 ; Edwards and Streuli, 1995 .
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Figure 1.9. Schematic Representation of Mouse Mammary Gland Development
The rudimentary ductal system in newborn mice undergoes limited growth before the onset 
of puberty, during which extensive elongation and branching occurs. In the second half of 
pregnancy, alveoli are formed from terminal end buds. The number of alveoli reaches its 
maximum during lactation, after which massive localised cell death occurs during 
involution, and the mammary gland morphologically resembles that of a virgin mouse. 
Adapted from Hennighausen and Robinson, 1998.
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Mammary carcinomas are classified as either non-invasive, in which case they are 

described as either ductal or lobular carcinomas in situ, or invasive, which display a 

variety of heterogeneous phenotypes, including infiltrating ductal NOS (not otherwise 

specified) carcinoma, lobular carcinoma and medullary carcinoma (Ronnov-Jessen et 

al,  1996). A number of stages of mammary tumour formation can be identified, 

varying from premalignant hyperplasias to metastatic carcinomas. The most aggressive 

phenotype and poorest prognosis are thought to be the result of an accumulation of 

genetic changes which confer distinct advantages on the tumour, such as cell 

proliferation, cell survival and the ability of cells to invade the surrounding tissue. As 

with many other cancers, the development of breast cancer is a multistep process which 

can arise as a result of spontaneous or hereditary genetic mutations. The strongest risk 

factor for breast cancer appears to be a family history of the disease. Among the best 

characterised genes that are known to predispose women to breast cancer is Brcal, 

which is also linked to ovarian cancer (Miki et al, 1994). Since loss of the wild-type 

allele accounts for over 90% of mammary tumours from women with Brcal mutations 

(Smith et a l,  1992; Neuhausen and Marshall, 1994; Cornells et al,  1995), the protein is 

postulated to have a tumour suppressive role. Indeed, Brcal protein has been reported 

to associate with RadSl, a protein implicated in double-stranded DNA repair (Benson et 

al,  1994). An interaction between Brcal and p53 has also been reported (Zhang et a l,

1998). A second breast cancer susceptibility gene, Brcal (Wooster et al, 1995) shows 

little homology to Brcal, but is expressed in a similar manner, being upregulated during 

periods of mammary epithelial proliferation and differentiation (Rajan et al,  1996). 

The Brca2 protein has also been implicated in DNA repair (Arver et a l,  2000), and, 

since germ-line mutations and loss of heterozygosity (LOH) at the Brcal locus are 

correlated with breast tumour development, Brca2 has also been postulated to act as a 

tumour suppressor. In contrast to Brcal, a large proportion of male breast cancers is 

attributable to mutations in Brcal. Breast cancer represents 1% of all cases of male 

cancers, and although occurs approximately 100 times less than female breast cancer, 

exhibits similar histology, biology and prognosis. Male mammary tumourigenesis is 

commonly linked to alterations in hormonal levels (Thomas et a l,  1992). Female breast 

cancer also occurs predominantly in sexually mature women, emphasising the 

importance of hormonal action in mammary gland homeostasis (see Section 1.3.4.2). 

As such, anti-oestrogens have proved to be successful in the treatment of oestrogen- 

dependent mammary tumours (de Cupis and Favoni, 1997). However, treatment is 

critically dependent on the nature of the tumour, since treating ErbB2/Neu-
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overexpressing tumours with the anti-oestrogen, Tamoxifen, has been reported to 

stimulate ErbB2/Neu expression (Johnston et a l,  1993). In the case of ErbB2/Neu- 

overexpressing tumours, effective treatments may be provided by antibody therapy (e.g. 

Herceptin) (Hynes and Stern, 1994; Weiner and Adams, 2000), the use of antisense 

oligonucleotides (Roh et al,  2000; Yu and Hung, 2000) and small molecule inhibitors 

(Buchdunger et al, 1994). Many of these approaches may be applied to inhibit Ras, in 

cases where Ras signalling is upregulated by oncogenes. Further treatments involve 

combinative therapy, such as the use of chemotherapy together with reductive surgery.

1.3.31. Mouse Models of Neoplasia

Analysis of the multistep nature of human breast cancer is facilitated by the use of 

transgenic mouse models bearing mutations that cause the overexpression, or deletion, 

of appropriate genes. Transgenic mice that developed mammary tumours were first 

generated in 1984 (Stewart et al,  1984), when c-myc was expressed under the control of 

the long-terminal repeat (LTR) of the mouse mammary tumour virus (MMTV). 

Subsequent studies have demonstrated that the expression of genes amplified in human 

cancers, such as ErbB2/Neu and cyclin D l, is able to induce mammary tumourigenesis 

in transgenic mouse models. The use of transgenic mice has also enabled the 

consequences of overexpressing genes normally tightly regulated during mammary 

development to be studied, implicating a number of RTKs and their signalling pathways 

in mammary tumourigenesis (see Section 1.3.4.4). The role of proteins as tumour 

suppressors can also be assessed by the ability to specifically target genes for deletion or 

disruption. This is particularly relevant for the study of genes located at sites of LOH. 

Using a conditional knockout mouse, it has recently been demonstrated that disruption 

of Brcal in a mammary-specific manner resulted in the formation of mammary tumours 

(Xu et a l,  1999b), and has confirmed that Brcal plays a role in DNA repair (Moynahan 

et a l,  1999). With rapid advances in the field of transgenics, it is likely that the 

successful use of mice as models in which to study mammary gland tumourigenesis will 

continue.
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1.3.4. Signalling Within the Manmiary Gland During Normal 

Development and Tumourigenesis

Within the environment of the mammary gland, the information that a cell receives can 

be in the form of hormones and cytokines originating several cell distances away, or 

local cues that it receives from cell-cell and cell-matrix interactions. Both sets of 

signals constitute a dynamic microenvironment in which longer-range signals can affect 

the interaction of cells with their immediate environment, and, reciprocally, the 

response to such signals may depend on the local cell environment. The signals must be 

tightly co-ordinated both within and between the epithelial and mesenchymal/stromal 

components of the mammary gland to form a functional unit which can undergo growth, 

morphogenesis and differentiation. Thus, it is apparent that any perturbations that upset 

such a unit may well contribute to deregulated growth.

I.3.4.I. The Role of Epithelial-Stromal Interactions

Development of the mammary gland requires interactions between the epithelium and 

its surrounding mesenchyme/stroma. Results from early studies demonstrated that 

epithelial-mesenchymal interactions are involved in the formation of mammary buds. 

Ectoderm derived from prospective mammary and non-mammary regions could be 

induced to form mammary buds by underlying mammary mesenchyme. Mammary 

epithelial bud formation is thought to be induced by signals from the underlying 

mesenchyme, which mediate changes in cell shape and motility rather than localised 

cell proliferation (Cunha, 1994).

Following formation of the epithelial bud, the sexual phenotype of the mammary gland 

is specified as a result of epithelium-derived signals that induce the synthesis of 

androgen receptors in the fibroblast mesenchyme (Heuberger et a l, 1982). In male 

mice, the presence of testosterone directly stimulates these fibroblasts to condense 

around the rudimentary epithelium and ultimately cause its destruction. Female mice, 

lacking androgen receptors, are unaffected.

Early studies also demonstrated that the mammary mesenchyme is important in 

directing the unique morphological development of the mammary gland (reviewed in 

Howlett and Bissell, 1993). When mammary epithelium is recombined with homotypic 

mammary mesenchyme, the epithelium develops in a mammary-specific manner.
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However, the pattern of morphogenesis resembles that of a salivary gland if the 

mammary epithelium is recombined salivary gland mesenchyme. Conversely, if 

mammary mesenchyme is combined with salivary gland epithelium, the epithelium 

develops a mammary gland-specific morphology.

Although mammary mesenchyme contains both fibroblastic and adipose components, 

the adipocytes appear to predominantly specify the mammary-specific growth 

characteristics of the epithelium (Howlett and Bissell, 1993). The precise mechanism by 

which epithelial-mesenchymal interactions specify mammary-specific morphogenesis is 

unknown, however, it is highly likely that basement membrane- and ECM-derived 

signals are involved (see Section 1.3.4.3).

In the developing postnatal mouse mammary gland, continued support for mammary 

gland morphogenesis is provided by the adipocytes of the stroma. Although the ductal 

system is enveloped by basement membrane, the end buds (from which ductal 

elongation occurs) are surrounded only by stromal adipocytes, whereas the ductal walls 

(along which end buds are unable to form) are surrounded by a layer of fibroblasts 

before being embedded in the adipocytes of the fat pad. By 12-14 weeks after birth, 

expansion of the ductal system stops as the ducts reach the limits of the fat pad and 

make contact with the surrounding fibrous sheath (Howlett and Bissell, 1993). Thus, it 

appears that the fibroblastic and adipocyte components of the mammary mesenchyme 

have opposing roles on mammary morphogenesis.

I.3.4.2. The Role of Hormones

Embryonic mammary gland development occurs largely independently of hormonal 

action, in contrast to the profound effects of reproductive hormones on the development 

of the postnatal mammary gland in pubertal and pregnant mice. The adult mammary 

gland is exposed to a number of hormones following puberty, such as oestrogen, 

progesterone and prolactin, during the oestms cycle and the reproductive cycle.

With the onset of puberty at approximately 4 weeks in mice, ductal growth increases 

significantly. Studies from oestrogen receptor mutant mice have demonstrated that 

oestrogen primarily affects the ductal growth of epithelial cells following binding to 

stromal oestrogen receptors (Korach et a l, 1996; Cunha et a l, 1997).



In contrast, the effect of progesterone on side branching and alveolar development is 

thought to be due to its direct action on progesterone receptor-expressing epithelial cells 

(Lydon et a i, 1995). Subsequent studies have shown that progesterone induces the 

expression of Wnt-4, which mediates the formation of ductal side branches (Brisken et 

a l, 2000).

Alveolar morphogenesis is also regulated by prolactin, as demonstrated by the 

formation of an extended, but undeveloped, ductal system in prolactin-deficient mice 

(Horseman et a i, 1997). However, prolactin was first identified as a lactogenic 

hormone by its ability to stimulate casein production in mammary organ explants 

(Juergens et a l, 1965). Thus, signalling through prolactin regulates genes involved in 

both differentiation and growth control.

The ability of many of the hormones expressed in the mammary gland to promote 

localised cell growth is highly suggestive of a putative tumourigenic role in a situation 

where the complex homeostatic regulation of the mammary gland is perturbed. Indeed, 

almost 50% of primary breast cancers depend on the growth-promoting effects of 

oestrogen (although these later establish oestrogen independency) (Fendrick et a l, 

1998). Similarly, many studies have established a role for prolactin in rodent mammary 

tumourigenesis (reviewed in Vonderhaar, 1999).

I.3.4.3. The Role of Cell-Cell and Cell-ECM Interactions

One of the main ways in which epithelial-mesenchymal/stromal interactions exert 

influence over mammary gland development is by contributing different ECM 

constituents to the basement membrane separating the two components. The 

complement of ECM molecules varies considerably during mammary gland 

development and homeostasis (Sakakura, 1991), thus providing a variety of different 

ECM-derived signals to both the epithelium and the mesenchyme/stroma.

By 16 dpc, the rudimentary epithelial duct is already separated from the adipocyte 

mesenchyme by a continuous basement membrane (Kimata et a l, 1985). However, as 

previously mentioned (Section 1.3.4.1), mammary epithelial morphogenesis is directed 

by the underlying mesenchymal adipocytes. Studies have shown that salivary gland 

morphogenesis requires a combination of basement membrane and salivary 

mesenchyme (Takahashi and Nogawa, 1991), and since the mesenchymal adipocytes of
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the mammary gland are able to produce components of the basement membrane 

(Howlett and Bissell, 1993), it is conceivable that the requirement of adipocytes for 

mammary epithelial morphogenesis is due to their ability to provide basement 

membrane signals.

ECM molecules have also been implicated in the determination of the sexual phenotype 

of the mammary gland. Tenascin expression is intriguingly downregulated in the 

developing female mammary gland (Sakakura et a l, 1991), in contrast to its continued 

expression in the fibroblast cells of the male rudimentary duct, which may destroy the 

surrounding epithelial rudiment through adhesion-promoting effects. There is also 

evidence to suggest that the negative effects of stromal fibroblasts on ductal outgrowth 

(see Section 1.3.4.1) may be due to an increased deposition of the ECM components 

collagen and chondroitin sulphate in the stroma adjacent to mammary end buds 

(Silberstein et a l, 1990). Conversely, the process of ductal branching requires 

degradation of ECM and basement membrane components by matrix-metalloproteinases 

(MMPs) (Sympson et a l, 1994).

The ECM also plays an important role in mammary gland differentiation. Mammary 

epithelial cells from mid-pregnant mice are able to synthesise milk proteins in the 

presence of lactogenic hormones only when cultured on floating type I collagen gels, in 

EHS matrix (reconstituted basement membrane derived from Engelbreth-Holm-Swarm 

tumour) or in co-culture with mammary adipocytes or fibroblasts, due to the presence, 

or induction of production, of a basement membrane (Li et a l, 1987; Wiens et a l,  1987; 

Reichmann et a l, 1989; Streuli and Bissell, 1990). Interestingly, when cultured on 

tissue culture plastic, mammary epithelial cells are able to produce basement membrane 

components but are unable to assemble them correctly (Streuli and Bissell, 1990).

Another important process in which cell-ECM interactions are of significance is 

involution, whereupon the differentiated milk-secreting alveolar epithelium is removed 

by apoptosis. Early studies reported on the loss of basement membrane around the 

alveoli during involution, with subsequent analyses demonstrating increased expression 

and activity of MMPs (Talhouk et a l, 1991; Talhouk et a l, 1992; Li et a l, 1994). In 

vitro studies have demonstrated that the presence of basement membrane confers 

protection against apoptosis (Boudreau et a l, 1995; Edwards and Streuli, 1995;

90



Boudreau et a l, 1996), whilst the presence of an anti-integrin antibody increased the 

rate of cell death (Edwards and Streuli, 1995).

Transformed cells must modify their interactions with the ECM during tumour 

formation and subsequent metastasis. Accordingly, many mammary carcinomas display 

markedly altered patterns of integrin distribution (Koukoulis et a l, 1991; Zutter et a l, 

1993). The loss of cell-cell contacts is also an important factor in the acquisition of the 

invasive phenotype. As such, loss of the adherens junction protein, E-cadherin, 

correlates well with aggressive carcinomas (Behrens et a l, 1989; Zschiesche et a l, 

1997). The expression of E-cadherin can be influenced by ECM components (Kato et 

a l, 1995b) and post-translational modification of E-cadherin by MMPs has been 

demonstrated (Lochter et a l, 1997).

I.3.4.4. The Role of Receptor Tyrosine Kinases

RTKs are involved in aspects of normal mammary gland development such as ductal 

growth and branching and accordingly, deregulation of either the receptors or their 

ligands is likely to impact on proliferative and invasive processes in tumourigenesis.

One of the best characterised receptor tyrosine kinases that is overexpressed in human 

mammary tumours is ErbB2/Neu, a member of the EGF receptor family. A mutation in 

the transmembrane domain of ErbB2 renders the kinase constitutively active (Weiner et 

a l, 1989) and is able to induce mammary tumour formation in mice (Muller et a l, 

1988). An analogous mutation in human ErbB2 has not been detected, but 

overexpression of the wild-type receptor is frequently found in human mammary 

tumours (see Hynes and Stem, 1994), and is thought to confer ligand-independent 

receptor activation. Interestingly, tyrosine phosphorylation of ErbBB is also observed in 

situations where ErbB2 is overexpressed (Alimandi et a l, 1995), presumably as a result 

of spontaneous dimérisation with ErbB2, and this heterodimer is thought to confer 

synergistic tumourigenic potential by activating both mitogenic and anti-apoptotic 

signalling pathways (Siegel et a l, 2000). The ErbBl ligands EGF and TGFa elicit both 

proliferative and differentiative effects on normal mammary glands, causing branching 

and development of alveoli, and both ligands are expressed in transformed mammary 

tissue (Normanno et a l, 1994).

91



Members of the FGF family of RTKs and ligands are expressed during normal mouse 

mammary gland development (Coleman-Krnacik and Rosen, 1994; Jackson et al., 1997) 

and are also implicated in mammary tumourigenesis. Integration of MMTV results in 

the expression of FGF3, FGF4 and FGF8 (Peters et al., 1983; Dickson et al., 1984; 

Peters et al., 1989; MacArthur et a i, 1995) and mammary-specific overexpression of 

FGF3, FGF7 and FGF8 causes tumour formation (Muller et a l, 1990; Kitsberg and 

Leder, 1996; Daphna-Iken et a l, 1998).

Overexpression of the Met receptor tyrosine kinase and its ligand, hepatocyte growth 

factor/scatter factor (HGF/SF) is also found in human mammary tumours (Tuck et a l, 

1996; Jin et a l, 1997). In the normal mammary gland. Met is involved in branching 

morphogenesis (Niranjan et a l, 1995; Soriano et a l, 1995; Yang et a l, 1995; Yant et 

a l, 1998). Transgenic expression of an activated form of Met resulted in the formation 

of metastatic mammary tumours (Jeffers et a l, 1998).

1.3.5. A Role For EphA2 During Normal Mammary Gland 

Development and Tumourigenesis?

Analysis of the levels of EphA2 expression revealed low levels of EphA2 mRNA 

expression in the mammary glands of virgin mice, with fluctuating levels of expression 

during the oestrus cycle (Andres et a l, 1994). Highest levels were observed during pro­

oestrus and oestrus (characterised by epithelial growth), with levels declining during 

metoestrus and anoestrus following ovulation (characterised by differentiation and 

apoptosis) (Andres et a l, 1994). Levels of EphA2 mRNA also decreased during 

pregnancy, and only during involution could transcripts again be detected by northern 

blot analysis (Andres et a l, 1995). A similar pattern of expression was also seen for the 

EphB4 receptor (Andres et a l, 1995) and a subsequent study demonstrated that changes 

in EphB4 protein levels largely paralleled those of EphB4 mRNA expression during the 

oestrus cycle (Nikolova et a l, 1998). Analysis of the levels of EphA2 protein has not 

been undertaken.

In agreement with the initial naming of EphA2 as epithelial cell kinase (Lindberg and 

Hunter, 1990), mEphA2 has been isolated from the epithelial cell component of a 

mouse mammary co-culture system (Andres et a l, 1994). Significant levels of EphA2 

mRNA were observed in mammary epithelial cells from both established cultures and
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primary sources, compared with barely detectable levels in fibroblasts (Andres et ah, 

1994; Andres et a l, 1995). However, whether the cellular source of EphA2 expression 

is luminal or myoepithelial was not reported. The marked upregulation of EphA2 in a 

number of mammary tumours (Andres et a l, 1994; Dodge-Zantek et a l, 1999; Ogawa 

et a l, 2000) strongly implies that, since the vast majority of mammary tumours 

comprise luminal epithelial cells, EphA2 is of luminal epithelial origin, at least in 

tumour tissue. However, the source of EphB4 expression was seen to change from 

myoepithelial to luminal with tumourigenic progression, whereas the expression of its 

ligand, ephrinA2, was lost altogether from luminal cells (Nikolova et a l, 1998). As yet, 

there have been no reports of ephrinAl expression in non-transformed mammary tissue, 

although ephrinAl and EphA2 are frequently co-localised in the epithelium of other 

tissues comprising both epithelial and stromal components, such as lung and kidney 

(Lindberg and Hunter, 1990; Ganju et a l, 1994; Shao et a l, 1995; Takahashi and Ikeda, 

1995). A recent report has described the presence of ephrinAl and EphA2 in both 

epithelial and endothelial cells in mammary gland tumours (Ogawa et a l, 2000).

That in vitro studies have suggested a role for Eph receptors in cell-cell and cell-ECM 

interactions (see Sections 1.1.5.1 and 1.1.5.2) is of significance given the importance of 

such interactions in the developing and adult mammary gland (see Section 1.3.4.3), and 

implicate Eph receptor signalling in cell positioning and pattern formation during 

mammary gland development and homeostasis. Mammary gland function may also be 

influenced by the ability of Eph receptor activation to perturb cell-cell communication 

through impaired formation of gap junctions. The expression of connexins, which form 

the connexon pores of gap junctions, is reported to vary during the reproductive cycle of 

the mammary gland, and impaired gap junction function has been implicated in 

tumourigenesis (reviewed in Locke, 1998). However, whether impaired gap junctions 

are a cause or consequence of transformation is unclear.

The ability of EphA2 to suppress integrin function (Miao et a l, 2000) could be very 

important both in normal mammary gland function and in metastasis, a process in which 

EphA2 has already been implicated in light of its overexpression in Ras-induced 

metastatic tumours (Andres et a l, 1994). Furthermore, the recent finding that EphA2 

and ephrinAl are both expressed in blood vessels of mammary tumours (Ogawa et a l, 

2000) implicates EphA2 in angiogenesis, a critical step in the process of metastasis.
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1.4. Thesis Aims
Tumourigenesis is a complex process in which the deregulation of a number of genes 

contributes to the survival and progression of the tumour. Increased expression of 

several Eph receptors has been reported in a number of different tumour types. In 

particular, EphA2 mRNA levels are increased in mammary tumours in response to 

mammary-specific expression of activated Ras in a transgenic mouse model. Initial 

experiments undertaken in this thesis were therefore designed to determine whether the 

Ras-induced increase in EphA2 mRNA expression corresponded to an increased level 

of functional EphA2 protein. Since Ras interacts with several substrates, the effector 

pathway(s) responsible for the upregulation of EphA2 was investigated. As EphA2 

mRNA is increased in metastatic mammary tumours of WAPra^ transgenic mice 

(Andres et a l, 1994), the consequences of expressing oncogenic ras in a mammary- 

specific manner in mice which are severely deficient for the EphA2 protein were 

analysed. Further experiments were also carried out to study signalling pathways 

downstream of activated EphA2 and to determine the consequence of EphA2 activation 

on the morphology of normal and Ras-transformed mammary epithelial cells.
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Chapter 2 

Materials and Methods

Unless otherwise specified, all chemicals were purchased from BDH or Sigma.

Water used in the preparation of all solutions was purified by treatment with activated 

charcoal, reverse osmosis and de-ionisation using a Purite ‘Select Analyst HP’ system, 

followed by sterilisation by autoclaving.

Radioisotopes (see below) were supplied by Amersham Pharmacia.

Redivue [y-’^P]ATP, 10 nCi/^ll

Redivue [Y-^^P]ATP, 10 nCi/|ll 

[a-^^P]dCTP, 10 nCi/nl

2.1. Nucleic Acid Manipulation
2.1.1. Stock Solutions, Buffers, Bacterial Strains and Plasmids

2.1.1.1. Media Used for Bacterial Culture

Luria-Bertani 10 g bacto-tryptone (Difco), 5 g bacto-yeast extract and 5 g NaCl were

(LB) medium dissolved in water. The pH was adjusted to pH 7.5 with 5 M NaOH

and the volume adjusted to 1 1 with water before autoclaving.

LB agar 

(Difco)

Prepared as for LB medium with the addition of 15 g/1 of bacto-agar 

Antibiotics, when used, were added when the medium had cooled to 

55°C. Plates were poured using 25-30 ml medium and stored at 4°C.

2.1.1.2. Antibiotics for Bacterial Culture

Ampicillin Prepared as a stock solution of 50 mg/ml in water, filter sterilised 

using a 0.2 pm syringe filter and stored at -20°C. Used at a final 

concentration of 50 pg/ml.

Zeocin™ Purchased from Invitrogen as a 100 mg/ml stock, used at 25 pg/ml 

final concentration. Stored in dark at -20°C
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2.1.1.3. Reagents for Nucleic Acid Analysis

Caesium 5.7 M caesium chloride, 0.1 M ethylenediaminetetraacetic acid

chloride (EDTA), pH 8.0. Stored at room temperature.

Dénaturation 0.4 M NaOH, 0.6 M NaCl. Stored at room temperature.

Solution

50 X Denhardt’s 1% (w/v) Ficoll 400, 1% (w/v) polyvinylpyrrolidone, 1% (w/v) bovine 

Solution serum albumin (BSA) in distilled water. Filter sterilised and stored in

aliquots at -20°C.

DNA size Obtained from Gibco-BRL. 50 )Lil of a 1 mg/ml stock was added to

markers 100 |il of DNA loading buffer and 850 |il TE to make a 50 ng/jxl

solution. Stored at 4°C.

DNA loading 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene cyanol, 25%

dye (10 x) (w/v) Ficoll 400. Stored at room temperature.

Ethidium Prepared as a 10 mg/ml stock in water, stored at room temperature

bromide wrapped in foil.

Genomic 100 mM Tris-HCl pH 7.9, 10 mM NaCl, 10 mM EDTA, 0.5% SDS.

Lysis Buffer Stored at room temperature. Proteinase K added to 100 |ig/ml

immediately prior to use.

Guanidinium 4 M guanidinium thiocyanate, 0.1 M p-mercaptoethanol, final pH 5.0. 

thiocyanate Stored in aliquots at -20°C.

Hybridisation 50% Formamide, 6 x SSC solution, 5 x Denhardf s solution, 0.5%

Solution SDS. Salmon sperm DNA added to 200 fig/ml immediately prior to

use.

Neutralisation 1.5 M NaCl, 0.6 M Tris-HCl pH 7.5. Stored at room temperature.

Solution
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RNAse A RNAse A was dissolved, using 0.01 M sodium acetate (pH 5.2), to a

final concentration of 10 mg/ml, incubated at 95°C for 15 minutes, 

then cooled to room temperature prior to adding 0.1 volumes of 1 M 

Tris-HCl pH 7.4. Stored at -20°C.

3 M sodium Prepared as a 3 M solution, pH adjusted accordingly using glacial

acetate acetic acid. Autoclaved and stored at room temperature.

Solution I 50 mM glucose, 25 mM Tris-HCl pH 8.0, 10 mM EDTA pH 8.0.

Filter sterilised and stored at 4°C.

Solution II 0.2 M NaOH, 1% (w/v) SDS. Made up fresh before use.

Solution III 3 M potassium acetate, adjusted to pH 4.8 with glacial acetic acid.

Stored at 4°C.

20 X SSC 175.3 g NaCl, 88.2 g sodium citrate.2H20, volume adjusted to 1 1 with

water. Stored at room temperature.

TAB (50x) 242 g Tris base, 57.1 ml of glacial acetic acid and 100 ml of 0.5 M

EDTA pH 8.0. Volume adjusted to 1 1 with water. Autoclaved and 

stored at room temperature.

Tris/EDTA 10 mM Tris-HCl pH8.0, 1 mM EDTA pH 8.0. Stored at room

(TE) temperature.

TFB 1 100 mM RbCli, 50 mM MnCli, 30 mM potassium acetate, 10 mM 

CaCla, 15% (v/v) glycerol. Filter sterilised and stored at 4°C.

TFB 2 10 mM MOPS pH 7.0, 10 mM RbCl], 75 mM CaCl2, 15% (v/v) 

glycerol. Filter sterilised and stored at 4°C.
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2.1.1.4. Bacterial Strains

E. coli of the following genotypes were used:

SURE™ el4'(McrA ) A(mcrCB-hsdSMR-mrr) 171 endAl supE44 thi-l gyrA96

(Stratagene) relAl lac recE red  sbcC umuC\:Tn5 (Kan' )̂ «vrC [F’proAB

lact^ZAM15 TnlO (tet')]"

Mutation and deletion of genes involved in DNA rearrangement, deletion, repair and 

recombination makes this strain suitable for cloning DNA containing inverted repeats or 

secondary structures.

TOP 10 mcrA A{mrr-hsdRMS-mcrBC) (j)80/<3cZAM15 AlacXlA deoK recAl

One Shot araDl39 A{ara-leu)l691 galM ga/K rpsL (StF) endAl nupG

(Invitrogen)

Ideal for high-efficieny cloning and plasmid propagation.

XLl-Blue supE44 hsdR ll rec A l endAl gyrA46 thi rel A l lac F'[pmAB^ 

(Stratagene) ./acU /acZAM15 TnlO (tet*̂ )]

Suitable for production of high quality plasmid DNA.

2.1.1.5. Vectors

pECE-EphA2WT: contains the full length cDNA sequence of murine EphA2 (Ganju et 

a l, 1994) in the mammalian expression vector, pECE .

pECE-EphA2Neu: pECE-EphA2WT containing a substitution of the transmembrane 

region of the EphA2 sequence for the transmembrane domain of the oncogenic form of 

neu.

pJLR-EphA2WT: contains the full length cDNA sequence of murine EphA2 in the 

retroviral vector pJLR-Gal (a kind gift from Andrew Ziemiecki, University of Berne, 

Switzerland).

pJLR-Akin: EphA2 cDNA sequence comprising the intracellular domain of EphA2 

(nucleotide 3086 to 3’UTR {BamEl l-Sal I)).

98



p2IgFc: contains extracellular domain of murine Nsk2 (5’UTR-nucleotide 673 {Hinà 

III-5amH I)) cloned in-frame with the murine IgGl Fc in the mammalian expression 

vector, pcDNAI/Amp (Invitrogen) (see Appendix 3).

Signal pigplus (R&D systems): contains the CD33 signal sequence and the human IgGl 

Fc.

pCl.lO: contains a -500 bp Xba l-Xho I fragment of EphA2 genomic DNA flanking the 

integration site of the J3A3 pro virus (Chen et a i, 1996) cloned into pBluescript® II KS-.

pIND (Invitrogen): mammalian expression vector containing the Drosophila minimal 

heat shock promoter under the transcriptional regulation of the VP 16 transactivation 

domain of the retinoid X receptor (RXR)/VgEcR heterodimer that binds to the hybrid 

ecdysone response element in pIND. See Appendix 3.

pIND-GFP: pIND mammalian expression vector containing the full length sequence of 

the jellyfish green fluorescent protein (GFP).

pVgRXR (Invitrogen): contains modified ecdysone receptor and retinoid X receptor 

cDNAs, and Sh ble gene to facilitate selection in Zeocin™. See Appendix 3.

pSV2gpt: contains the E. coli gpt gene which encodes guanine

phosphoribosyltransferase (gpt), facilitating selection in MAX medium (Mulligan and 

Berg, 1981).

pcDNAI/Amp (Invitrogen) 

pcDNA3.1/ Mvc-Hisr+^ (Invitrogen) 

PCDNA3.1/ Mvc-His(+V lacZ (Invitrogen)

cloning and expression vectors 

(See Appendix 3)

2.1.2. Bacterial Culture

2.I.2.I. Establishment of Bacterial Cultures

All bacterial cultures were derived from a single, well-isolated colony on an agar plate 

established from either a glycerol stock or a plasmid transformation and grown in the 

appropriate medium at 37°C at 250 rpm for 16 hours.
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2.I.2.2. Preparation of Bacterial Glycerol Stocks

1 ml of an overnight bacterial culture was diluted to 10 ml with prewarmed LB broth 

and grown for a further hour at 37°C with shaking. 200 pi of this was mixed with 200 

pi of sterile glycerol in a sterile 1.8 ml cryovial, vortexed to ensure even distribution of 

the glycerol, and 600pl of water was added prior to a further gentle mixing. Cryovials 

were then frozen on dry ice before transferral to long term storage at -80°C.

2.1.3. Determination of Nucleic Acid Concentration

Nucleic acid preparations were diluted in water and spectrophotometric readings 

measured at ODieo using a quartz cuvette. An OD260 measurement of 1 unit 

corresponds to ~ 50 pg/ml of double-stranded DNA, ~ 40 pg/ml of RNA and ~ 33 

pg/ml of single-stranded DNA.

2.1.4. Horizontal Agarose Gel Electrophoresis

Agarose gels were prepared using electrophoresis grade agarose (UltraPure, Gibco- 

BRL) at concentrations from 0.6% to 1.5% (w/v) (depending on the size of the 

fragment(s) being analysed) in 1 x TAE containing 1 pg/ml ethidium bromide. 0.1 

volumes of 10 x DNA loading buffer was added to the DNA samples prior to loading. 

DNA size markers were used to analyse DNA fragment sizes and to approximate DNA 

concentration. Electrophoresis was carried out at 20-100 V using Bio-Rad horizontal 

electrophoresis gel equipment. DNA was visualised using a shortwave transilluminator 

(302 nm) for analysis or longwave (365 nm) for preparatory work. DNA was 

photographed using the Bio-Rad Gel Doc 1000 system.

2.1.5. DNA Subcloning

2.I.5.I. Restriction Endonuclease Digestion of DNA

Restriction endonucleases and their accompanying buffers were obtained from either 

Boehringer or Gibco-BRL and digests carried out following the manufacturer’s 

recommendations. Briefly, for an analytical gel, 1 pg of DNA was digested with 1 pi 

(10 units) of endonuclease and 2.5 pi 10 x buffer in a volume adjusted to 25 pi with 

water. Reactions were incubated for 70-90 minutes at 37°C. For preparation of DNA 

fragments, reaction volumes were scaled up accordingly.
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2.1.5.2. Cleavage Close to the End of DNA Fragments

Reactions were set up as detailed in Section 2.1.5.1, but incubated for 16 hours at 37°C 

to allow the restriction endonucleases to attach to the shorter flanking regions of DNA.

2.1.5.3. Isolation of DNA Fragments for Subcloning

Following agarose gel electrophoresis, the required DNA fragment was excised using a 

clean scalpel blade and transferred into an Eppendorf tube. DNA was isolated from the 

gel slice using the QIAquick Gel Extraction Kit (QIAGEN) according to the 

manufacturer’s instructions. Briefly, the gel slice was dissolved at 50°C before loading 

onto a silica-gel membrane spin column in the presence of a high salt, acidic buffer in 

order to facilitate DNA adsorption to the membrane. The spin columns were 

centrifuged at 13000 x g, room temperature, to remove contaminants and washed with 

an ethanol based buffer. DNA was then eluted from the membrane using water (pH 7.0- 

8.5) and collected by briefly centrifuging at 13000 x g.

2.1.5.4. Dephosphorylation of Linearised Plasmid DNA

Subsequent to restriction endonuclease digestion of DNA, 1 pi (1 unit) of calf intestinal 

alkaline phosphatase (CIAP) (Gibco-BRL) was added to the reaction which was 

incubated at 37°C for a further 30 minutes prior to agarose gel electrophoresis. The 

required endonuclease- and phosphatase- treated DNA fragment(s) was then isolated 

according to Section 2.1.5.3.

2.1.5.5. Ligation of DNA Molecules

On ice, 2 pi of 10 mM ATP (Amersham Pharmacia) was mixed with 2 |il of 10 x ligase 

buffer (NEB). 100-200 ng of vector DNA was then added, followed by the addition of a 

three-fold molar ratio of insert DNA. The volume was adjusted to 19 pi with water 

before adding 1 pi of T4 DNA ligase (NEB). The ligation components were gently 

mixed and divided into 2 tubes with 10 pi in each tube. One tube was incubated at 

25°C for 60 minutes while the other was allowed to ligate more slowly overnight at 

16°C. 1-5 pi of each ligation mixture was used to transform competent E. coli cells.
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2.1.6. Preparation of E. coli Competent for DNA Transformation

10 ml of an overnight culture was diluted to 100 ml with prewarmed LB broth and 

incubated at 37°C until the OD550 had reached 0.48. At this point, the culture was 

cooled rapidly on iced water for 5 minutes before being centrifuged at 2500 x g for 5 

minutes at 4°C. The resulting pellet was resuspended gently in 30 ml TFB 1 and 

incubated on ice for 15 minutes before a further centrifugation at 2500 x g for 5 minutes 

at 4°C. The pellet was resuspended gently in 4 ml TFB 2 and incubated on ice for 15 

minutes before the resulting suspension was aliquoted into precooled Eppendorfs, snap 

frozen on dry ice and stored at -70°C.

2.1.7. Transformation of DNA into Competent Bacteria

1-5 pi of ligation mix was incubated on ice prior to the addition of 100  pi of freshly 

thawed competent cells. Following gentle mixing, tubes were incubated on ice for 30 

minutes. The bacteria were then heat shocked by incubation at 42°C for 90 seconds 

before returning to ice for a further 2 minutes. 1 ml LB broth was added to the bacteria 

which were then incubated at 37°C for 30-60 minutes with gentle shaking to allow the 

cells to recover. The bacteria were then pelleted at 3000 x g for 5 minutes at room 

temperature. The supernatant was discarded and the pellet gently resuspended in 100 pi 

LB broth. 70 pi of this bacterial suspension was then spread onto prewarmed LB agar 

plates containing the appropriate antibiotic for selection and incubated overnight at 

37°C.

2.1.8. Small-Scale Preparation of Plasmid DNA

2.I.8.I. Alkaline Lysis and DNA Precipitation

A 10 ml overnight culture was centrifuged at 2500 x g for 5 minutes at room 

temperature. The resulting pellet was resuspended in 200 pi of solution I, transferred to 

a new tube and 400 pi freshly prepared solution II was added, mixed and incubated on 

ice for 5 minutes. 200 pi ice-cold solution III was then added, and again mixed and 

incubated on ice for 5 minutes. The suspension was centrifuged at 13000 x g for 10 

minutes at room temperature. 700 pi of the resulting supernatant was transferred to a 

new tube. An equal volume of phenol:chloroform:isoamyl alcohol (25:24:1) was added 

and mixed thoroughly before a further 5 minute centrifugation at 13000 x g. 600 pi of
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the supernatant was transferred to a new tube and the DNA was precipitated by adding 

360 pi (0.6 volumes) of isopropanol, mixing thoroughly and centrifuging for 10 minutes 

at room temperature. The resulting pellet was then washed with 70% ethanol before 

being suspended in 100 pi of TE containing 10 pg/ml RNAse A and incubated at 37°C 

for 60 minutes. DNA was re-precipitated using 0.1 volumes of 3 M sodium acetate pH 

5.5 and 2.5 volumes of 100% ethanol with incubation for 60 minutes on dry ice. 

Following a 15 minute centrifugation at 13000 x g, room temperature, the pellet was 

washed with 75% ethanol, dried using vacuum centrifuge and resuspended in 50 pi 

water.

2.I.8.2. QIAprep Miniprep

2 ml overnight cultures were pelleted at 13000 x g for 5 minutes before isolating 

plasmid DNA using the QIAprep miniprep kit according to the manufacturer’s 

instructions. Briefly, bacteria were resuspended and subjected to alkaline lysis, 

followed by single-step neutralisation and adjustment to high-salt conditions for 

optimisation of adsorption to the silica-gel membrane spin column. The spin columns 

were briefly centrifuged at 13000 x g, room temperature, to remove contaminants and 

washed with an ethanol based buffer. DNA was then eluted from the membrane using 

water (pH 7.0-8.5) and collected by centrifuging for 1 minute at 13000 x g, room 

temperature.

2.1.9. Large-Scale Preparation of Plasmid DNA

200-500 ml overnight cultures were harvested by pelleting at 6000 x g for 15 minutes at 

4°C before isolating plasmid DNA using the QIAGEN Plasmid Maxi Kit (QIAGEN) 

according to the manufacturer’s instructions. Briefly, the bacteria were lysed under 

alkaline lysis conditions, and genomic DNA, cell proteins and SDS were separated from 

the plasmid-containing supernatant by centrifugation. Plasmid DNA bound to the 

anion-exchange resin under low pH and low salt conditions, allowing removal of 

contaminants before subsequent elution of plasmid DNA under high salt conditions. A 

further isopropanol precipitation facilitated the removal of salts, and the concentrated 

DNA plasmid preparation was then washed with 70% ethanol before being air-dried and 

resuspended in water.
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2.1.10. DNA Sequencing

Nucleotide sequence of double stranded DNA templates was determined by use of the 

ABI Prism "̂  ̂ Dye Terminator Cycle Sequencing Ready Reaction kit on the AB1-370A 

machine from Perkin Elmer according to the manufacturer’s instructions. Briefly, 1 jig 

DNA template was mixed with 20 ng primer and adjusted to 12 p,l with water before the 

addition of 8 pi dye terminator reagent mix (containing A-, C-, G- and T-Dye 

Terminators, dITP, dATP, dCTP, dTTP, Tris-HCl pH 9.0, MgCB, thermal stable 

pyrophosphatase and AmpliTaq DNA Polymerase, FS). The reaction mixture was 

overlayed with 40 pi mineral oil and the following PCR was carried out for 25 cycles:

96°C for 30 seconds 

50°C for 30 seconds 

60°C for 4 minutes

The reaction products were then ethanol precipitated by the addition of 2 pi 3M sodium 

acetate, pH 4.6, and 50 pi 95% ethanol and subsequent incubation on ice for 10 minutes. 

Precipitated DNA was recovered by centrifugation at 13000 x g for 30 minutes at room 

temperature, rinsed with 250 pi 70% ethanol and dried in a vacuum centrifuge. 

Samples were resuspended in loading reagent (Perkin Elmer) and run on an automated 

sequencer (kindly performed by Chris Odell, Ludwig Institute for Cancer Research, 

UCL). Sequence data was collected using proprietary software associated with the 

ABI-370A sequencer before further analysis using either the SEQED or DNAStar 

applications.

2.1.11. Reverse Transcription Polymerase Chain Reaction (RT-PCR)

All reagents used in RNA extraction and processing were RNAse free, solutions and 

glassware were treated overnight with diethyl pyrocarbonate (DEPC) at a final 

concentration of 0.1% and gloves were worn at all times.

2.1,11.1. Isolation of Total RNA using Caesium Chloride

Tissues were dissected in phosphate-buffered saline (PBS) and chopped finely in 10 ml 

guanidinium thiocyanate solution per gram of tissue. A homogenate was prepared using 

a glass Dounce homogeniser and layered over 2.2 ml caesum chloride solution in a
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SW41 polyallomer tube (Beckmann). This was then centrifuged in an SW41 swingout 

rotor at 134000 x g for 24 hours at 15°C. The resulting white pellet was washed twice 

with DEPC-treated water, transferred using a pipette tip to an Eppendorf and dissolved 

in a minimum volume of 200 |il DEPC-treated water. Any insoluble matter was 

pelleted by centrifuging the sample at 13000 x g for 1 minute at room temperature. The 

supernatant was transferred to a clean tube, 7.5 |il 4 M NaCl per 100 jil RNA solution 

was added and the contents mixed. 2.5 volumes of 95% ethanol was added before 

incubation at -20°C overnight. The resulting pellet was centrifuged at 13000 x g for 5 

minutes at room temperature, washed twice in 70% ethanol and vacuum dried before 

being resuspended in a minimal volume of DEPC-treated water. The OD260 was 

measured and samples were stored at -70°C.

2.1.11.2. Assessment of RNA Quality

The quality and integrity of the RNA was assessed by electrophoresis of 2-5 |il of each 

sample on a 1% (w/v) agarose gel. High quality RNA was characterised by little 

smearing and the presence of two discrete bands corresponding to the 28S and 18S 

ribosomal subunits. RNA concentration was determined as described in Section 2.1.3.

2.1.11.3. First Strand cDNA Synthesis

To 1-3 |Xg total RNA on ice, the following reagents were added; 0.4 |il of a 0.5 mg/ml 

solution of gelatin, 1.25 jil RNase inhibitor (40 units/p-l, Promega), 4 jil of 25 mM 

MgCli, 0.5 |il each of 10 mM dNTPs (Amersham Pharmacia), 2 )al of 10 x AMV (avian 

myeloblastosis virus) buffer (Boehringer) and 1 |il Reverse Transcriptase AMV (20 

units/)il (Boehringer). The volume was adjusted to 19 |Lil with DEPC-treated water 

before the addition of 1 |il of 100 ng/ul reverse primer. Samples were gently mixed and 

collected at the bottom of the tube by briefly pulsing them in a centrifuge. The RNA 

was reverse transcribed by incubation at 25°C for 10 minutes then at 42°C for 60 

minutes.

2.1.11.4. Polymerase Chain Reaction of First Strand cDNA

First strand reactions were denatured by incubating at 99°C for 5 minutes and then 

cooling on ice. 5 jil was used as the reaction template to which the following reagents 

were added; 10 |il of 10 x Polymerase Buffer (Boehringer), 2.5 |il each of 10 mM
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dATP, dCTP, dGTP and dTTP, 0.5 (5 umt/\x\) Taq DNA polymerase (Boehringer) 1

|il of 1 pg/|il 5’ primer, 1 |il of 1 |ig/p,l 3’ primer and water to 100 |il. MgCh was added 

at varying concentrations (2 mM to 6 mM) to optimise conditions. Each tube was 

mixed and overlayed with 100 |il mineral oil and the following PCR performed for 30 

cycles:

93 °C 1 minute 

55°C 2 minutes 

72°C 3 minutes

The final cycle was followed by an additional extension time of 7 minutes at 72°C. 20 

|il of each reaction was analysed by gel electrophoresis and, where appropriate, further 

manipulation was carried out.

2.1.12. Southern Blotting

2.1.12.1. Isolation of Genomic DNA

Tissues were finely chopped in ~ 700 p.1 of genomic lysis buffer using a scalpel blade 

prior to incubation for 6-16 hours in a 55°C waterbath with occasional shaking. 700 [Û 

of phenol : chloroform : isoamyl alcohol (25:24:1) was added to the viscous solution and 

rotated end-over-end for 5 minutes at room temperature prior to a 5 minute 

centrifugation at 13000 x g. Using a wide bore pipette tip, 500 |xl of the top aqueous 

layer was transferred to a clean Eppendorf. Two volumes of 100% ethanol was then 

added, the contents of the tube were mixed by inversion and the DNA was pelleted by a 

5 minute centrifugation at 13000 x g. Subsequent to a 70% ethanol wash, the pellet was 

air-dried before being resuspended in 200 pi TE.

2.1.12.2. Restriction Digest and Agarose Gel Electrophoresis

20 pg of genomic DNA was subjected to restriction endonuclease digestion using a 

three-fold excess of the appropriate enzyme for a minimum of 2 hours at 37°C. The 

reaction was subsequently subjected to agarose gel electrophoresis using a low 

percentage gel. The agarose gel was then photographed prior to undergoing 

dénaturation as described below.
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2.1.12.3. Gel Dénaturation and Transfer

T h e  g e l  w a s  p l a c e d  i n t o  a  t r a y  c o n t a i n i n g  0 . 2 5  M  H C l  a n d  w a s  g e n t l y  s h a k e n  f o r  1 5  

m i n u t e s  a t  r o o m  t e m p e r a t u r e .  T h e  H C l  w a s  t h e n  r e p l a c e d  w i t h  D é n a t u r a t i o n  S o l u t i o n  

a n d  t h e  g e l  w a s  a g a i n  g e n t l y  s h a k e n  f o r  3 0  m i n u t e s  a t  r o o m  t e m p e r a t u r e .  T h e  s a m e  

p r o c e d u r e  w a s  r e p e a t e d  w i t h  N e u t r a l i s a t i o n  S o l u t i o n  f o r  3 0  m i n u t e s .  M e a n w h i l e ,  a n  

a p p r o p r i a t e l y  s i z e d  p i e c e  o f  G e n e  S c r e e n ™  n y l o n  m e m b r a n e  ( N E N )  w a s  p r e s o a k e d  i n  

w a t e r  a n d  t h e n  i n  1 0  x  S S C  f o r  a t  l e a s t  1 5  m i n u t e s  a t  r o o m  t e m p e r a t u r e .

F o l l o w i n g  i n c u b a t i o n  i n  N e u t r a l i s a t i o n  S o l u t i o n ,  t h e  g e l  w a s  c a r e f u l l y  i n v e r t e d  b e f o r e  

b e i n g  t r a n s f e r r e d  b y  c a p i l l a r y  a c t i o n  o n t o  t h e  G e n e  S c r e e n ™  m e m b r a n e  o v e r n i g h t .  T h e  

t r a n s f e r  b l o t  c o n s i s t e d  o f  a  3  M M  w i c k  w r a p p e d  a r o u n d  a  g l a s s  p l a t e ,  o n  t o p  o f  w h i c h  

w a s  p l a c e d  t h e  g e l ,  4  s h e e t s  o f  3  M M  p a p e r ,  a  l a r g e  a m o u n t  o f  t i s s u e s ,  a n o t h e r  g l a s s  

p l a t e  a n d  a  w e i g h t  o f  a p p r o x i m a t e l y  0 . 5  k g .  T h i s  w a s  p l a c e d  o n  t o p  o f  a  t r a y  h o l d i n g  a n  

a m p l e  v o l u m e  o f  1 0  x  S S C ,  i n t o  w h i c h  t h e  w i c k  w a s  p l a c e d  ( s e e  F i g u r e  2 . 1 ) .  T r a n s f e r  

p r o c e e d e d  o v e r n i g h t  a t  r o o m  t e m p e r a t u r e .

0.5 kg weight

Gla.ss plate

Paper ti.ssues

4 x 3  MM paper
Membrane
Gel
3 MM wick 
Gias.s plate

20 X SSC

Figure 2.1. Schematic Representation of Southern Blot Transfer

T h e  f o l l o w i n g  m o r n i n g  t h e  b l o t t i n g  a p p a r a t u s  w a s  d i s m a n t l e d  a n d  t h e  m e m b r a n e  w a s  

a p p r o p r i a t e l y  l a b e l l e d  t o  a i d  o r i e n t a t i o n .  T h e  m e m b r a n e  w a s  t h e n  s u b m e r g e d  i n  0 . 4  M  

N a O H  f o r  1 m i n u t e  a t  r o o m  t e m p e r a t u r e  b e f o r e  b e i n g  t r a n s f e r r e d  i n t o  a  s o l u t i o n  o f  0 . 2  

M  T r i s - H C l  p H  7 . 5  a n d  2  x  S S C  f o r  1 0  m i n u t e s .

2.1.12.4. Preparation of Radiolabelled Probe by Random Primed DNA Labelling

2 5 - 5 0  n g  o f  g e l  p u r i f i e d  D N A  w a s  l a b e l l e d  b y  r a n d o m  p r i m i n g  u s i n g  t h e  R a n d o m  

P r i m e d  D N A  L a b e l l i n g  K i t  ( B o e h r i n g e r )  a c c o r d i n g  t o  t h e  m a n u f a c t u r e r ’ s  i n s t r u c t i o n s .  

B r i e t l y ,  w a t e r  w a s  a d d e d  t o  t h e  D N A  p r o b e  i n  a n  E p p e n d o r f  t u b e  t o  a  f i n a l  v o l u m e  o f
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33 |Lil. The DNA was then denatured by incubation at 95°C for 3 minutes before 

immediately placing on ice. 10 jil of nucleotide mix was added to the denatured DNA 

prior to the addition of 50 p,Ci of [a-^^P]dCTP. 1 |il of Klenow enzyme was then added 

and the contents were incubated at 37°C for 30 minutes. Unincorporated 

radionucleotides were removed by passing the reaction through a Sephadex G-50 NICK 

column (Amersham Pharmacia) pre-equilibrated with TE.

2.1.12.5. Probe Hybridisation

The membrane was placed into 20 ml of Hybridisation Solution (prewarmed to 42°C), 

heat-sealed in a bag and incubated at 42°C for 2.5 hours. Subsequently the probe was 

denatured by incubation at 95°C for 10 minutes and added to the membrane at 2 x 10  ̂

counts/minute/ml of Hybridisation Solution. Hybridisation proceeded overnight at 

42°C. The following morning the membrane was removed from the bag and washed 

twice, each for 15 minutes in 2 x SSC, 0.1% SDS at room temperature. Following two 

further washes at 42°C in 0.1 x SSC, 0.1% SDS, each for 30 minutes, the membrane 

was then air-dried, wrapped in Saran Wrap and exposed to X-ray film with an 

intensifier screen at -80°C for 1-3 days.

2.2. Mammalian Cell Culture
2.2.1. Preparation of Stock Solutions and Buffers

2.2.1.1. Media for Cell Culture

Routinely used media (below) were supplied by Gibco-BRL.

Dulbecco’s Modified Eagle Medium (DMEM) (high glucose)

OPTIMEMTM 

RPMI-1640 Medium

Unless otherwise stated, Penicillin/Streptomycin solution (Gibco-BRL) and L- 

glutamine (Gibco-BRL) were added to all media at a final concentration of 50 units/50 

qg per ml and 2 mM, respectively.

Magnesium and calcium free PBS was supplied by Gibco-BRL. Stored at 4°C.
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HEPES (N-2-hydroxyethylpiperazine-N’-2-ethanesulphonic acid) buffer was supplied 

by Gibco-BRL as a 1 M stock solution. Stored at room temperature.

Foetal calf serum (PCS) was supplied by Hyclone and was heat inactivated by 

incubating in a waterbath at 56°C for 45 minutes. Stored at 4°C.

2.2.1.2. Supplements/Selective Agents

Adenosine Prepared from 250 mg vial (Sigma) as a 5 mg/ml stock in PBS, filter

sterilised and stored at -20°C.

EOF Supplied by Sigma. Prepared using sterile acidified BSA (4 mM HCl,

1% BSA, pH 4.5) as a 20 pg/ml solution. Stored in aliquots at -20°C.

0418 Sulphate 25 ml of DMEM was added to a 5 g vial of 0418 (Oibco-BRL),

(Oeneticin) filter sterilised and stored in 1 ml aliquots (100 mg activity) at -70°C.

Insulin Supplied by Sigma, prepared as a 5 mg/ml solution with sterile

acidified BSA (4 mM HCl, 1% BSA, pH 4.5). Stored in aliquots at -  

20°C.

Mycophenolic Prepared from 50 mg vial (Sigma) as a 5 mg/ml stock in 100% ethanol

acid filter sterilised and stored at -20°C.

2 X Trypsin 5 ml PBS was added to a vial of bacto-trypsin (Difco), filter sterilised

and stored in 1 ml aliquots at -20°C (100 x stock). To a 100 ml bottle 

of 1 X Trypsin/EDTA (Oibco-BRL), 1 ml of 100 x stock was added to 

make a 2 x trypsin solution. Stored at 4°C.

Xanthine Prepared as a 10 mg/ml stock from 1 g vial (Sigma) in 100 ml PBS,

dissolved by the dropwise addition of 10 M NaOH. Filter sterilised 

and stored at -20°C.

Zeocin™ Supplied by Invitrogen as a 100 mg/ml stock. Stored at -20°C in dark.
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2.2.I.3. Transfection Solutions

p- mercapto- Prepared as a 10 rtiM stock in water, filter sterilised and stored at 4°C.

ethanol

Chloroquine Prepared as a 5 mM solution in water, filter sterilised and stored in the

dark at -20°C.

DEAE-Dextran Prepared as a 20 mg/ml solution in PBS, sterilised by autoclaving, and

stored in the dark at 4°C.

Electroporation 120 mM KCl, 10 mM K2PO4/KH2PO4, pH 7.6, 25 mM HEPES pH 7.6

buffer 2 mM MgCH, 0.5% (w/v) Ficoll 400. pH adjusted to 7.6 with 1 M

KOH, then filter sterilised. Stored at 4°C.

ES trypsin 0.8% (w/v) NaCl, 0.04% (w/v) KCl, 0.01% (w/v)Na2HP0 4 , 0.1%

(w/v) glucose, 0.3% (w/v) Trizma base, 0.001% (w/v) Phenol red, 

0.006% (w/v) Penicillin G, 0.01% (w/v) Streptomycin, 0.25% (w/v) 

bacto-tryptone. pH adjusted to 7.6, filter sterilised and stored at 

-20°C.

Lipofectin™ Supplied by Gibco-BRL.

Methylene Blue 0.5% (w/v) methylene blue, 50% (v/v) methanol. Stored in dark at

stain room temperature.

Mitomycin C Prepared fresh from a 2 mg vial (Boehringer) as a 1 mg/ml solution in

PBS, filter sterilised.

Polybrene Prepared as a 10 mg/ml solution in water. Filter sterilised. Stored at

4°C.
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2.2.2. Routine Culture and Passage of Cell Lines

All cells were incubated at 37°C in a humidified atmosphere of 5-10% CO].

All cells except MCF-7 cells were routinely grown on 10 cm tissue culture dishes 

obtained from Becton Dickinson. MCF-7 cells were grown on Collagen I coated tissue 

culture dishes from Becton Dickinson.

With the exception of EpH4, EpRas and H C ll cells, cells were passaged using 1 x 

Trypsin-EDTA solution (0.5 g Trypsin and 0.2 g EDTA»4Na/litre) supplied by Gibco- 

BRL.

EpH4 mouse mammary epithelial cells were a kind gift from Ernst Reichmann (Swiss 

Institute for Experimental Cancer Research, Epalinges, Switzerland). The cell line was 

derived by spontaneous immortalisation from mammary gland tissue of mid-pregnant 

BALB/c mice (Fialka et a l, 1996). Cells were maintained in DMEM containing 8% 

ECS, 10 mM HEPES buffer, L-glutamine and penicillin/streptomycin.

EpRas cells (also from Ernst Reichmann) were generated by retrovirally infecting EpH4 

cells with recombinant v-Ha-ra^ (Oft et a l, 1996). EpRas cells were maintained in 

EpH4 medium containing 200 gg/ml activity 0418.

When confluent, but before the appearance of hemicyst domes, cultures were passaged 

at a ratio of 1 to 3 according to the following regime; medium was aspirated from the 

cell layer, which was then briefly rinsed in 5 ml 2 x trypsin. 5 ml of 2 x trypsin was 

then added to the cells and incubated at 37°C until the cell contacts were seen to be 

broken (but the cells remained adherent), whereupon the trypsin was aspirated off and 

replaced with 1 ml fresh 2 x trypsin. Cells were then incubated for a further 5 minutes 

at 37°C before adding 9 ml fresh medium to displace the cells. The 10 ml suspension 

was then centrifuged at 100 x g for 5 minutes at room temperature, the supernatant was 

removed and the remaining cells were resuspended and split appropriately.

H C ll cells, also derived from mid-pregnant BALB/c mouse mammary gland tissue 

(Ball et a l, 1988), were a kind gift from Clive Dickson (ICRF, London, UK). HCl 1 

cells were maintained in RPMI-1640 supplemented with 10% ECS, 10 ng/ml murine 

EOF, 5 |Xg/ml insulin, L-glutamine and penicillin/streptomycin. When confluent,
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cultures were passaged at a ratio of 1 to 3 (approximately every other day) using 2 x 

trypsin as described above for EpH4 cells.

MCF-7 breast adenocarcinoma cells (Soule et a l, 1973), obtained from the European
f
Collection of Cell Cultures (ECACC), were maintained in DMEM containing 10% ECS, 

L-glutamine and penicillin/streptomycin. When 80% confluent, cultures were passaged 

at a ratio of between 1:5 and 1:10 using 1 ml of 1 x Trypsin/EDTA after washing the 

cell monolayer with prewarmed sterile PBS. MCF-7 cells stably expressing pVgRXR 

(MCF-7-pVgRXR) were a kind gift from Jackie Meakin, Molecular Neurobiology 

Department, SmithKline Beecham Pharmaceuticals, Essex, UK. Stable transfectants 

were maintained in medium containing 350 pg/ml activity G418 and 400 pg/ml of 

Zeocin™.

COS-1 and COS-7 cells (Gluzman, 1981), (obtained from Alastair Reith, Ludwig 

Institute for Cancer Research, UCL, UK and James Blakemore, Molecular 

Neurobiology Department, SmithKline Beecham Pharmaceuticals, Essex, UK, 

respectively) were maintained in DMEM containing 10% ECS, L-glutamine and 

penicillin/streptomycin. When 80% confluent, cell monolayers were washed in 

pre warmed PBS, trypsinised using 1 ml of 1 x Tryspin/EDTA and split at a ratio of 1 to 

10.

NIH3T3 fibroblasts (Jainchill et a l, 1969), obtained from Alastair Reith, Ludwig 

Institute for Cancer Research, London, UK, were maintained in DMEM containing 10% 

ECS, L-glutamine and penicillin/streptomycin. When 80% confluent, cultures were 

passaged at a ratio of 1 to 10 using 1 ml Trypsin/EDTA. Stable transfectants were 

maintained in medium containing 250 pg/ml activity G418.

AmpliGPE retroviral producer lines (Takahara et a l, 1992) were maintained in DMEM 

containing 10% ECS, L-glutamine, penicillin/streptomycin and 250 pg/ml activity 

G418. When 80% confluent, cultures were passaged as for NIH3T3 cells.

WT38, WT43 and WT62 cells correspond to three clonal cell lines made by retrovirally 

infecting NIH3T3 cells with pJLR-EphA2WT, and were provided by Alastair Reith 

(Ludwig Institute for Cancer Research, UCL, UK). These cell lines were maintained in 

NIH3T3 medium supplemented with 250 pg/ml G418.
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MDA-MB-231 cells (Cailleau et a l, 1974), (obtained from the ECACC) were 

maintained in the same medium used for EpH4 cells. When 90% confluent, cells were 

passaged at a ratio of 1 to 5 using 1 ml 1 x Trypsin/EDTA.

The cp2 retroviral cell line (Mann et a l, 1983) transfected with SV2a was a kind gift 

from Parmjit Jat (Ludwig Institute for Cancer Research, UCL, UK). Cells were 

maintained in DMEM supplemented with 10% donor calf serum (Gibco-BRL) L- 

glutamine, and penicillin/streptomycin.

The GP+E 86 retroviral packaging line (Markowitz et a l, 1988) transfected with 

V12Ras and the Ras effector pathway mutants V12S35, V12G37 and V12C40 

(Rodriguez-Viciana et a l, 1997), were a kind gift from Julian Downward (ICRF, 

London, UK). GP4-E 86 cells were maintained in DMEM containing 10% ECS, L- 

glutamine and penicillin/streptomycin containing 250 )Ltg/ml G418.

2.2.2.1. Cell Counting

Cells were counted using a Neubauer counting chamber. Cells were trypsinised as 

detailed previously and the cell pellet was resuspended in a suitable volume of growth 

medium. A glass Pasteur pipette was used to transfer a small volume of the cell 

suspension to the counting chamber by capillary action. Cells in the central square (5 x 

5 smaller squares) bounded by triple lines were counted on both sides of the chamber, 

and used to calculate the number of cells/ml of suspension by multiplying the mean 

result by 1 X 10"̂ .

2.2.3. Cryogenic Preservation and Recovery of Cell Lines

All exponentially growing cells were removed from their substrates as detailed for each 

cell line and resuspended in DMEM containing 25% (v/v) ECS and 10% (v/v) 

dimethylsulphqxide (DMSO), except for MCE-7 cells which were resuspended in 95% 

(v/v) ECS and 5% (v/v) DMSO. Approximately 1 x 10  ̂ cells were frozen in 1.5 ml 

cryovials (Nunc) in cell freezing racks (Nalgene) overnight at -80°C before being 

transferred to either liquid nitrogen or to -140°C.

Cryogenically preserved cells were brought up from storage by rapid thawing in a 2>TC 

waterbath followed by the addition to 9 ml complete growth medium, centrifugation at
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100 X g for 5 minutes and aspiration of the supernatant in order to remove the DMSO. 

Cells were then resuspended in growth medium and transferred to a 10 cm tissue culture 

dish.

2.2.4. Mammalian Cell Transfection

All DNA used in mammalian cell transfection was prepared using the QIAGEN 

maxiprep procedure (Section 2.1.9).

2.2.4.1. Transfection by Lipofectin '̂^

Cells were plated at 8 x 10  ̂ cells per 10 cm dish in complete growth medium and 

incubated overnight. For each transfection, two 5 ml pop-top tubes (Falcon) containing 

the following reagents were set up.

Tube A. 10 pg DNA + 1.5 ml OPTIMFM'^'^ + 15 pi 10 mM p-mercaptoethanol 

Tube B. 25 pi Lipofectin™ 4- 1.5 ml GPTIMFM^^ + 15 pi 10 mM p-mercaptoethanol

The DNA mixture (tube A) was added dropwise to the Lipofectin''’'̂  mixture (tube B) 

and then left to stand for 15 minutes at room temperature. After the 15 minute 

incubation, the transfection mixture was added dropwise to the cell layer (which had 

been washed three times in PBS), ensuring it was evenly distributed over the cells. The 

cells were then placed back into the 37°C incubator for 6 hours before adding 3 ml of 

growth medium containing 20% PCS. Following a 16 hour incubation, this was 

replaced with 10 ml of OPTIMEM^"^ for proteins expected to be secreted, or regular 

10% FCS containing growth medium. Conditioned medium was collected 48 hours and 

72 hours after replacement of the medium. Analysis of intracellular proteins was 

carried out after 48-72 hours.

2.2.4.2. Transfection by DEAE-Dextran

COS-7 cells were seeded at 2.5 x 10̂  cells per 175 cm^ flask into 10 flasks and 

incubated at 37°C for 24 hours. 5 ml DFAF-Dextran and 5 ml chloroquine were mixed 

together. In a separate tube, 400 pg DNA was diluted to 2 ml in TF. 8 ml of the 1:1 

DFAF-Dextran/choroquine mix was then added to the DNA solution and incubated at 

room temperature for 5 minutes before the addition of 190 ml of DMFM containing 2

114



mM glutamine. Cells were washed twice with DMEM + 2 mM glutamine prior to 

adding 20 ml of the transfection mixture to the cell monolayer. Cells were then 

incubated at 37°C for 3 hours, after which the mixture was removed and the cells were 

osmotically shocked by the addition of 20 ml 10% DMSO in PBS for 2 minutes at room 

temperature. This mixture was removed and the cells were incubated overnight in 20 

ml DMEM/10% FCS + 2 mM L-glutamine. For harvesting secreted proteins, this was 

replaced 24 hours later with 40 ml of DMEM supplemented with 1% (v/v) Ultra-Low 

IgG FCS (Gibco-BRL) and 2 mM L-glutamine. Cells were then incubated at 37°C for a 

further 6 days before the conditioned medium was harvested and secreted proteins 

purified (Section 2.3.10.2).

2.2.4.3 Transfection by Electroporation

Cells were seeded at 5 x 10  ̂ cells/15 cm dish. 24 hours later, cells were trypsinised as 

usual and then washed with 5 ml cold electroporation buffer. Cells were resuspended in 

250 pi cold electroporation buffer which was then added to 10 pg DNA in an 

electroporation cuvette (0.4 cm mammalian, Bio-Rad). The DNA cell suspension was 

mixed and incubated on ice for 10 minutes before being electroporated at 200 V, 950 pF 

using the Bio-Rad Gene Puiser II Electroporation System, and returned to ice for 5 

minutes. Following a further 5 minute incubation at room temperature, cells were 

transferred into a 10 cm dish and returned to the incubator. Subsequent to a medium 

change after 24 hours, protein expression was analysed 24-48 hours later or, where 

stable cell lines were being created, cells were seeded at 1 x 10^/15 cm dish before 

being placed in selection medium.

2.2.4.4. Transfection of Cells by Calcium Phosphate

All solutions were derived from the Stratagene Mammalian Transfection Kit.

Solution I -  2.5 M CaCl2.

Solution II — 2 X BSS, pH 6.95 (50 mM N, N-bis (2-hydroxyethyl)-2- 

aminoethanesulfonic acid and buffered saline, 280 mM NaCl and 1.5 mM Na2HP0 4 )

Cells were seeded at 5 x 10  ̂cells onto 10 cm plates and incubated overnight. For each 

transfection, 30 pg DNA was diluted to 450 pi water in a 5 ml polypropylene tube. 50 

pi solution I was added dropwise with shaking. 500 pi solution II was then added 

dropwise with shaking. The mixture was incubated at room temperature for 20 minutes
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before being added to the medium with gentle mixing. The dish was then returned to 

the incubator for 8 hours, after which the cells were washed once with PBS before being 

refed with normal medium. For generation of stable transfectants, 48 hours following 

transfection the cells were split 1:10 into 10 cm dishes and 24 hours later cells were fed 

with selective medium.

2.2.4.S. Retroviral Mediated Gene Transfer

2.2.4.5.1.Generation o f Retroviral Producer Lines

AmpliGPE viral producer lines were co-transfected with the appropriate retroviral 

vector and pSV2gpt using calcium phosphate and selected for the presence of gpt using 

MAX medium (DMEM containing 25 pg/ml mycophenolic acid, 25 pg/ml adenosine 

and 250 pg/ml xanthine, 10% FCS, 2 mM glutamine) every 3-4 days. After 10-14 days, 

when the mock transfected cells had died, well-isolated clones were picked using a 

P200 tip and transferred into selective medium in 4 well dishes (Nunc). The clones 

were gradually grown up to duplicate 60 mm dishes, one of which was used to assess 

the viral titre while the other was cryogenically preserved.

2.2.4.5.2. Production o f Viral Supernatants

Medium was removed from 60 mm dishes and debris was pelleted by centrifugation at 

200 X g for 15 minutes at 4°C. The supernatant was either frozen at -80°C or used 

directly for infection of NIH3T3 cells.

2.2.4.5.3. Retroviral Infection o f Fibroblasts

NIH3T3 cells were plated out at 4 x 10^/60 mm dish. The following day, the medium 

was removed and replaced with 1 ml fresh medium containing 8 pg polybrene plus two 

10-fold dilutions of viral stock (25 pi and 250 pi). The cells were incubated for 2 hours 

at 37°C with occasional gentle shaking, then 3 ml regular medium was added and the 

cells were left 16-18 hours. The cells were then split 1:10 onto 10 cm dishes and after a 

further 24 hours cells were fed with medium containing 300 pg/ml 0418. Once the 

mock-infections were cleared of cells, the viral titre was calculated by counting the 

number of colonies stained with methylene blue.
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2.2.4.5A. Methylene Blue Staining of Cells

Cells were rinsed with 5 ml PBS and then fixed and stained for 10 minutes at room 

temperature with 5 ml Methylene Blue stain. Dishes were gently washed with water 

until the stained colonies were visible, then dried at room temperature. The number of 

colonies was counted and the viral titre (colony forming units (cfu)) calculated using the 

following equation;

cfu/ml = number of colonies x initial split ratio x (1/initial infection volume)

2.2.4.5.5. Retroviral Infection o f Mammary Epithelial Cells by Co-Culture

Retroviral producer lines were seeded at 1 x 10^/cells per 15 cm dish. 24 hours later, 

medium was removed and replaced with 10 ml fresh medium lacking selective agents. 

100 p.1 of mitomycin C solution was added and the cells were incubated for 8 hours at 

37°C. Following three washes with PBS, cells were trypsinised and split equally into 3 

X 10 cm plates containing fresh medium. The following day, cells were washed once 

with EpH4 medium and overlaid with EpH4 cells in the normal splitting regime. 

Control dishes of either mitomycin C-treated cells alone or EpH4 cells alone were 

plated out. After 48 hours, dishes were trypsined and split 1:10 into 10 cm dishes. The 

following day, cells were fed with medium containing 200 p.g/ml activity G418. When 

the control dish of EpH4 cells plated alone had died, the number of colonies was 

counted. Clones were picked, grown to confluence and analysed for expression of the 

infected gene.

2.2.5. Preparation of Primary Embryonic Fibroblasts

Ten 15-17 dpc foetuses were dissected in PBS. The heads, liver and any attached 

internal organs were removed and the carcusses washed twice in 50 ml PBS to remove 

excess blood. Using scissors, the carcusses were finely chopped in PBS before adding 

50 ml of ES trypsin. This mixture was then stirred using sterile glass beads over a 

magnetic stirrer for 30 minutes at 37°C. 50 ml of fresh ES trypsin was then added and 

the mixture was stirred for a further 30 minutes at 37°C. The process was then repeated 

a third time before the solution was carefully decanted from the beads and filtered 

through a fine nylon mesh. Cells were pelleted by centrifugation at 100 x g for 5 

minutes, and washed twice in 50 ml PBS. The cells were then counted (see Section 

2.2.4) and large fibroblasts only were plated at a density of 5 x 10  ̂ cells per 150 mm
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dish in DMEM containing 10% FCS, L-glutamine and penicillin/streptomycin. The 

cells were refed 24 hours later. After 2-3 days, confluent cells were split into five 150 

mm dishes, which were then cryopreserved upon reaching confluence.

2.3. Protein Analysis
2.3.1. Preparation of Stock Solutions and Buffers

2.3.1.1. Reagents for SDS-PAGE and Western Blotting

Acrylogel 3 Supplied by BDH as a 40% (w/v) solution of Acrylamide and NN-

solution Methylenebis-acrylamide (29.1:0.9).

Block buffer 1 TTBS containing 5% (w/v) skimmed milk powder.

Block buffer 2 TTBS containing 2% (w/v) BSA (fraction V).

Coomassie 0.3% (w/v) Coomassie Blue R-250, 10% (v/v) glacial acetic acid, 50%

Blue (v/v) methanol. Stored at room temperature.

Destain reagent 10% (v/v) glacial acetic acid, 40% (v/v) methanol. Stored at room 

temperature.

Molecular To a vial of prestained molecular weight standards (SDS-7B) (Sigma),

Weight 0.24 g urea and 200 |xl 5 x sample buffer were added. The volume

Markers was adjusted to 1 ml with water. 10-20 pi aliquots were stored at -

20°C.

PBS Five PBS tablets (Sigma) were dissolved in 11 of water, which was

autoclaved and stored at room temperature.

Sample buffer 100 mM Tris-HCl pH 8.0, 4% (w/v) SDS, 50% (w/v) glycerol, 0.3%

(5 x) (reducing) (v/v) p-mercaptoethanol and 0.5% (w/v) bromophenol blue. Stored at

-20°C.

(non-reducing) As above with the omission of (3-mercaptoethanol.
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SDS-PAGE 25 mM Tris base, 192 mM glycine, 0.1 % (w/v) SDS. Stored at room

buffer temperature.

Stripping Prepared using 0.75% (w/v) glycine, 1% (w/v) SDS and 0.05% (v/v)

buffer NP-40 in water. pH adjusted to 2.2 using 1 M HCl. Stored at room

temperature.

Transfer

buffer

25 mM Tris base, 192 mM glycine, 0.1% (w/v) SDS, 20% (v/v) 

methanol. Stored at room temperature.

TTBS 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% (v/v) Tween 20. 

Stored at room temperature.

2.3.1.2. Reagents for Immunocytochemistry and Staining

Block buffer 3 PBS containing 2% (w/v) BSA (fraction V). Prepared fresh.

Fixative 4% (w/v) paraformaldehyde in PBS. Stored at -20°C in aliquots.

Permeabilising 0.5% (v/v) Triton X-100 in PBS. Prepared fresh, 

solution

X-gal Prepared as 40 mg/ml solution in DMSO. Aliquoted and stored at 

-20°C in dark.

X-gal staining 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide, 2 mM

solution MgCl2, 1 mg/ml X-gal. Prepared in PBS immediately prior to use.

X-gal wash 2 mM MgCh in PBS. Stored at room temperature,

buffer
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2.3.1.3. Protease/Phosphatase Inhibitors

Complete Protease Inhibitor Cocktail Tablets were purchased from Boehringer. One 

tablet was dissolved in 50 ml lysis buffer.

p-glycerol- Prepared as a 1 M stock in water and stored at 4°C. 

phosphate

Leupeptin Prepared as a 10 mg/ml solution in water and stored at -20°C.

Phenylmethyl- Prepared as a 100 mM stock in isopropanol and stored at -20°C.

sulphonylHuoride (PMSF)

Sodium fluoride Prepared as a 0.5 M stock in water and stored at 4°C.

Sodium Prepared as a 200 mM solution. The pH was adjusted to 10 using 1 M

orthovanadate HCl and the solution was boiled until it became colourless. Upon

cooling to room temperature, the pH was again adjusted to 10 using 1 

M HCl prior to boiling. This procedure was repeated until the pH was 

stable and the solution remained colourless. Aliquots were stored at 

-20°C.

Sodium Prepared as a 200 mM stock in water and stored at room temperature,

pyrophosphate

2.3.1.4. Cell Lysis Buffers and Protein Kinase Assay Buffers

HBIB 20 mM HEPES pH 7.5, 0.05% (v/v) Triton X-100, 50 mM NaCl, 2.5

mM MgCl2, 0.1 mM EDTA. Stored at 4°C. 100 |iM sodium 

orthovanadate was added fresh prior to use.

INK assay INK kinase buffer containing 100 |iM ATP, 66 pg/ml GST-ATF2

buffer (UBl) and 33 pCi/ml [y-^^P]ATP. Prepared fresh.
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JNK kinase 20 mM Tris-HCl pH 7.5, 20 mM MgCh, 10 mM MnCli, 1 mM

buffer EDTA, 1 mM ethyleneglycol-bis(p-aminoethylether)-N, N, N, N’-

tetraacetic acid (EGTA), 0.1% (v/v) p-mercaptoethanol. Prepared 

fresh.

JNK lysis 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA, 0.1% (v/v)

buffer Triton X-100. Stored at 4°C. 1 mM PMSF, 10 |ig/ml leupeptin and 1

mM sodium orthovanadate added prior to use.

Jun assay Jun kinase buffer containing 10 |iM ATP, 1 mM dithiothreitol (DTT),

buffer 200 |iM sodium orthovanadate and 66 |iCi/ml [y-^^P]ATP. Prepared

fresh.

Jun kinase 20 mM HEPES pH 8.0, 20 mM MgCl2, 20 mM P-glycerolphosphate.

buffer Prepared fresh.

Jun lysis 

buffer

20 mM HEPES pH 7.5, 75 mM NaCl, 2.5 mM MgCl2, 0.1 mM 

EDTA, 0.5 mM DTT, 0.05% (v/v) Triton X-100, 20 mM P- 

glycerolphosphate, 1 mM sodium orthovanadate, 1 x Complete 

Protease Inhibitor Cocktail tablet/50 ml. Prepared fresh.

Kinase buffer I 10 mM MnCl2, 1% (v/v) Triton X-100. Prepared fresh before use.

MAPK assay 

buffer

Standard kinase buffer containing 10 |iM ATP, 0.25 mg/ml myelin 

basic protein (MBP) (Sigma) and 66 |LiCi/ml [y-^^P]ATP. Prepared 

fresh.

MAPK lysis 10 mM sodium glycerophosphate, 1 mM sodium pyrophosphate, 1

buffer mM EDTA, 1 mM EGTA, 50 mM sodium fluoride, 20 mM Tris-HCl

pH 7.5, 0.1% (v/v) Triton X-100, 0.1% (v/v) p-mercaptoethanol and 1 

mM sodium orthovanadate. Stored at -20°C.

MEK assay MEK kinase buffer containing 200 \iM ATP and 40 pg/ml GST-Erk 2

buffer (NEB). Prepared fresh.

121



MEK kinase 25 mM Tris-HCl pH 7.5, 5 mM (3-glycerolphosphate, 2 mM DTT, 0.1

buffer mM sodium orthovanadate, 10 mM MgCli. Stored at -20°C.

MEK lysis 20 mM Tris-HCl pH7.5, 150 mM NaCl, 1 mM EGTA, 1 mM EDTA,

buffer 1% (v/v) Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM (3-

glycerolphosphate, 1 mM sodium orthovanadate, 1 |Xg/ml leupeptin 

and 1 mM PMSF. Stored at -20°C.

RIPA buffer 10 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1 mM EDTA, l%(v/v) NP-

(Radioimmuno- 40, 0.5% (w/v) sodium deoxycholate, 0.1% (w/v) SDS. Stored at 4°C 

precipitation without protease inhibitors. 100 jiM sodium orthovanadate, 100

assay) p.g/ml leupeptin, 1 mM PMSF were added fresh before use.

Standard kinase 30 mM Tris-HCl pH 8.0, 20 mM MgCl2. Stored at 4°C.

buffer

2.3.1.5. Miscellaneous Reagents

Anisomycin Prepared as a 10 mg/ml solution in 10% (v/v) DMSO and 90% (v/v)

ethanol, aliquoted and stored at -80°C.

DMSO soluble U0126 (Promega), SB-203580 and SB-386023 were prepared at 10

inhibitors mM in DMSO (1000 x working concentration), aliquoted and stored

at -20°C. LY294002 (Calbiochem) was prepared at 50 mM in DMSO 

(2500 X working concentration), aliquoted and stored at -20°C.

Human IgG A 4.8 mg/ml solution of purified human IgG (Sigma) was diluted in

PBS to a 0.1 mg/ml solution, aliquoted and stored at -20°C.

Protein elution 0.1 M glycine-HCl. Prepared fresh by a 1 in 10 dilution in water of a

buffer 1 M stock of glycine-HCl, pH 2.7 (stored at 4°C).
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2.3.2. Protein Assays

For samples prepared directly in 5 x sample buffer, quantitation of proteins was 

performed using the modified Lowry procedure (Sigma Protein Assay Kit) and samples 

were measured at 570 nm. Unless otherwise stated, the protein concentration of all 

other samples was measured at 595 nm using the modified Bradford procedure (Bio- 

Rad Protein Standard Assay). Samples were measured in duplicate or triplicate. BSA 

was used to formulate a standard curve in both assays.

2.3.3. Preparation of Whole Cell Lysates

Cells were washed in pre warmed PBS before being lysed in either 200 |il (60 mm 

dishes) or 500 |il (10 cm dishes) of 95°C 5 x sample buffer. The cell layer was then 

scraped using a cell scraper (Costar) and transferred to an Eppendorf before being 

incubated at 95°C for 5 minutes. DNA was sheared by passing the lysate through a 25 

gauge needle five times. The protein concentration of each lysate was determined using 

the Sigma protein assay.

2.3.4. Immunoprécipitation

Following treatment, cell layers were washed once in ice-cold PBS. During the entire 

procedure, all lysates and buffers were kept at 4°C.

Subsequent to the addition of the appropriate lysis buffer, cell monolayers were scraped 

using a cell scraper and lysates were transferred to precooled Eppendorf s. Lysates were 

precleared by centrifugation at 13000 x g, 4°C, for 15 minutes. The protein 

concentration of the supernatant was then measured according to Section 2.3.2. 

Essentially, all immunoprécipitations were carried out in equal volumes by incubating 

equivalent concentrations of lysate with 1-5 pg of an immunoprecipitating antibody and 

a suitable capturing matrix. For experiments with a small number of samples, lysates 

were incubated with an appropriate volume of antibody for 60 minutes at 4°C on a 

rotating wheel, prior to the addition of 30 pi of a 50% (v/v) slurry of protein A- or 

protein G- Sepharose (Amersham Pharmacia) (prewashed 3 times in lysis buffer) for a 

further 2 hours at 4°C. For larger scale assays, antibodies were precoupled to beads by 

preparing 125% of the required amounts of both antibody and beads and incubating for 

2-16 hours at 4°C on a rotating wheel. After this period, beads were washed 3 times in 

the appropriate buffer to remove any uncoupled antibodies, resuspended in 1 bead
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volume of buffer and the 50% (v/v) bead/antibody slurry was aliquoted into the 

appropriate number of tubes. These were then incubated with lysates for 2 hours at 4°C.

Following immunoprécipitation, beads were washed by brief centrifugation, removal of 

supernatant and resuspension of the beads in a suitable buffer, and either boiled in 

sample buffer and subjected to SDS-PAGE and western blotting, or to an in vitro kinase 

assay using [y ̂ ^^^^P]ATP.

For SDS-PAGE, an appropriate volume (10-50 |il) of sample buffer was added and 

samples were electrophoresed following a 5 minute dénaturation at 95°C and a brief 

centrifugation. When assessing both the steady-state level of the protein and its 

phosphotyrosine status, one single immunoprécipitation per treatment was carried out 

and a volume of denatured sample was divided equally between two SDS-PAGE gel 

wells. Samples were then electrophoresed and subjected to western blotting as 

described in Section 2.3.7.

Assay Immunoprecipitating antibody 

(up to 500 pg lysate)

Species Bead Matrix

Standard

Immunoprécipitation

1 pg anti-EphA2 (C-20) (Santa Cruz) Rabbit Protein A-Sepharose

MAPK 2 pg anti-ERKl/2 (UBI) Rabbit Protein A-agarose

MEK kinase 2 pg anti-MEK 1 (Transduction labs) Mouse Protein G-Sepharose

JNK kinase 1 pg anti-JNK 1 (C-17) (Santa Cruz) Rabbit Protein A-Sepharose

Table 2.1. Summary of Reagents used in Immunoprécipitation Assays 

2.3.4.I. Standard Immunoprécipitation

Cells were lysed as described in Section 2.3.4 using 500 jil of RIPA buffer per 60 mm 

dish or 1 ml per 10 cm dish. Tissues freshly dissected in PBS were snap frozen in liquid 

nitrogen and stored at -80°C. Tissues were either thawed in ice-cold RIPA buffer and 

homogenised using a Dounce glass homogeniser, or ground into a fine powder under 

liquid nitrogen using a pestle and mortar on dry ice. The powder was then resuspended 

in RIPA buffer. Cell and tissue lysates were then vortexed before being precleared as 

described in Section 2.3.4. Protein concentrations of tissue samples were routinely 

measured using the modified Lowry procedure (Sigma Protein Assay Kit).

124



Equal volumes of samples containing equivalent protein concentrations were further 

precleared by incubation with 25 pi of a 50% (v/v) protein A- suspension (prewashed in 

lysis buffer) for 60 minutes at 4°C on a rotating wheel. The bead suspension was 

pelleted by brief centrifugation before the supernatant was incubated for 60 minutes, 

4°C, with the appropriate dilution of antibody on a rotating wheel. Immunocomplexes 

were captured by the addition of 30 pi of a 50% (v/v) protein A- or protein G- 

Sepharose suspension, followed by further incubation at 4°C for 2 hours. The 

Sepharose bead-immunocomplexes were then washed 3 times in RIPA buffer and 

subjected to SDS-PAGE or to an in vitro kinase assay.

2.3.5. SDS-PAGE

16 X 20 cm 3-12% gradient resolving gels were prepared using 20 ml each of 3% and 

12% gel acrylamide solutions (see Table 2.2). Resolving gels were overlaid with a 5% 

stacking gel (see Table 2.2). The 12% solution was added to the first chamber of a 

gradient pourer (Anachem) and the 3% solution to the second. A small amount of the 

12% solution was poured into the gel plate rig (Gibco-BRL) to allow a seal to form 

before opening the 3% chamber tap. The solutions were mixed (using a magnetic 

stirrer) as they were poured. The gel mix was overlaid with water-saturated butan-2-ol 

to form an even surface. Following gel polymerisation, the butan-2-ol was extensively 

washed off with distilled water and the resolving gel was overlaid with a 5% stacking 

gel. An appropriately sized comb was inserted and the stacking gel left to polymerise.

Reagent 3% resolving gel 12% resolving gel 5 % stacking gel

Water 10.65 ml 6.15 ml 6 ml

Tris-HCl 7.5 ml (pH 8.9) 7.5 ml (pH 8.9) 2.5 ml (pH 6.8)

Acrylogel-3 1.5 ml 6 ml 1.25 ml

20% (w/v) SDS 100 pi 100 pi 100 pi

10% (w/v) ammonium persulphate 66 pi 66 pi 100 pi

TEMED 12.7 pi 12.7 pi 20 pi

Table 2.2. Summary of Reagents Required for the Preparation of Resolving and Stacking Gels for 

SDS-PAGE

All minigels were precast 4-15% gradient gels purchased from Bio-Rad. All minigels 

were subjected to SDS-PAGE using the Bio-Rad Mini Protean 11 

Electrophoresis/Transfer system.
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B e f o r e  l o a d i n g  s a m p l e s ,  w e l l s  w e r e  w a s h e d  o u t  w i t h  S D S - P A G E  b u f f e r .  A l l  s a m p l e s  

w e r e  d e n a t u r e d  a t  9 5 ° C  f o r  5  m i n u t e s  a n d  b r i e f l y  p u l s e d  d o w n  b e f o r e  b e i n g  l o a d e d  i n t o  

t h e  w e l l s  o f  t h e  s t a c k i n g  g e l .  M i n i g e l s  w e r e  e l e c t r o p h o r e s e d  i n  S D S - P A G E  b u f f e r  a t  

7 0 - 1 4 0  V  f o r  1 - 2  h o u r s ,  a n d  l a r g e  g e l s  o v e r n i g h t  a t  1 2 - 1 3  m A  u n t i l  t h e  d y e  f r o n t  h a d  

r e a c h e d  t h e  b o t t o m  o f  t h e  g e l .  A t  t h i s  p o i n t ,  g e l s  w e r e  e i t h e r  f i x e d  a n d  s t a i n e d  w i t h  

C o o m a s s i e  B l u e ,  o r  t r a n s f e r r e d  o n t o  n i t r o c e l l u l o s e  m e m b r a n e  f o r  w e s t e r n  b l o t t i n g .

2.3.6. Coomassie Blue Staining of SDS-PAGE Gels

S u b s e q u e n t  t o  S D S - P A G E ,  g e l s  w e r e  f i x e d  a n d  s t a i n e d  i n  C o o m a s s i e  B l u e  s t a i n  f o r  a  

m i n i m u m  o f  6 0  m i n u t e s  b e f o r e  b e i n g  d e s t a i n e d  i n  s e v e r a l  c h a n g e s  o f  d e s t a i n  b u f f e r  

u n t i l  b a n d s  w e r e  c l e a r l y  v i s i b l e .  T h e  g e l s  w e r e  t h e n  d r i e d  o n t o  2  s h e e t s  o f  3  M M  

W h a t m a n  p a p e r  f o r  1 - 2  h o u r s  a t  8 0 ° C  u s i n g  a  B i o - R a d  g e l  d r y e r .

2.3.7. Western Blotting

E l e c t r o p h o r e s e d  p r o t e i n s  w e r e  t r a n s f e r r e d  t o  P r o t r a n  n i t r o c e l l u l o s e  m e m b r a n e  

( S c h l e i c h e r  a n d  S c h u e l l )  b y  w e t  b l o t t i n g ,  u s i n g  t h e  B i o - R a d  M i n i  P r o t e a n  I I  S y s t e m  f o r  

m i n i g e l s ,  o r  t h e  B i o - R a d  T r a n s  B l o t  C e l l  f o r  l a r g e r  g e l s .  G e l s  w e r e  p r e - i n c u b a t e d  i n  

t r a n s f e r  b u f f e r  f o r  1 0  m i n u t e s  a t  r o o m  t e m p e r a t u r e  t o  e q u i l i b r a t e  t h e m .  A  b l o t t i n g  

s a n d w i c h  w a s  t h e n  b u i l t  u p  ( s e e  F i g u r e  2 . 2 ) ,  c o m p r i s i n g  a  f i l t e r  p a d ,  2  s h e e t s  o f  3  M M  

W h a t m a n  p a p e r ,  t h e  g e l ,  1 s h e e t  o f  n i t r o c e l l u l o s e  m e m b r a n e ,  2  f u r t h e r  s h e e t s  o f  

W h a t m a n  p a p e r  a n d  a n o t h e r  f i l t e r  p a d ,  a l l  c o m p o n e n t s  h a v i n g  b e e n  p r e - s o a k e d  i n  

t r a n s f e r  b u f f e r .

Top plate (anode side)

Blotting pad 
2 x 3  MM paper 
Nitrocellulose membrane 
Gel slab 
2 x 3  MM paper 
Blotting pad

Bottom plate (cathode side)

Figure 2.2. Schematic Representation of Western Blot Transfer

P r o t e i n s  w e r e  t r a n s f e r r e d  i n  t r a n s f e r  b u f f e r  f o r  1 6  h o u r s  a t  2 0  V ,  4 ° C  o r  a t  5 0  V  f o r  9 0  

m i n u t e s  w i t h  a n  i c e - p a c k  i n  t h e  t r a n s f e r  t a n k  f o r  m i n i g e l s .  L a r g e r  g e l s  w e r e  b l o t t e d  a t  

4 ° C  a t  2 0 0  m A  t o r  4 - 1 6  h o u r s .  F o l l o w i n g  t r a n s f e r ,  m e m b r a n e s  w e r e  b r i e f l y  s t a i n e d
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with Ponceau S solution (Sigma) to confirm efficient protein transfer. Membranes were 

then blocked in either block buffer 1 or 2 for a minimum of 60 minutes at room 

temperature or overnight at 4°C.

Membranes were incubated in primary antibody optimally diluted in block buffer (see 

Table 2.3) for 60 minutes at room temperature, followed by 5 x 5 minute washes in 

T ib s  to remove excess unbound antibody. Membranes were then incubated in 

blocking buffer containing an appropriate dilution of secondary horseradish peroxidase 

(HR?) -conjugated antibodies (Pierce) for 60 minutes at room temperature. The 

membranes were again washed in TTBS for 5 x 5 minutes before enhanced 

chemiluminescence (ECL) was carried out according to the manufacturer’s instructions 

(Amersham Pharmacia). Briefly, the membrane was incubated for 1 minute at room 

temperature with a 1:1 solution of reagent A and reagent B. Excess reagent was then 

drained off and the membrane was wrapped in Saran Wrap. Using a film cassette, X- 

ray films (Kodak Biomax MS) were then exposed for varying lengths of time, 

depending on the intensity of the ECL reaction.

Antibody Supplier and catalogue # Dilution 2° antibody Block

buffer

EphA2 (C-20) Santa Cruz #sc-924 1:1000 rabbit 1:5000 1

EphA2 (clone D7) UBI #05-480 1:1000 mouse 1:5000 1

Phosphotyrosine (clone 

4G10)

UBI #05-321 1:5000 mouse 1:5000 2

ephrinAl (mouse) R&D systems #AF702 1:5000 goat 1:2500 1

ephrin A 1 (C-terminus) Santa Cruz # sc -911 1:500 rabbit 1:5000 1

ephrinAl (human) Gift (antisera) (Rick Lindberg) 1:5000 rabbit 1:5000 1

MAPK 1/2 UBI #06-182 1:2500 rabbit 1:5000 1

phosphoMAPK 1/2 Sigma #M 8159 1:5000 mouse 1:5000 1

JNK 1 (C-17) Santa Cruz #  sc-474  

Santa Cruz # sc-474-G

1:500

1:500

rabbit 1:5000 

goat 1:2500

1

1

phosphoJNK Promega #V7931 1:1000 rabbit 1:5000 1

Ras Transduction Labs #R02120 1:1000 mouse 1:5000 I

MEK 1 Transduction Labs #M 17020 1:1000 mouse 1:5000 1

Meltrina Gift (antisera) 1:1000 rabbit 1:5000 1

phosphoMEK New England Biolabs #9121 1:1000 rabbit 1:5000 I

human IgG (Fc specific) Sigma #16760 1:1000 goat 1:2500 1

Table 2.3. Summary of Antibodies used for Western Blot Analysis
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2.3.8. Stripping Nitrocellulose Membranes

Membranes were stripped by incubation in stripping buffer with gentle shaking for 25 

minutes. Membranes were then washed extensively in TTBS before incubating in 

blocking buffer. Incubation with primary and secondary antibodies was carried out as 

previously described.

2.3.9. Protein Kinase Assays

2.3.91. In vitro Autophosphorylation Kinase Assay

Following immunoprécipitation of the sample and washing of the pellet in RIPA buffer 

(as described in Section 2.3.4.1), beads were then washed once in kinase buffer I before 

being resuspended in 10 pi kinase buffer I. 15 pCi [y-^^P]ATP was then added and, 

after briefly mixing, the samples were incubated at 30°C for 10 minutes. Samples were 

washed in RIPA buffer, resuspended in 5 x reducing sample buffer, incubated at 95°C 

for 5 minutes and subjected to SDS-PAGE. The gel was then fixed in 10% acetic acid, 

30% methanol with gentle shaking for 20 minutes. To remove non-specific 

threonine/serine phosphorylation, the gel was incubated in 1 M KOH at room 

temperature for 10 minutes and then incubated at 55°C for a further 90 minutes in fresh 

1 M KOH (Martensen and Levine, 1983). The gel was then re-fixed by incubation in 

10% acetic acid, 30% methanol for a further three periods each of 20 minutes. Gels 

were dried onto 3 MM Whatman paper at 80°C for 2 hours using a Bio-Rad gel dryer, 

and autoradiography was performed using an intensifier screen at -80°C.

2.3.9.2. MAPK Assay

Cell monolayers were lysed on ice with 250 pi (per 60 mm dish) of MAPK lysis buffer. 

Equivalent volumes of 50 pg of total cell lysate in HBIB were immunoprecipitated in 

triplicate according to Table 2.1. Bead samples were then washed twice with HBIB, 

once with 30 mM Tris-HCl pH 8.0 and once in standard kinase buffer. Beads were 

resuspended in 30 pi kinase assay buffer and incubated at 30°C for 30 minutes in a 

shaking incubator. Reactions were terminated by pulsing down the beads and spotting 

20 pi of the supernatant onto small squares of P81 paper (Whatman), which were then 

washed five times, each for 2 minutes, in 75 mM orthophosphoric acid. Following a 2 

minute acetone wash, the dried P81 paper squares were transferred into scintillation 

vials containing 4 ml scintillation fluid (Packard) and incorporated [y-^^^^^P]ATP was
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measured as counts per minute (cpm) in a scintillation counter (Packard). Specific 

activity (nmol/mg/min) was calculated from the following equation:-

cpm (sample) -  cpm (non-specific binding) x reaction volume x 1000 x  1
total cpm/nmol ATP vol. spotted out protein (p.g) time (min)

For direct autoradiography of MBP phosphorylation, an appropriate volume of 5 x 

reducing sample buffer was added to the beads following the kinase reaction. Samples 

were incubated at 95°C for 5 minutes before 10 )ll1 was loaded into the wells of a 15% 

polyacrylamide gel and subjected to SDS-PAGE. The gel was then stained with 

Coomassie Blue and dried onto Whatman paper using a Bio-Rad gel dryer. 

Autoradiography was performed using an intensifier screen at -80°C.

2.3.9.3. MEK Coupled Assay

Cells were lysed in 250 pi (per 60 mm dish) of MEK lysis buffer. 100 pg of precleared 

lysate was immunoprecipitated in triplicate according to Table 2.1 prior to being 

washed twice with MEK lysis buffer and twice with MEK kinase buffer. Beads were 

then resuspended in 50 pi MEK assay buffer and incubated for 30 minutes at 30°C. 10 

pi of 5 X reducing sample buffer was added to the sample, which was then incubated at 

95°C for 5 minutes and 20 pi subjected to SDS-PAGE and western blotting using an 

anti-phosphoMAPK antibody.

2.3.9.4. GST-c-Jun Associated Kinase Assay

Cells were lysed in 400 pi (per 10 cm dish) of Jun lysis buffer. 350 pg of precleared 

lysate was incubated for 3 hours at 4°C with 4 pg of GST-Jun (1-79) (Stratagene) on a 

rotating wheel, prior to the addition of 30 pi of a 50% slurry of glutathione Sepharose 

(Amersham Pharmacia) (pre-washed 3 times in lysis buffer) and a further 60 minute 

incubation at 4°C. The beads were then washed 3 times with HBIB and once with Jun 

kinase buffer prior to being resuspended in 30 pi of Jun kinase assay buffer. Samples 

were then incubated for 30 minutes at 30°C in a shaking incubator. The kinase reaction 

was terminated by the addition of 10 pi of 5 x reducing sample buffer, the samples were 

boiled for 5 minutes and then subjected to SDS-PAGE. The gel was stained with 

Coomassie Blue, dried onto Whatman paper and autoradiography was performed using 

an intensifier screen at -80°C.
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2.3.9.S. JNK Assay

200 jig precleared total cell lysate in JNK lysis buffer was immunoprecipitated 

according to Table 2.1. Beads were washed twice in JNK kinase buffer containing 0.5 

M NaCl, then twice in JNK lysis buffer. Samples were then incubated at 30°C for 30 

minutes in 30 jil of JNK assay buffer. Reactions were then terminated by the addition 

of 10 |il of 5 X reducing sample buffer, the samples were incubated at 95°C for 5 

minutes and then subjected to SDS-PAGE. The gel was stained with Coomassie Blue, 

dried onto Whatman paper and autoradiography was performed using an intensifier 

screen at -80°C.

2.3.10. Production of Fc fusion proteins

2.3.10.1. Small-Scale Production of Fc Fusion Proteins

8 X 10̂  COS cells/10 cm dish were transfected with 10 jig ON A by the Lipofectin™ 

method. 48 hours after replacing the medium with OPTIMEM™, this conditioned 

medium was transferred to a Falcon tube on ice and replaced with 10 ml fresh 

OPTIMEM^’̂ . The conditioned medium was centrifuged at 1000 x g, 4°C, for 5 

minutes to pellet any cell debris. This cleared medium was then added to 100 |i,l of a 

50% slurry of protein A-Sepharose (pre-washed in PBS) and mixed for 16 hours end- 

over-end at 4°C. The beads were then pelleted at 100 x g for 5 minutes, 4°C. The 

supernatant was removed and the beads washed twice with ice-cold PBS before adding 

100 jil sample buffer, boiling for 5 minutes and loading 50 jil on an SDS-PAGE gel. 

Western blot analysis was then carried out using the appropriate antibody(s).

2.3.10.2. Large-Scale Production of Fc Fusion Proteins

Conditioned medium from DEAE-Dextran mediated COS-7 transfections was pooled 

and centrifuged at 20000 x g, 4°C, for 30 minutes. The supernatant was then filtered 

through a 0.22 pM low protein binding filter (Nalgene) prior to the addition of 1 ml 

Protein A-Sepharose (50% slurry, pre-washed in PBS). This was then incubated at 4°C 

overnight on a tube rotator. After 16 hours, the protein A-Sepharose/conditioned 

medium mixture was poured through a 25 ml disposable Dispo column (Bio-Rad), 

which retained the Protein A-Sepharose. The column was then washed extensively with 

250 ml PBS before a gel loading tip was attached to the column to slow the flow­

through rate down. Proteins were eluted using 6 ml of protein elution buffer, collecting
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12 X 0.5 ml fractions into Eppendorfs containing 50 |il 1 M Tris-HCl pH 9.0. The 

OD280 of each fraction was measured, and fractions with an OD280 >0.1 were pooled and 

dialysed against PBS at 4°C overnight using a dialysis cassette (Pierce). The volume of 

recombinant protein solution was then concentrated in a Centricon 10 spin filter 

(Amicon) according to the manufacturer’s instructions prior to measuring the protein 

concentration. Purity was then assessed by subjecting 1 |lg to SDS-PAGE followed by 

Coomassie staining and western blotting.

2.3.11. Assay for p-galactosidase Expression by X-gal Staining

Cell monolayers and embryos were washed once in PBS at room temperature before 

being fixed for 20 minutes at room temperature. Cell monolayers or embryos were then 

washed three times, each for 5 minutes, in X-gal wash buffer. Staining was then carried 

out in a darkened chamber in an appropriate volume of X-gal staining solution (5 ml per 

10 cm dish or per embryo in a 10 ml glass scintillation vial) for 2-16 hours at 30°C.

2.3.12. Immunocytochemistry

Cells were seeded at 1-5 x 10̂  cells/60 mm dish onto several sterile 13 mm round 

coverslips, thickness #1 (BDH). The following day the coverslips were transferred into 

the wells of a 4-well dish (Nunc) and rinsed briefly in PBS. Cells were then fixed using 

500 |il per well of fixative. Coverslips were then washed with five changes of PBS 

before being incubated in permeabilising solution for 5 minutes at room temperature. 

Following a further five rinses in PBS, the cells were then blocked for 60 minutes at 

room temperature in block buffer 3 containing 1% (v/v) goat serum (Gibco-BRL) prior 

to incubation in primary antibody diluted appropriately in block buffer 3 for 60 minutes. 

After five further 5 minute PBS washes, coverslips were subsequently incubated in 

Alexafluor (488 nm) -conjugated secondary antibody (Molecular Probes), also diluted 

in block buffer 3, for 45 minutes. Foil was wrapped around the outside of the 

incubation chamber to prevent degradation of the signal. Following 5 x 5  minute 

washes in PBS, coverslips were briefly rinsed in distilled water to remove salts, before 

mounting in Vectashield containing the nuclear stain 4, 6-diamidino-2-phenylindole 

(DAPI) (Vector Laboratories, Inc.) on microscope slides (BDH). The edges of the 

coverslips were sealed using clear nail varnish and the cells were visualised by 

fluorescence microscopy.
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2.3.13. Phalloidin Staining of Actin Filaments

Cells on 13 mm coverslips were rinsed briefly with room temperature PBS before being 

fixed and permeabilised as described in Section 2.3.12. Cells were then incubated in a 

1:250 dilution of Alexafluor- (488 nm) conjugated phalloidin (Molecular Probes) in 

block buffer 3 for 45 minutes at room temperature prior to washing in PBS for 5 x 5 

minutes. Coverslips were then briefly rinsed in distilled water before mounting in 

Vectashield and sealing with nail varnish, as described above. Actin filaments were 

visualised by confocal microscopy, using a Leica TCS SP Laser Scanning microscope. 

Images were collected using the Leica TCS SP NT software package and processed 

using Adobe® Photoshop® 5.0.

2.4 Quantitative RT-PCR
2.4.1. Preparation of Total RNA From Tissue

Tissue samples were homogenised in 1 ml of Trizol™ reagent (Gibco-BRL) per 50 mg 

tissue using an Ultra-Turrax homogeniser (BDH). Total RNA was extracted from the 

tissue following a 5 minute room temperature incubation of the homogenate. 200 |xl of 

chloroform was added to 1 ml homogenate and shaken vigorously before incubating the 

sample at room temperature for 2 minutes. Following centrifugation at 12000 x g, 4°C 

for 15 minutes, the upper aqueous phase was transferred to a clean Eppendorf before 

being re-centrifuged for 5 minutes at 12000 x g for 5 minutes, 4°C. 500 |il was then 

transferred to another fresh Eppendorf and RNA was precipitated by adding 500 jil of 

isopropanol, mixing thoroughly and incubating at room temperature for 10 minutes. 

RNA precipitates were then recovered by centrifugation at 12000 x g, 4°C for 10 

minutes. The supernatant was removed and pellets were subsequently washed twice, 

each time in 1 ml of 75% ethanol. RNA pellets were then collected at the bottom of the 

tube by centrifugation at 7500 x g for 5 minutes at 4°C before being air-dried briefly. 

RNA was then resuspended in DEPC-treated water and the concentration calculated by 

OD260 measurement. RNA quality was assessed by electrophoresis on a 1% (w/v) 

agarose gel as described in Section 2.1.4.

2.4.2. DNAse Treatment of RNA Samples

4 pg of total RNA was incubated with 4 pi of 10 x DNAse buffer and 4 pi DNAse 

(Gibco-BRL) in a total volume of 40 pi (made up in water). This was incubated at
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room temperature for 15 minutes before the addition of 4 \i\ of 25 mM EDTA. The 

samples were then heated to 65°C for 10 minutes before undergoing reverse 

transcription.

2.4.3. Reverse Transcription of RNA (oligo(dT) primed)

All reagents for first strand synthesis were purchased from Gibco-BRL. 9 fil of the 

above DNAse treated RNA was pipetted into 4 wells of a 96-well plate. 1 |xl of 

oligo(dT) primer was subsequently added before the plate was gently pulsed down, 

heated to 90°C for 2 minutes and then chilled on ice. A 100 x mastermix of the 

following was then prepared; 4 p.1 first strand buffer, 2 |il DTT, 0.5 |il each of 10 mM 

dATP, dCTP, dOTP and dTTP. This 800 pi mastermix was then subdivided into a 600 

pi aliquot, to which 75 pi Superscript IF^ and 75 pi RNAseOUT were added, and a 200 

pi portion, to which 25 pi of water and 25 pi RNAseOUT were added. 10 pi of the 

mixture containing Superscript IF^ was added to each of 3 wells per sample of the 96- 

well plate (for triplicate reverse transcription reactions), whereas 10 pi of the mixture 

containing water was added to the fourth well, forming a ‘no reverse transcription’ 

control. The plate was then incubated at 42°C for 60 minutes, and 95°C for 2 minutes 

using a PTC-200 Peltier Thermal Cycler (MJ Research) before being chilled on ice. 

Following the reverse transcription reaction, 60 pi of water was added to each of the 

samples on the plate, forming a total volume of 80 pi per sample. Using a Hydra 96 

robot (Robbins Scientific), 4 pi was then aliquoted into 20 identical plates which were 

sealed with optical caps (Perkin Elmer) and stored at -80°C until further use.

2.4.4. SYBR® Green PCR Primer Design

Primers for SYBR® Green PCR were designed using the Primer Express software 

package (Perkin Elmer). In addition, the melting temperature of the primers was 

required to be > 59°C. Primer sets that gave rise to amplicon sizes of 80-120 bp were 

selected. Primers sets used in this study are detailed in Table 2.4.

Prior to perfornung SYBR® Green PCR, the primers were tested for their specificity. 

PCR was performed using genomic/plasmid/cDNA template according to the conditions 

described in Section 2.4.5. Reaction products were then subjected to horizontal gel 

electrophoresis to verify the presence and purity of the appropriate sized amplicon.

133



Sequence Accession number Forward primer

(5’-3’)

Reverse primer

(5’-3’)

Neomycin phosphotransferase V00618 GTGCTCGACGTTG GCAAGGTGAGATG

(Primer set #1) TCACTGAA ACAGGAGATC

EphA2 X78339 ATGTCTTGCACGC GTTCTACTTTGGC

(Primer set #2) GTCCA ACCCATGC

exon 5.2/nucleotide 179 U28385 and (Chen CAAAGTAAAACCA CTCCCTTCATTGCT

(Primer set #3) et a i ,  1996) GTCTCAACTCCTG GCGAA

(3-Actin M12481 ACGGCCAGGTCAT

CACTATTG

CAAGAAGGAAGG

CTGGAAAAG

Table 2.4. Summary of Primers used in SYBR Green PCR Analysis

2.4.5. SYBR® Green PCR Analysis of Gene Expression

A 100 X mastermix was prepared using (per reaction); 12.5 jil of 2 x SYBR® Green 

PCR Universal Master Mix (Perkin Elmer) (containing SYBR® Green I dye, AmpliTaq 

Gold® DNA polymerase, dNTPs with dUTP and optimised buffer components), 7.5 |il 

water, and 0.5 |xl each of 10 )iM forward primer and 10 pM reverse primer. 21 pi of 

this mastermix was added to each of the 4 pi cDNA samples in the 96-well plate. The 

plate was briefly spun and the wells sealed with optical lids (Perkin Elmer).

Five 10-fold dilutions of standards were made from an initial starting concentration of 

10 pi of mouse genomic DNA (Promega) and 90 pi water in order to generate a 

standard curve. Where genomic DNA was not suitable for use with the primers, 

standards were prepared using dilutions of plasmid or cDNA. 4 pi of water was placed 

into one well to act as a ‘no template control’. 21 pi of mastermix was added to the 

wells which were then sealed with optical caps.

The samples were then subjected to SYBR® Green PCR using an ABI 7700 Prism 

Sequence Detector (Perkin Elmer) according to the following conditions: (1) 50°C for 2 

minutes, (2) 95°C for 10 minutes followed by (3) 40 cycles of 95°C for 15 seconds and 

60°C for 1 minute. Measurements were taken at step (3) only.
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2.5. Transgenic Mouse Analysis
Mice were maintained under the supervision of Jeff Packman, University College, 

London, UK.

Fertilisation was taken to occur at midnight prior to the detection of vaginal plugs the 

following morning.

Tissues were dissected into PBS and snap frozen in cryovials in liquid nitrogen.

2.5.1. Mouse Strains

WAPra^ mice were obtained from The Jackson Laboratory, Bar Harbor, ME, USA, 

#002410, strain FVB/N-TgN(WapHRAS)69LlnYSJL (Nielsen et a l, 1992).

eck! mice (Chen et a l, 1996) were obtained from Jin Chen, Vanderbilt University 

School of Medicine, Nashville, Tennessee, USA. Strain 129/SVC57BL/6.

2.5.2. Genotyping

For verification of genotype, ~ 2 cm tail snips were taken from the animals and

Southern blotting was performed as described in Section 2.1.12.
\
Routine genotyping of genomic DNA prepared from tails was carried out by Steven 

Hayes, Ludwig Institute for Cancer Research, UCL, UK.
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Chapter 3

Upregulation of EphA2 Expression by Oncogenic 

Ras

3.1. Introduction
Ras is overexpressed in a number of different types of tumour, including breast cancer. 

Overexpression of the transcription factor, c-Myc, also contributes to cancer, being 

amplified in up to 40% of breast tumours. The myc oncogene was one of the first genes 

to be expressed in a tissue-specific manner in transgenic mice (Stewart et a l, 1984). 

Together with a number of subsequent studies (Leder et a l, 1986; Andres et a l, 1988; 

Schoenenberger et a l, 1988; Sandgren et a l, 1995), the ability of c-myc to induce 

mammary gland transformation in transgenic mice has been demonstrated. Andres and 

colleagues have made use of the whey acidic protein (WAP) gene promoter to study the 

expression of myc and ras in a mammary-specific manner in transgenic mice. The 

activity of this promoter is regulated by prolactin, and gene expression is therefore 

induced in the mammary epithelial cells of female mice during the oestrous and 

reproductive cycles. This results in the development of mammary tumours in both 

WAPra^ and WAPmyc transgenic mice, however, the tumours types differ markedly in 

their morphologies. WAFras mammary tumours are undifferentiated and metastatic, in 

contrast to the well-differentiated, poorly invasive mammary tumours induced in 

WAPmyc mice. Andres and colleagues (Andres et a l, 1994) have also demonstrated 

that EphA2 mRNA expression is significantly upregulated in mammary tumours of 

WAPra^ mice compared with low levels in the normal mammary gland and in 

mammary tumours of WAPmyc mice.

The aims of the experiments carried out in this chapter were to i) investigate whether 

the observed increase in EphA2 mRNA in Ras-induced mammary tumours corresponds 

to increased levels of active EphA2 protein and ii) to further characterise the molecular 

mechanism(s) by which Ras upregulates EphA2 expression.
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3.2. Results
3.2.1. EphA2 Protein is Overexpressed in WAPras Transgenic Mouse 

Mammary Tumours

Overexpression of EphA2 at the mRNA level in mammary tumours derived from 

WAPra^ transgenic mice has previously been documented (Andres et a l, 1994). To 

analyse the effect of oncogenic ras on levels of functional EphA2 protein, transgenic 

mice in which the WAPra^ transgene is integrated into the Y chromosome were 

obtained (Section 2.5.1). The presence of the transgene on the Y chromosome 

facilitates the identification of transgenic animals. Expression of the transgene is 

thought to be constitutive, resulting in the development of mammary tumours in male 

mice (Andres et a l, 1987). Although male breast cancer is much less prevalent than 

female breast cancer, it exhibits similar histology, biology and prognosis (Section 

1.3.3).

A polyclonal anti-EphA2 antibody (Santa Cruz) was used to immunoprecipitate EphA2 

protein from lysates of normal male mammary tissue and mammary tumours from male 

WAPra5 transgenic mice (Section 2.3.4.1). Steady-state protein levels were assessed by 

western blotting (Section 2.3.7) using a monoclonal anti-EphA2 antibody (UBI), 

whereas receptor autophosphorylation, as a measure of its catalytic activity, was 

measured by an in vitro kinase assay (Section 2.3.9.1).

The anti-EphA2 antibody immunoprecipitated significant levels of a 120-130 kDa 

protein, corresponding to the glycosylated form of EphA2 (Ganju et a l, 1994) in 

mammary tumours, whereas EphA2 protein was barely detectable in the normal male 

mammary gland (Figure 3.1a). In accordance with an increase in protein levels, an 

increase in the amount of receptor autophosphorylation was observed in protein derived 

from the tumour compared to normal mammary tissue (Figure 3.1b). In addition to the 

strong band at 130 kDa, a number of additional bands were observed, which may 

correspond to degradation products of the EphA2 receptor.
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Figure 3.1. Functional EphA2 is Overexpressed in WAPras Mammary Tumours
Normal male mammary gland or WAPra.v mammary tumours were lysed in RIPA 
buffer, (a) 1 mg of total protein lysate was immunoprecipitated using a polyclonal anti- 
EphA2 antibody (Santa Cruz) (Ab), or using protein A-Sepharose alone (PAS). 
Following SDS-PAGE, samples were western blotted using a monoclonal anti-EphA2 
antibody (UBI). (b) 1 mg of total protein lysate was immunoprecipitated using a 
polyclonal anti-EphA2 antibody (Santa Cruz) and subjected to an in vitro kinase assay.
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3.2.2. Ras Induces EphA2 mRNA and Protein Expression in a 

Mammary Epithelial Cell Line

EpH4 is a spontaneously immortalised cell line derived from the mouse mammary 

gland. EpRas cells were previously generated by retroviral infection of EpH4 cells with 

recombinant v-Ha-ras' (V12Ras) (Oft et al., 1996) (see Section 2.2.2). EpRas cells 

displayed a more fibroblastic, less regular morphology compared to the more ordered 

cuboidal patterning of EpH4 cells (Figure 3.2a). Furthermore, when cultured at high 

density, EpH4 cells gave rise to hemicyst domes, which are indicative of the polarised 

phenotype, whereas EpRas cells failed to form these structures (data not shown). To 

compare the levels of EphA2 mRNA in EpH4 and EpRas cells, total and poly(A)^ RNA 

was prepared from both cell lines, and northern blotting was performed using a [a- 

^^PJdCTP-labelled probe corresponding to amino acids 330-593 of the mouse EphA2 

cDNA sequence (Ganju et a l, 1994). Levels of a single ~ 4.5 kb EphA2 transcript were 

significantly increased in EpRas cells compared with parental EpH4 cells (Figure 3.2b). 

Furthermore, the steady-state level of EphA2 protein in EpRas cells was also 

upregulated compared to EpH4 cells, as detected by western blotting of whole cell 

lysates and EphA2 immunoprecipitates using two different EphA2 antibodies (Figure 

3.2c-f). When in vitro kinase assays were performed on EphA2 immunoprecipitates 

prepared from EpH4 and EpRas cells, an increased level of EphA2 autophosphorylation 

was observed in EpRas cells (Figure 3.2g), confirming that EphA2 was still active.

3.2.3.I. Stable Expression of Ras Effector Pathway Mutants in EpH4 Cells

As outlined in Section 1.2.3, three major Ras effector pathways have been described. 

To investigate the mechanism by which the ras oncogene upregulates EphA2 

expression, EpH4 cells were stably infected with recombinant retroviruses encoding 

either V12Ras or the V I2 mutation in combination with mutations that differentially 

separate the ability of Ras to bind to the three main characterised effectors, RalGDS, 

PI3K and Raf. The V12S35Ras mutant is reported to be unable to bind either RalGDS 

or PI3K but still binds Raf, whereas V12G37Ras and V12C40Ras are only able to 

interact with RalGDS and PI3K, respectively (Rodriguez-Viciana et at., 1997).
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Figure 3.2. EphA2 is Upregulated in EpRas Cells
(a) EpH4 and EpRas ceils were fixed in 4% paraformaldehyde and viewed by phase-contrast microscopy. Scalebar represents 50 pm.
(b) 10 pg of total cellular RNA from EpH4 and EpRas cells was electrophoresed and subjected to northern blotting using a labelled cDNA probe
corresponding to residues 330-593 of EphA2. Data courtesy of Dr. Alastair Reith.
EpH4 and EpRas cells were seeded at 5 x 10  ̂cells per 10 cm dish and cultured for 16 hours, (c) and (d) 25 pg of whole cell lysate was subjected to SDS-PAGE
and western blotting using an anti-EphA2 antibody from either UBI or Santa Cruz, respectively.
(e) and (f) 500 pg of RIPA lysates were immunoprecipitated using an anti-EphA2 antibody from UBI or Santa Cruz, respectively, prior to western blotting with 
an anti-EphA2 antibody (UBI). (g) 500 pg of RIPA lysate was immunoprecipitated using an anti-EphA2 antibody (Santa Cruz) and subjected to an in vitro 
kinase assay.
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Retroviral infection was chosen as the preferred method for introducing the recombinant 

DNA into EpH4 cells because, amongst a number of advantages (see Section 5.1) the 

infection rate using retroviruses is reportedly high, which would eliminate the need to 

pick individual clones of cells that might otherwise exhibit clonal variation. 

Furthermore, the previously established EpRas cell line was created using retroviral 

infection (Oft et a i, 1996).

Retroviral infection of EpH4 cells was performed by co-culture with the fibroblast 

retroviral producer line, GP+E 86 (Section 2.2.2), according to Section 2.2.4.5.5. 

Subsequent to the 48 hour co-culture period, EpH4 cells were split 1:10 and cells 

maintained in G418 selective medium for 10-14 days. Bulk populations of G418 

resistant cells were used for further experiments. No G418 resistant cells were observed 

in mock-infected EpH4 cells.

3.2.3.2. Ras Pathway Effector Mutants do not Upregulate EphA2 Protein

Bulk populations of EpH4 cells infected with recombinant V12Ras, V12S35Ras, 

V12G37Ras or V12C40Ras retroviruses, along with EpH4 cells and EpRas cells, were 

seeded at equal densities and cultured for 16 hours. Whole cell lysates were prepared 

and subjected to SDS-PAGE and western blotting using either an anti-Ras antibody or 

an anti-EphA2 antibody. Infection of EpH4 cells with each of the V12Ras, V12S35Ras, 

V12G37Ras or V12C40Ras recombinant retroviruses resulted in increased levels of Ras 

(Figure 3.3a). In all of the recombinant cell lines, Ras was observed as a doublet of 

approximately 21 kDa, whereas in lysates from EpH4 cells only one band could be 

detected. The protein of higher molecular weight is thought to correspond to the non- 

farnesylated form of Ras, suggesting that there is an excess in Ras levels that the 

endogenous, rate-limiting, farnesyl protein transferase is unable to process. This is a 

strong indication that recombinant Ras has successfully been introduced into EpH4 

cells. However, markedly higher levels of Ras were observed in the previously 

established EpRas cells (Figure 3.3a). Furthermore, the morphology of the newly- 

established recombinant cell lines resembled that of EpH4 cells rather than EpRas cells 

(data not shown). Analysis of the levels of EphA2 protein by western blotting (Figure 

3.3b) revealed that EpH4 cells infected with the V12Ras construct had an elevated level 

of EphA2 protein compared with non- infected EpH4 cells. However, the levels of 

EphA2 protein in EpH4 cells infected with any of the Ras effector mutants remained
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Figure 3.3. Retroviral Infection of EpH4 Cells with Ras Effector Mutants
5 xlO^ EpH4 cells, EpRas cells, and EpH4 cells infected with each of the V12Ras effector 
domain mutations were plated into 10 cm dishes and cultured for 16 hours. 50 )ig of 
whole cell lysate was subjected to SDS-PAGE and western blotting using (a) an anti-Ras 
antibody, or (b) an anti-EphA2 antibody (Santa Cruz).
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equal to those of non-infected EpH4 cells. This implies that, under these conditions, 

either Ras-mediated activation of Raf, PI3K or RalGDS alone was incapable of 

inducing EphA2, or that an alternative Ras effector pathway was utilised. Alternatively, 

as discussed later (Section 3.3.3), these results may reflect the compromised activity of 

the V12Ras effector mutants compared to VI2Ras.

3.2.4. Inhibition of the Raf/MEK/MAPK Pathway Downregulates 

EphA2

An alternative strategy to investigate the pathway(s) by which Ras upregulates EphA2 

in EpRas cells was to use selective kinase inhibitors. This approach would compromise 

the activity of a component within an individual effector pathway, but still allow any 

synergy between the remaining effector pathways to operate. Therefore, cell-permeable 

compounds were used to investigate whether selective inhibition of individual Ras 

effector pathways affected EphA2 levels. EpRas cells were cultured for 24 hours in the 

presence of the selective MEK inhibitor U0126 (Favata et a l, 1998), the Raf inhibitor 

SB-386023 (Yue et a l, 2000) or the PI3K inhibitor, LY294002 (Vlahos et a l, 1994). 

Lack of specific inhibitors of RalGDS prevented the study of the involvement of this 

pathway in Ras-mediated EphA2 induction. DMSO was included as a control. Also 

included as a control was the p38 inhibitor, SB-203580 (Cuenda et a l, 1995), as 

previous reports have not suggested that p38 acts downstream of Ras.

Confirming previous results, the level of EphA2 protein was higher in EpRas cells than 

in EpH4 cells (Figure 3.4a). Moreover, the level of MAPK phosphorylation, as 

measured by an antibody that is specific for dual phosphorylated MAPK (anti- 

phosphoMAPK), was higher in EpRas cells than in EpH4 cells, indicating that the 

Raf/MEK/MAPK pathway is upregulated in response to activated Ras (Figure 3.4b). 

The addition of 0.1% DMSO to EpRas cells had no effect on EphA2 protein levels. 

However, the presence of the MEK inhibitor, U0126, or the Raf inhibitor, SB-386023, 

caused a significant decrease in EphA2 protein to levels below those present in EpH4 

cells. The p38 inhibitor and the PI3K inhibitor failed to elicit a decrease in EphA2 

levels, with protein levels remaining comparable to, or even slightly higher than, those 

of untreated EpRas cells. Attempts to confirm the efficacy of both of these compounds 

by western blotting using antibodies designed to recognise the active forms of p38 and 

PKB/Akt were unsuccessful, therefore changes in cell morphology observed upon
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treatment with both inhibitors were used as an indication that the compounds were 

active. Cells treated with SB-203580 developed a more fibroblastoid phenotype, 

whereas treatment with LY294002 resulted in the formation of vesicles within the cell 

bodies (data not shown). To confirm that U0126 and SB-386023 acted as effective 

inhibitors of the Raf/MEK/MAPK pathway, an anti-phosphoMAPK antibody was used 

to measure p42 and p44 MAPK phosphorylation. Both compounds effectively inhibited 

MAPK phosphorylation (Figure 3.4b). Interestingly, levels of MAPK phosphorylation 

were seen to be markedly increased following treatment with the p38 inhibitor. Steady- 

state levels of p42 and p44 MAPK protein were unaffected by any of the treatments 

(Figure 3.4c). This result also servesto confirm that equal amounts of total protein were 

loaded onto the gel and that the observed decrease in EphA2 protein levels was not a 

reflection of an overall decrease in protein synthesis (Figure 3.4c).

To assess further the influence of MAPK activity on levels of EphA2 protein, western 

blotting was performed on whole cell lysates prepared from EpRas cells treated with 

increasing doses of U0126. A dose-dependent decrease in EphA2 protein levels was 

observed in response to increasing concentrations (0.5 p.M to 10 |iM) of U0126 (Figure 

3.5a). To confirm that U0126 was effectively inhibiting MAPK phosphorylation, 

western blotting using the anti-phosphoMAPK antibody was performed. The level of 

MAPK phosphorylation was inhibited by increasing the dose of U0126 (Figure 3.5b), 

while the levels of total MAPK remained unaffected by the treatment (Figure 3.5c).
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Figure 3.4. MAPK Pathway Inhibitors Downregulate EphA2 Expression
1 x l0 ‘' EpH4 (lane 1) or EpRas cells (lanes 2-7) were plated into 60 mm dishes and 
cultured for 16 hours prior to incubation for 24 hours with the following treatments; 0.1% 
DMSO (lane 3), 10 pM U0126 (lane 4), 10 pM SB-386023 (lane 5), 10 pM SB-203580 
(lane 6), 20 pM LY294002 (lane 7). Lanes 1 and 2 were left untreated. 25 pg of whole 
cell lysate was subjected to SDS-PAGE and western blotting using (a) an anti-EphA2 
antibody (UBI), (b) an anti-phosphoMAPK antibody, or (c) an anti-MAPK antibody.
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Figure 3.5. Dose-Dependent Inhibition of EphA2 by U0126
1 xlO-*’ EpRas cells were plated into 60 mm dishes and cultured for 16 hours prior to 
incubation for 24 hours with 0-10 pM U0126. 25 pg of whole cell lysate was subjected to 
SDS-PAGE and western blotting using (a) an anti-EphA2 antibody (UBI), (b) an anti- 
phosphoMAPK antibody, or (c) an anti-MAPK antibody.
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3.3. Discussion
3.3.1. Upregulation of EphA2 Protein in WAPms Manunary Tumours

The upregulation of EphA2 in mammary tumours of WAFras transgenic mice was 

originally documented at the mRNA level by Andres and colleagues (Andres et a l,  

1994). The data presented here are significant in that they confirm that the increase in 

mRNA described by Andres (Andres et al,  1994) corresponds to an increase in 

functional protein and is not simply a reflection of changes in EphA2 mRNA regulation 

as a result of ras expression. The observation that tumour-derived EphA2 protein 

retains catalytic activity is also significant as it implies that EphA2-mediated signalling 

pathways have the potential to operate. It also suggests that the observed increase in 

EphA2 protein levels is not due to inhibiting activity-induced receptor degradation, a 

phenomenon seen in EGF receptors whereby, following activation, receptors are 

targeted for degradation by Cbl (Levkowitz et a l,  1999).

The high steady-state levels of EphA2 receptor protein observed in the WAPra^ 

mammary tumours might be expected to result in significant levels of receptor 

autophosphorylation in the absence of EphA2-ligand stimulation (Lemmon and 

Schlessinger, 1994), as occurs in human breast tumours expressing high levels of ErbB2 

(reviewed in Hynes and Stern, 1994). In a recent report, Ogawa and colleagues have 

detected ephrinAl in mammary tumours which may account for their additional finding 

that EphA2 was tyrosine phosphorylated (Ogawa et al, 2000). As increased 

transcription of ephrinAl has recently been found in Ras-transformed fibroblasts (Zuber 

et a l,  2000) it would be interesting to investigate whether ephrinAl is also upregulated 

in WAPra5 mammary tumours. Dysregulated expression of ephrinAl in tumours could 

lead to autocrine activation of EphA2, as has been reported in melanoma progression 

(Easty et ai,  1995), TNFa-induced angiogenesis (Pandey et a i,  1995b) and 

adenocarcinoma cell function (Rosenberg et al,  1997). In addition to the co-expression 

of EphA2 and ephrinAl in tumour cells of the mammary gland, surrounding endothelial 

cells were also reported to express both ligand and receptor (Ogawa et a l,  2000), 

suggesting that ligand-receptor interactions could occur both within, and between, the 

tumour mass and its surrounding stroma. Such interactions have been proposed to play 

an important role in vasculogenesis (Gale and Yancopoulos, 1999) and, as such, would 

have a profound effect on tumour metastasis.
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3.3.2. Upregulation of EphA2 mRNA and Protein in a Cell Culture 

Model

The increase in both EphA2 mRNA and active protein in EpRas cells compared to their 

naïve EpH4 counterparts implies that EphA2 is a target of Ras in mammary epithelial 

cells, which is significant given that the majority of mammary adenocarcinomas are 

epithelial. The expression of EphA2 in a mammary epithelial cell line is consistent with 

the initial naming of EphA2 as epithelial cell kinase (Lindberg and Hunter, 1990) and 

with previous reports of its expression in both primary mammary cells and established 

mammary epithelial cell lines (Andres et aL, 1994; Andres et al., 1995). Interestingly, 

in fibroblasts, EphA2 is only expressed at relatively low levels (Lindberg and Hunter, 

1990; Andres et al, 1994) and is reportedly not upregulated by Ras (Zuber et a l,  2000).

The demonstration that EphA2 expression is upregulated by Ras in a mammary 

epithelial cell line provides a highly relevant in vitro model in which to further study the 

role of EphA2. The difference in the levels of EphA2 protein between the EpH4 and 

the EpRas cells is notably not as great as that between the EphA2 levels in normal male 

mammary tissue and in the WAPra^ mammary tumours. However, because EpH4 cells 

are a clonal, spontaneously immortalised epithelial cell line, they are expected to be 

enriched in epithelial proteins, of which EphA2 is one (Lindberg and Hunter, 1990). 

This differs from the in vivo situation, where the mammary gland comprises both 

epithelial and stromal components, and, certainly in the male, the epithelial 

compartment constitutes only a very small proportion of normal mammary tissue, 

having ceased development prior to birth (see Section 1.3.2). In contrast, mammary 

tumours derived from WAPra^' mice consist predominantly of a mass of epithelial cells 

(as a result of ras expression from the epithelial-specific WAP promoter).

A single -4.5 kb EphA2 mRNA transcript was detected in normal and WAPmj 

mammary tissue (Andres et al,  1994) and in EpH4 and EpRas cells. The increase in 

EphA2 transcript levels in EpRas cells thus reflects the increase in protein levels, but 

whether it occurs as a result of increased EphA2 gene transcription or mRNA 

stabilisation is unknown.
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3.3.3. Analysis of EphA2 Protein Levels in Response to Ras Effector 

Pathway Mutants

In an attempt to investigate which effector pathway is responsible for the upregulation 

of EphA2 by oncogenic Ras in mammary epithelia, a number of Ras effector domain 

mutants were used. V12Ras was able to induce levels of EphA2 protein, however, 

V12Ras mutants that were only able to interact with a single effector pathway were 

unable to upregulate EphA2. One interpretation of these results would be that a 

combination of two or more Ras effector pathways are necessary to mediate EphA2 

upregulation, or that another less well characterised Ras effector pathway is required. 

This could be further investigated by infecting combinations of two of the effector 

mutants at a time. However, although each effector mutant is still able to interact with 

one effector protein, its ability to activate this protein, and hence the downstream 

effector pathway is reportedly impaired (Rodriguez-Viciana et al., 1997). Therefore, 

although the V12Ras and V12Ras effector mutants were expressed at a similar level, 

this cannot necessarily be used as an indication of their comparable activity. Thus, the 

possibility that the lack of EphA2 induction by any of the V12Ras effector mutants is 

due to their impaired ability to activate the appropriate downstream effector cannot be 

excluded. Indeed, comparison of the level of Ras expression between the bulk 

populations of V 12Ras effector mutant-infected EpH4 cells and the EpRas cells 

indicates that the effector mutant constructs were expressed at a relatively low level. 

This is most likely due to the EpRas cells being derived from a single, high-expressing 

clone (Oft et al,  1996) whereas bulk populations were used during this study.

A further indication that the Ras expression levels were relatively low in the bulk 

populations was apparent from their morphology. Unlike EpRas cells, V12Ras-infected 

EpH4 cells continued to display a regular morphology and did not appear mesenchymal. 

A number of studies have suggested that oncogenes may contribute to the deregulation 

of proteins involved in maintaining the apical, lateral and basal domains of polarised 

cells, implying that the levels of Ras may play a critical role in this event. Indeed, 

studies using both primary mammary epithelial cells and an established mammary 

epithelial cell line demonstrated that there was a strong correlation between the level of 

oncogenic Ras and the morphology of the cells, and suggested that levels of oncogenic 

Ras > 20-fold higher than endogenous Ras expression were required to fully transform 

epithelial cells (Redmond et al, 1988). However, it appears that such high levels of Ras
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may not be necessary to induce an increase in the level of EphA2 protein, as a 

significant induction of EphA2 was attainable in V12Ras-infected cells in which only 

low levels of Ras were expressed. It would therefore be very interesting to investigate 

the effect of increasing Ras levels upon EphA2 protein expression.

3.3.4. Regulation of EphA2 by the Raf^EK /M APK  Pathway

The results presented in this chapter implicate the Raf/MEK/MAPK pathway in the 

upregulation of EphA2 in EpRas cells. Firstly, EpRas cells displayed a markedly higher 

level of phosphorylated MAPK than EpH4 cells. This is in accordance with other 

reports of overexpression, or constitutive phosphorylation, of MAPK in Ras- 

transformed cell lines and tumours (Amundadottir and Leder, 1998; Martinez-Lacaci et 

al,  2000). Secondly, inhibition of this pathway by use of the selective MEK inhibitor
i
U0126 or the selective Raf inhibitor SB-386023 resulted in a marked decrease in EphA2 

protein levels. Furthermore, EphA2 levels were found to be directly correlated with the 

activity of MAPK.

Inhibition of either PI3K using LY294002, or the p38 pathway using SB-203580 did not 

decrease the level of EphA2 protein in EpRas cells. Therefore, PI3K and p38 do not 

appear to be required for Ras-mediated upregulation of EphA2. Indeed, treatment with 

these inhibitors elicited a slight increase in EphA2 protein levels which, in the case of 

the p38 inhibitor SB-203580, correlated with a marked increase in levels of MAPK 

phosphorylation. This observation again implicates the Raf/MEK/MAPK pathway in 

the regulation of EphA2 expression. The reason for the increased levels of MAPK 

phosphorylation following inhibition of p38 activity is unclear. Recent studies by Hall- 

Jackson and colleagues (Hall-Jackson et a l,  1999a; Hall-Jackson et a l,  1999b) 

demonstrated that Raf isolated from cells treated with SB-203580 displayed increased 

activity when assayed in vitro. However, in the same studies, no change in MAPK 

activity was observed. The increase in EphA2 expression in response to PI3K inhibition 

appeared to be mediated independently of changes in the activity of MAPK, but the 

mechanism by which this occurs is again unclear.

The effect of the MEK inhibitor U0126 and the Raf inhibitor SB-386023 on levels of 

EphA2 mRNA was not analysed, therefore it is not possible to say whether the observed 

downregulation of EphA2 protein reflected decreased EphA2 gene transcription or 

mRNA translation. Little is known about EphA2 transcriptional regulation, although
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the homeobox proteins Hoxal and Hoxbl have been implicated in rhombomere-specific 

expression of EphA2 (Chen and Ruley, 1998). Interestingly, the expression of Hoxal is 

markedly upregulated in mouse mammary tumours compared with normal and 

preneoplastic tissue (Friedmann et ah, 1994). However, a potential link between 

MAPK signalling and Box gene expression has not been studied to any great extent. A 

cytoplasmic target for MAPK is the kinase MNK (Section 1.2.4.2), which may mediate 

the ability of eIF-4E to recruit ribosomes to mRNA and thereby enhance protein 

synthesis. Consequently, downregulation of EphA2 protein levels may be a reflection 

of decreased mRNA translation through inhibition of MAPK activity.

The Raf/MEK/MAPK pathway has been demonstrated to be necessary for Ras-induced 

EphA2 protein expression. However, whether it is sufficient on its own to elicit an 

increase in EphA2 expression has not been determined. One way to address this would 

be to introduce constitutively active forms of Raf, MEK, or MAPK into EpH4 cells and 

compare the levels of EphA2 protein. However, as with many studies undertaken to 

investigate the role of this pathway in Ras-mediated tumourigenesis, the production of 

autocrine factors that could result in Ras activation would be difficult to exclude. 

Identification of the promoter region of EphA2 would also enable tfie effect of the 

Raf/MEK/MAPK pathway on EphA2 transcription to be analysed, and analysis of the 

sequence of the promoter would facilitate the identification of putative AP I binding 

sites. EphA2 overexpression has been reported in mammary tumours and tumour cell 

lines which have arisen independently of oncogenic ras (see Section 1.1.7.6). It would 

be interesting to determine whether EphA2 expression is also targeted by MAPK in 

these tumours.

The results presented in this chapter describe how expression of oncogenic ras results in 

the overexpression of EphA2 at the mRNA and protein level in mouse mammary 

epithelial cells in both in vivo and in vitro models, and address the possible 

mechanism(s) by which Ras brings about this upregulation. The Raf/MEK/MAPK 

pathway was found to be involved in the regulation of EphA2 protein levels. This 

pathway is also known to play a critical role in Ras-induced transformation by 

increasing cell proliferation through the upregulation of cyclin DI expression (Albanese 

et al,  1995). Furthermore, activation of the AP-1 transcription factor has been 

implicated in the loss of cell polarity (Reichmann et al,  1992; Fialka et a l,  1996), 

which is important in the process of epithelial-fibroblastoid conversion and Webb and
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colleagues have implicated the Raf/MEK/MAPK pathway in experimental metastasis 

(Webb et a l,  1998). Given the proposed roles of Eph receptors in mediating cell 

positioning, the recent findings that activation of EphA2 inhibits cell-ECM attachment 

(Dodge-Zantek et al,  1999; Miao et al, 2000), and the lack of evidence for a 

proliferative effect (Section 1.1.5.4), it is tempting to speculate that one function of the 

Ras-mediated increase in MAPK activity in tumourigenesis is to induce the levels of 

EphA2 protein to facilitate anchorage independent growth and tumour cell invasion. 

This will be further investigated in subsequent chapters using the relevant in vitro cell 

culture model described here.
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Chapter 4

Investigation of the Requirement for EphA2 in 

Ras-induced Mammary Tumourigenesis in vivo.

4.1. Introduction
The results presented in Chapter 3 demonstrated that EphA2 is upregulated by Ras in 

both in vivo mammary gland tumourigenesis and an in vitro cell culture model. The aim 

of the work undertaken in this Chapter is to investigate the requirement for EphA2 in 

Ras-mediated mammary tumourigenesis using the WAPra^ model and an additional 

transgenic line containing the ecU mutation. This mutation was generated by the 

insertion of a gene trap retrovirus into the EphA2 gene. The gene trap retrovirus, 

U3[3geo, essentially acts as a promoter trap by ‘stealing’ the promoter of an endogenous 

gene. The retrovirus carries a sequence comprising an in-frame fusion of (3- 

galactosidase and neomycin phosphotransferase (pgeo), therefore the endogenous gene 

is both mutated and ‘tagged’ by the insertional event. This technique thereby facilitates 

the analysis of both expression and function of the endogenous gene. The eck mutation 

was initially identified in a search for developmentally regulated genes in ES cells. 

Subsequent to retroviral infection of ES cells with the U3pgeo retrovirus, selection in 

G418 was used to identify cells in which the provirus (designated J3A3) was actively 

transcribed. To identify genes which were developmentally regulated, individual clones 

of ES cells were induced to differentiate in vitro into embryoid bodies. A change in X- 

gal staining, as a reflection of p-galactosidase activity, during differentiation is 

indicative of genes that are highly regulated during embryogenesis (Scherer et a l,  

1996). Having established that EphA2 was one such gene, the mutation was transmitted 

through the germline and viable homozygous mutant mice (eck^') were generated. X- 

gal staining of eck‘̂‘ embryos reproduced the pattern of EphA2 mRNA and protein 

expression as previously detailed (Ganju et a l,  1994; Ruiz and Robertson, 1994). 

Investigation into the consequences of the mutation upon EphA2 protein expression 

revealed that levels of EphA2 protein were markedly downregulated in adult lung 

tissue. However, despite showing a severe deficiency in EphA2 protein, eck^' mice are 

phenotypically normal (Chen et a l,  1996).
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Following initial experiments to further characterise the eck‘ ' mice, work undertaken in 

this chapter brought together the genotypes of both eck‘̂’ and WAPr<35 transgenic 

models to address the requirement of EphA2 in Ras-mediated mammary 

tumourigenesis. In other cases, functional insulin-like growth factor I has been shown 

to be necessary for transformation of embryonic fibroblasts by the Simian virus 40 

(SV40) large tumour antigen (Sell et al, 1993) or by EGF (Coppola et al,  1994), and 

tumours rarely developed in polyomavirus middle T-antigen-induced mammary 

tumourigenesis in mice deficient for c-Src (Guy et a l,  1994). The main aim of 

experiments undertaken in this chapter, therefore, was to investigate the ability of Ras to 

induce mammary tumours in the absence of EphA2.

4.2. Results
4.2.1. eck'̂ ‘ Mice Express p-galactosidase and are Deficient in EphA2 

Protein

Transgenic mice homozygous for the eck allele (eck'^‘) were obtained (see Section

2.5.1). A schematic diagram depicting the insertion site of the J3A3 pro virus within the 

EphA2 gene is shown in Figure 4.1. Prior to using these mice for further experiments, 

their molecular genotype was confirmed using two different approaches. Firstly, 

integration of the gene trap retrovirus into the EphA2 gene was assessed by p- 

galactosidase staining. 10.5 dpc embryos from eck^‘ mice were fixed and stained with 

X-gal (Section 2.3.11). Positive X-gal staining was clearly visible in a discrete area in 

the hind limb buds (Figure 4.2a), where expression of endogenous EphA2 mRNA and 

protein has been previously reported (Ganju et a l,  1994; Mori et al,  1995).

Secondly, disruption of the EphA2 gene by the proviral integration event was assessed 

by western blot analysis of protein samples from adult lung tissue using an anti-EphA2 

antibody, or western blot or in vitro kinase assay of EphA2 immunoprecipitates from 

primary embryonic fibroblasts derived from 17 dpc embryos of both eck^' and wild-type 

mice (Section 2.5.3). The level of EphA2 protein was severely attenuated in lung 

tissue derived from eck^' mice compared with wild-type eck^^  ̂mice, but a low level of 

EphA2 protein was still detectable (Figure 4.3a).
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Figure 4.1. The J3A3 Provirus Integrates into the EphA2 Locus
Diagrammatic representation of the insertion of the U3Pgeo gene trap retrovirus into the EphA2 locus (not to scale), depicting the 
previously published EphA2 cDNA sequence (mauve) and the recently identified Exon 5.2 (grey). EphA2 sequences containing 
nucleotides 178 and 179 are located on separate exons, 'i '  indicates initiating methionine. ('}") indicates putative alternative initiation 
site in exon5.2/nt 179 transcript. The assignment of exon 1 and exons 2-16 is based on the findings of Connor and Pasquale, 1995. 
Adapted from Chen et a l,  1996.
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Figure 4.2. eck' '̂ Mice Express P-galactosidase
A 10.5 dpc eck'/' embryo was stained in X-gal staining buffer for 16 hours. 
Blue staining indicates 6-galactosidase activity.
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Figure 4.3. eck' '̂ Mice are Deficient in EphA2 Protein
(a) Adult lung tissue from eck'^‘ or eck+^+ mice was lysed in RIPA buffer. I mg total 
protein lysate was immunoprecipitated using an anti-EphA2 antibody (Santa Cruz). 
Immunoprecipitates were subjected to SDS-PAGE and western blotting with an anti- 
EphA2 antibody (UBI). (b) and (c) 1 mg of total protein lysate from eck'^' or eck+^+ 
embryonic fibroblasts was immunoprecipitated with either an anti-EphA2 antibody (Santa 
Cruz) (Ab) or using protein A-Sepharose alone (PAS). Immunoprecipitates were divided 
equally and subjected to (b) SDS-PAGE and western blotting with an anti-EphA2 
antibody (Santa Cruz), or (c) in vitro kinase assay followed by SDS-PAGE and 
autoradiography.
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A similar observation was also made in embryonic fibroblasts (EMFs). A larger amount 

of EphA2 protein was immunoprecipitated from eck"̂ ”̂̂ EMFs compared with eck‘̂‘ 

EMFs, an observation reflected by the increase in EphA2 catalytic activity from eck"̂ "̂̂  

EMFs over eck^' EMFs (Figure 4.3b and c). However, in all experiments, both residual 

EphA2-immunoreactive protein and catalytic activity were observed in tissues prepared 

from eck^' animals.

4.2.2. Breeding of eck'̂ ‘ and eck̂ ^̂  Mice with WAPras Mice

It was confirmed in Section 4.2.1 that eck' ’̂ mice express markedly diminished levels of 

EphA2 protein compared with their wild-type eck^^  ̂counterparts. In Chapter 3, EphA2 

expression was seen to be upregulated by oncogenic ras in mammary epithelial cells. 

Therefore, to assess the consequences, in terms of tumour formation, of a deficiency in 

EphA2 protein on the ability of Ras to induce mammary tumours, eck' '̂ mice were 

crossed with WAPra^ mice.

To this end, WAPra^ transgenic mice were crossed with either eck‘̂ ' or eck"̂ "̂̂  transgenic 

mice. Tumour onset time in the WAPra^ transgenic mouse line has previously been 

shown to be sensitive to the genetic background (Nielsen et a i,  1992) therefore, as the 

eck‘ and WAPras transgenic mice differed in their genetic background (Section 2.5.1), it 

was first necessary to establish an inbreeding program (as depicted in Figure 4.4). Male 

mice bearing the WAFras transgene on the Y chromosome (WAPra^Y) were crossed 

with homozygous female eck^  ̂mice. Sibling mating was then carried out between the 

offspring of this FI generation. The F2 generation was genotyped using DNA prepared 

from tail snips (Section 2.5.2). Sibling mating was again carried out between mice 

homozygous for the wild-type or the mutant ecF allele, enabling WAPra^Y mice to be 

analysed on either an eck^' or a wild-type (eck̂ '̂̂ ) background. At this point, several 

sublines of both eck'^ '̂AVAPra^Y and eck'^ '̂^AVAPra^Y mice were established.
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eck^' (f) WAPra^Y (m)

Pi eck^'AVAPra^Y (m) eck^+ (f)

S eck^'/WAPra^Y (m) ; eck^' (f) : eck^+/WAPrajY (m) : eck^+ (f) ; eck+/+ (f) : eck+^+ZWAPra^Y (m)

eck^'AVAPrajY (m) x eck^' (f) eck+/+/WAPm^Y (m) x eck+/+ (f)

eck*^'AVAPrajY (m) eck^' (f) eck+/+/WAPmjY (m) eck+/+ (f)

Figure 4.4. Strategy for Breeding WAPras and eck '̂ or eck+/+ Mice
Male WAPrfl5 mice (W APrajY) were mated with female eck^ mice. Sibling mating was then carried out between the offspring o f this FI 
generation. Following genotyping o f the F2 generation, sibling mating was again carried out between male eck^'AVAPrajY and female eck' '̂ mice 
or male eck+^+ZWAPm.;Y and female eck+̂ "̂  mice enabling WAPra^Y mice to be analysed on either an eck*̂ ‘ or an eck+/+ background. Male and 
female mice are denoted by (m) and (f), respectively.



4.2.3. Analysis of Tumour Incidence

Mammary gland tumours were formed in the F2 generation of eck'^^'^/WAPmjY mice 

after 60-70 days, in agreement with previous data (Nielsen et a l,  1992). However, 

mammary tumours also developed in eck'^'/WAPmjY animals, and there was no 

noticeable difference in the time that tumours were first observed between these and the 

eck^^^AVAPra^Y animals (data not shown). Thus, the presence of the eck  allele did not 

appear to inhibit or delay the onset of mammary tumours in WAPras mice.

4.2.4. Ras Does Not Induce Amplification of the EphA2 Gene

To confirm the integration of the pro virus into the EphA2 gene in eck’̂’AVAPra^Y mice, 

genotyping by Southern blot analysis (Section 2.1.12) was carried out on DNA prepared 

from mammary tumours of two eck'^‘AVAPra5'Y sublines (M66 and M78). Mammary 

tumours from two eck^^^AVAPm^Y sublines (M l5 and M l7) were taken for 

comparison. Southern blotting was performed using a probe corresponding to a ~ 500 

bp Xba l-Xho I fragment of genomic DNA flanking the proviral integration site (Chen et 

ai,  1996). Genomic DNA from the tumour samples and from tail snips of control 

homozygous eck'̂ % heterozygous eck'̂ "̂  and homozygous eck"̂ "̂̂  mice was subjected to 

restriction digest using Bgl II. The presence of the provirus within a Bgl II genomic 

DNA fragment resulted in the altered migration of this fragment by agarose gel 

electrophoresis, and could therefore be used to distinguish the genotype of homozygous 

eck' '̂, heterozygous eck̂ "̂  and homozygous eck"̂ ^̂  mice.

The specific probe hybridised to a Bgl II fragment of approximately 9 kb in genomic 

DNA prepared from wild-type animals (Figure 4.5). In mice homozygous for the eck 

mutation, the probe hybridised to a ~ 15 kb Bgl II genomic DNA fragment. In 

heterozygous animals, genomic fragments of 9 kb and 15 kb were detected by the 

specific probe. Thus, these results verified the correct genotype of the mammary 

tumours. In addition, there was no difference in the relative intensity of the 

hybridisation signal between equal quantities of genomic DNA from tail and tumour 

tissue, indicating that the EphA2 gene was not amplified in WAPras Y mammary 

tumours.
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Tail Mammary tumours
i/i +/+

i/i + /+  i/+  M66 M78 M15 M17

Figure 4.5. Ras does not Induce EphA2 Gene Amplification
Genomic DNA was prepared from tail snips of mice known to be of eck'^', eck'^+ or 
eck+^+ genotype, or mammary tumours derived from two sublines of eck'^'AVAPra^Y 
mice (M66 and M78) and two sublines of eck+^+AVAPra^Y mice (M15 and M17). 20 
pg was subjected to restriction endonuclease digestion with Bgl II prior to agarose gel 
electrophoresis. Southern blotting was performed using a random primed 
dCTP-labelled probe corresponding to a ~ 500 bp Xha \-Xho I fragment of genomic 
DNA flanking the proviral integration site.
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4.2.5. Analysis of EphA2 Protein Levels in eck^'AVAPmsY and 

eck VWAPm^ Y Mice

Genotypic analysis confirmed that the J3A3 provirus was present in the EphA2 gene in 

tumours derived from eck^'AVAPra^Y mice. Therefore, to investigate whether 

mammary tumours of eck’̂’AVAPra^Y mice also displayed a marked deficiency of 

EphA2 protein, as was observed in EMFs and lung tissue of eck^‘ mice compared to 

their wild-type counterparts, the level of EphA2 receptor protein was measured in 

animals from three sublines of both eck‘̂‘AVAPra5Y and eck'^ '̂^AVAPrfl5Y mice. These 

sublines were M38, M66 and M78 (eck^'AVAPra^Y) and M62, M65 and M69 

(eck'^^^AVAPra^Y). Additionally, to confirm the previous observation of a marked 

downregulation of EphA2 protein in non-tumour tissue, lung and kidney samples were 

also taken for analysis.

4.2.5.1. Analysis of EphA2 Protein Levels in Lung, Kidney and Tumour Derived 

from eck '̂AVAPrasY and eck^^^AVAPmsY Animals

Protein lysates of lung, kidney and tumour tissue from the three sublines of 

Qck'^'fWAPrasY and eck'̂ '̂ '̂ AV APra^'Y mice were prepared and EphA2 was 

immunoprecipitated from 1 mg total protein lysate using an anti-EphA2 antibody. The 

immunoprecipitates were then subjected to SDS-PAGE and western blot analysis using 

an anti-EphA2 antibody. As previously observed in non-tumour tissues, the amount of 

EphA2 immunoreactive protein was significantly reduced in the lung and kidney from 

all eck'^'AVAPra^Y mice compared with eck^ '̂^AVAPra^Y animals (Figure 4.6a).

However, in mammary tumours from all three of the eck'^’AVAPra^Y animals, high 

levels of an anti-EphA2 immunoreactive protein were observed. High levels of EphA2 

protein were also observed in mammary tumours from two of the three eck^^^AVAPmjY 

animals (M62 and M69), whereas only a small amount of EphA2 protein was present in 

mammary tumour tissue from a third animal (M65).
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Figure 4.6. eck'/W APm vY Mammary Tumours Express Catalytically Active 
EphA2 Protein
(a) Lung, kidney and mammary tumour from three sublines of eck'^'/WAPraj'Y mice 
(M38, M66 and M78) and three sublines of eck+^+/WAPm^Y mice (M62, M65 and 
M69) were lysed in RIPA buffer. 1 mg total protein lysate was immunoprecipitated 
using an anti-EphA2 antibody (Santa Cruz). Immunoprecipitates were subjected to 
SDS-PAGE and western blotting with an anti-EphA2 antibody (UBI). (b) Mammary 
tumours from three sublines of eck'^'/WAPra^Y mice (M49, M66 and M78) and three 
sublines of eck+^+/WAPrmY mice (M21, M22 and M54), and normal mammary tissue 
from an eck+''+ animal were lysed in RIPA buffer. 1 mg total protein lysate was 
immunoprecipitated using an anti-EphA2 antibody (Santa Cruz) and subjected to in 
vitro kinase assay followed by SDS-PAGE and autoradiography.
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4.2.S.2. EphA2 Protein from eck^VWAPm^Y Mammary Tumours Retains 

Catalytic Activity

To determine whether the anti-EphA2 immunoreactive protein detected in the 

eck^ '̂AVAPra^Y tumours was catalytically active, in vitro kinase assays were performed 

on EphA2 immunoprecipitates of lysates prepared from three eck‘̂‘AVAPra5Y tumours 

(sublines M49, M66 and M78) and three eck'^ '̂^AVAPra^Y mammary tumours (sublines 

M21, M22 and M54). A 130 kDa protein immunoprecipitated from lysates of all of the 

mammary tumours using an anti-EphA2 antibody displayed high levels of 

autophosphorylation, indicating that it possessed catalytic activity (Figure 4.6b).

4.2.6. Analysis of EphA2 Transcripts in Lung, Kidney and Tumour 

Derived from eck^YWAPmy Y and eck VWAPra^Y Animals

Following the observation that considerable levels of a 130 kDa catalytically active anti- 

EphA2 immunoreactive protein was present in mammary tumours of eck'^’AVAPra^Y 

mice, further analysis was undertaken to investigate the possible reasons for this 

occurence. Expression of this protein in mammary tumours from eck'^'AVAPra^Y mice 

could be the result of:-

1. continued expression of the previously published EphA2 cDNA in addition to the 

provirus.

2. splicing to remove the pro virus.

As illustrated in Figure 4.1, transcripts arising in wild-type eck'̂ '̂̂  animals may comprise 

sequences either corresponding to the previously published cDNA or to exon 5.2 spliced 

to nucleotide 179 of this previously published EphA2 cDNA sequence (Ganju et a l,  

1994; Ruiz and Robertson, 1994; Chen et al,  1996). However, in eck‘̂‘ animals, the 

strong splice acceptor of the gene trap retrovirus should limit transcripts to those 

containing the proviral sequence. Thus, transcripts would be expected to comprise exon 

5.2 and the J3A3 proviral DNA, as has previously been documented (Chen et a l,  1996). 

Therefore, in order to investigate the occurrence of these transcripts in eck'^^^AVAPmjY 

mice and eck'^'AVAPra^Y mice, RNA was prepared from three sublines of 

eck'^'AVAPra^Y mice (M38, M66 and M78) and three sublines of eck'^ '̂^AVAPmjY 

mice (M62, M65 and M69).
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To accommodate the large number of samples necessary for the analysis of these 

transcripts in the different tissues of both sets of animals (eck^'AVAPra^Y and 

eck‘*‘' '̂^AVAFraj'Y), RT-PCR was carried out in a 96-well format. The quantitciive 

analysis of gene expression using ‘real-time’ measurement of PCR products is often 

used to measure differences in gene expression of large numbers of samples (Harrison 

et al,  2000; Simpson et al,  2000; Rajeevan et a l,  2001). A recently developed method 

to measure the accumulation of PCR products, SYBR® Green PCR, exploits the ability 

of the fluorescent SYBR® Green I dye to intercalate into double-stranded DNA. The 

measurement of the accumulation of PCR products in conjunction with the use of 

suitable standards enables the initial number of copies of the cDNA template to be 

determined. This can subsequently be related back to the amount of mRNA transcripts 

present in the original sample.

4.2.6.1. Preparation of Samples for RT-PCR Analysis

Total RNA was extracted from lung, kidney and mammary tumour tissues from three 

eck'^'/WAPmjY animals (lines M38, M66 and M78) and three eck"^^" /̂WAPrajY animals 

(lines M62, M65 and M69) (Section 2.4.1). Subsequent to DNAse treatment (Section

2.4.2), 1 jxg of total RNA from lung, kidney and mammary tumour tissue from each of 

the six animals was placed in each of four wells of a 96-well plate. Reverse 

transcription reactions were carried out on three of the RNA samples, while the fourth 

sample was treated with water to act as a ‘no amplification control’ (NAC). Twenty 

identical cDNA ‘master plates’ (as depicted in Figure 4.7) were then prepared (Section

2.4.3).

4.2.6.2. Analysis of p-actin Gene Expression

To assess the quality of the original RNA and to estimate the quantity of cDNA in the 

samples, SYBR® Green PCR was performed on a cDNA master plate using primers 

designed against p-actin (Table 2.4). The expression of p-actin, a ‘housekeeping’ gene, 

is necessary for the normal functioning of a cell and should not be greatly influenced by 

external stimuli. Different tissues, however, may be expected to express different levels 

of housekeeping genes.
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Figure 4.7. Design of Master Plates for SYBR® Green PCR Analysis
The diagram represents a 96-well master plate for SYBR® Green PCR. Total RNA  
from lung, kidney and mammary tumour was prepared from three sublines o f  
eck^'/WAPra^Y mice (M38, M 66 and M78) and three sublines o f eck+^+ZWAPm.yY 
mice (M62, M65 and M 69) and 1 pg was added to each o f four wells. L represents 
lung tissue, K corresponds to kidney and T to tumour. Reverse transcription 
reactions were performed on three o f these samples whilst water was added to the 
fourth in place o f the reverse transcriptase enzyme as a ‘no amplification control’ 
(NAC). The resulting cDNA was then aliquoted into 20 identical plates. Prior to 
performing SYBR® Green PCR analysis, five 10-fold dilutions o f genomic or 
cDNA standards were added in triplicate to the plate as indicated (M1-M5).
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4.2.6.2.I. Construction of Standard Curves

The raw data obtained from the ABI 7700 Sequence Detector correspond to the mean 

emission measured during the amplification steps of the PCR. This information can be 

used to create an amplification plot, where the change in emission values (AR) is plotted 

against the PCR cycle number (Figure 4.8). A threshold is assigned in the exponential 

phase of PCR. The P-actin standard curve (Figure 4.9) was constructed using data taken 

from the p-actin SYBR® Green PCR amplification plot. The cycle number (C,) at which 

AR crossed the threshold value was then plotted against the number of copies of the 

template in the starting concentration of DNA. There is an inverse linear relationship 

between the starting quantity of template and the cycle number at which AR crosses the 

assigned threshold. An equation derived from linear regression analysis of the standard 

curve can therefore be used to calculate the starting quantity of cDNA (which is 

ultimately dependent on the amount of mRNA transcripts present in the sample) in the 

unknown samples.

The expression of P-actin was indeed seen to vary between different samples (Figure 

4.10). Importantly, however, there was no consistent difference in its expression 

between eck^'AVAPra^Y and eck'^ '̂^AVAPrai'Y animals.

4.2.6.3. Design of Primers for SYBR® Green PCR Analysis of EphA2 Transcripts

The primers used to amplify the p-actin were designed within a single exon which 

enabled genomic DNA to be used both to verify primer function and to construct the 

standard curve. However, to analyse transcripts comprising both exon 5.2 and EphA2 

sequence downstream of nucleotide 179, and for the analysis of transcripts containing 

the pro virus, genomic DNA was unsuitable for testing primer function or constructing 

the standard curve. Therefore, verification of the specificity of primers and construction 

of the standard curve was carried out using alternative sources of DNA as described 

below.

Primer set #1 (Table 2.4) was designed against a short region of the neomycin 

phosphotransferase gene (accession number V00618), the sequence of which is present 

in the pgeo fusion of the gene trap retrovirus (Friedrich and Soriano, 1991). The 

plasmid pcDNAS.l/ Myc-His(-k) was used to test the primers and to construct the 

standard curve.
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Figure 4.8. Amplification Plot of Genomic DNA using (3-actin Primers
Five 10-fold dilutions of mouse genomic DNA were used to perform SYBR® Green PCR analysis with primers designed to amplify P- 
actin DNA. Analysis was performed using the Sequence Detector software package. The change in fluorescence emission at 521 nm 
(AR) was plotted against the PCR cycle number. The threshold was set at 0.05, the point at which all the reactions were in the exponential 
phase of amplification. The key indicates the number of copies of genomic DNA present in the starting concentrations of DNA.
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Figure 4.9. P-actin Standard Curve
Data obtained from Figure 4.8 was used to construct a standard curve. The cycle number (C,) at which AR crossed the threshold 
value in Figure 4.8 was plotted against the number of copies of the template in the starting concentration of genomic DNA (black 
circles). Linear regression analysis was performed and the starting quantity of cDNA template in the unknown samples (red circles) 
was determined using the equation derived from this line.
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Figure 4.10. Expression of P-actin in Lung, Kidney and Mammary Tumours of eck'^'AVAPrasY and eck^ '̂^AVAPra.vY Mice 
Data derived from Figure 4.9 was used to calculate the starting quantity of cDNA template in the lung, kidney and mammary tumours (L, K 
and T, respectively) of the three sublines of eck'^/W APrmY mice (M38, M66 and M78) and eck+^+/WAPro^Y mice (M62, M65 and M69). 
Each bar represents a mean of three separate RT-PCR determinations for each RNA sample. Error bars denote standard error of the mean.



Primer set #2 (Table 2.4) was designed to amplify a region of EphA2 cDNA 

corresponding to nucleotides 1066-1135 of the previously published cDNA sequence 

(Ganju et a l,  1994). The plasmid pECE-EphA2WT was used to test the primers and to 

construct the standard curve, since nucleotides 1066 and 1135 have been reported to be 

present on separate exons (Michael et al, 1999), which are likely to correspond to 

exons 4 and 5 according to Connor and Pasquale (Connor and Pasquale, 1995).

Primer set #3 (Table 2.4) was designed to amplify DNA from the previously 

unidentified transcript containing sequences derived from both exon 5.2 and EphA2 

downstream of nucleotide 179. The transcript sequence was derived from both exon 5.2 

and EphA2 sequences spliced together as described in Chen and colleagues (Chen et a l , 

1996). cDNA obtained from oligo(dT) primed reverse transcription of mouse ES cell 

RNA was used as a PCR template for testing the primers and constructing the standard 

curve, since these cells have been reported to contain the exon 5.2/nucleotide 179 

transcript (Chen et al,  1996).

4.2.6.4. Analysis of Transcripts in eck’̂ VWAPrasY and eck  ̂VWAPmsY Animals

To verify the integration and expression of the J3A3 provirus, SYBR® Green PCR was 

carried out on the cDNA master plate using primer set #1, designed to amplify a region 

of the neomycin phosphotransferase gene. The data obtained was normalised against 

that obtained from p-actin SYBR® Green PCR to correct for differences in RNA 

expression and quality between different tissues. Neomycin phosphotransferase 

transcripts could clearly only be detected in tissues from eck'^'/WAPra^Y animals 

(Figure 4.11), consistent with the integration of the gene trap retrovirus into eck^‘ mice. 

It is also apparent that high levels of transcript were detected in mammary tumours of 

two of the eck’̂ '/WAPra^Y mice, with markedly lower levels in lung and kidney 

samples. Since plasmid DNA was used in place of genomic DNA to construct the 

standard curve, values on the Y-axis (copies per ng of reverse-transcribed RNA) have 

been assigned arbitrary values.

To analyse the expression of the previously published EphA2 sequence, primer set #2 

was used in SYBR® Green PCR analysis of the cDNA master plate. It can be seen 

clearly (Figure 4.12) that levels of this transcript were affected by the insertion of the 

J3A3 pro virus into the EphA2 gene in eck'^'/WAPra^Y animals. In these animals, 

EphA2 transcript levels were decreased by up to 90% in lung and kidney tissues,
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although levels in the mammary tumours were only reduced by approximately 50%. 

However, in both eck^^AVAPra^Y and wild-type eck'^^'^/WAPmjY animals, highest 

levels of this transcript were observed in mammary tumours. Again, values on the Y- 

axis have been assigned arbitrary values as a result of the use of plasmid DNA, rather 

than genomic DNA, to construct the standard curve.

Attempts to analyse the levels of the transcript containing sequence derived from both 

exon 5.2 and downstream of nucleotide 179 of the previously published EphA2 cDNA 

sequence (Chen et a l,  1996) were carried out using primer set #3. However, only a 

mimimal level of fluorescence was detectable in the wells of the master plate, 

suggesting that this transcript was not present at significant levels in the lung, kidney or 

mammary tumours (data not shown). Confirmation of primer function was provided by 

the amplification of a single 116 nucleotide amplicon from mouse ES cell cDNA by 

PCR (Figure 4.13). No PCR product was obtained using mouse genomic DNA as a 

template.
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Figure 4.11. Expression of J3A3 Provirus in Lung, Kidney and Mammary Tumours of eck''/W AProsY and eck+ +/WAProsY Mice
SYBR® Green PCR was performed on lung, kidney and mammary tumours (L, K and T, respectively) of the three sublines of eck'^'AVAPra^Y 
mice (M38, M66 and M78) and eck+^+AVAPra^Y mice (M62, M65 and M69) using primer set #1. Each bar represents a mean of three separate 
RT-PCR determinations for each RNA sample. Error bars denote standard error of the mean. The data obtained has been normalised against the 
values obtained for P-actin. Values on the Y-axis have been arbitrarily assigned.
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Figure 4.12. Expression of Transcripts Containing Nucleotides 1066-1135 of EphA2 in Lung, Kidney and Mammary Tumours of 
eck'/'AVAProsY and eck++/WAProsY Mice
SYBR® Green PGR was performed on lung, kidney and mammary tumours (L, K and T, respectively) of the three sublines of eck'^'AVAPra.yY 
mice (M38, M66 and M78) and eck+^+/WAPrmY mice (M62, M65 and M69) using primer set #2. Each bar represents a mean of three separate 
RT-PCR determinations for each RNA sample. Error bars denote standard error of the mean. The data has been normalised against the values 
obtained for |3-actin. Values on the Y-axis have been arbitrarily assigned.
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Figure 4.13. Expression of Transcripts Containing Exon 5.2 Spliced to Nucleotide 
179 ofEphA2 in ES Cells
Total RNA prepared from mouse ES cells was reverse transcribed using oligo(dT) 
primers and used as a cDNA template from which to amplify a 116 bp product using 
primer set #3. W ater was used as a negative control. PCR products were subject to 
agarose gel electrophoresis and the gel was stained with ethidium bromide.
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4.3. Discussion
4.3.1. Analysis of EphA2 Protein Expression in eck '̂ Mice

insertion of the provirus into the EphA2 gene in eck^‘ mice resulted in the expression of 

(3-galactosidase in the hind limb buds of 10.5 dpc eck^’ embryos, an area in which 

EphA2 expression has previously been reported (Ganju et a l, 1994; Mori et a l, 1995). 

Furthermore, EphA2 protein expression was markedly downregulated in EMFs and 

adult lung tissue of eck' '̂ mice compared to eck"̂ ^̂  mice. These results are entirely 

consistent with the use of gene trap retroviruses to disrupt cellular gene expression by 

effectively ‘stealing’ the endogenous promoter.

Therefore, having previously observed an upregulation of EphA2 protein in mammary 

epithelial cells in response to Ras, a cross between WAPra^ mice and eck’̂ ' mice was 

undertaken to analyse the consequences of a deficiency in EphA2 protein upon Ras- 

mediated mammary tumourigenesis. However, mammary tumours were formed at the 

same frequency in eck’̂’AVAPra^Y as eck^^^AVAPra^Y mice, implying that the 

presence of the eck! allele had no significant effect on WAPm^-induced mammary 

tumourigenesis. This also initially implied that EphA2 protein was not necessary for 

Ras-mediated tumourigenesis, given the marked deficiency of EphA2 protein observed 

in non-tumour tissues of eck^ mice. However, subsequent analysis revealed that an 

anti-EphA2 immunoreactive protein continued to be expressed at high levels in 

mammary tumours from eck^'AVAPra^Y mice, in contrast to lung and kidney tissues 

where only residual EphA2 protein levels were detected. Analysis of one of the three 

eck^ '̂ '̂AVAPra^Y mammary tumours revealed a very low level of EphA2 protein 

expression. This may be due to the sample originating from a necrotic region of the 

tumour. Since the expression of Ras in this tumour was not assessed, it is also possible 

that this tumour had arisen independently of the ras oncogene.

The reason(s) for the continued expression of anti-EphA2 immunoreactive protein is 

unclear. The eck' mutation was the result of an insertional event, causing disruption to, 

rather than deletion of, the endogenous EphA2 gene. There is always the potential, 

therefore, that some form of functional EphA2 protein can be made from the existing 

coding sequences. An investigation of EphA2 RNA transcripts in lung, kidney and 

tumour tissue from three eck"^'AVAPmjY and three eck^^^AVAPmjY animals was 

undertaken to address this possibility.

177



4.3.2. Analysis of Transcripts in eck^'AVAPrasY and eck^ /WAPm^Y 

Mice

4.3.2.1. Transcripts Containing pgeo Gene Trap Proviral DNA

Analysis of the expression of the provirus was performed by RT-PCR using primers 

designed to recognise a short sequence within the neomycin phosphotransferase gene of 

the pgeo sequence of the USPgeo gene trap retrovirus. The results indicated that 

neomycin phosphotransferase transcripts were present in all samples prepared from 

eck‘̂ ' mice, and absent in all eck"̂ ^̂  tissues. This served to confirm the insertion, and 

subsequent expression, of the J3A3 provirus in the eck^‘ mice. Moreover, in two of the 

three mammary tumours derived from eck‘̂’ mice, significantly more neomycin 

phosphotransferase transcripts were present than in normal lung and kidney tissue. This 

indicates that the provirus was expressed at a high level in these tumours, therefore 

supporting previous observations that the regulatory elements of the EphA2 locus are 

targeted for upregulation in tumours.

4.3.2.2. Transcripts Containing Exon 5.2 and EphA2 Sequences Downstream of 

Nucleotide 179

Investigation of the site into which the J3A3 provirus had integrated resulted in the 

identification of a novel upstream exon, referred to as exon 5.2 (Chen et a l, 1996). In a 

previous study carried out by Connor and Pasquale (Connor and Pasquale, 1995), exon 

numbering was based on the assumption that exon 1 contains 5’ untranslated sequence 

in addition to the initiating methionine and signal peptide-encoding nucleotide 

sequence. However, since this was not verified, it is possible that the presence of 

additional upstream genomic sequence is common to all Eph receptor genes. In some 

transcripts isolated from ES cells, exon 5.2 was found to be spliced to nucleotide 179 of 

the previously published EphA2 cDNA (Ganju et a l, 1994; Ruiz and Robertson, 1994; 

Chen et a l, 1996). Similarly, such transcripts could be detected in ES cells by RT-PCR 

and SYBR® Green PCR (data not shown) using primer set #3. However, these primers 

failed to detect transcripts in RNA prepared from adult lung, kidney or mammary 

tumour of either eck'^'/WAPmjY or eck' '̂ '̂^AVAPraj'Y animals, implying that, in these 

tissues, the exon 5.2-nucleotide 179 splicing event does not occur to any significant 

extent. Chen and colleagues (Chen et a l, 1996) suggested that transcripts containing 

exon 5.2 spliced to nucleotide 179 were present in ES cells at a much lower level than
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those corresponding to the previously published cDNA sequence. Thus, it is possible 

that this transcript is only present in ES cells.

Although the exon 5.2-derived sequence of such transcripts would not contribute to a 

functional protein, a protein lacking the amino terminus of EphA2 may result from 

translation commencing at an ATG codon at nucleotide 202 of the published EphA2 

cDNA (see Figure 4.1) (Ganju et a l, 1994; Ruiz and Robertson, 1994; Chen et a l, 

1996). This truncated protein would lack the signal peptide sequence present in the full 

length equivalent, which would prevent it passing through the endoplasmic reticulum, 

and as such, it is expected to be an intracellular rather than a transmembrane protein. 

The predicted size of this putative protein, based on sequence data alone, is 105 kDa. 

Therefore it should be distinguishable from its full length, glycosylated counterpart, 

which is detectable as a 120-130 kDa by SDS-PAGE and western blotting using 

antibodies directed against the carboxy terminus of EphA2. In accordance with the 

failure to detect any transcripts containing exon 5.2 and sequence downstream of 

EphA2 nucleotide 179, western blotting using anti-EphA2 antibodies directed against 

the carboxy terminus of EphA2 failed to detect a 105 kDa protein in any of the tissue 

samples from either eck‘̂ 'AVAPrajY or eck'^ '̂^AVAPra^Y animals.

4.3.2,3. Transcripts Corresponding to Published £phA2 cDNA Sequence

Analysis of EphA2 transcripts corresponding to the published cDNA sequence clearly 

indicates that insertion of the provirus into the EphA2 gene resulted in a decrease in the 

levels, of this transcript in lung, kidney and tumour tissue from eck^'AVAPra^Y mice. 

However, the reason for the continued presence of EphA2 transcripts in eck‘̂‘ animals 

remains unclear. It has previously been reported that small amounts of transcript 

corresponding to the Pgeo sequence fail to become polyadenylated and are therefore 

able to extend through the 3’ long terminal repeat of the integrated pro virus (Scherer et 

a l, 1996). Whether such transcripts could extend as far downstream (approximately 8 

kb) as the previously identified EphA2, and indeed, whether this is the mechanism by 

which EphA2 transcripts continue to be present is unclear. Northern blot analysis could 

be used to reveal the existence of such transcripts in mammary tumours of 

eck'^'AVAPra5Y mice.

The discovery of exon 5.2 located 1.8 kb upstream of the proviral integration site 

implies that the EphA2 promoter lies even further upstream. Thus, it also remains a
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possibility that further exons exist upstream of exon 5.2, and in some cases these may 

be capable of splicing to the published EphA2 sequence, thereby splicing out the 

provirus. Interestingly, mRNA transcripts in embryonic and adult tissues detected by 

northern blot analysis (Andres et a l, 1994; Ganju et a l, 1994) are larger at 4.7 kb than 

the actual published cDNA sequence of EphA2 (Ganju et a l, 1994; Ruiz and Robertson, 

1994) Furthermore, additional transcripts of ~7 kb were detected in embryo and lung 

(Andres et a l, 1994), although it is unclear whether this corresponds to splice variants 

or cross-reaction of the probe. The size of the major transcript of 4.7 kb suggests the 

presence of additional, untranslated sequence, which may correspond to poly (A) 

sequence or potentially to further exons. Analysis of EphA2 transcripts carried out by 

Chen and colleagues (Chen et a l, 1996) implied that sequences may extend further 5’ 

than the previously identified EphA2 cDNA sequence. If alternate exon usage is the 

mechanism by which EphA2 sequence continues to be expressed in eck^'/WAPmjY 

mice, the reduced expression may be a consequence of disruption of an enhancer 

element by the pro virus. Similarly, transcription from a putative alternative promoter 

downstream of the proviral insertion site could be compromised by disruption of an 

enhancer element. A 0.9 kb fragment located downstream of the proviral insertion site, 

but upstream of nucleotide 1 of the published EphA2 cDNA sequence was found to 

confer rhombomere 4-, but not node-, specific expression of a reporter gene in the 

presence of Pbxl, Hoxal and Hoxbl, implying that other enhancer sites must exist. 

Further investigation is required into the 8 kb region of genomic DNA between the 

proviral insertion site and the exon containing nucleotide 1 of EphA2, and into the area 

upstream of exon 5.2, with a view to trying to locate putative promoter elements that 

may be responsive to Ras.

Whatever the mechanism by which it occurs, the continued upregulation of transcripts 

containing nucleotides 1066-1135 of the previously published EphA2 sequence in 

mammary tumours of eck’̂ 'AVAPrasY animals strongly implies that the increase in a 

130 kDa anti-EphA2 immunoreactive protein observed in these tumours corresponds to 

EphA2 protein, and not to another Eph family member.

The data presented in this chapter have demonstrated that, despite the presence of a 

gene trap insertion that results in the attenuation of EphA2 protein expression in EMFs, 

lung and kidney, EphA2 protein continues to be expressed at significant levels in Ras- 

induced mammary tumours. Further investigation also revealed the continued presence
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of EphA2 transcripts in eck^'AVAPra^Y animals. The reason for this is unclear, but 

may be the result of the existence of transcripts comprising both P~geo and EphA2 

sequences, which should be identifiable by northern blot analysis, or the result of 

alternative splicing giving rise to both proviral and EphA2 transcripts. Sequence 

analysis of the EphA2 gene should reveal the presence of additional elements of 

transcriptional regulation. However, since EphA2 continued to be expressed in 

eck^'AVAPra^Y animals, an essential role for EphA2 in WAPra^-mediated mammary 

tumourigenesis cannot be determined from this study. To address this issue, transgenic 

mice which lack EphA2 coding sequence would be required.

In accordance with previous results, however, (Andres et a l, 1994), levels of EphA2 

transcripts were upregulated in WAPra^ mice, providing further evidence that Ras 

induces the activity of the EphA2 locus in vivo. Also in agreement with a number of 

previous reports that Eph receptor overexpression in tumours is not the result of gene 

amplification (Maru et a l, 1988; Sajjadi et a l, 1991; Wicks et a l, 1992; Kiyokawa et 

a l, 1994; Easty et a l, 1995), Southern blotting indicated that the EphA2 gene was not 

amplified in WAFras mammary tumour tissue. Therefore, upregulation of EphA2 RNA 

and protein is likely to occur either as a result of increased EphA2 gene transcription or 

increased RNA stability.
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Chapter 5

' Generation of Stable Mammalian Cell Lines 

Overexpressing Recombinant EphA2

5.1 Introduction
The results presented in Chapter 3 demonstrated that EphA2 expression was 

upregulated by oncogenic Ras in both mouse mammary tumours and EpH4 mammary 

epithelial cells. The primary aim of the work presented in this chapter was to establish 

an experimental system in which to study the functional effects of EphA2 

overexpression. Experiments carried out using this system would then provide an 

increased understanding as to why Ras upregulates EphA2 during mammary 

tumourigenesis.

One approach to characterise the function of a cloned gene is to introduce it into cells 

and determine the effects of its expression on various aspects of cellular function. To 

this end, recombinant wild-type EphA2 (EphA2WT) was used in studies undertaken in 

this chapter. Overexpression of any receptor tyrosine kinase is likely to create a higher 

receptor density which favours the formation of stable receptor dimers, thus evoking 

receptor autophosphorylation and intracellular signalling (Lemmon and Schlessinger, 

1994). This is comparable to the stabilisation of transient receptor dimer interactions by 

the addition of exogenous ligand, however, in the case of Eph receptors, receptor 

overexpression has the advantage of avoiding the promiscuity of ephrin-Eph 

interactions (see Section 1.1.3.1). A further approach involves the use of a 

constitutively active form of EphA2, EphA2Neu, which was made by substituting the 

EphA2 transmembrane domain with that of the neu oncogene (see Section 2.1.1.5). 

Neu (also known as HER-2, erbB2 and p i85"^") is a 185 kDa protein whose gene was 

first isolated from neuroblastomas of ethylnitrosourea-treated rats. The neu oncogene 

product differs from its proto-oncogene counterpart by a single point mutation (T to A) 

in the transmembrane domain, which confers a valine to glutamate substitution at 

position 664 (Bargmann et a i, 1986). This increases the tyrosine kinase activity of the 

receptor by enhancing receptor dimérisation (Weiner et a i, 1989) although the precise 

mechanism by which this occurs is unknown. One model is that lipid-mediated 

protonation of the glutamate residue enables the mutated transmembrane domains to
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interact via hydrogen bonds (Sternberg and Gullick, 1989). Alternatively, the mutated 

protein forms mainly a-helices which are capable of dimerising, in contrast to the 

sharp-bend conformation of the non-mutated protein which prevents an a-helical 

transmembrane structure (Brandt-Rauf et a l, 1990). A number of experiments have 

demonstrated that the origin of the transmembrane region does not influence signalling 

by a receptor chimera provided that the ligand-binding and catalytic domains are of the 

same origin (reviewed in Ullrich and Schlessinger, 1990), therefore EphA2Neu would 

be expected to function as a constitutively active EphA2 receptor by favouring receptor 

aggregation. Indeed, a constitutively active PDGFp receptor was created by this 

strategy (Petti et a l, 1998). Importantly, the EphA2Neu chimera still possesses the 

highly conserved Eph juxtamembrane domain which contains two tyrosine sites of 

significance in catalytic activity (Binns et a l, 2000) and in intracellular signalling (Ellis 

e ta l,  1996).

Recombinant DNA can be introduced into cells using a number of different techniques 

and the efficiency with which this occurs will depend on the cell type. Based on a 

natural biological process, retroviral infection offers a number of advantages, such as 

directional cloning, broad host range and high transfection efficiencies. However, the 

process of generating retroviral producer cells by which infectious virus is made is time- 

consuming, therefore this method is mainly used for creating stable cell lines or 

infecting a variety of cells with the same construct. In order to characterise constructs 

and systems, however, long-term expression is not usually required, and since 

characterisation does not always require use of a specific cell line, cells that are easily 

transferable and show high levels of expression, such as COS cells, are often used.

Thus, during the course of this chapter, a number of different cell types and methods of 

transfection have been used as a means of generating a recombinant EphA2- 

overexpressing cell line. The advantages of high expression levels attained in transient 

COS cell transfections have been exploited to demonstrate the validity of the constructs 

and systems, whilst two different approaches to stable transfection were taken. As 

EpH4 cells have previously been demonstrated to upregulate EphA2 in response to Ras 

they were initially chosen as a physiologically relevant cell line in which to perform 

EphA2 overexpression studies. However, in order to attain a stable, recombinant 

EphA2-overexpressing cell line, a number of other cell lines were utilised.
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5.2. Results
5.2.1. Characterisation of Recombinant EphA2Neu in COS Cells

The mammalian expression vector constructs pECE-EphA2WT and pECE-EphA2Neu 

encode wild-type (WT) EphA2 and an EphA2 receptor chimera containing the 

transmembrane domain of the Neu oncogene (Section 2.1.1.5), respectively. To 

confirm that these constructs encoded functional, recombinant EphA2, they were 

transfected into COS-1 cells using Lipofectin™ (Section 2.2.5.1). 16 hours before

analysing protein levels (72 hours post-transfection) the cells were placed in growth 

medium containing 0.5% PCS. Subsequently, the cells were lysed in RIPA buffer and 

EphA2 was immunoprecipitated from the lysates using a polyclonal anti-EphA2 

antibody. Following immunoprécipitation, each sample was divided equally between 

two separate wells and subjected to SDS-PAGE. Western blotting was performed using 

an anti-EphA2 antibody and an anti-phosphotyrosine antibody to assess both the steady- 

state level of EphA2 and its tyrosine phosphorylation state. Mock transfected COS-1 

cells expressed a low level of endogenous EphA2 protein, which displayed a basal level 

of tyrosine phosphorylation (Figure 5.1). Transfection of EphA2WT DNA resulted in 

an increase in the steady-state level of EphA2 protein concomitant with a modest 

increase in tyrosine phosphorylation, whereas expression of EphA2Neu resulted in only 

a small increase in the steady-state level of EphA2 protein but a marked increase in 

tyrosine phosphorylation (Figure 5.1). These results therefore confirmed that i) 

transfection of the constructs resulted in the expression of recombinant EphA2 protein 

and ii) that the EphA2Neu protein was tyrosine phosphorylated to a higher level than 

the EphA2WT protein, indicating an increase in catalytic activity.

5.2.2. Generation of Recombinant EpbA2Neu Retroviral Producer 

Cells

In order to create a retroviral vector construct expressing EphA2Neu, the cDNA 

encoding the extracellular and N-terminal transmembrane region of EphA2Neu was 

subcloned into the retroviral vector pJLR-Akin, which contains the C-terminal region of 

the transmembrane domain and the cytoplasmic domain of EphA2 (Section 2.1.1.5) 

(Figure 5.2). A 1.9 kb Bgl 11-BamB. I fragment was excised from pECE-EphA2Neu and 

ligated into pJLR-Akin digested with BamU I and treated with calf intestinal alkaline 

phosphatase (CIAP) (as described in Section 2.1.5.4).

184



—  183

—  112

Immunoprécipitation: anti-EphA2

Western blot: anti-EphA2

b)

—  183

Immunoprécipitation: anti-EphA2

Western blot: anti-PY

Figure 5.1. EphA2Neu is Constitutively Active
COS-1 cells were transfected with 10 pg of pECE-EphA2W T or pECE-EphA2Neu or 
mock-transfected using Lipofectin™. Following 16 hours incubation in medium 
containing 0.5% PCS, EphA2 was immunoprecipitated from RIPA lysates using an anti- 
EphA2 antibody (Santa Cruz) and subjected to SDS-PAGE and western blotting using 
(a) an anti-EphA2 antibody (Santa Cruz), or (b) an anti-phosphotyrosine (PY) antibody.
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BamU  I (1866)
Sal I

pJLR-EphA2Akin

S a il BamW I (1866)
Bgl

TM
Digest pJLREphA2Akin 
with BamYi IpECE-EphA2Neu

S a il

Digest pECE-EphA2Neu 
with Bgl II and BamYl I

pJLR-EphA2Akin

S a il
Bgl

TM

BamW I (1866) Treat with CIAP

BamH I S a il

pJLR-EphA2Akin

Ligate into Bamll I-digested 
pJLR-EphA2Akin

BamYl I (1866)
Sal I Sal I

TM

Verify correct orientation 
using BamU USal I digestpJLR-EphA2Neu

Figure 5.2. Strategy to Subclone the Neu Transmembrane Domain into pJLR-Akin.
A 1.9 kb fragment was excised from pECE-EphA2Neu using Bgl II and BamYl I, and ligated into BamYl I 
digested, CIAP-treated pJLR-Akin. The correct orientation o f the 1.9 kb insert was determined by a BamH I- 
Sal I digestion. Asterisks denote the initiating methionine. Numbers in brackets correspond to EphA2 
nucleotide sequence according to Appendix 1.
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(p, neo"̂  AmpliGPE packaging cell

neo
LTRneo"̂

pJLR-EphA2Neu

gpt

pSV2gpt

Co-transfect AmpliGPE cell line with 
pJLR-EphA2Neu and pSV2gpt and select 
for gpt^ cells using MAX G418 medium

neo'EphA2Neu

EphA2Neu and neo' DNA packaged into replication defective 
virions using gag, pol and env gene products

Infect epithelial cells by co-culturing with 
replication deficient producer cells

Infect fibroblasts directly using 
supernatant from producer cells

neo'
EphA2Neu

Select for stable integration of EphA2Neu 
into cells using medium containing G418

Figure 5.3. Strategy to Retrovirally Infect NIH3T3 Fibroblasts and EpH4 Mammary 
Epithelial Cells
Packaging deficient (tp ) ampliGPE retroviral producer cells were co-transfected with 20 pg of 
pJLR-EphA2Neu and 2 pg of pSV2gpt using calcium phosphate. Following selection with MAX 
medium, clones were picked and expanded. Viral titres were assessed by infecting N1H3T3 
fibroblasts with the virion-containing supernatant. EpH4 mammary epithelial cells were infected by 
co-culture.
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Verification of the appropriate directional cloning of the Bgl H-BamH I fragment into 

pJLR-Akin was ascertained by performing a BamH \-Sal I restriction digest of pJLR- 

EphA2Neu (Figure 5.2).

The production of a stable cell line capable of generating retroviral particles enables the 

subsequent infection of both fibroblasts and epithelial cells, according to Figure 5.3. To 

create a pJLR-EphA2Neu retroviral producer cell line, ecotropic ampliGPE producer 

cells were transfected with pJLR-EphA2Neu using calcium phosphate (Section 2.2.5.4). 

As ampliGPE producer cells were already G418 resistant, pJLR-EphA2Neu was co­

transfected with the pSV2gpt plasmid, containing the gpt gene, at a ratio of 1:10 (2 p,g 

of pSV2gpt:20 jig of pJLREphA2Neu). This ratio was designed to ensure that cells 

expressing gpt would also have incorporated the EphA2 retroviral DNA. 48 hours post­

transfection, the cells were split 1:10 into MAX medium (Section 2.2.4.5.1) to select for 

gpt-positive cells (Mulligan and Berg, 1981). Following selection for 10-14 days, 

individual clones were picked and expanded to duplicate 60 mm dishes. One dish of 

cells was cryopreserved while the supernatant from the other dish was used to assess the 

viral titre as described in Section 2.2.4.5.3.

5.2.4. Titration of EphA2Neu Retrovirus on NIH3T3 Cells

Following expansion of individual clones into 60 mm dishes, their virion-containing 

supernatants were harvested and assayed for their ability to retrovirally infect NIH3T3 

cells. NIH3T3 cells were infected with 50 jil of viral supernatant as described in 

Section 2.2.4.5.3. The following day, cells were split 1:10 and duplicate dishes were 

selected in medium containing 350 jig/ml G418 for 10-14 days. Dishes were stained 

with methylene blue (Section 2.2.4.5.4) and viral titres were calculated from the number 

of G418 resistant colonies (Table 5.1). No G418-resistant cells were observed in the 

mock-infected cells.

A great deal of variation was observed in the viral titres of the EphA2Neu retroviral 

producer lines, as seen in Table 5.1. This most likely reflects the genomic position into 

which the retroviral DNA had integrated. Additionally, it was notable that the 

supernatants from a number of gpt-positive/G418-resistant clones did not contain 

detectable levels of infectious viral particles.
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Clone number Average number of colonies/dish (cfu/ml)

Neu 1.42 0 0

Neu 1.46 0 0

Neu 1.48 0 0

N eul.49 0 0

N eul.53 0 0

Neu 1.4 0 0

Neu 1.7 0 0

N e u l . l l 0 0

N eu l.16 0 0

Neu 1.20 0.5 1 X 10^

Neu 1.22 0 0

Neu 1.25 5.5 1.1 X 10^

N eul.26 1.5 3 x 1 0 ^

N eul.43 0 0

Neu 1.44 0.5 1 X 10"

Neu 1.47 17 3.4 X 10"

N eul.51 0 0

N eul.53 0 0

Neu 1.59 29 5.8 X 10"

Neu2.18 0 0

Neu2.24 28 5.6 X 10"

Neu2.31 0 0

Neu2.32 0 0

Neu2.33 0 0

Table 5.1. Colony-forming ability of retroviral supernatants from pJLR-EphA2Neu-transfected 

cells in NIH3T3 cells.

5.2.5. NIH3T3 Fibroblasts Infected with Recombinant EphA2 

Retroviruses Overexpress Recombinant EphA2 Protein

Bulk-infected populations of G418 resistant NIH3T3 cells infected with supernatant 

from the retroviral producer clones Neu 1.25, Neu 1.47, Neu 1.59 and Neu2.24 were 

subsequently passaged and assayed for both their steady-state and tyrosine 

phosphorylated levels of recombinant EphA2. These cells were assayed in parallel with 

naïve NIH3T3 cells and NIH3T3 cells previously stably infected with EphA2WT 

(Section 2.2.2). All cells were incubated for 16 hours in 0.5% FCS-containing medium 

to reduce basal phosphorylation levels prior to lysis in RIPA buffer. The EphA2
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receptor was then immunoprecipitated from the lysates, and, subsequent to SDS-PAGE, 

western blotting was performed using an anti-EphA2 antibody and an anti- 

phosphotyrosine antibody. NIH3T3 cells were not seen to express detectable levels of 

endogenous EphA2 receptor, and any tyrosine phosphorylation was also undetectable 

(Figure 5.4). Expression of recombinant EphA2WT resulted in a clear increase in 

EphA2 protein together with low levels of tyrosine phosphorylation (Figure 5.4). When 

compared to the EphA2WT-infected NIH3T3 cells, NIH3T3 cells infected using viral 

supernatants from clones Neu 1.47, Neu 1.59 and Neu2.24 showed lower steady-state 

levels of EphA2 protein, with levels below detection in Neu 1.25-infected NIH3T3 cells. 

However, the relative level of tyrosine phosphorylation in NIH3T3 populations infected 

with Neu 1.47, Neu 1.59 and Neu2.24 was much higher than that of EphA2WT infected 

cells. This is consistent with the result previously observed for COS cells transiently 

transfected with pECE-EphA2WT and pECE-EphA2Neu expression vectors (Figure 

5.1).

5.2.6. Retroviral Infection of EpH4 Mammary Epithelial Cells

Cell lines capable of producing recombinant EphA2WT retrovirus had previously been 

generated (Section 2.2.2). Therefore, having characterised the EphA2Neu-encoding 

retrovirus in NIH3T3 fibroblasts, EphA2Neu producer lines were used with the 

previously generated EphA2WT producer cells to infect EpH4 cells. EphA2WT and 

EphA2Neu retroviral producer lines were titred in parallel in order to identify lines 

producing equivalent amounts of virus. Fresh viral supernatants were prepared from a 

number of producer lines and 25 \i\ was titred on NIH3T3 cells (Table 5.2). In addition, 

the titre of a control retrovirus, SV2a, produced by the (p2 retroviral producer line 

(Section 2.2.2) was determined. The producer lines WT43 and Neu 1.59 were chosen to 

infect EpH4 cells, as their titres were similar (cfus of 2.44 x 10"̂  and 2.42 x lO' /̂ml 

respectively). The control retrovirus, SV2a, gave a titre of approximately twice this 

amount (5 x lO"̂  cfu/ml).
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a) A
^  pJLR-EphA2Neu-infected NIH3T3

1.25 1.47 1.59 2.24
kDa

—  112

Immunoprécipitation: anti-EphA2

Western blot: anti-EphA2

b)

^  — 112

Immunoprécipitation: anti-EphA2

Western blot: anti-PY

Figure 5.4. N1H3T3 Fibroblasts Infected with Recombinant EphA2 
Retroviruses Overexpress Wild-Type and Constitutively Active EphA2
NIH3T3 cells were retrovirally infected with 50 pi of viral supernatant derived from 
clones Neu 1.25, Neu 1.47, Neu 1.59 and Neu2.24. Following selection, RIPA lysates 
of bulk populations of 0 4 1 8-resistant cells, uninfected NIH3T3 cells and NIH3T3 
cells previously infected with pJLR-EphA2WT were prepared and EphA2 
immunoprecipitated using an anti-EphA2 antibody (Santa Cruz). 
Immunoprecipitates were subjected to SDS-PAGE and western blotting using (a) an 
anti-EphA2 antibody (Santa Cruz), or (b) an anti-phosphotyrosine antibody.
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Retroviral producer line Average num ber o f colonies/dish Viral titre (cfu/ml)

WT43 61 2.44 X 10"

WT62 179 7.16 X 10"

N eul.47 42.5 1.7 X 10"

N eul.59 60.5 2.42 X 10"

Neu2.24 42.5 1.7 X 10"

SV2a 125 5 x  10"

Table 5.2. Colony-form ing ability o f retroviral supernatants from  pJLR -EphA 2W T-, pJLR- 

EphA2Neu- and SV2a- transfected cells in NIH3T3 cells

5.2.6.I. Retroviral Infection of EpH4 Ceils by Co-Culture

Preliminary experiments suggested that the small volumes of viral supernatants 

previously used to infect NIH3T3 cells were not sufficient to infect EpH4 cells, 

therefore retroviral producer lines were co-cultured with EpH4 cells to maximise 

infection efficiencies. Equal cell numbers of the three producer lines WT43, Neu 1.59 

and SV2a were seeded onto 15 cm dishes and treated with mitomycin C, as described in 

Section 2.2.4.5.5. EpH4 cells were then plated onto these retroviral “feeder” layers and 

the two cell lines co-cultured for 48 hours. The cells were then split 1:10, which served 

to dilute out the producer cells. Following selection for 10-14 days, it was clear that 

both the mock-infected EpH4 cells (no producer feeder layer) and the producer feeder 

cells alone had died. Resistant EpH4 cell colonies were therefore easily distinguishable 

and present in high numbers. However, during the course of the selection, a number of 

colonies of a very distinct morphology were observed. Many displayed a “rounded-up” 

phenotype and appeared to be losing contact with the substratum in a manner distinct 

from those cells dying through susceptibility to G418 (data not shown). Attempts were 

made to pick a number of these clones and grow them up to large-scale, but the cells 

either failed to reattach, or reverted to a more obvious epithelial phenotype.
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5.2.7. G418 Resistant EpH4 Cell Populations do not Express 

Recombinant EphA2

Following the 10-14 day selection, the number of colonies of G418-resistant EpH4 cells 

remaining on the dishes was counted (Table 5.3). EpH4 cells from the EphAlWT 

infections gave rise to two and a half times the number of colonies as the EphA2Neu 

infections, suggesting that infection with EphA2Neu was detrimental to the cells. EpH4 

cells infected with the SV2a retrovirus gave rise to the least number of G418 resistant 

colonies. This may be due to differences in the backbone vectors and/or promoters of 

the control SV2a retrovirus and the pJLR retrovirus. Alternatively, since the control 

retrovirus initially gave rise to a two-fold higher viral titre than the recombinant EphA2 

retroviruses in NIH3T3 cells, it is possible that a similar higher level of infection in 

EpH4 cells by the SV2a retrovirus was toxic.

Retroviral vector A verage colony num ber

SV2a 49.5

pJLREphA2W T 189

pJLREphA2Neu 74.5

Table 5.3. Colony form ation in EpH4 cells following co-culture with pJLR -EphA 2W T-, pJLR- 

EphA2Neu- and SV2a- transfected cells

Since a significant number of colonies was attained, whole populations of cells were 

passaged. An equal number of each retrovirally-infected G418-resistant cell line was 

seeded and incubated for 16 hours in 0.5% FCS-containing growth medium before 

being analysed for expression of steady-state and tyrosine phosphorylated EphA2 by 

immunoprécipitation and western blotting. However, no detectable increase in either 

steady-state EphA2 protein levels or phosphorylated EphA2 protein could be detected in 

bulk populations of EpH4 cells retrovirally infected with either recombinant EphA2WT 

or EphA2Neu (Figure 5.5). Thus, it appeared that although the cells were G418- 

resistant, the recombinant EphA2 gene was not being expressed at detectable levels.
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Figure 5.5. EpH4 cells Retrovirally Infected with Recombinant EphA2 Retroviruses 
do not Express Detectable Recombinant EpbA2 Protein
EpH4 cells were retrovirally infected by co-culture with the retroviral producer lines 
WT43 and N eul.59. RIPA lysates of bulk populations of G418-resistant cells and 
uninfected EpH4 cells were prepared and EphA2 immunoprecipitated using an anti- 
EphA2 antibody (Santa Cruz). Immunoprecipitates were subjected to SDS-PAGE and 
western blotting using (a) an anti-EphA2 antibody (Santa Cruz), or (b) an anti- 
phosphotyrosine antibody.
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5.2.8. Inducible Expression of Recombinant EphA2

To test the hypothesis that the failure to generate EphA2-overexpressing EpH4 cells was 

a direct consequence of EphA2 expression, an inducible expression system was utilised. 

This approach would facilitate the generation of stable cell lines as recombinant EphA2 

expression should be regulatable, thus enabling expression to be repressed during the 

generation of the lines. One of the most recent inducible systems comprises two 

vectors, pIND and pVgRXR (see Figure 5.6), and is based on the ability of the insect 

steroid moulting hormone, 20-hydroxy-ecdysone, to alter gene expression during 

Drosophila metamorphosis (No et a l, 1996). Addition of an ecdysone analogue, 

ponasterone, induces the formation of a heterodimer comprising the mammalian 

retinoid X receptor and the Drosophila ecdysone receptor. Only as a heterodimer are 

the DNA binding domains of both receptors able to bind to hormone response elements 

to drive expression of the gene of interest (see Figure 5.6). Thus, gene expression only 

occurs upon addition of ponasterone.

5.2.8.1, Subcloning of EphA2WT and EphA2Neu into the Inducible Vector, pIND

A 3.4 kb EcoRl fragment from pJLR-EphA2WT or pJLR-EphA2Neu encoding the 

whole open reading frame of EphA2 was ligated into the EcoRI digested and CIAP- 

treated pIND vector. Verification of the appropriate directional cloning of the EcoRI 

fragment into pIND was ascertained by performing a Kpn I digest.

5.2.9. Characterisation of Ecdysone-Inducible System in COS Cell 

Transient Transfections

COS-7 cells were co-transfected by electroporation with 10 pg of pVgRXR and either 

10 pg of pIND-EphA2WT or pIND-EphA2Neu. 24 hours later the cells were given 

fresh medium containing ponasterone at a final concentration of 5 pM, or an equivalent 

volume of 100% ethanol for mock inductions, and the cells were incubated for a further 

20 hours. EphA2 was then immunoprecipitated from RIPA lysates using an anti-EphA2 

antibody, and samples were subjected to SDS-PAGE and western blotting using an anti- 

EphA2 antibody and an anti-phosphotyrosine antibody.
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Figure 5.6. Diagrammatic Representation of the Ecdysone-Inducible Mammalian 
Expression System
(a) The ecdysone system comprises two vectors. The first vector encodes the mammalian 
retinoid X receptor, RXR and the Drosophila ecdysone receptor, VgEcR. The second vector 
consists of modified hormone response elements (HRE) to which a heterodimer of RXR and 
VgEcR can bind in the presence of the synthetic ecdysone analogue, ponasterone, to drive 
expression of the gene of interest.
(b) Among other modifications, the DNA binding specificity of VgEcR has been modified, in 
conjunction with the response elements of the second vector, to minimise the possibility of 
any known mammalian transcription factors binding to the response elements of the second 
vector. The second vector contains 5 hybrid response elements (E/GRE) downstream of the 
Drosophila minimal heat shock promoter. Ponasterone-mediated stabilisation of the RXR- 
VgEcR heterodimer brings their DNA-binding domains into contact with the E/GREs in the 
correct orientation. Transactivation of the heat shock promoter via VP 16 results in 
transcription of the gene of interest.
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Addition of 5 [iM ponasterone for 20 hours resulted in a clear induction of recombinant 

EphA2 protein in cells transfected with either pIND-EphA2WT and EphA2Neu, 

whereas expression of recombinant EphA2 was not induced by the addition of 100% 

ethanol (Figure 5.7). As previously observed (Figure 5.1), mock-transfected COS cells 

expressed a basal level of endogenous EphA2, which did not display any detectable 

tyrosine phosphorylation. In contrast, recombinant EphA2 from COS cells transfected 

with either pIND-EphA2WT or pIND-EphA2Neu showed high levels of tyrosine 

phosphorylation in the presence of ponasterone.

Furthermore, in accordance with previous observations (Figure 5.1), steady-state levels 

of EphA2 protein in EphA2Neu transfectants were lower than those of EphA2WT 

transfectants. The significant levels of tyrosine phosphorylated EphA2 observed in 

pIND-EphA2WT transfectants was most likely due to the high steady-state levels of 

EphA2 receptor protein induced by ponasterone, giving rise to high levels of receptor 

autophosphorylation by spontaneous dimérisation (Lemmon and Schlessinger, 1994).

5.2.10. Optimisation of Transfection of Mammary Epithelial Cells

Although retroviral infection has been demonstrated to be an efficient means of 

introducing recombinant DNA into cells, the time-scale for creating new retroviral 

producer lines comprising the two-component system required for regulation of 

inducible systems prompted the decision to investigate alternative methods of 

transfection. To this end, transfections mediated by Lipofectin™, calcium phosphate 

and electroporation were carried out in COS cells, EpH4 cells and an additional mouse 

mammary epithelial cell line, H C ll, to compare the relative efficiencies of each 

method. All cell types were transfected with 10 |ig of pcDNA3.l/Myc-His(+)//acZ by 

all three methods according to Section 2.2.5. 24 and 48 hours post-transfection, cell 

monolayers were stained with X-gal to assess the levels of p-galactosidase activity. In 

all cases, expression levels were higher in the 48 hour samples, therefore only this data 

is presented. The efficiency of transfection was seen to vary for all three cell lines 

depending on the method used (Figure 5.8). COS cells were most efficiently 

transfected, whereas both mammary epithelial cell lines displayed a lower transfection 

efficiency. However, electroporation appeared to be the most efficient of the three 

methods to transfect both EpH4 and H C ll cells.
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Figure 5.7. Induction of Recombinant EphA2 by Ponasterone in COS Cell 
Transient Transfections
COS-7 cells were co-transfected with 10 pg of pVgRXR and either 10 pg of pIND- 
EphA2WT or pIND-EphA2Neu or mock transfected. After 24 hours, ponasterone was 
added at 5 pM. Following a further 20 hour incubation, EphA2 was 
immunoprecipitated from RIPA lysates using an anti-EphA2 antibody (Santa Cruz) and 
subjected to SDS-PAGE and western blotting using (a) an anti-EphA2 antibody (UBI), 
or (b) an anti-phosphotyrosine antibody.
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Figure 5.8. Comparison of Three Methods of Transient Transfection in COS, EpH4 
and H C ll Cells
COS-1, EpH4 and HCl 1 cells were transiently transfected with 10 pg of pcDNA3.1/Myc- 
His(-I-)//flcZ by Lipofectin™, electroporation or calcium phosphate. After 48 hours, cells 
were stained for (3-galactosidase activity using X-gal staining buffer. Images were taken 
using the Leica DC Viewer software package. Scale bar represents 100 pm.
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5.2.11. Characterisation of Ecdysone-Inducibie System in Mammary 

Epithelial Cells

Having characterised the ecdysone-inducible system in transient COS cell transfections, 

it was then necessary to investigate whether the system would also operate in other cell 

lines, including EpH4 cells. In addition, it was important to assess the integrity of the 

ecdysone-inducible system, in terms of “leakiness” of protein expression in the absence 

of ponasterone, before embarking on the generation of a stable inducible system.

To this end, transfection studies were carried out using EpH4 cells, H C ll mammary 

epithelial cells and MCF-7 mammary adenocarcinoma cells, using the pIND vector 

containing green fluorescent protein (GFP), pIND-GFP. Both FpH4 and H C ll cells 

were transfected by electroporation with either pIND-GFP or pVgRXR, or both 

pVgRXR and pIND-GFP. MCF-7 cells already stably transfected with pVgRXR 

(MCF-7-pVgRXR) (Section 2.2.2) were either mock transfected, or transfected with 

pIND-GFP only. 24 hours post-transfection, cells were incubated with either 5 |iM 

ponasterone, or an identical volume of 100% ethanol, for 20 hours.

Upon the addition of ponasterone, but not 100% ethanol, to H C ll cells and MCF-7 

cells transfected with both pVgRXR and pIND-GFP, a clear induction of GFP 

expression was observed (Figure 5.9). No GFP expression was observed in cells 

transfected with either the pVgRXR vector or the pIND-GFP vector alone (data not 

shown). However, in FpH4 cells a significant level of GFP expression was observed 

both in the absence of ponasterone and in the absence of the pVgRXR vector, 

suggesting that expression of pIND-GFP could be induced by factors present within the 

cell or in the medium. A constant leakiness of FphA2 protein expression (equivalent to 

higher levels of endogenous expression) could influence cell behaviour prior to the 

addition of ponasterone, therefore providing no advantage over the constitutive 

expression system previously used. The H C ll and MCF-7 cell lines, which 

demonstrated a tight regulation of pIND-GFP expression in response to ponasterone, 

were therefore chosen for further studies. Unfortunately, however, attempts to select for 

the presence of the pVgRXR vector in H C ll cells using Zeocin™ were unsuccessful 

due to the inefficient mode of action of this antibiotic, therefore further studies using 

this cell line were not undertaken.
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Figure 5.9. Characterisation of the Ecdysone-inducible Expression System in EpH4, 
H C ll and MCF-7 Cells
EpH4, HCl 1 and MCF-7 cells were transfected by electroporation with 10 pg of pVgRXR 
or 10 pg plND-GFP, or both vectors together. After 48 hours, cells were incubated for a 
further 20 hours in medium containing either 5 pM ponasterone or an equivalent volume 
of 100% ethanol. GFP expression was assessed using fluorescence microscopy and 
images were taken using the Leica DC Viewer software package, (a), (b) and (c) 
correspond to GFP expression in cells transfected with both vectors, (d) represents GFP 
expression in EpH4 cells transfected with pIND-GFP alone. Scale bar represents 100 pm.
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5.2.12. Generation of Stable MCF-7 ceils Inducibly Expressing 

Recombinant EphA2

Since an MCF-7 cell line into which the pVgRXR vector had already been stably 

transfected (MCF-7-pVgRXR) was available, this was used to create a stable cell line 

expressing inducible, recombinant BphA2. MCF-7-pVgRXR was transfected with 

pIND-EphA2WT, or the pIND vector as a control, by electroporation. 24 hours later, 

cells were seeded sparsely (1 x 10̂  cells/dish) in 15 em dishes and selected for 

neomycin resistance using 350 |ig/ml G418. After 10-14 days, well-separated G418- 

resistant clones were picked and expanded. No G418 resistant colonies were observed 

in the mock-transfectants. Duplicate dishes of each cell elone were treated with either 5 

|iM ponasterone or an equal volume of 100% ethanol for 20 hours, whole cell lysates 

were prepared, and EphA2WT positive clones were identified by SDS-PAGE and 

western blotting with an anti-EphA2 antibody. Several clones were identified that 

expressed recombinant EphA2 protein to varying levels upon induction with 

ponasterone but not with 100% ethanol (data not shown). Clones pIND-EphA2WT #3 

and #17, which were transfected with pIND-EphA2WT,and pIND #1, transfected with 

the empty pIND vector, were selected for further analysis.

5.2.13. Time- and Dose- Dependent Induction of Recombinant EphA2 

in MCF-7 Cells

In order to characterise further the induction of recombinant EphA2, the effeet of 

varying the time of induction and the concentration of ponasterone was assessed. Equal 

numbers of cells from pIND-EphA2WT clones #3 and #17, and pIND clone #1 were 

seeded and incubated for 48 hours. Subsequent to the addition of 5 \iM  ponasterone, 

cells were incubated for a further 0, 2, 4, 6, 8, 16 or 24 hours and whole cell lyates were 

then prepared. Samples were subjected to SDS-PAGE and then western blotted with an 

anti-EphA2 antibody. Increased EphA2 protein levels were detectable in pIND- 

EphA2WT clone #3 after 4 hours, and continued to increase over the 24 hour period 

(Figure 5.10). An increase in EphA2 protein levels could already be detected in pIND- 

EphA2WT clone #17 after addition of ponasterone for 2 hours, and the high steady-state 

levels of EphA2 protein could not be further induced after 8 hours. Interestingly, an 

anti-EphA2 immunoreactive protein of approximately 50 kDa was also observed in cell 

lysates of both pIND-EphA2WT clones #3 and #17 treated for over 16 hours with 

ponasterone. This most likely represents a degradation product corresponding to the
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cytoplasmic domain of EphA2. In contrast, no induction of endogenous EphA2 was 

observed upon treatment of pIND clone #1 with ponasterone over the 24 hour period.

In addition, levels of recombinant EphA2 protein in MCF-7 cells stably expressing 

pIND-EphA2WT could be increased by an increasing concentration of ponasterone. 

Equal numbers of cells were seeded and incubated for 48 hours before increasing 

concentrations of ponasterone from 0.1 |iM to 5 jiM were added for 20 hours. EphA2 

was then immunoprecipitated from cell lysates using an anti-EphA2 antibody, and 

immunoprecipitates were then subjected to SDS-PAGE and western blotting with an 

anti-EphA2 antibody. The levels of recombinant EphA2 protein increased in pIND- 

EphA2WT clone #3 treated with concentrations of ponasterone above 0.5 p,M, whereas 

concentrations below 0.5 |xM had no detectable effect on EphA2 protein levels (Figure 

5.11a). No increase in EphA2 protein above basal endogenous levels was seen in clone 

pIND #1. The high steady-state levels of EphA2 protein attained by induction of pIND- 

EphA2WT clone #3 for 20 hours with 5 p-M ponasterone were thought likely to induce a 

degree of ligand-independent receptor autophosphorylation by spontaneous 

dimérisation, therefore the level of tyrosine phosphorylated EphA2 was measured by 

western blot analysis of EphA2 immunoprecipitates with an anti-phosphotyrosine 

antibody. Treatment of pIND-EphA2WT clone #17 with ponasterone at 5 or 10 jiM for 

20 hours did indeed give rise to significant amounts of tyrosine phosphorylated EphA2 

(Figure 5.11b). Interestingly, the increase in tyrosine phosphorylation coincided with 

the appearance of a 50 kDa EphA2 immunoreactive protein.
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Figure 5.10. Time-Dependent Induction of Recombinant EphA2WT in MCF-7 Cells
MCF-7 cells stably co-transfected with VgRXR and either pIND (clone #1) or pIND- 
EphA2W T (clone #3 and clone #17) were incubated in 5 pM ponasterone for 0, 2, 4, 8, 16 
and 24 hours. 25 pg of whole cell lysate was subjected to SDS-PAGE and western 
blotting using an anti-EphA2 antibody (UBI).
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Figure 5.11. Concentration-Dependent Induction of Recombinant EphA2W T in 
MCF-7 Cells
MCF-7 cells stably co-transfected with VgRXR and either pIND (clone #1) or pIND- 
EphA2WT (clone #3 and clone #17) were incubated for 20 hours in medium containing 
0, 0.1, 0.5, 1 or 5 pM ponasterone (pIND #1 and pIND-EphA2W T clone #3) or 0, 0.1, 
0.5, 1, 5 or 10 pM ponasterone (pIND-EphA2WT #17). EphA2 was
immunoprecipitated from RIPA lysates using an anti-EphA2 antibody (Santa Cruz) and 
subjected to SDS-PAGE and western blotting using (a) an anti-EphA2 antibody (UBI), 
or (b) an anti-phosphotyrosine antibody.
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5.2.14. Overexpression of Recombinant EphA2 Retards MCF-7 Cell 

Growth

While characterising the time- and dose-dependent induction of recombinant EphA2 

expression in MCF-7 cells, it was noticed that poasterone-induced cells from pIND- 

EphA2WT clone #3 and pIND-EphA2WT clone #17 grew at a slower rate than cells 

from pIND clone #1. Therefore, cells from pEND clone #1, pIND-EphA2WT clone #3 

and pIND-EphA2WT clone #17 were plated at equal densities and incubated for 16 

hours prior to the addition of either 5 jiM ponasterone or an equal volume of 100% 

ethanol for 24 hours. Cells were fixed, permeabilised and stained with DAPI to 

visualise the cell nuclei and thus facilitate cell counting. Preliminary results from 2-3 

independent experiments in which DAPI-stained cells were counted suggest that cell 

growth was impeded upon induction of recombinant EphA2WT protein expression 

(Figure 5.12). Addition of ponasterone to pIND clone# 1 had no effect on the growth 

rate of the cells.
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Figure 5.12. Overexpression of Recombinant EphA2WT Inhibits Ceil Growth
MCF-7 cells stably co-transfected with VgRXR and either pIND (clone #1) or 
pIND-EphA2W T (clone #3 and clone #17) were incubated for 24 hours in medium 
containing 5 pM ponasterone or an equal volume of 100% ethanol. Cells were fixed, 
permeabilised and stained with DAPI. Cells were viewed by fluorescence 
microscopy and the number of cells in four random fields counted. The average 
number of cells for each clone in the presence and absence of ponasterone induction 
was determined. The average number of ponasterone induced cells was expressed as 
a percentage of the average number of uninduced cells. Error bars represent 
standard error of the mean percentage of cells in 2-3 separate experiments.
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5.3. Discussion
The work described in this chapter has made use of a number of techniques in order to 

successfully obtain a mammalian mammary cell line stably overexpressing recombinant 

EphA2. During the course of this work, a number of significant observations have been 

made that may have implications in the regulation and function of EphA2.

5.3.1. Steady-State Levels of Active EphA2 Protein

Transient transfection of COS cells with the mammalian expression vectors pECE- 

EphA2WT and pECE-EphA2Neu demonstrated that these plasmids were able to encode 

functional, recombinant EphA2 protein. A significant increase in the level of 

recombinant EphA2WT protein resulted in a modest increase in phosphotyrosine levels, 

consistent with the formation of an increased number of stable receptor dimers 

(Lemmon and Schlessinger, 1994). Transfection of constitutively active recombinant 

EphA2 (EphA2Neu) into COS cells resulted in only a modest increase in the steady- 

state level of EphA2 protein. This level was above that of endogenous EphA2 

expression, but below that occurring as a result of the expression of recombinant 

EphA2WT. However, the level of tyrosine phosphorylated EphA2 was significantly 

higher in cells transfected with EphA2Neu than in cells expressing either endogenous 

EphA2 or recombinant EphA2WT. This phenomenon was repeatedly observed in 

different cell types under different conditions. In NIH3T3 fibroblasts, retroviral 

infection with EphA2WT resulted in higher steady-state levels of recombinant EphA2 

protein and a modest increase in tyrosine phosphorylated EphA2. NIH3T3 cells 

infected with EphA2Neu displayed lower steady-state EphA2 protein levels than the 

EphA2WT-infected cells, but comparatively higher levels of tyrosine phosphorylation 

(although recombinant EphA2 failed to be expressed in the case of cells infected with 

supernatant from clone Neul.25). Similarly, in COS cells transfected with pIND- 

EphA2Neu and induced with ponasterone, the steady-state levels of recombinant EphA2 

were lower than those observed in ponasterone-treated cells transfected with pIND- 

EphA2WT. However, pIND-EphA2WT-transfected cells had a similar level of EphA2 

tyrosine phosphorylation to cells transfected with pIND-EphA2Neu. This was most 

likely a consequence of the very high level of recombinant EphA2 protein favouring the 

formation of stable receptor dimers. Induction of MCF-7 cells stably expressing pEND- 

EphA2WT with high concentrations of ponasterone was also seen to induce high
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expression levels of recombinant EphA2 protein and this resulted in the protein being 

significantly tyrosine phosphorylated.

Thus, introduction of recombinant EphA2WT into cells has been demonstrated to 

increase the steady-state levels of EphA2 protein, while the amount of tyrosine 

phosphorylation is dependent on the level of overexpression. A higher level of receptor 

at the membrane is likely to result in increased formation of stable dimers and 

consequently autophosphorylation (Lemmon and Schlessinger, 1994). Meanwhile, 

expression of EphA2Neu markedly increased the phosphotyrosine content of the 

recombinant EphA2 receptor, while steady-state levels were seen to be more modest. 

This is consistent with the model of increased dimérisation of the oncogenic Neu 

protein (Weiner et al,  1989). The decrease in steady-state EphA2 levels in EphA2Neu 

transfeetants is most likely due to an increase in the turnover rate of phosphorylated 

dimers, as has previously been documented for the oncogenic Neu protein, which has a 

significantly shorter half-life than its proto-oncogenic counterpart (Stern et a l,  1988). 

However, it cannot be ruled out that the presence of the Neu transmembrane domain 

had a direct effect on EphA2 protein levels. In a number of cases EphA2 receptor 

autophosphorylation was coincident with the appearance of a 50 kDa EphA2- 

immunoreactive protein. This most likely represents a breakdown product 

corresponding to the cytoplasmic domain of the EphA2 receptor, and will be discussed 

in more detail in Section 7.3.1.

5.3.2. Phenotypic Consequences of Expressing Recombinant EphA2

Retroviral infection of NIH3T3 cells with EphA2WT and EphA2Neu resulted in the 

generation of a number of G418-resistant bulk populations of cells that expressed 

recombinant EphA2 protein (with the exception of Neul.25) and displayed a spindly 

morphology. However, retroviral infection of EpH4 cells with EphA2WT and 

EphA2Neu failed to produce bulk populations of cells that overexpressed either form of 

recombinant EphA2, despite the presence of a significant number of G418-resistant 

colonies. Although it remains feasible that recombinant EphA2 was expressed at low 

levels, it would have been useful to verify the presence of the retroviral DNA by 

Southern blotting. However, while this would have confirmed the presence and 

integrity of the retroviral DNA, it would not have excluded the possibility that 

expression of the retroviral DNA was transcriptionally regulated so that only the G418 

resistance gene was expressed. Additionally, to distinguish complete failure to express
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the recombinant retroviral constructs from low-level expression, it would have been 

useful to use a cell line in which EphA2 is not expressed. However, since EphA2 

expression has been reported in a wide variety of cell types (Lindberg and Hunter, 1990; 

Andres et a l,  1994; Ganju et al, 1994; Dodge-Zantek et al,  1999; Walker-Daniels et 

al,  1999; Miao et al,  2000), and a source of mammary epithelial cells from EphA2 

knockout mice was not available, this was not feasible. In addition, the control 

retrovirus should ideally have comprised the pJLR retroviral vector containing an easily 

identifiable but “neutral” gene, such as GFP or lacZ, rather than the SV2a retrovirus, but 

due to the length of time required to make the recombinant retrovirus and generate 

retroviral producer lines, this was also not feasible.

Although it cannot be ruled out that technical problems were responsible for the lack of 

success in overexpressing recombinant EphA2 in EpH4 cells, the observation that a 

number of G418 resistant colonies “rounded up” and detached from the substrate during 

antibiotic selection suggested that cells remaining on the dish after G418 selection may 

have evolved the ability to suppress the expression of recombinant EphA2, while those 

that had not succumbed to the consequences of expressing EphA2 above a certain 

threshold. This implies that, under normal conditions, EpH4 cells possess a means of 

regulating the expression of EphA2 at a certain level, depending on a number of internal 

and external factors, otherwise the consequences are detrimental to the cell. 

Interestingly, one of the known substrates for EphA2, SLAP (Pandey et a l,  1995a), 

when overexpressed in fibroblasts, was found to negatively regulate mitogenesis (Roche 

et a l,  1998). However, the observation that expression of recombinant EphA2 induced 

changes in cell morphology in NIH3T3 cells and did not appear to inhibit mitogenesis, 

and that a number of EpH4 cells lost contact with their substratum during the selection 

procedure implied a distinct mode of action for EphA2 activation.

Consistent with the observations of EpH4 cell rounding and detachment from the 

substratum, members of the Eph receptor family are implicated in regulating signalling 

pathways that control changes in cell shape and cell adhesion (see Section 1.1.5). Many 

groups have observed a decrease in cell-substrate attachment in response to Eph 

receptor activation (Section 1.1.5.2). Significantly, activation of EphA2 using cross- 

linking antibodies resulted in the loss of cell-ECM attachment in neoplastic mammary 

epithelial cells (Dodge-Zantek et a l,  1999). Similarly, activation of EphA2 in PC-3 

prostate epithelial cells by ephrinAlFc resulted in cell rounding and a transient
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detachment from the substratum (Miao et al,  2000). The morphology of these cells was 

reminiscent of some of the colonies of retrovirally infected EpH4 epithelial cells seen 

rounding up during selection. Direct evidence that EphA2 inhibits integrin function was 

also provided by the studies of Miao and colleagues (Miao et a l,  2000) who 

demonstrated that ligand induced activation of EphA2 inhibited PC-3 cell adhesion to 

the integrin ligands fibronectin and laminin but had no effect on cell adhesion to poly-L- 

lysine. The same group implicated FAK in the ephrinA1 Fc-induced changes in PC-3 

cell morphology (Miao et al,  2000). In unstimulated PC-3 cells, EphA2 and tyrosine 

phosphorylated FAK were found to co-immunoprecipitate (Miao et a l,  2000). 

However, within 30 seconds of ephrinAlFc addition, the tyrosine phosphatase Shp2 

was recruited to EphA2, dephosphorylation of FAK occurred and, concomitantly, the 

EphA2-FAK complex was disrupted. Cell adhesion is adversely affected by a number 

of different agents that cause FAK dephosphorylation (Schwartz et al,  1995). 

Similarly, embryonic fibroblasts isolated from FAK"'̂ ' null animals show a reduced 

ability to spread (Ilic et a l,  1995), and expression of dominant negative FAK impeded 

cell spreading and migration (Zhao et al,  1998), whereas expression of constitutively 

active FAK promoted cell spreading (Frisch et a l,  1996) and cell migration (Cary et al, 

1996).

Thus, the failure to generate EphA2-overexpressing EpH4 cells may be a consequence 

of these results -  chronic EphA2 activation caused inhibition of integrin function 

resulting in cell rounding and, ultimately, detachment of the cells from the substatum. 

Only cells that were able to suppress the expression of EphA2 above a certain threshold 

were able to survive. Discrepancies in the behaviour between the PC-3 and EpH4 cells 

with respect to complete detachment may be due to several reasons. There may be 

differences in the extent of the detachment response of the 2 cell types, with the EpH4 

cells being more sensitive to a loss of ECM attachment than the PC-3 cells. The 

transient nature of the cell detachment response in PC-3 cells may have been due to 

ligand-induced receptor desensitisation, whereas continual overexpression of 

recombinant EphA2 receptor in the EpH4 cells would prevent such an occurrence. 

Furthermore, mammary epithelial cells are dependent on ECM-derived signals for 

survival (see Section 1.3.4.3; Streuli and Gilmore, 1999), and are therefore extremely 

sensitive to anoikis, a form of apoptosis induced by the disruption of the interaction 

between cells and their extracellular matrix (Frisch and Francis, 1994). There is a 

growing body of evidence implicating FAK in the process of anoikis due to its role in
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cell spreading and its correlation with anchorage-dependent growth. Activation of FAK 

by membrane-targeting reportedly confers resistance to anoikis in Madin Darby canine 

kidney (MDCK) cells (Frisch et a i,  1996) whereas injection of embryonic fibroblasts 

with FAK antagonists induced apoptosis (Hungerford et a i,  1996). In cells attached to 

the ECM, integrin clustering results in an increase in FAK tyrosine phosphorylation 

(reviewed in Burridge and Chrzanowska-Wodnicka, 1996). Binding of the p85 subunit 

of PI3K to tyrosine phosphorylated FAK increases the activity of PI3K, thereby 

increasing the activity of PKB/Akt (see Section 1.2.3.2). Detachment of normal 

epithelium from the matrix causes a decrease in PI3K-mediated PKB/Akt activity, 

therefore, even in the presence of growth factors, the cellular apoptotic machinery is 

activated (Khwaja et al,  1997).

Thus, the disruption of integrin function by EphA2 may account for the inability to 

generate recombinant EphA2-overexpressing EpH4 cells. An alternative approach to 

create a stable recombinant EphA2-overexpressing cell line was to use an inducible 

system. Unfortunately, however, recombinant gene expression using this system was 

not tightly regulated in EpH4 cells. The reason for this is unclear, but as the EpH4 cells 

are derived from mammary epithelium and are responsive to lactogenic hormones 

(Reichmann et al,  1989), it is likely that they contain a number of hormone receptors 

with the potential to bind to the hormone response elements in plND and therefore drive 

recombinant gene expression.

However, subsequent data showed that inducible system was tightly regulated in MCF- 

7 cells and that recombinant EphA2 expression could be influenced by both the time of 

induction and the concentration of ponasterone. Thus, in contrast to EpH4 cells, it 

appears that MCF-7 were capable of overexpressing high levels of recombinant EphA2. 

However, this could be due to differences in cell type. Like PC-3 cells, MCF-7 cells are 

transformed. Since anoikis is thought to have evolved as a means of tumour 

suppression to prevent cells being able to grow in inappropriate environments, it is 

likely that transformed cells will have developed mechanisms to overcome this. Indeed, 

cells transformed with Ras do not undergo anoikis (Frisch and Francis, 1994), 

presumably as a result of an increase in P13K activity, which might therefore explain 

why EpRas cells are able to induce high levels of EphA2 expression and remain viable. 

In addition, fibroblasts are resistant to anoikis (Frisch and Francis, 1994), as are cells 

that express the SV40 large T antigen (Re et a l,  1994), which might also provide an
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explanation for the ability to obtain both recombinant EphA2-overexpressing NIH3T3 

cells and high levels of recombinant EphA2 overexpression in transient COS cell 

transfections.

The ability of the induction of recombinant EphA2 expression in MCF-7 cells to be 

influenced by both time and concentration of ponasterone provides an important extra 

level of control over the expression of recombinant EphA2. Preliminary data suggested 

that expression of recombinant EphA2WT to levels which have been demonstrated to 

induce ligand-independent signalling impairs the growth of cells. This is in accordance 

with the demonstration that activation of EphA2 in mammary epithelial cells using a 

cross-linking antibody resulted in a decrease in bromodeoxyuridine (BrdU) staining 

(Dodge-Zantek et a i,  1999), and may be the result of decreased ECM-signalling. 

Unfortunately, the length of time taken to generate and characterise the EphA2- 

overexpressing MCF-7 cell line meant that there was limited time in which to use it. In 

the absence of time restrictions, the effect of EphA2 overexpression on the processes of 

adhesion and migration, which are influenced by changes in cellular morphology and 

cell-ECM interactions, and signalling pathways responsible for the observed decrease in 

the cell growth rate, would have been studied.
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Chapter 6

Cloning and Expression of Full Length and 

Soluble EphrinAl

6.1. Introduction
Recombinant ligands are widely used in the study of many aspects of receptor 

activation. In contrast to the wide availability of many of these ligands, such as EGF 

and TGFp, ephrinAlFc was not commercially available at the beginning of these 

studies, possibly due to conflicting information regarding its bioactivity as a soluble 

ligand. Therefore, in order to analyse the signalling pathways downstream of EphA2 

and their potential morphological effects in mammary epithelial cells, it was first 

necessary to clone ephrinAl.

EphrinAl was initially identified as B61, a 25 kDa protein secreted into the conditioned 

medium of endothelial cells treated with TNFa (Holzman et a i,  1990). It was 

subsequently identified as a high affinity ligand for EphA2 both in soluble form 

(Bartley et a l,  1994) and as a full length, GPl-linked membrane-bound form (Shao et 

al,  1995), in both cases evoking tyrosine phosphorylation of the EphA2 receptor. 

Therefore, to study the consequences of both forms of ligand on EphA2 activation in 

mammary epithelial cells, mouse ephrinAl was cloned as both a soluble protein 

(without its GPl linkage) and in its full length membrane-bound form.

Soluble recombinant proteins are often tagged with an epitope to facilitate capture on a 

suitable matrix such as protein A/G- or antibody- coupled beads. Such tags include the 

Fc portion of immunoglobulins. For ephrinAl, an Fc-tag was cloned in frame at the C- 

terminus of the extracellular domain. The Fc tag offers a number of unique features; it 

enables direct isolation of the fusion protein on protein A/G-Sepharose beads, facilitates 

spontaneous dimérisation through disulphide bonds, and has even been reported to 

increase the yield of secreted proteins over their non-tagged counterparts by apparently 

chaperoning them along the secretory pathway (Simmons, 1993). Another advantage 

that the Fc tag confers is the ability of the fusion protein to be clustered with an anti-Fc 

antibody into higher order oligomers. This may be especially important for ephrins, as 

conflicting reports exist in the literature concerning their requirement to be clustered to
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induce Eph receptor activation (Section 1.1.3.2). Clustering is thought to enable the 

ligand to be presented to target cells in a state representative of its membrane bound 

form. Indeed, it has been reported that ephrins are not effective as a soluble monomers 

(Davis et al,  1994) and may even act in a dominant negative manner as antagonists, 

despite the initial identification and subsequent demonstration of ephrinAl as a 

bioactive soluble ligand (Holzman et a l,  1990; Bartley et a l,  1994).

Mammalian cells such as COS cells are often used as a means of producing soluble, 

recombinant proteins. For proteins in which glycosylation and protein conformation are 

likely to be important, expression in a mammalian cell is preferable to a bacterial 

expression system. Therefore, the cloning of ephrinAl into a mammalian expression 

vector provided a means of producing both soluble Fc-tagged and full length 

recombinant bioactive proteins from COS cells for the further analysis of EphA2 

signalling.

6.2. Results
6.2.1. First Strand Synthesis of Soluble and Full Length EphrinAl 

cDNA

EphA2 and ephrinAl show similar patterns of distribution in the developing embryo 

and in many adult tissues (Lindberg and Hunter, 1990; Ganju et al, 1994; Shao et a l,  

1995; Takahashi and Ikeda, 1995; Rosenberg et a l,  1997). Since EphA2 expression has 

previously been documented in the mammary gland (Andres et a l,  1994), virgin mouse 

mammary gland was chosen as the source of RNA from which to clone ephrinAl. Total 

cellular RNA was isolated from virgin mouse mammary gland as described in Section

2.1.11.1, and first strand cDNA synthesis was performed (Section 2.1.11.3) using two 

different specific 3’ reverse primers based on the reported sequence of mouse ephrinAl 

(accession number U26188). These primers were specifically designed in order to clone 

ephrinAl as both full length protein and as a soluble extracellular form fused in frame 

with the Fc portion of mouse IgOl (see Figure 6.1).
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Soluble, Fc-tagged ephrinAl Full length ephrinAl

EcoK I BamH I Xha\

p2IgFc

Digest p2IgFc with EcoK I and BamW I Digest p2IgFc with £coR I and Xba I

BamH I EcoK I X hal

Perform RT-PCR using ephrinAl 5 ’UT 
and ephrinAl 3’Fc primers

Perform RT-PCR using ephrinAl 5’UT 
and ephrinAl 3’UT primers

Digest PCR product with EcoK I and BamH I Digest PCR product with EcoK I and Xba I

Ligate into pre-digested vector

EcoK I BamH I

Sequence clones using ephrinAl 5’UT 
and ephrinAl 3’Fc primers

Ligate into pre-digested vector 

EcoK I Xba I

Sequence clones using ephrinA l 5’UT 
and ephrinAl 3’UT

Figure 6.1. Strategy to Clone EphrinAl in Full Length and Soluble Forms
The full length sequence of ephrinAl or ephrinAl lacking its GPI linkage site was amplified by PCR from a 
cDNA template generated by reverse transcription of mRNA. Subsequent to restriction endonuclease 
digestion with appropriate enzymes, both DNA fragments were ligated into the p2IgFc vector. The soluble 
form of ephrinAl was ligated N-terminal to the Fc region of murine IgG. The Fc region was removed for 
cloning of the full length form of ephrinAl. Asterisks denote initiating methionine.
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30
CGG^AATTtCG CGC CGC

ctg tgg gaa cct tac act gca gag etc teg tcc tgg cct ggc teg gcc cgg CCC cgc

ephrinAl 5'UT 9 0 / 1 0
ATG GAG TTC CTT TG - - ►
atg gag ttc ctt tgg gcc cct etc ttg ggt ctg tgc tgc agt ctg gcc get get gac
M E F L W A P L L G L c C S L A A A D

1 2 0 / 2 0  1 5 0 / 3 0
cgc cac atc gtc ttc tgg aac agt tea aat ccc aag ttc cgt gag gag gac tac acg gtg 
R H I  V F W [N S ^  N P K F R E E D Y T V

1 8 0 / 4 0  2 1 0 / 5 0
cac gtg cag ctg aat gac tac cta gac atc atc tgc cca cat tac gag gac gac tct gtg
H V Q L N D Y L D I I C P H Y E D D S V

2 4 0 / 6 0  2 7 0 / 7 0
gca gat gca gcc atg gag cga tac aca ctg tac atg gtg gaa cac cag gag tat gtg gca
A D A A M E R Y T L Y M V E H Q E Y V A

3 0 0 / 8 0  3 3 0 / 9 0
tgc caa ccc cag tcc aag gac cag gtc cgt tgg aat tgc aac cgg ccc agt gcc aag cat
C Q P Q S K D Q V R W N C N R P S A K H

3 6 0 / 1 0 0  3 9 0 / 1 1 0
ggc ccg gag aag ctg tct gag aaa ttc cag cgc ttc acg cet ttt atc ttg ggc aag gag
G P E K L S E K F Q R F T P F I L G K E

4 2 0 / 1 2 0  4 5 0 / 1 3 0
ttc aag gaa gga cac agc tac tac tac atc tcc aaa cet atc tac cat cag gaa tcc cag
F K E G H S Y Y Y I S K P I Y H Q E S Q

4 8 0 / 1 4 0  5 1 0 / 1 5 0
tgc ttg aag ctg aag gtg act gtc aat ggc aaa atc act cat aat ccc cag gcc cat gtc
C L K L K V T V N G K I T H N P Q A H V

5 4 0 / 1 6 0  5 7 0 / 1 7 0
^  G TAA

aac cca cag gag aag aga etc caa gca gat gac ccg gaa gta cag gtt ttg cac agc att
N P Q E K R L Q A D D P E V Q V L H S I

6 0 0 / 1 8 0  ephrinAl 3'Fc 6 3 0 / 1 9 0
CCA ATG TCA CGG CGG GGG GCGCCîCTAG^GGC
ggt tac agt gcc gcc ccc cgc etc ttc cca ctg gtc tgg gca gta ttg etc cta cca ctg
G Y S A A P R L F P L V W A V L L L P L

6 6 0 / 2 0 0  690
ctg ctg ctg caa tct cag tga ggg tgt acg ctt gcc ctg get tat gga ttg gaa tgg gac
L L L Q S Q

720  750 ephrinAl 3'UT
M------------  CT TGG AGA GGG TGA TGT GGG TGT TCGAîGATC'^TCG

taa ggg gca gcc cca gcc ctg gga acc tct ccc act aca ccc aca aga cgc cac cat gaa

780  810
gcc tea aaa ggt tea gta tta agg gtt tta acc gaa aag agt tta acc agc cca act gtg

840 870
cca tcc ctg cet cca ctt cag agg gat gga gaa aga agt gga gaa ggt cet taa cet gca

900 930
gtt tct gcc ttt aag cca aag aaa caa get gtg cgg acc tgg ccc att aag agg cet ca

Figure 6.2. Sequence of Mouse EphrinAl
Accession no. U26188. The upper line represents the nucleotide sequence and the lower line represents 
the amino acid sequence of mouse ephrinA l. Oligonucleotide primers ephrinAl 5’UT, ephrinAl 3’UT 
and ephrinAl 3’Fc (shown in red) are depicted above the region to which they are designed to anneal, with 
an arrow indicating the direction of amplification. The signal peptide sequence is shown in bold, the 
putative N-glycosylation site is boxed, and the GPI recognition sequence is underlined.
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The oligonucleotide primer ephrinAl 3’UT was designed to anneal to nucleotides 742- 

766 in the 5’ untranslated end of ephrinAl and was engineered to include an Xba I site 

(underlined) at the 5' end (see Figure 6.2).

ephrinA l 3 ’UT  ̂GCTCTAGAGCTTGTGGGTGTAGTGGGAGAGGTTC^’

The oligonucleotide primer ephrinAl 3’Fc was designed to anneal to nucleotides 596- 

620 within the coding region of ephrinAl before the GPTrecognition site (residues 187- 

205), and a BamR I restriction site (underlined) included in the 5’ end (Figure 6.2).

ephrinA l 3 ’Fc ’̂CGGGATCCCGCGGGGGGCGGCACTGTAACCAATG^’

6.2.2. PCR Cloning of EphrinAl

Subsequent to reverse transcription, first strand cDNA was then amplified by PCR 

(Section 2.1.11.4) in the presence of 4 mM MgCU. The appropriate 3’ reverse 

oligonucleotide primer (ephrinAl 3’UT or ephrinAl 3’Fc) was used in combination 

with ephrinAl 5’UT, a 5’ oligonucleotide primer designed to anneal to nucleotides 53- 

77, and containing an EcoR I restriction site (underlined). This primer encompasses the 

end of the 5’ untranslated region and the ATG initiation codon (nucleotides 63-65) (see 

Figure 6.2.). Hence, the resulting polypeptide would contain the signal peptide 

sequence required for secretion of the mature protein from the cell.

ephrinA l 5 ’UT ’̂CGGAATTCGCCCCGCGCTATGGAGTTCCTTTG^’

The PCR products were then subjected to horizontal gel electrophoresis and stained 

with ethidium bromide (see Figure 6.3). For the full length form of ephrinAl, a discrete 

band corresponding to the predicted size of 730 nucleotides was observed in the 

presence of the oligonucleotide primer ephrinAl 5’UT alone (Figure 6.3, lane 3). The 

presence of this band in the absence of further addition of the oligonucleotide primer 

ephrinAl 3’UT was presumably due to carryover of this primer from the reverse 

transcription reaction into the PCR. Addition of further ephrinAl 3’UT oligonucleotide 

primer resulted in the production of an intense band of approximately 200-300 bp as 

well as a larger product of approximately 650-700 bp (Figure 6.3, lane 2). The identity 

of the larger band is unclear but may correspond to the full length form of ephrinAl, the 

electrophoretic mobility of which is altered due to the presence of the lower band. The
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presence of the lower 200-300 bp band was also observed in reactions containing the 

oligonucleotide primer ephrinAl 3’UT together with the cDNA template (Figure 6.3, 

lane 4), but not in reactions containing both primers but no cDNA template (Figure 6.3, 

lane 5). This suggests that the lower 200-300 bp band was the result of non-specific 

priming by the ephrinAl 3’UT primer. For the extracellular domain of the ephrinAl, a 

well-defined band corresponding to the predicted size of 584 nucleotides was observed 

both in the presence of ephrinAl 5’UT and ephrinAl 3’Fc (Figure 6.3, lane 7) and 

ephrinAl 5’UT alone (Figure 6.3, lane 8). No bands were observed in the presence of 

the oligonucleotide primer ephrinAl 3’Fc alone (Figure 6.3, lane 9). Similarly, no 

bands were observed in reactions containing ephrinAl 5’UT and ephrinAl 3’Fc in the 

absence of cDNA template (Figure 6.3, lane 10).

The PCR products from the ephrinAl full length and ephrinAl soluble extracellular 

domain reactions (Figure 6.3, lanes 3 and 7) were digested for 16 hours with the 

appropriate restriction enzymes (EcoR I and Xba I for full length ephrinAl and EcoR I 

and BamR I for soluble ephrinAl). The DNA fragments were gel purified and ligated 

into the vector p2IgFc which had previously been digested with the appropriate 

restriction enzymes {EcoR I and Xba I for full length ephrinAl and EcoR I and BamR I 

for soluble ephrinAl) (see Figure 6.1).

Both ligation products were then transformed into XL 1-Blue competent E. coli and 

selected for ampicillin resistance. Small-scale plasmid preparations were prepared from 

resultant ampicillin resistant colonies. A number of putative soluble extracellular 

domain Fc fusion clones (ephrinAlFc) and several putative full length clones 

(ephrinAlFL) were identified by restriction digest analysis using EcoR I and Xba I for 

full length ephrinAl and EcoR I and BamR I for soluble ephrinAl (data not shown). 

Nucleotide sequencing of the cDNA inserts was then performed (Section 2.1.10) using 

the oligonucleotide primers ephrinAl 5’UT and ephrinAl 3’Fc for ephrinAlFc, and 

ephrinAl 5’UT and ephrinAl 3’UT for ephrinAl FL. One clone of ephrinAlFc and one 

clone of ephrinAl FL, both containing a cDNA insert sequence identical to the reported 

sequence of mouse ephrinAl (accession number U26188), were used for further 

analysis.
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Figure 6.3. RT-PCR of Full Length and Soluble EphrinAl
PCR products obtained from first strand cDNA synthesis using the following 
oligonucleotide primer combinations were subjected to gel electrophoresis and stained 
with ethidium bromide.

ephrinAl 3’UT reverse transcribed cDNA

Lane 1. 123 bp marker 
Lane 2. ephrinAl 5 ’UT and ephrinAl 3’UT|
Lane 3. ephrinAl 5’UT only 
Lane 4. ephrinAl 3’UT only
Lane 5. No cDNA - ephrinAl 5’UT and ephrinAl 3’UT 
Lane 6. 123 bp marker 
Lane 7. ephrinAl 5’UT and ephrinAl 3’Fc
Lane 8. ephrinAl 5’UT only ^  ephrinAl 3’Fc reverse transcribed cDNA
Lane 9. ephrinAl 3’Fc only
Lane 10. No cDNA - ephrinA15’UT and ephrinAl 3’Fc 
Lane 11. 123 bp marker
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6.2.3. Optimisation of Small-Scale Production of Soluble EphrinAlFc

To produce the recombinant ephrinAlFc fusion protein, COS-1 cells were transfected 

by lipofection with either ephrinAlFc DNA or an equivalent volume of water. 16 hours 

later, the transfection medium was replaced with low serum conditioning medium 

(OPTIMEM™). Conditioned medium was then harvested from the cells after 24 hours 

(ephrinAlFc-CMl), fresh conditioning medium added and cells incubated for a further 

24 hours and medium again harvested (ephrinAlFc-CM2). Fc fusion proteins were 

captured by incubation for 16 hours with protein A-Sepharose (Section 2.3.10.1). 

Proteins isolated on protein A-Sepharose were then subjected to western blot analysis 

using both an anti-mouse secondary antibody, and an anti-human ephrinAl antibody 

(Table 2.3) followed by a secondary anti-rabbit antibody. This revealed that a protein of 

approximately 50-55 kDa, recognised by both the anti-mouse secondary antibody and 

the anti-human ephrinAl antibody, was present in conditioned medium 72 hours post­

transfection (Figure 6.4, ephrinAlFc-CM2). The apparent molecular weight of this 

secreted protein is slightly higher than the molecular weight of 46 kDa predicted from 

the primary amino acid sequence, but may well be the result of N-linked glycosylation 

at a single site in the amino terminus (see Figure 6.2). No secreted protein was detected 

by either antibody 48 hours post-transfection (Figure 6.4 ephrinAl Fc-CMl) or in 

conditioned medium from the mock-transfected samples (Figure 6.4 mock-CMl and 

mock-CM2).

In order to investigate whether ephrinAlFc protein was still being secreted at 96 hours 

post-transfection, COS-1 cells were transfected with ephrinAlFc DNA or mock- 

transfected as described above. 16 hours post-transfection, the transfection medium was 

replaced with OPTIMEM™. Conditioned medium was then harvested from one dish of 

ephrinAlFc-transfected cells after 48 hours (ephrinAlFc-CM3), fresh conditioning 

medium added and cells incubated for a further 24 hours and medium again harvested 

(ephrinAl Fc-CM4). A duplicate dish of ephrinAl Fc-transfected cells and a dish of 

mock-transfected cells were incubated in OPTIMEM™ in parallel, without media 

change, for a total of 72 hours (ephrinAlFc-CM5 and mock-CM3). Fc fusion proteins 

were captured by incubation for 16 hours with protein A-Sepharose. Whole cell lysates 

were prepared from the three dishes of COS-1 cells after harvesting the final 

conditioned medium (96 hours post-transfection).
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ephrinA lFc M ock ephrinA lFc Mock

C M  1 2  1 2  1 2  1 2  k D a

a )  b )

— 103

— 67

mm
— 44

— 29

Western blot: anti-mouse (Fc specific) anti-ephrinAl

Figure 6.4. EphrinAlFc is Secreted into COS Cell Medium
COS-1 cells were transfected with either 10 pg of ephrinAlFc DNA or mock transfected. 16 
hours later, the medium was replaced with OPTIMEM™. Conditioned medium was harvested 24 
hours later (ephrinAlFc-CM l and m ock-CM l), fresh OPTIMEM™ added and harvested 24 
hours later (ephrinAlFc-CM 2 and mock-CM2). Fc fusion protein was isolated on protein A- 
Sepharose and subjected to SDS-PAGE and western blotting using (a) an Fc specific anti-mouse 
antibody, or (b) an anti-human ephrinAl antibody.
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ephrinA lFc Mock ephrinA lFc Mock

CM3 CM4 CM5 CM3 W CLl WCL2 W CLl

- 5 7

Western blot: anti-human ephrinAl

Figure 6.5. Optimisation of the Yield of EphrinAlFc from COS Cell Conditioned 
Medium
COS-1 cells were transfected in duplicate with 10 |ig of ephrinA lFc DNA, or mock 
transfected. 16 hours later, the medium was replaced with OPTIMEM™. Conditioned 
medium from one of the ephrinAl Fc-transfected dishes was harvested 48 hours later 
(ephrinAlFc-CM 3), fresh OPTIMEM™ added and medium again harvested after a further 
24 hours (CM4) and whole cell lysate was prepared (ephrinA lFc-W C Ll). For the second 
dish of ephrinA 1 Fc-transfected cells and for mock-transfected cells, conditioned medium 
was harvested after a continuous 72 hour period (ephrinA lFc-CM5 and mock-CM3) and 
whole cell lysates prepared (ephrinAlFc-W CL2 and mock-W CLl). Whole cell lysates 
and Fc fusion protein isolated on protein A-Sepharose were subjected to SDS-PAGE and 
western blotting using an anti-human ephrinAl antibody.
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Whole cell lysates and secreted protein eluted from protein A-Sepharose were then 

subjected to SDS-PAGE and analysed by western blotting using an anti-human 

ephrinAl antibody. It can be clearly seen that a significant amount of ephrinAlFc was 

secreted over the 72 hour conditioning period (Figure 6.5). However, the quantity of 

recombinant ephrinAl Fc secreted into the medium was not cumulative, as conditioning 

of the medium for a continuous 72 hour period did not result in significantly more 

protein being secreted compared to the 48 hour conditioning period. Maximum yield of 

antibody-detectable protein was obtained by removing the medium after 48 hours of 

conditioning, adding fresh OPTIMFM™ and harvesting again after a further 24 hours. 

Although ephrinAlFc protein was still present in the whole cell lysates 96 hours post­

transfection, timepoints exceeding 96 hours were not investigated. No protein was 

detected by the anti-ephrinAl antibody in the conditioned medium or whole cell lysates 

of the mock-transfected cells.

6.2.4. Expression of Full Length Recombinant EphrinAl in COS Cells

In order to evaluate the expression of the full length form of ephrinAl, ephrinAIFL 

DNA was transfected into COS-7 cells using Lipofectin™. 72 hours post-transfection, 

whole cell lysates were prepared and subjected to SDS-PAGF and western blotting 

using three independent antibodies as follows; the anti-human ephrinAl antibody was 

raised in rabbit against bacterially expressed recombinant human ephrinAl and was a 

kind gift from Richard Lindberg (Magal et al,  1996); the anti-mouse ephrinAl antibody 

(R&D systems) is a goat polyclonal antibody raised against recombinant mouse 

ephrinAl extracellular domain; the rabbit anti-ephrinAl(C-terminus) antibody (Santa 

Cruz) was raised against a carboxy terminal peptide of human ephrinAl (see Table 2.3). 

A 25 kDa protein corresponding to the predicted molecular weight of full length 

ephrinAl was detected in whole cell lysates using the anti-human ephrinAl antibody 

and the anti-mouse ephrinAl antibody but not the anti-ephrinAl (C-terminus) antibody 

(Figure 6.6a-c). However, four distinct bands of considerably higher molecular weight 

were additionally detected by both the anti-human ephrinAl and the anti-mouse 

ephrinAl antibodies (Figure 6.6a and b). Two of these bands were also detected by the 

anti-ephrinAl (C-terminus) antibody (Figure 6.6c).
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Figure 6.6. Expression of Full Length EphrinAl in COS Cells
COS-7 cells were transfected with ephrinAIFL or mock-transfected. 72 hours post­
transfection, whole cell lysates were prepared and subjected to SDS-PAGE and western 
blotting using (a) an anti-human ephrinAl antibody, (b) an anti-mouse ephrinAl antibody or 
(c) an anti-ephrinA 1 (C-terminus) antibody.
d) EphrinA IFL- or mock- transfected COS-7 cells were lysed 72 hours post-transfection and 
immunoprecipitated using either 1 pg or 2 pg of an anti-mouse ephrinAl antibody. Western 
blot analysis was performed using an anti-human ephrinAl antibody.
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Immunoprécipitation using the anti-mouse ephrinAl antibody followed by western 

blotting using the anti-human ephrinAl antibody also yielded four higher molecular 

weight protein species in addition to the expected 25 kDa protein (Figure 6.6d). It is 

possible that the higher molecular weight bands represent glycosylated forms of 

ephrinAl, as the ephrinAl sequence contains a putative N-glycosylation sequence in the 

amino terminus (Holzman et al, 1990) (see Figure 6.2).

6.2.5. Bioactivity of EphrinAlFc in Conditioned Medium

To assess the biological activity of recombinant mouse ephrinA IFc protein, 48 hour 

conditioned medium from ephrinAIFc- or mock- transfected COS-1 cells was added to 

an 80% confluent dish of recombinant EphA2WT-expressing N1H3T3 cells (WT38) 

(Section 2.2.2). Before addition to the cells, the conditioned medium was incubated for 

3 hours at 4°C on a rotating wheel with either 1 or 10 jig/ml of anti-mouse IgG antibody 

(Fc specific. Sigma) to artificially cluster the ligand. The clustered conditioned medium 

was then prewarmed to 37°C before addition to the cells for 10 minutes at 37°C. Cells 

were lysed and the EphA2 receptor was immunoprecipitated using an anti-EphA2 

antibody. Immunoprecipitates were then subjected to SDS-PAGE and western blotting 

with an anti-EphA2 antibody to analyse steady-state levels of the protein and an anti- 

phosphotyrosine antibody to assess tyrosine phosphorylation. Incubation of WT38 cells 

with conditioned medium from ephrinA IFc-transfected cells resulted in an increase in 

the phosphotyrosine content of the EphA2 receptor, while steady-state receptor levels 

remained the same as the mock conditioned medium treated cells (Figure 6.7). No 

increase in phosphotyrosine content was observed in cells incubated with mock 

conditioned medium.

It is apparent that a 10-fold increase in clustering antibody made no difference to 

receptor phosphorylation. This could be due to a number of reasons; firstly, 

ephrinA IFc could be maximally clustered at the lower antibody concentration of 1 

jig/ml, or alternatively, a component of the conditioned medium might serve as a 

clustering agent. Another explanation is that ephrinA IFc monomers are dimerising via 

Fc intermolecular disulphide bonds which evoke the same response, with respect to 

receptor phosphorylation, as higher magnitude oligomers.
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Figure 6.7. Clustered Soluble EphrinAlFc is Bioactive
Conditioned medium from ephrinA IFc- or mock- transfected COS-1 cells was 
clustered with either 1 |ig/ml or 10 pg/ml of an Fc specific anti-mouse IgG antibody 
and added to WT38 cells for 10 minutes. EphA2 was immunoprecipitated from cell 
lysates using an anti-EphA2 antibody (Santa Cruz) and subjected to western blot 
analysis using (a) an anti-EphA2 antibody (Santa Cruz), or (b) an anti- 
phosphotyrosine antibody.
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In receptor tyrosine kinase-mediated signalling, one effect of ligand binding is to 

stabilise receptor complexes within the target cell membrane in order to initiate 

intracellular signalling (Lemmon and Schlessinger, 1994; Lackmann et a l,  1998; 

Stapleton et al,  1999). Since WT38 cells express high levels of EphA2, this may 

preclude the need for ephrinA IFc-mediated receptor stabilisation. However, 

ephrinA IFc conditioned medium was subsequently demonstrated to induce EphA2 

receptor phosphorylation, in the absence of a clustering antibody, in NIH3T3 fibroblasts 

which have low endogenous levels of EphA2 (Figure 6.8).

EphrinAlFc conditioned medium also effectively induced endogenous EphA2 receptor 

tyrosine phosphorylation in EpH4 mouse mammary epithelial cells (Figure 6.9). 

Conditioned medium from COS cells transfected with Fc-tagged meltrina, a protein 

involved in myoblast fusion, did not induce autophosphorylation of the EphA2 receptor 

(Figure 6.10), as expected.

6.2.6. Bioactivity of Purified, Recombinant EphrinAlFc

To undertake futher studies using ephrinA IFc, it was necessary to purify the fusion 

protein from the conditioned medium. This would serve to eliminate other proteins, 

thus ensuring that any biochemical or morphological changes observed were due to the 

addition of ephrinA IFc alone. Additionally, it would enable accurate quantification and 

standardisation of the ephrinA IFc concentration, an important consideration for future 

experiments, as differences in protein concentration could potentially evoke different 

cell responses, such as occurs for the transcription factor Kriippel (Sauer et a l,  1995).

Large-scale transfection of ephrinA IFc and subsequent protein purification was 

performed as described in Section 2.3.10.2. However, significant amounts of 

ephrinA IFc could not be purified using either lipofection or DEAE-Dextran methods of 

transfection, presumably due to poor expression levels. More substantial protein yields 

of human Fc were attained using the plgsig^ vector (Section 2.1.1.5), a commercial 

vector designed specifically for the production of Fc-fusion proteins. A typical elution 

profile from the purification of human Fc using protein A-Sepharose beads is shown 

(Figure 6.11a). Purified human Fc was subjected to SDS-PAGE and stained with 

Coomassie Blue to assess the purity of the protein preparation (Figure 6.1 lb) or western 

blotted with an anti-human (Fc specific) antibody (Figure 6.11c).
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Figure 6.8. EphrinAlFc Activates EphA2 in the Absence of a Clustering Agent
Conditioned medium from ephrinA IFc- or mock- transfected COS-1 cells was added 
to NIH3T3 cells or WT38 cells for 10 minutes. EphA2 was immunoprecipitated from 
cell lysates using an anti-EphA2 antibody (Santa Cruz) and subjected to western blot 
analysis using (a) an anti-EphA2 antibody (Santa Cruz), or (b) an anti- 
phosphotyrosine antibody.
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Figure 6.9. Soluble EphrinAlFc Activates the EphA2 Receptor in EpH4 Cells
Conditioned medium from ephrinA IFc- or mock- transfected COS-1 cells was added 
to EpH4 cells for 10 minutes. EphA2 was immunoprecipitated from cell lysates 
using an anti-EphA2 antibody (Santa Cruz) and subjected to western blot analysis 
using (a) an anti-EphA2 antibody (Santa Cruz), or (b) an anti-phosphotyrosine 
antibody.
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Figure 6.10. Conditioned Medium from M eltrinaFc-Transfected COS Cells Fails to 
Activate EphA2
Conditioned medium from m eltrinaPc- or mock- transfected COS-7 cells was added to 
EpH4 cells for 10 minutes. EphA2 was immunoprecipitated from cell lysates using an anti- 
EphA2 antibody (Santa Cruz) and subjected to western blot analysis using (a) an anti- 
EphA2 antibody (Santa Cruz) or (b) an anti-phosphotyrosine antibody, (c) Conditioned 
medium from meltrinaPc transfected COS-7 cells was incubated with protein A-Sepharose 
and analysed by western blotting using an anti-m eltrina antibody (Table 2.3). Arrows 
correspond to the differentially processed forms of meltrina.
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Figure 6.11. Large-Scale Production of Purified, Soluble Human Fc
Conditioned medium from COS-7 cells transfected with plgsig+ by DEAE-Dextran was 
harvested and recombinant human Fc was isolated on protein A-Sepharose. Human Fc 
was eluted from the protein A-Sepharose using 0.1 M glycine-HCl pH2.7. (a) the OD^gQ 
of fractions 1-12 was measured. Fractions were concentrated and subjected to SDS- 
PAGE followed by either (b) Coomassie staining, or (c) western blotting with an anti­
human IgG (Fc specific) antibody.
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The plgsig"  ̂vector could therefore have been used as a vector in which to subclone the 

sequence for soluble ephrinAl. However, a commercial source of ephrinA IFc became 

available by this time, comprising the extracellular domain of mouse ephrinAl fused via 

a 6 amino acid polypeptide ligand to a 6 x histidine-tagged Fc region of human IgG 1. 

This was therefore used as an alternative source of ephrinA IFc protein.

To directly address the issue of whether purified ephrinA IFc can self-dimerise, 1 jig of 

this recombinant ephrinA IFc protein was subjected to SDS-PAGE under both reducing 

and non-reducing conditions and then western blotted using the anti-human ephrinAl 

antibody. In the presence of p-mercaptoethanol, the fusion protein migrated as a single 

band of ~ 55 kDa (Figure 6.12, (1)), corresponding to the glycosylated form of the 

protein. However, under non-reducing conditions (2), two ephrinA 1 -immunoreactive 

bands of -80 and 110 kDa were observed. These bands most likely correspond to a 

dimeric form of glycosylated ephrinA IFc (110 kDa), and to monomers migrating 

differently under non-reducing conditions due to presence of highly conserved cysteine 

residues in the ephrin sequence (Davis et a l,  1994).

To confirm that the commercial source of recombinant ephrinA IFc was bioactive, it 

was added at a concentration of 1 |ig/ml to a number of mammary epithelial cell lines 

for 10 minutes. In addition to the previously studied EpH4, EpRas and MCF-7 cell 

lines, an additional mammary cell line, MDA-MB-231, was also used. Cells were lysed 

and the EphA2 receptor was immunoprecipitated using an anti-EphA2 antibody. 

Immunoprecipitates were then subjected to SDS-PAGE and western blotted with an 

anti-EphA2 antibody to analyse steady-state levels of the protein, and an anti- 

phosphotyrosine antibody to assess tyrosine phosphorylation. EphrinAlFc was able to 

induce EphA2 receptor phosphorylation in all mammary cells lines tested at a 

concentration of 1 jig/ml, again in the absence of a clustering agent (Figure 6.13).
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Western blot: anti-human ephrinAl

Figure 6.12. Purified Soluble EphrinAlFc Forms Dimers
1 |ig  of purified, soluble recombinant ephrinA IFc was subjected to SDS-PAGE under 
( 1 ) reducing or (2) non-reducing conditions. Western blotting was performed using an 
anti-human ephrinAl antibody.
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6.13. Purified Soluble EphrinAlFc Activates EphA2 in a Variety
Mammary Cell Lines
EpH4, EpRas, MCF-7 and MDA-MB-231 cells were stimulated for 10 minutes with 1 
pg/ml of human IgG (-) or 1 pg/ml of purified soluble ephrinA lEc (-t-). EphA2 was 
immunoprecipitated from cell lysates using an anti-EphA2 antibody (Santa Cruz) and 
subjected to SDS-PAGE and western blot analysis using (a) an anti-EphA2 antibody 
(UBI), or (b) an anti-phosphotyrosine antibody.
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6.2.7. Full Length EphrinAl Induces EphA2 Tyrosine Phosphorylation 

in EpH4 Cells

Although ephrinAl was initially identified as a soluble ligand, it was later found to be 

expressed as a full length, GPI-linked protein. To verify that full length ephrinAl was 

also bioactive, COS-7 cells were either transfected with ephrinA IFL, or mock- 

transfected. 72 hours post-transfection, cells were detached using 1 mM EDTA in PBS, 

washed three times in PBS and then added at a density of 3 x 10  ̂cells in 1 ml of PBS to 

an 80% confluent 60 mm dish of EpH4 cells (seeded 24 hours earlier in 0.5% FCS- 

containing medium). Following a 10 minute co-culture at 37°C, the EpH4 cell 

monolayer was washed extensively in PBS to remove the COS cells. EpH4 cells were 

then lysed and subjected to immunoprécipitation with an anti-EphA2 antibody. Western 

blotting was then performed using an anti-EphA2 antibody and an anti-phosphotyrosine 

antibody. The EphA2 receptor became tyrosine phosphorylated at low levels by the 

ephrinA IFL-transfected COS cells but not by the mock transfectants (Figure 6.14). 

Soluble ephrinA IFc, at a concentration of 1 pg/ml, again induced a significant amount 

of EphA2 tyrosine phosphorylation.
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Figure 6.14. Membrane-Bound Full Length EphrinAl Activates the EphA2 Receptor 
in EpH4 Cells
COS-7 cells were transfected with ephrinA IFL, or mock-transfected. 72 hours post­
transfection, the cells were detached from dishes using 1 mM EDTA in PBS, resuspended 
in 1 ml PBS and overlayed onto EpH4 cells for 10 minutes before being extensively 
washed off with PBS. EphA2 was immunoprecipitated from cell lysates using an anti- 
EphA2 antibody (Santa Cruz) and subjected to SDS-PAGE and western blot analysis using 
(a) an anti-EphA2 antibody (UBI), or (b) an anti-phosphotyrosine antibody.
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6.3 Discussion
The results in this chapter have described the cloning and expression of ephrinAl as 

both a full length and a soluble Fc fusion protein using RNA prepared from virgin 

mouse mammary gland. Andres and colleagues have previously reported the presence 

of RNA for the EphA2 receptor in the virgin mammary gland (Andres et al,  1994), thus 

the expression of both receptor and ligand in mammary gland strongly implies that 

EphA2-mediated signalling occurs in this tissue. Since RNA from whole mammary 

gland was used for reverse transcription, it is not possible to identify the cell type 

responsible for ephrinAl RNA expression from this study. However, this issue could 

be resolved by performing in situ hybridisation or immunohistochemistry. It would be 

interesting to see if ephrinAl exists in the same cell type as EphA2, as this would imply 

the presence of an autocrine loop. It has recently been reported that ephrinAl protein is 

co-expressed with EphA2 in both tumour cells and endothelial cells of mammary 

tumours (Ogawa et a l,  2000), suggesting that both autocrine and paracrine signalling 

may exist in the transformed mammary gland. Furthermore, ephrinAl expression has 

been reported in ZR-S human breast carcinoma cells (Shao et a l,  1995). However, 

expression of ephrinAl in non-neoplastic mammary tissue has not been studied in any 

detail.

EphrinAl was expressed as an Fc fusion protein which was secreted into the 

surrounding conditioning medium over a 72 hour period as detected by both an anti­

mouse (Fc specific) antibody and an anti-ephrinA 1 antibody. Maximal yield of the 

protein was obtained by replacing the medium after 48 hours of conditioning and 

harvesting the second batch a further 24 hours later. The observation that this gave a 

better yield than a single 72 hour conditioning period could be due to degradation of the 

fusion protein over this extended time, or it might suggest that an accumulation of 

recombinant ephrinA IFc in the conditioned medium was detrimental to the production 

and/or secretion of more protein. It is possible that in COS cells, which express 

endogenous EphA2 receptor, prolonged exposure to the exogenously secreted 

ephrinA IFc resulted in chronic Eph signalling which adversely affected the cells. 

However, it was not known at this stage whether the recombinant protein was 

biologically active. Biological activity was subsequently demonstrated using 

conditioned medium from ephrinA 1 Fc-transfected cells, which was seen to markedly 

increase the phosphotyrosine content of WT38 cells. It was not possible to quantify the 

concentration of ephrinA IFc in the conditioned medium, but the failure to produce
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significantly large amounts by large-scale transfection and purification suggests that 

ephrinA IFc was only present in small concentrations. In accordance with this, Bartley 

and colleagues demonstrated the ability of unclustered ephrinAl to induce 

phosphorylation of the EphA2 receptor at concentrations as low as 16 ng/ml (Bartley et 

aZ., 1994).

Conditioned medium containing recombinant ephrinA IFc was found to induce tyrosine 

phosphorylation of the EphA2 receptor in the presence of an anti-Fc antibody at both 1 

)Xg/ml and 10 |ig/ml. Thus, a 10-fold difference in the amount of clustering reagent 

failed to affect the amount of EphA2 tyrosine phosphorylation. In addition, the ability 

of soluble ephrinA IFc to activate the EphA2 receptor was demonstrated not to be a 

function of receptor density in WT38 cells, as tyrosine phosphorylation of the 

endogenous EphA2 receptor was also induced in naïve N1H3T3 cells. In this 

experiment, conditioned medium was bioactive in the absence of an exogenous 

clustering agent. Conditioned medium, again lacking a clustering agent, also stimulated 

tyrosine phosphorylation of the endogenous EphA2 receptor in EpH4 mammary 

epithelial cells. These observations strongly imply that recombinant ephrinA IFc was 

bioactive in the absence of a clustering agent. In support of this, commercially available 

purified soluble ephrinA IFc induced tyrosine phosphorylation of the EphA2 receptor in 

all mammary cell lines tested.

EphrinAl was initially identified as a soluble protein in HUVEC conditioned medium, 

and indeed, a membrane-bound form could not be detected in these cells (Holzman et 

al,  1990). Soluble ephrinAl, again present in conditioned medium, was subsequently 

identified as the ligand for the EphA2 receptor, as it was able to induce EphA2 tyrosine 

phosphorylation (Bartley et al, 1994). Davis and colleagues, however, demonstrated 

that only when a myc-tagged ephrinAl monomer was clustered with an anti-myc 

antibody was it able to activate the EphA5 receptor. However, whereas soluble 

ephrinA Imyc was able to induce low level activation of an EphA2/FGF chimeric 

receptor-expressing reporter cell, monomeric ephrinA3myc failed to do so, suggesting 

that the ability of soluble ligands to evoke responses may be dependent on the particular 

receptor-ligand interaction (Davis et al,  1994). Many other groups have taken 

advantage of the ability of Fc domains to spontaneously dimerise to study Eph receptor 

activation and receptor-substrate recruitment, with differing results. Pandey and 

colleagues used ephrinAl Fc to induce endothelial cell migration (Pandey et a l,  1995b),
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and to demonstrate phosphorylation dependent p85- and SLAP- EphA2 interactions 

(Pandey et a l,  1994; Pandey et al, 1995a). Other groups have also used both ephrinA- 

and ephrinB-Fc fusion proteins in the absence of further clustering to activate Eph 

receptors (Gale and Yancopoulos, 1997; Park and Sanchez, 1997; Choi et a l,  1999), 

whereas in several other cases, although high affinity interactions were demonstrated 

using biochemical techniques, receptor activation was not induced until the ligandFcs 

were clustered (Sakano et a l,  1996; Ohta et al, 1997), and in some instances activation 

could only be demonstrated using the membrane-bound form (Ciossek and Ullrich, 

1997). This may be due to differences between research groups in the preparation of the 

purified ligand, or it may differ according to which ligand-receptor pair is being studied. 

In general, ephrinB ligands appear to show greater requirement for higher order 

clustering, whereas ephrinA ligand interactions appear to be dependent on which ligand- 

receptor pair is being studied (Gale and Yancopoulos, 1997). In addition, earlier 

binding studies using Fc-tagged receptor or ligand fusion proteins suggested that there 

was a great deal of overlap in the repertoire of receptor-ligand interactions (Gale et a l , 

1996a). However, Lackmann and colleagues employed a number of biochemical 

techniques to postulate that several of these in vitro ligand-receptor interactions may not 

exist in vivo, or may exist only in areas of very high ligand-receptor density (Lackmann 

et a l,  1997). Additionally, other Eph-ephrin interactions may serve to stabilise 

otherwise weaker interactions, again illustrating the importance of demonstrating 

receptor activation in vivo. Lackmann has proposed a model for receptor activation 

whereby a high ligand concentration favours receptor clustering which, on reaching a 

critical level, results in receptor oligomerisation (Lackmann et a l,  1998). Accordingly, 

several groups have proposed that soluble ligands act as receptor antagonists by binding 

to the receptor but preventing its activation in a dominant negative manner (Winslow et 

al,  1995; Durbin et al, 1998). However, as previously reported, and as demonstrated 

within this chapter, this does not appear to hold true in the case of ephrinAl, as soluble 

ephrinAl is able to induce tyrosine phosphorylation of the EphA2 receptor (Bartley et 

al,  1994). Thus, it appears that ephrinAl is entirely effective in both a soluble and a 

clustered form at inducing EphA2 phosphorylation.

Furthermore, COS cells expressing recombinant full length ephrinAl were also able to 

induce tyrosine phosphorylation of the EphA2 receptor in EpH4 cells. Recombinant 

full length ephrinAl protein was expressed as a number of distinct forms in COS cells. 

In addition to the expression of full length recombinant ephrinAl of the predicted
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molecular size, a number of larger anti-ephrinA 1 immunoreactive protein forms were 

observed. It is likely that these forms are the consequence of differential protein 

glycosylation, although this was not directly demonstrated. Higher molecular weight 

forms of both soluble and membrane-bound ephrinAl have previously been observed 

(Holzman et a l,  1990; Easty et a l,  1999) and attributed to glycosylation, although this 

has not been demonstrated. Interestingly, western blot analysis of mouse mammary 

gland tissue demonstrated that two molecular weight forms of anti-ephrinA 1 

immunoreactive protein were expressed at different stages of the reproductive cycle 

(data not shown). Whereas a ~ 25 kDa anti-ephrinA 1 immunoreactive protein was 

observed in the mammary gland of virgin and pregnant mice, mammary glands 

undergoing lactation were seen to express a protein of higher molecular weight 

(approximately 45 kDa). Since it has been reported that the activity of a number of the 

enzymes involved in glycosylation is influenced by the hormonal status of the 

mammary gland (Vijay, 1998), this may provide an explanation for this observation. 

Moreover, differential glycosylation may have important consequences for ephrinAl 

function.

In summary, the experiments undertaken in this chapter have shown that both full length 

recombinant ephrinAl and soluble recombinant ephrinA IFc were effective at inducing 

EphA2 receptor autophosphorylation in all cell lines tested.
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Chapter 7

Signalling Through the EphA2 Receptor in 

Mammary Epithelial Cells

7.1. Introduction
Eph receptors have been proposed to perform roles in diverse processes, from axon 

fasciculation to the establishment of rhombomere boundaries. The signalling pathways 

downstream of activated Eph receptors that may mediate such processes have only 

recently begun to be elucidated. Changes in cell morphology are common to many of 

the responses evoked in vitro by Eph receptor activation, and it has indeed been 

demonstrated that Eph receptor activation affects regulation of the actin cytoskeleton 

(Magal et a l,  1996; Wahl et a i,  2000). In addition to mediating such immediate 

effects, Eph receptor activation is likely to have pleiotropic effects and be involved in 

the regulation of longer-term responses, as has been demonstrated for other RTKs, such 

as the PDGF receptor. These effects may involve changes in gene transcription, 

enabling cells to adapt to a new environment or to maintain the initial response. Like 

that of other RTKs, the outcome of Eph receptor signalling will depend on, among a 

number of factors, the repertoire of signalling molecules that the activated receptor 

recruits in response to ephrin-induced dimérisation and the duration of the response. 

With regard to the latter, dramatic differences in the outcome of PC 12 cell behaviour 

(with respect to differentation or proliferation) can occur depending on whether MAPK 

activation is sustained or transient (Marshall, 1995). A similar scenario operating in 

Eph signalling could also have significant consequences on the cellular response.

Studies undertaken in this chapter made use of soluble, recombinant ephrinA IFc to 

investigate Eph receptor-mediated signalling in EpH4 and EpRas mammary epithelial 

cell lines, with initial experiments focussing on the interaction of endogenous EphA2 

with ephrinA IFc.
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7.2. Results
7.2.1. EphrinAlFc Elicits a Rapid and Transient Increase in EphA2 

Tyrosine Phosphorylation in Mammary Epithelial Cells

In Section 6.2.8, a 10 minute treatment with 1 |Xg/ml of recombinant ephrinA IFc was 

shown to induce EphA2 receptor tyrosine phosphorylation in a number of mammary 

epithelial cell lines. To gain further information about the dynamics of EphA2 receptor 

phosphorylation and its potential effects on downstream signalling, the activation 

profile of the EphA2 receptor in response to ephrinA IFc stimulation was analysed over 

a 3 hour time course in both EpH4 and EpRas cells.

Subconfluent EpH4 and EpRas cells were stimulated for 0, 2, 5, 10, 30, 60, 120 and 180 

minutes with 1 |ig/ml ephrinAl Fc prior to immunoprécipitation of the EphA2 receptor 

with an anti-EphA2 antibody. Both the steady-state protein levels and the tyrosine 

phosphorylation status were analysed by western blotting using an anti-EphA2 antibody 

and an anti-phosphotyrosine antibody.

EphrinA IFc-dependent phosphorylation of EphA2 in EpH4 cells was transient, with 

maximal phosphorylation occurring between 2 and 10 minutes, but residual levels were 

still detectable after 180 minutes (Figure 7.1b). Steady-state receptor levels were seen 

to decrease after 30 minutes, at which point the phosphotyrosine content also decreased 

(Figure 7.1a). The rapid induction of EphA2 phosphorylation was reproduced in EpRas 

cells, although phosphorylated EphA2 could still be detected even after 180 minutes of 

incubation with ephrinA IFc, presumably reflecting the higher steady-state levels of 

EphA2 receptor in the EpRas cells (Figure 7.2b). Again, steady-state receptor levels 

were seen to decrease after 30 minutes of stimulation with ephrinA IFc (Figure 7.2a(i)), 

concomitant with the appearance of a protein of ~ 50 kDa, which could be detected 

using both the anti-EphA2 antibody (Figure 7.2a(ii)) and the anti-phosphotyrosine 

antibody (Figure 7.2b). Incubation of EpH4 or EpRas cells with 1 pg/ml of human Fc 

or human IgG did not induce tyrosine phosphorylation of the EphA2 receptor, and it can 

be seen that the steady-state levels of EphA2 protein in these samples remained 

comparable to those seen in unstimulated cells.
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Figure 7.1. EphA2 is Rapidly and Transiently Tyrosine Phosphorylated in Response 
to EphrinAlFc in EpH4 Cells
5 X 10-'’ EpH4 cells were plated in 60 mm dishes and cultured for 16 hours in growth 
medium containing 0.5% PCS. Cells were treated with 1 pg/ml ephrinA IFc for 0, 2, 5, 
10, 30, 60, 120 or 180 minutes, or 1 pg/ml of purified human Fc (hFc) or human IgG 
(hlgO) for 7 minutes. EphA2 was immunoprecipitated from RIPA lysates using an anti- 
EphA2 antibody (Santa Cruz) and subjected to SDS-PAGE and western blotting using 
(a) an anti-EphA2 antibody (UBI), or (b) an anti-phosphotyrosine antibody.
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Figure 7.2. Eph A 2 is Rapidly and Transiently Tyrosine Phosphorylated in 
Response to EphrinAlFc in EpRas Cells
5 X 10-“' EpRas cells were plated in 60 mm dishes and cultured for 16 hours in growth 
medium containing 0.5% ECS. Cells were treated with 1 gg/ml ephrinA IFc for 0, 2, 
5, 10, 30, 60, 120 or 180 minutes, or 1 gg/ml of purified human Fc (hFc) or human 
IgG (hlgO) for 7 minutes. EphA2 was immunoprecipitated from RIPA lysates using 
an anti-EphA2 antibody (Santa Cruz) and subjected to SDS-PAGE and western 
blotting using (a) an anti-EphA2 antibody (UBI) ((ii) represents prolonged exposure 
of (i)), or (b) an anti-phosphotyrosine antibody.
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Figure 7.3. EphA2 Associates with EphrinAlFc in EpH4 and EpRas Cells
5 X 10-“’ EpH4 cells (a) or EpRas cells (b) were plated in 60 m m  dishes and cultured for 16 
hours in growth medium containing 0.5% PCS. Cells were treated with 1 pg/ml 
ephrinA IFc for 0, 2, 10, 30, 60, 120 or 180 minutes, or a control Fc fusion protein, MagFc, 
for 5 minutes. Cells were lysed in MAPK lysis buffer and lysates incubated with protein 
A-Sepharose. Eluted proteins were then subjected to SDS-PAGE and western blotting 
using an anti-EphA2 antibody (UBI).
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7.2.2. EphrinAlFc Interacts Stably with the EphA2 Receptor

The rapid increase in EphA2 tyrosine phosphorylation induced by ephrinA IFc implied 

that ephrinA IFc was promoting the formation of EphA2 dimers, thereby causing 

receptor autophosphorylation by increasing intrinsic kinase activity. To determine 

whether recombinant ephrinA IFc was able to interact with the EphA2 receptor in both 

EpH4 and EpRas cells, cells were stimulated for 0, 2, 10, 30, 60, 120 and 180 minutes 

with 1 |Xg/ml ephrinA IFc before lysates were prepared using a mild lysis buffer (MAPK 

lysis buffer -  Section 2.3.1.4). In order to isolate ephrinAl-associated proteins, lysates 

were incubated with protein A-Sepharose to capture ephrinA IFc via the Fc tag. 

Proteins bound to the Sepharose beads were eluted in sample buffer and subjected to 

SDS-PAGE. Western blot analysis using an anti-EphA2 antibody demonstrated that 

EphA2 was present (Figure 7.3). In both EpH4 and EpRas cells, the largest amount of 

full length EphA2 was found to be associated with the protein A-Sepharose-ephrinA1 Fc 

complex between 2 and 30 minutes, with a moderate amount after 60 minutes, and trace 

levels between 2 and 3 hours. Anti-EphA2 immunoreactive protein was not pulled 

down by protein A-Sepharose alone in the absence of ephrinA IFc, and no EphA2 was 

seen to associate with a control Fc chimeric protein, MagFc (myelin associated 

glycoprotein).

7.2.3. EphrinAlFc Induces Downregulation of MAPK Activity in 

EpH4 Cells

A number of RTKs are able to influence the activity of the MAPK pathway. In addition 

to promoting cell proliferation, activation of MAPK is able to enhance cell migration by 

phosphorylating cytoplasmic proteins and mediating changes in gene transcription.

Thus, to investigate a potential role for MAPK in Eph-mediated signalling in mammary 

epithelial cells, the effect of exogenous addition of ephrinA IFc upon MAPK activity 

was studied in EpH4 cells. Levels of dually phosphorylated MAPK were measured 

using an anti-phosphoMAPK antibody, whereas the activity of MAPK towards an 

exogenous substrate, MBP, was measured by an in vitro kinase assay (Section 2.3.9.4). 

EpH4 cells were treated with ephrinA IFc at 1 jig/ml for 0, 2, 5, 10, 30, 60 and 120 

minutes. Two dishes of EpH4 cells were also treated with 1 jiig/ml of human Fc or 

human IgG as negative controls. Lysates were prepared from the cells and subjected to
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either SDS-PAGE and western blotting, or immunoprécipitation with an anti-MAPK 

antibody followed by an in vitro kinase assay.

Levels of dually phosphorylated MAPK (p42 and p44) had decreased after the addition 

of ephrinA IFc to EpH4 cells for 2 minutes, reaching their lowest between 5 and 10 

minutes, and then gradually increasing (Figure 7.4a). After stimulating the cells for 2 

hours, levels of phosphorylated MAPK almost resembled those of unstimulated cells. 

Phosphorylation of MAPK was unaffected by the addition of 1 p.g/ml of human Fc or 

human IgG for a 7 minute period. The addition of ephrinA IFc did not affect steady- 

state levels of MAPK protein (Figure 7.4b).

The activity of MAPK, as measured by its ability to phosphorylate MBP, was also 

decreased by the addition of ephrinA IFc (Figure 7.4c and d). The specific activity of 

MAPK decreased transiently, reaching its lowest level (0.09 pmol/mg/min) after 

treating the cells with ephrinA IFc for 5-10 minutes, and then almost returning to 

unstimulated levels (0.25 pmol/mg/min) after 1-2 hours (Figure 7.4d). Accordingly, 

levels of phosphorylated MBP were approximately 3-fold less following treatment of 

FpH4 cells with ephrinA IFc for 5-10 minutes than those of unstimulated cells, but were 

unaffected by the addition of human Fc or human IgG (Figure 7.4c).

7.2.5. EpRas Cells Partially Overcome the EphrinAlFc-Induced 

Downregulation of MAPK Activity

In accordance with upregulation of MAPK phosphorylation in Ras-transformed cells 

lines (Amundadottir and Leder, 1998; Martinez-Lacaci et al,  2000), and as reported 

previously in Section 3.2.4, FpRas cells displayed a markedly higher level of 

phosphorylated MAPK than FpH4 cells (Figure 7.5). The effect of ephrinA IFc on the 

level of MAPK phosphorylation and activity in FpRas cells was assessed in the same 

ways as described for FpH4 cells. EphrinAlFc was able to induce only a slight 

decrease in MAPK phosphorylation, in contrast to the decrease observed in FpH4 cells 

(Figure 7.6a). Steady-state levels of MAPK protein were unaffected by the addition of 

ephrinA IFc. Again, addition of human Fc or human IgG to the cells had no affect on 

levels of phosphorylated MAPK or total protein levels (Figure 7.6b).
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Figure 7.4. EphrinAlFc Downregulates MAPK Activity in EpH4 Cells
5 X 10-“’ EpH4 cells were plated in 60 mm dishes and cultured for 16 hours in growth medium 
containing 0.5% FCS. Cells were treated with 1 pg/ml ephrinA IFc for 0, 2, 5, 10, 30, 60 or 
120 minutes, or 1 pg/ml of purified human Fc (hFc) or human IgG (hIgG) for 7 minutes prior 
to lysis, (a) and (b) 25 |ig  of precleared lysate was subjected to SDS-PAGE and western 
blotting using either (a) an anti-phosphoMAPK antibody, or (b) an anti-MAPK antibody, (c) 
and (d) 50 |ig  of precleared lysate was immunoprecipitated with an anti-MAPK antibody and 
subjected to an in vitro kinase assay using MBP as a substrate. Phosphorylated MBP was 
then (c) subjected to SDS-PAGE and autoradiography, or (d) spotted onto P81 paper, washed 
in orthophosphoric acid and counted in a scintillation counter. Error bars denote standard 
error of the mean of three immunoprécipitations per sample.

249



EpH4 EpRas

a) p44

p42

Western blot: anti-phosphoMAPK

b) %

Western blot: anti-MAPK

Figure 7.5. Comparison of MAPK Phosphorylation in EpH4 and EpRas Cells
5 X 10*' EpH4 and EpRas cells were plated in 60 mm dishes and cultured for 16 
hours in growth medium containing 0.5% PCS. 25 pg of precleared lysate was 
then subjected to SDS-PAGE and western blotting with (a) an anti-phosphoMAPK 
antibody, or (b) an anti-MAPK antibody.
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Figure 7.6. EpRas Cells Partially Overcome EphrinAlFc-M ediated MAPK Inhibition
5 X 10-“’ EpRas cells were plated in 60 mm dishes and cultured for 16 hours in growth medium 
containing 0.5% FCS. Cells were treated with 1 pg/ml ephrinA lFc for 0, 2, 5, 10, 30, 60 or 
120 minutes, or 1 pg/ml of purified human Fc (hFc) or human IgG (hIgG) for 7 minutes prior 
to lysis, (a) and (b) 25 pg of precleared lysate was subjected to SDS-PAGE and western 
blotting using either (a) an anti-phosphoMAPK antibody, or (b) an anti-MAPK antibody, (c) 
and (d) 50 pg of precleared lysate was immunoprecipitated with an anti-MAPK antibody and 
subjected to an in vitro kinase assay using MBP as a substrate. Phosphorylated MBP was then 
(c) subjected to SDS-PAGE and autoradiography, or (d) spotted onto PHI paper, washed in 
orthophosphoric acid and counted in a scintillation counter. Error bars denote standard error of 
the mean of three immunoprécipitations per sample.
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The activity of MAPK in EpRas cells towards MBP was also slightly impaired by the 

addition of ephrinAlFc (Figure 7.6c and d). The specific activity of MAPK was 

approximately two-fold less in cells treated with ephrinAlFc for 5 minutes (0.18 

pmol/mg/min) than in unstimulated cells (0.32 pmol/mg/min). Accordingly, a slight 

transient decrease in phosphorylated MBP was also observed upon treatment of FpRas 

cells with ephrinAlFc (Figure 7.6c). Addition of human Fc or human IgG did not 

decrease the activity of MAPK towards MBP (Figures 7.6c and d).

In agreement with Figure 7.5, where FpRas cells were shown to have increased levels of 

phosphorylated MAPK over FpH4 cells, the specific activity of MAPK towards MBP in 

unstimulated FpRas cells was higher (at 0.32 pmol/mg/min) than in unstimulated FpH4 

cells (0.23 pmol/mg/min).

7.2.6. Downregulation of MEK Activity by EphrinAlFc

The decrease in MAPK activity observed in FpH4 cells, and to a lesser extent in FpRas 

cells, upon addition of ephrinAlFc could be due to the decreased activity of MFK, or 

the increased activity of a MAPK phosphatase. To analyse the role of MFK in the 

observed downregulation of MAPK, western blotting using phospho-specific antibodies 

directed against dually phosphorylated MFK (anti-phosphoMFK) and MFK activity 

assays, measuring the activity of MFK towards recombinant GST-p42 MAPK (Section 

2.3.9.3), were performed. FpH4 cells and FpRas cells were treated with 1 |ig/ml of 

ephrinAlFc for 0, 7, 25 or 40 minutes, or human IgG at 1 |ig/ml for 7 minutes, before 

lysates were prepared and subjected to either SDS-PAGF and western blotting, or 

immunoprécipitation with an anti-MFK antibody followed by an in vitro kinase assay.

Western blot analysis with anti-phosphoMFK revealed that addition of ephrinAlFc to 

FpH4 cells resulted in a marked downregulation of levels of phosphorylated MFK, 

which was apparent at the 7 and 25 minute time points (Figure 7.7a). By 40 minutes, 

the level of phosphorylated MFK appeared to be increasing slightly. The addition of 

human IgG had no effect on the phosphorylation of MFK. Steady-state levels of MFK 

were not affected by the addition of either ephrinAl or human IgG (Figure 7.7b).
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Figure 7.7. EphrinAlFc Downregulates MEK Activity in EpH4 Cells
5 X 10  ̂ EpH4 cells were plated in 60 mm dishes and cultured for 16 hours in growth 
medium containing 0.5% FCS. Cells were treated with 1 pg/ml ephrinA lFc for 0, 7, 25 or 
40 minutes, or I pg/ml of human IgG (hIgG) for 7 minutes prior to lysis, (a) and (b) 25 pg 
of precleared lysate was subjected to SDS-PAGE and western blotting using (a) an anti- 
phosphoMEK antibody or (b) an anti-MEK antibody (NEB), (c) and (d) 75 pg of 
precleared lysate was immunoprecipitated with an anti-MEK antibody (Transduction Labs) 
and subjected to an in vitro kinase assay using GST-p42 MAPK as a substrate. Samples 
were then subjected to SDS-PAGE and western blotting using (c) an anti-phosphoMAPK 
antibody, or d) an anti-MEK antibody (NEB).
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Figure 7.8. EphrinAlFc-M ediated MEK Inhibition is Partially Overcome in EpRas Cells
5 X 10  ̂EpRas cells were plated in 60 mm dishes and cultured for 16 hours in growth medium 
containing 0.5% FCS. Cells were treated with 1 pg/ml ephrinA lFc for 0, 7, 25 or 40 minutes, 
or 1 pg/ml of human IgG (hIgG) for 7 minutes prior to lysis, (a) and (b) 25 pg of precleared 
lysate was subjected to SDS-PAGE and western blotting using (a) an anti-phosphoMEK 
antibody or (b) an anti-MEK antibody (NEB), (c) and (d) 75 pg of precleared lysate was 
immunoprecipitated with an anti-M EK antibody (Transduction Labs) and subjected to an in 
vitro kinase assay using GST-p42 MAPK as a substrate. Samples were then subjected to 
SDS-PAGE and western blotting using (c) an anti-phosphoMAPK antibody or (d) an anti- 
MEK antibody (NEB).
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The activity of MEK towards exogenous GST-p42 MAPK was also strongly, but 

transiently, inhibited by the addition of ephrinAlFc to EpH4 cells (Figure 7.7c). MEK 

activity was most compromised at the 7 minute time point but appeared to be increasing 

again following treatment with ephrinAlFc for 40 minutes. Equal amounts of MEK 

were immunoprecipitated from the cell lysates (Figure 7.7d).

MEK phosphorylation and activity towards GST-p42 MAPK was only slightly impaired 

in EpRas cells in response to ephrinAlFc. The level of phosphorylated MEK was only 

marginally reduced after treatment with ephrinAlFc for 7 minutes, after which levels 

were almost unaffected (Figure 7.8a). MEK activity towards GST-p42 MAPK was 

similarly affected (Figure 7.8c and d).

7.2.7. EphrinAlFc Induces Cytoskeletal Changes in Mammary 

Epithelial Cells

Changes in the actin cytoskeleton are known to affect cell morphology and motility. To 

determine whether ephrinAl was able to induce cytoskeletal changes in mammary 

epithelial cells, EpH4, EpRas and MDA-MB-231 cells were treated with 1 jLig/ml of 

ephrinAlFc over a 2 hour period, and filamentous actin (F-actin) was visualised using 

Alexafluor-conjugated phalloidin (Section 2.3.13). Prior to the addition of ephrinAlFc, 

lamellae, fine actin bundles, and F-actin associated with cell junctions were observed in 

FpH4 cells. Lamellae, actin bundles, and cell junction-associated F-actin were also 

apparent in FpRas cells. Lamellae were absent in MDA-MB-231 cells, however, 

punctate staining was apparent within the cells. Treatment with ephrinAlFc induced 

the formation, around the periphery of both individual cells and cells within colonies, of 

hair-like projections of considerable length, resembling filopodia (Figure 7.9a-c). Such 

structures were rarely observed in unstimulated cells, or control cells treated with hIgG. 

EphrinAlFc-induced microspike formation was rapid, occurring within 2-5 minutes of 

ephrinAlFc treatment. However, the nature of the response was transient, with the 

number of microspikes gradually decreasing over a 2 hour period of ephrinAlFc- 

treatment (data not shown).
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Figure 7.9. EphrinAlFc Induces the Formation of Filopodia in Mammary Epithelial Cells

1 X 10^ (a) EpH4, (b) EpRas or (c) M DA-M B-231 cells were plated onto coverslips in 60 mm dishes and 

cultured for 16 hours. Cell were then treated with 1 |ig/m l ephrinA lF c for 0, 2, 5 and 10 minutes, or 1 

|ig /m l o f hum an IgG (hlgO) for 2 or 5 minutes, prior to fixation with 4%  paraform aldehyde. F ilam entous 

actin was then stained using Alexafluor-conjugated phalloidin and visualised by confocal microscopy. 

(xlOO) indicates that cells were viewed using the lOOx objective. For all other images, cells were viewed 

using the 63x objective. Scale bars represent 20 |im.
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7.2.9. EphrinAlFc does not Activate JNK in EpH4 Cells

Previous reports have suggested that the small GTPases Rac and Cdc42 can act as 

upstream activators of JNK (Coso et al., 1995; Minden et ah, 1995; Olson et a l,  1995), 

To investigate whether treatment of EpH4 cells with ephrinAlFc influenced the activity 

of JNK, three different approaches were taken. BpH4 cells were treated with 1 |ig/ml of 

ephrinAlFc for 0, 5, 10, 25, 40 and 60 minutes, or with 1 |ig/ml of human IgG as a 

negative control. As a positive control for JNK activation, FpH4 cells were treated with 

10 |ig/ml of anisomycin for 30 minutes (Kyriakis et al,  1994). Cell lysates were 

prepared and JNK activity was measured by i) western blotting with an antibody 

directed against the dually phosphorylated JNK (anti-phosphoJNK), ii) 

immunoprecipitating JNK and assaying its activity towards an exogenous substrate, 

GST-ATF2 (Section 2.3.9.5), or iii) incubating lysates with GST-c-Jun and assaying for 

associated kinases in vitro (Section 2.3.9.4).

Only in FpH4 cells treated with anisomycin was phosphorylated JNK detected using the 

anti-phosphoJNK antibody (Figure 7.10a). Unstimulated cells, or cells treated with 

ephrinAlFc or human IgG showed no detectable levels of phosphorylated JNK. Fqual 

amounts of total JNK protein were present in the cell lysates, as detected by an anti-JNK 

antibody (Figure 7.10b). In accordance with previous results, levels of MAPK 

phosphorylation were transiently downregulated by ephrinAlFc (Figure 7.10c), whilst 

steady-state MAPK levels were unaffected (Figure 7.10d), confirming the bioactivity of 

the ligand.

The activity of immunoprecipitated JNK towards GST-ATF2 was measured in response 

to ephrinAlFc treatment. GST-ATF2 was phosphorylated at a basal level by JNK 

immunoprecipitated from lysates of both human IgG- and ephrinAlFc -treated cells 

(Figure 7.10e). Again, only treatment of cells with anisomycin resulted in an increase 

in the activity of JNK. Fqual levels of JNK were immunoprecipitated from the cells 

(Figure 7.1 Of).

Finally, there was no detectable increase in the level of c-Jun-N-terminal kinase activity 

associated with recombinant GST-c-Jun in lysates prepared from cells treated with 

ephrinAlFc (Figure 7.10g). FpH4 cells treated with anisomycin showed a marked 

increase in the amount of phosphorylated GST-c-Jun, as expected.
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Figure 7.10. EphrinAlFc does not Increase JNK Activity in EpH4 Cells
1.5 X 10^ EpH4 cells were plated in 10 cm dishes and cultured for 16 hours in growth 
medium containing 0.5% FCS. Cells were treated with 1 pg/ml ephrinA lFc for 0, 5, 10, 
25, 40 or 60 minutes, 1 pg/ml of human IgG (hlgG) for 10 minutes, or 10 pg/ml 
anisomycin for 30 minutes prior to lysis, (a)-(d) 25 pg of precleared lysate was subjected 
to SDS-PAGF and western blotting using (a) an anti-phosphoJNK antibody, (b) an anti- 
JNK 1 (FL) antibody, (c) an anti-phosphoMAPK antibody or (d) an anti-MAPK antibody, 
(e) and (f) 250 pg of precleared lysate was immunoprecipitated using a rabbit anti-JNK 
(C -17) antibody and subjected to an in vitro kinase assay using GST-ATF2 as a substrate. 
Samples were then subjected to SDS-PAGF and (e) autoradiography or (f) western 
blotting using a goat anti-JNK (C-17) antibody, (g) 250 pg of precleared lysate was 
incubated with 4 pg of GST-c-Jun (1-79) and precipitated on glutathione beads. Samples 
were then subjected to an in vitro kinase assay followed by SDS-PAGF and 
autoradiography.
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7.3. Discussion
7.3.1. Analysis of EphA2 Activation

Levels of tyrosine phosphorylation of the EphA2 receptor induced by soluble 

ephrinAlFc in both EpH4 and EpRas cells were seen to peak at 5-10 minutes, and then 

fall again. This is similar to the activation profiles of other tyrosine kinase receptors 

such as Trk and EGF receptors. Furthermore, in other independent studies, EphA2 

activation by ephrinAlFc was also rapid (Dodge-Zantek et a l, 1999; Miao et a l,  2000). 

Slower induction of receptor phosphorylation has been reported for other Eph receptors, 

for instance tyrosine phosphorylation of EphB2 by ephrinBl was still seen to be 

increasing after 10 minutes, reaching its maximum only after 30-40 minutes of 

stimulation (Gale and Yancopoulos, 1997). However, in addition to reflecting 

differences in the affinity of the particular ligand-receptor interaction, other factors, 

such as the cell type, are likely to contribute to different Eph receptor activation 

profiles.

The steady-state levels of full length EphA2 receptor protein were seen to decrease in 

both EpH4 cells and EpRas cells following induction of high levels of tyrosine 

phosphorylation by treatment with ephrinAlFc. This decrease is most likely a result of 

agonist-induced receptor downregulation, a common occurrence in receptor tyrosine 

kinases (reviewed in Sorkin and Waters, 1993). Ligand binding causes receptors to be 

clustered and internalised into clathrin-coated vesicles, whereupon the ligand-receptor 

complex is delivered to an early endosome. Here, the decision is made on whether to 

recycle the receptor to the membrane or whether to target it for degradation, processes 

which are thought to be the subject of receptor-specific regulation. In the case of the 

EGF receptor, the decision on whether to recycle or degrade is dependent upon 

recruitment of the Cbl adaptor protein to the autophosphorylated receptor. Cbl then 

becomes phosphorylated, resulting in the recruitment of, and subsequent ubiquitination 

by, E2 ubiquitin ligase, (Levkowitz et a l, 1999). This targets the receptor for 

degradation in the late endosome/lysosome by both proteasomal and lysosomal 

mechanisms. Similar mechanisms are thought to operate in other receptors, such as 

PDGF and CSF-1 (Levkowitz et a l, 1999). A recent study (Bao et a l, 2000) suggests 

that phosphorylation by PKC can prevent EGF entering the degradative pathway and 

instead target it for recycling. There is also growing evidence that internalisation may 

serve to target activated receptors to an appropriate location within the cell, in order to
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interact with different signalling complexes to those present at the cell membrane 

(reviewed in Leof, 2000).

The process of Eph receptor downregulation has not been studied, but the rapid decrease 

in levels of full length EphA2 protein as a result of ephrinAlFc stimulation suggests 

that the response to receptor activation is tightly controlled in mammary epithelial cells. 

In the case of EphA2, a -50 kDa protein, which was recognised by both the anti- 

phosphotyrosine and the anti-EphA2 antibody, was observed soon after activation of 

EphA2 by ephrinAlFc in EpRas cells. The presence of this immunoreactive protein has 

been noted previously on several occasions (e.g. Figure 3.1b, Figure 5.10, Figure 5.11, 

Figure 7.2 and data not shown), and appears to be correlated with EphA2 receptor 

activation either as a result of ligand-induced dimérisation or high levels of protein 

expression. This protein was immunoprecipitated by antibodies directed against the 

carboxy terminus of EphA2, and is therefore likely to represent the intracellular domain. 

A similar sized band was also observed following immunoprécipitation of EphA2 from 

A431 cell lysates using carboxy terminal antisera (Lindberg and Hunter, 1990). Since 

the 50 kDa protein was also recognised by anti-phosphotyrosine antibodies and its 

presence correlated with receptor activation, it seems likely that it corresponds to the 

intracellular domain of EphA2 that has been proteolytically cleaved following 

autophosphorylation. Whether this has the capacity to signal within the cell is 

unknown.

Significantly, an interaction between recombinant ephrinAlFc and EphA2 was 

demonstrated. A high affinity receptor-ligand interaction (K  ̂ = 1.33 nM) has 

previously been reported by measuring the binding of an EphA2Fc fusion protein to 

transiently expressed ephrinAl (Gale et a l, 1996a). Furthermore, the time point at 

which levels of EphA2 protein isolated by ephrinAlFc bound to protein A-Sepharose 

began to diminish appears to correlate with the time at which the levels of full length 

immunoprecipitable EphA2 decreased.

7.3.2. EphrinAlFc-Mediated Downregulation of MAPK

EphrinAlFc was demonstrated to transiently downregulate MAPK phosphorylation and 

activity in EpH4 cells, and to a lesser extent in EpRas cells. EphA2 is a strong 

candidate for mediating this downregulation of MAPK based on its rapid activation in 

response to ephrinAlFc and the demonstration that it is able to physically associate with
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ephrinAlFc. Also relevant is the transient nature of the decrease in MAPK activity, 

which strongly correlates with the transient activation of the EphA2 receptor. Indeed, 

MAPK activity begins to return to pre-stimulated levels concomitant with the 

previously discussed downregulation of EphA2.

7.3.2.I. Possible Causes of the Downregulation of MAPK Activity

Further investigation of upstream components of the MAPK pathway revealed that the 

activity of MEK was also inhibited in EpH4 cells by ephrinAlFc, but to a much lesser 

extent in EpRas cells. Attempts to study the effect of ephrinAlFc on Raf 

phosphorylation and activity were unsuccessful due to problems with assay 

reproducibility. Despite carrying out Raf immunoprécipitations from relatively large 

amounts of total cell lysate (500 jig -  1 mg), basal Raf activity was only just detectable 

(data not shown). Since only a minor proportion of total Raf becomes activated in 

response to MAPK pathway agonists (Hallberg et a l, 1994), small changes in Raf 

activity in response to ephrinAlFc would be difficult to detect, particularly if they 

resulted in decreased activity. The activation of Raf is a complex process (Morrison 

and Cutler, 1997), which is not fully understood. EphrinAlFc may negatively influence 

any of several factors that are involved in regulating aspects of Raf activation, such as 

its recruitment to the plasma membrane (Leevers et a l, 1994), its interaction with 14-3- 

3 proteins (Tzivion et a l, 1998) or its phosphorylation (Mason et a l, 1999), and thus 

negatively impact on MAPK activation. Interestingly, p21-activated kinase (PAK) has 

recently been shown to phosphorylate Raf (Chaudhary et a l, 2000) upon integrin 

activation in a PI3K-dependent manner, therefore there may be a requirement for cell- 

ECM interactions in PAK-mediated Raf activation and, as discussed below, these have 

been shown to be compromised by ephrinAlFc.

Attempts were also made to investigate any potential changes in the activity of either 

Ha-Ras or R-Ras, using the Ras binding domain of Raf coupled to a GST-tag (GST- 

RBD) as a means of isolating active Ras (de Rooij and Bos, 1997), but the assay did not 

prove sufficiently robust for any conclusions to be made. Previous studies have shown 

that p i20 GAP is capable of binding EphB2 and EphB3 (Holland et a l, 1997; Hock et 

a l, 1998). As a GTPase activating protein, p i20 GAP negatively regulates Ras 

signalling pathways (Boguski and McCormick, 1993) and might therefore downregulate 

MEK and MAPK activities. However, analysis of the juxtamembrane motif of EphA2 

and other members of the EphA subfamily reveals a non-conservative substitution in the
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sequence motif to which p i20 GAP binds (Hock et aL, 1998) (from YXXPXE in 

EphB2 and EphB3 to YXXPXQ in EphA2).

The small GTPase R-Ras has recently been demonstrated to become tyrosine 

phosphorylated in response to activation of EphB2 (Zou et a i, 1999). Phosphorylation 

occurred within the effector domain of R-Ras and, consequently, binding to GST-RBD 

was inhibited. Although R-Ras is able to interact with Raf, the issue of whether R-Ras 

is able to activate the MAPK pathway is controversial (Cox et a l, 1994; Rey et a i, 

1994; Marte et a i, 1997; Osada et a i, 1999). Thus, whether Eph receptor-mediated 

tyrosine phosphorylation of R-Ras could function to downregulate MAPK activity is 

unclear.

EphrinAlFc has recently been found to suppress integrin function and cause FAK 

dephosphorylation by recruiting the tyrosine phosphatase Shp2 to the activated EphA2 

receptor (Miao et a i, 2000). Integrin-mediated ‘outside-in’ signalling is known to 

regulate cell growth (Howe et a i,  1998). Tyrosine phosphorylation of FAK, and its 

activity, increase upon engagement of integrins, and a number of signalling molecules 

such as Grb2 and She are recruited to focal adhesions (reviewed in Cary et a l, 1999). 

Signalling via FAK is therefore likely to be responsible for the increase in MAPK 

activity observed upon cell adhesion to the ECM (Chen et a i, 1994; Morino et a l, 

1995; Schlaepfer et a l, 1998). Thus, suppression of integrin function, and 

accompanying déphosphorylation of FAK may be responsible for the ephrinAlFc- 

induced decrease in MAPK activity observed in EpH4 cells.

In EpRas cells, the ephrinAlFc-induced decrease in MAPK phosphorylation and 

activation was partially overcome compared to that observed in EpH4 cells. At the 

level of MEK, the effect of ephrinAlFc was barely detectable in EpRas cells. This 

diminished response to ephrinAlFc by EpRas cells is not unexpected in view of the 

increased levels of MAPK phosphorylation and activity observed in these cells. 

Furthermore, it suggests that in cells with a higher basal activity of MAPK, such as in 

some fully transformed cells, ephrinAlFc-mediated downregulation of MAPK activity 

may be overridden.

Inhibition of MAPK activity in response to Eph receptor activation has not previously 

been reported. Indeed, a recent report suggests that a chimera comprising the
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extracellular domain of EphA5 fused to human Fc caused an increase in MAPK activity 

in ephrinA5-expressing NIH3T3 cells through ‘reverse’-signalling (Davy and Robbins, 

2000). Significantly, engagement of ephrinA5 also induced increased cell attachment 

by activating (31 integrin (Davy and Robbins, 2000; Huai and Drescher, 2001). Thus, 

although these results appear to contradict the findings of Miao and colleagues (Miao et 

a l, 2000) in terms of promotion of integrin function, they do confirm that integrin 

activation and MAPK activation are positively linked. The difference in integrin 

function observed by the two groups may be due to the use of different cell types, or to 

the difference in response between receptor-induced ligand activation and ligand- 

mediated receptor activation. A second group have also reported an increase in MAPK 

activity in response to Eph receptor activation. Zisch and colleagues observed an 

increase in the activity of recombinant MAPK towards MBP when it was co-transfected 

into 293 cells with wild-type EphB2, but not when it was co-transfected with a kinase- 

inactivated form of EphB2 (Zisch et a l, 2000). Although the discrepancy between the 

increase in MAPK activity reported by Zisch and colleagues and the ephrinAl Fc- 

mediated downregulation of MAPK activity presented in this chapter may reflect a 

genuine difference in the response between EphA and EphB receptor subgroups, it may 

also be due to experimental artefacts caused by the high expression levels of the 

recombinant kinases attained in transient transfections. In contrast, experiments carried 

out in this chapter were shown to influence the activity of endogenous components of 

signalling pathways, thereby avoiding such problems.

7.3.2.2. Possible Consequences of the Downregulation of MAPK Activity

As described in Section 1.2.4.2, MAPK can influence the activity of a number of 

cytoplasmic and nuclear proteins. Among the cytoplasmic targets of MAPK is MLCK, 

the activity of which is increased by MAPK phosphorylation (Klemke et a l, 1997). As 

a result, myosin light chains are phosphorylated, and myosin ATPase activity and actin 

cable polymerisation ensue, causing cell contraction and thus migration. Studies by 

Klemke (Klemke et a l, 1997), and more recently by Nguyen (Nguyen et a l, 1999) and 

Fincham (Fincham et a l, 2000) provide evidence that MLCK is involved in MAPK- 

mediated spreading and migration. A number of studies have reported a decrease in 

migration upon treatment of cells with the MEK inhibitor, PD 98059 (Klemke et a l, 

1997; Nguyen et a l, 1998; McCawley et a l, 1999). Interestingly, a decrease in cell 

migration in response to ephrinAlFc was reported by Miao and colleagues (Miao et a l, 

2000). It can be envisaged that decreased cell spreading and migration might underlie
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some of the ‘repulsive’ processes in which Eph receptor signalling has been implicated, 

such as inhibiting cell mixing across rhombomere boundaries.

Previous studies demonstrated that MAPK-induced cell migration was independent of 

changes in gene transcription (Nguyen et aL, 1999). Whether or not the ephrinAl Fc- 

mediated decrease in MAPK activity impinges on aspects of gene transcription remains 

to be studied. MAPK positively regulates the expression of the cyclin D1 protein, the 

accumulation of which is necessary for passing the G1 checkpoint (Lavoie et a l, 1996). 

Interestingly, addition of ephrinAlFc to mammary epithelial cells for 4 hours resulted in 

a decrease in cell proliferation following decreased cell-ECM interactions (Dodge- 

Zantek et a l, 1999), implying that the decrease in MAPK activity does indeed affect 

nuclear activities.

The transient nature of the ephrinAl Fc-induced downregulation of MAPK activity 

appears to correlate strongly with the rapid, but transient, activation of EphA2. The co­

incidence of the restoration of MAPK activity with the downregulation of EphA2 

receptor levels suggests that the ephrinAl Fc-mediated decrease in MAPK levels must 

be tightly regulated. It would be possible to study this effect by downregulating the 

activity of MEK with a compound such as PD 98059 or U0126. However, as this 

approach will only target the MAPK pathway, it is unlikely to provide an accurate 

reflection of the physiological situation in which multiple signalling components 

downstream of EphA2 may be involved. An alternative approach would be to inhibit 

the downregulation of EphA2 whilst continuing to treat the cells with ephrinAlFc, 

which may mimic the effects of chronic ephrinAlFc stimulation.

7.3.3. EphrinAlFc-Mediated Cytoskeletal Changes

EphrinAlFc was seen to induce the formation of microspikes resembling filopodia in 

mammary epithelial cells. Filopodia, which are thought to play a role in helping the cell 

to sense its environment, are regulated by the activity of the GTPase Cdc42, whereas 

Rac and Rho, the other key mediators of cytoskeletal organisation, regulate the 

formation of lamellipodia and stress fibres, respectively (Nobes and Hall, 1995). 

However, attempts to demonstrate that ephrinAlFc treatment increased the activity of 

Cdc42 using the Cdc42-GTP binding domain of PAK coupled to GST-Sepharose in a 

pull-down assay were unsuccessful. An alternative approach to demonstrate that 

activation of Cdc42 was responsible for the formation of filopodia would make use of
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Cdc42 constructs bearing the N17 mutation which should act in a dominant negative 

manner to block the ephrinAl Fc-induced response. In some cases, a hierachical 

activation of the Rho GTPases has been reported, such that Cdc42 is able to activate 

Rac, while Rac is able to activate Rho (Ridley et a l, 1992; Nobes and Hall, 1995; 

Peppelenbosch et a l, 1995). However, this appears not to be the case in the mammary 

epithelial cells used in these studies, as the formation of lamellipodia and stress fibres 

was not induced following treatment with ephrinAlFc. More recently, ephrinAlFc has 

been demonstrated to induce neuronal growth cone collapse by activating Rho (Wahl et 

a l, 2000) and, in this case, the activity of Rac was reduced.

The activity of Rho GTPases, like that of Ras, is controlled by the balance of GEFs and 

GAPs (reviewed in Kaibuchi et a l, 1999), therefore it is likely that the induction of 

filopodia in mammary epithelial cells in response to ephrinAlFc occurs as a result of 

Eph-mediated change(s) in the activity of one or more of these factors. The mechanism 

by which upstream activators influence RhoGEF activity has been most well-studied in 

the Vav family of proteins, whose activity is stimulated by tyrosine phosphorylation 

(Crespo et a l, 1997; Han et a l, 1997; reviewed in Bustelo, 2000). Although the ability 

of Cdc42 activity to be stimulated by members of the Vav family is still a contentious 

issue (Olson et a l, 1996; Han et a l, 1997; Abe et a l, 2000; Bustelo, 2000) tyrosine 

phosphorylation of Vav, either directly by EphA2, or through recruitment of an adaptor 

protein, provides an attractive mechanism by which treatment with ephrinAlFc causes 

the induction of filopodia in mammary epithelial cells. Formation of filopodia in 

response to Met receptor activation by HGF has recently been reported as the first 

instance of Cdc42 activation downstream of a receptor tyrosine kinase (Royal et a l, 

2000).

P13K activation by PDGF is known to regulate the activity of Rac (Hawkins et a l, 

1995). More recently, the PDGF-induced formation of filopodia has been reported to be 

mediated by the p85 subunit of P13K independently of P13K catalytic activity (Jimenez 

et a l, 2000). Since EphA2 activation has been shown to both recruit the p85 subunit of 

P13K, and to stimulate P13K activity (Pandey et a l, 1994), this may also provide a 

means by which filopodia are induced in response to ephrinAlFc.
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7.3.3.I. Possible Consequences of EphrinAlFc-induced Cdc42 Activation

A number of Cdc42 effectors have been reported, including PAK, activated Cdc42- 

associated tyrosine kinase (ACK), IQGAP, Wiscott-Aldrich syndrome protein 

(WASP)/N-WASP and myotonic dystrophy kinase-related Cdc42-binding kinase 

(MRCK) (reviewed in Kaibuchi et aL, 1999; Bishop and Hall, 2000), but recent 

evidence implicates WASP/N-WASP in the formation of filopodia (Miki et a l,  1998). 

In addition to directly binding to actin monomers, both WASP and N-WASP can bind 

and activate the Arp2/3 complex (Machesky and Insall, 1998; Rohatgi et a l, 1999), 

which functions as a site of nucléation for polymerisation of new actin filaments 

(Machesky and Gould, 1999; Welch, 1999).

Addition of ephrinAlFc to mammary epithelial cells was seen to induce filopodia 

around the entire periphery of individual cells, or colonies of cells. This may occur in 

order that these cells ‘sense’ their immediate environment before a migratory response 

is initiated. Filopodia are more frequently observed, together with lamellipodia, at the 

so-called ‘leading edge’ of migrating cells in order that movement is directional, and a 

recent study found that Cdc42 activity was necessary to maintain this cell polarisation in 

migrating fibroblasts (Nobes and Hall, 1999). An active role for Cdc42 in cell 

migration and invasion has been proposed by a number of groups (Keely et a l, 1997; 

Allen et a l, 1998; Banyard et a l, 2000; Royal et a l, 2000). Significantly, Keely and 

colleagues demonstrated that a constitutively activated form of Cdc42 (and Rac) 

disrupted cell polarisation in mammary epithelial cells and enhanced their motility and 

invasion on collagen (Keely et a l, 1997). Although in the case of Rac, downstream 

activation of PAK was excluded as a means by which this occurred, this was not 

demonstrated for Cdc42, and interestingly, increased activation of PAK has been 

implicated in breast cancer cell invasiveness (Adam et a l, 1998; Adam et a l, 2000). 

However, increased activity of PI3K was implicated by Keely and colleagues as being 

sufficient for the Cdc42 and Rac-mediated increase in migration (Keely et a l, 1997).

T.3.3.2. EphrinAl-Mediated Cytoskeletal Changes Occur Independently of JNK

Treatment of EpH4 cells with ephrinAlFc was not found to influence the activity of 

JNK, as measured by three different assays. As yet, there have been no reports that 

activation of EphA receptors can activate the JNK pathway, although increased JNK 

activity in response to activation of EphBl and EphB2 has been reported (Stein et a l.
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1998b; Becker et a l, 2000; Zisch et a l, 2000). This may reflect differences in 

signalling pathways activated by the EphAs and BphBs, since recruitment of the adaptor 

protein Nek was found to be required for the EphBl- and EphB2- mediated increase in 

JNK activity, and a previous study reported that EphA4 was incapable of binding Nek 

(Ellis e ta l,  1996).

A number of groups have reported that Cdc42 and Rac are able to activate JNK and p38 

pathways (Coso et a l, 1995; Minden et a l, 1995), although these findings were the 

result of overexpression of constitutively active forms of Rac and Cdc42 in transient 

assays, whereas experiments carried out in this chapter relied on activation or repression 

of endogenous signalling pathway components. Furthermore, it has also been 

demonstrated that Cdc42 is able to induce the formation of filopodia independently of 

changes in JNK activity (Lamarche et a l, 1996; Puls et a l, 1999). Moreover, Cdc42’'̂ ' 

ES cells show comparable levels of JNK and p38 phosphorylation to wild-type ES cells 

(Chen et a l, 2000). ffowever, although no activation of JNK was detected in response 

to ephrinAlFc treatment, it would certainly be worth investigating the effect of 

ephrinAlFc upon the activity of p38.

The work undertaken in this chapter has resulted in the identification of ephrinAl Fc- 

induced changes in signalling pathways and the cytoskeleton, which may work 

separately or in parallel to direct the behaviour of ligand stimulated cells, with respect to 

both immediate responses and possible longer term consequences resulting from 

changes in gene transcription.

271



Chapter 8 

General Discussion

Receptor tyrosine kinases are key mediators of intercellular communication, perceiving 

extracellular signals and transducing them by means of intracellular cascades to affect 

various aspects of cellular behaviour. The Eph family of receptor tyrosine kinases is 

known to perform roles in several aspects of development, being implicated in diverse 

processes from rhombomere boundary formation to limb development. More recently, 

a role for Eph receptors and their ephrin ligands in vasculogenesis and angiogenesis has 

been proposed. Overexpression of several Eph receptors in a number of different 

cancers has also been reported. In particular, EphA2 mRNA expression is upregulated 

in tumours derived from transgenic mice expressing ras in a mammary-specific manner 

(Andres et a i, 1994). Overexpression of EphA2 protein has also been reported in non- 

transgenic mammary tumours, prostatic tumours and advanced melanomas (Easty et aL, 

1995; Dodge-Zantek et aL, 1999; Walker-Daniels et aL, 1999; Ogawa et aL, 2000). A 

key feature of these tumours is their invasiveness and metastatic potential. Indeed, 

upregulation of EphA2 mRNA was not observed in non-metastatic mammary tumours 

from transgenic mice overexpressing myc (Andres et aL, 1994).

Initial experiments carried out in this thesis demonstrated that EphA2 protein was 

upregulated in mammary tumours of WAPra^ transgenic mice, and characterised an in 

vitro cell culture model in which the upregulation of EphA2 in response to oncogenic 

ras could be recapitulated. The use of selective kinase inhibitors provided evidence that 

signalling via the MAPK pathway was necessary for the observed increase in EphA2 

protein in Ras-transformed mammary epithelial cells. Experiments designed to 

investigate whether the MAPK pathway alone is sufficient to upregulate EphA2 protein 

levels using Ras effector pathway mutants were inconclusive. This was most likely a 

result of the impaired activity of the mutants towards their appropriate effector 

compared with the wild-type Ras oncoprotein (Rodriguez-Viciana et aL, 1997). The 

use of constitutively active MEK or MAPK constructs would circumvent this problem, 

however, the involvement of autocrine factors would be difficult to exclude. Since 

EphA2 is upregulated in mammary epithelial cells transformed by other oncogenes 

(Dodge-Zantek et aL, 1999; Ogawa et aL, 2000), it is possible that further investigation 

would reveal a common method of EphA2 regulation. Experiments making use of the
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MAPK pathway inhibitors in such cell lines would indicate the significance of this 

pathway in the regulation of EphA2 protein expression. Further analysis of the EphA2 

gene is also required with a view to gaining more insight into the transcriptional 

regulation of EphA2, particularly following observations that EphA2 mRNA and 

protein continued to be upregulated in mammary tumours of WAP ras transgenic mice 

in which the EphA2 locus has been disrupted by a gene trap insertional event.

The precise roles of the Eph receptors in tumourigenesis are unknown, however, early 

reports demonstrated that Eph receptors are capable of inducing dramatic changes in 

cell morphology, indicative of a role in modifying cell-cell and cell-ECM interactions. 

In view of the fact that overexpression of EphA2 is coincident with the metastatic 

potential of the tumours in which it is expressed, an active role for EphA2 in the process 

of tumour invasion and metastasis is particularly attractive. Indeed, activation of the 

EphA2 receptor in mammary and prostate epithelial cell lines derived from tumours has 

been demonstrated to decrease cell-ECM interactions (Dodge-Zantek et aL, 1999; Miao 

et a i, 2000). Consistent with these results, attempts to stably overexpress EphA2 in the 

non-transformed mammary epithelial cell line, EpH4, gave rise to a number of cells that 

appeared to lose contact with the substratum. Epithelial cell-ECM attachment is highly 

regulated in normal mammary gland homeostasis -  loss of ECM constituents during the 

period of involution is thought to be responsible for the localised apoptosis of epithelial 

cells through the phenomenon of anoikis. Low level expression of EphA2 may 

therefore be required for changes in cell-ECM interactions involved in the dynamic 

remodelling of the normal mammary gland during the oestrus and reproductive cycles. 

In mammary epithelial cells, EphA2 tyrosine phosphorylation induced by a 

recombinant, soluble form of ephrinAl was observed to be transient, concomitant with a 

decrease in the steady-state levels of full length EphA2 protein. This infers the presence 

of an important mechanism in mammary epithelial cells to regulate the duration of 

EphA2 signalling responses. Indeed, further analysis revealed that addition of 

ephrinAlFc to EpH4 cells resulted in a transient decrease in MEK and MAPK activity. 

Since Miao and colleagues (Miao et aL, 2000) observed a transient decrease in cell- 

ECM attachment upon EphA2 activation, coincident with FAK dephosphorylation, one 

possibility is that decreased outside-in signalling from FAK is responsible for the 

decrease in MAPK activity observed upon treatment with ephrinAlFc. The 

consequences of downregulating MAPK activity have not been fully investigated, but 

may have been a significant factor in the failure to generate stably-overexpressing
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EphA2 mammary epithelial cells. If this were the case, it would be interesting to 

investigate the consequences of overexpressing recombinant MAPK in addition to 

recombinant EphA2 in EpH4 cells. Results from experiments using ephrinAlFc to 

stimulate EphA2 in EpRas cells indicated that the downregulation of MEK and MAPK 

activity in EpRas cells was less extreme than that observed in EpH4 cells. This may 

produce a situation whereby proliferative signals continue to be provided in the absence 

of cell-ECM attachment. Such a phenotype is likely to confer a distinct advantage upon 

the progression of tumours. Thus, overexpression of EphA2 could potentially be used 

as a marker of metastatic tumours.

Moreover, the presence of the Ras oncoprotein may overcome a potential regulatory 

loop that exists in mammary epithelial cells. The observation that EphA2 activation 

downregulates MAPK activity in EpH4 cells, coupled with the findings that MAPK 

activity is necessary for the upregulation of EphA2 protein expression, suggests that in 

non-transformed mammary epithelial cells, the activities of EphA2 and MAPK are 

closely interrelated. In such a scenario, an increase in steady-state levels of EphA2 

above a certain threshold would initiate ligand-independent signalling, thus resulting in 

the downregulation of MAPK activity. Consequently, there is less EphA2 protein, the 

threshold is not exceeded and EphA2-mediated signalling becomes dependent on the 

presence of ephrinAl or another ephrinA ligand. In this manner, downstream effects of 

EphA2 signalling, such as loss of cell-ECM attachment, are subject to tight regulation. 

In contrast, the presence of the Ras oncoprotein would overcome the ephrinA 1- 

mediated downregulation of MAPK to ensure that levels of EphA2 remain high, 

resulting in decreased cell attachment and other EphA2-mediated effects, yet providing 

the necessary signals for the tumour cells to survive and thrive.

Among the additional ephrinAl Fc-induced effects is the rapid formation of filopodia in 

mammary epithelial cells, indicative of a role for Eph-mediated signalling in cell 

motility. Future experiments will focus on the signalling pathways responsible for 

bringing about such changes, and whether this observation occurs independently of 

changes in MAPK activity. Furthermore, it would also be interesting to investigate the 

consequences, with respect to cell morphology and motility, of inhibiting the activity of 

the small GTPase responsible for the cytoskeletal change, upon the behaviour of 

mammary epithelial cells.
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Whilst stable recombinant expression has been used to study the consequences of Eph 

receptor activation in a number of other studies, experiments carried out in this thesis 

made use of recombinant ephrinAl to further study the effects of activating endogenous 

EphA2 in a mammary epithelial cell line. The significance of studying endogenously 

expressed proteins is often disregarded and it is important to acknowledge the 

consequences of overexpressing recombinant proteins several-fold above their 

physiological levels. Nevertheless, establishing stable recombinant protein- 

overexpressing cells can provide a useful tool with which to confirm or further analyse 

observations. As such, it would have been particularly useful to create a stable cell line 

expressing a kinase-defective version of EphA2 to use in conjunction with the inducible 

EphA2WT and EphA2Neu MCF-7 cell lines. Future experiments using these cell lines 

would investigate whether recombinant EphA2 overexpression, either alone, or in 

combination with additional stimuli, could confer any changes upon the adhesive or 

migratory properties of cells, and would investigate the signalling pathways by which 

such changes occur.

In conclusion, experiments carried out within this thesis have demonstrated that active 

EphA2 protein is upregulated in response to the Ras oncoprotein and have implicated 

the MAPK pathway in mediating this upregulation. Evidence is also provided that 

activation of EphA2 downregulates MAPK activity in non-transformed mammary 

epithelial cells, whereas Ras is able to partially overcome this downregulation. 

Subsequent studies also revealed a role for ephrinAl in inducing changes in the actin 

cytoskeleton. A future challenge will be to investigate the importance of EphA2 in 

tumour metastasis and progression and to explore the possibility of inhibiting its activity 

as a potential anti-cancer therapy.
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Appendix 1 -  The Nucleotide and Amino Acid 

Sequences of EphA2

The nucleotide and predicted amino acid sequences of mouse EphA2 (Ganju et a l, 

1994) (accession number X78339) are shown. The initiating methionine is denoted as 

amino acid number 1. The signal peptide sequence is shown in bold, the putative N- 

glycosylation sites are boxed, and the transmembrane sequence is underlined. The two 

conserved tyrosine residues in the juxtamembrane domain are shaded in black. Broken 

arrows represent the subdomains of the kinase domain, according to (Hanks et a i, 

1988).

1 31
- - g  g c a  c g a  g g t  t g t  e t c  t g t  e g g  e g g  g e g  g g e  a g g  a t t  g g g  g e a  e e g  a g a  e e g  g e g  t g e  

61 91
g g a  e a g  e a g  g g a  t e g  e g g  g g g  a g e  g a g  g g g  t g e  g g e  a t g  g a g  e t c  e g g  a e a  g t e  g g t  t t e

M E L R T V G F

1 2 1 / 9  1 5 1 / 1 9
t g e  e t g  g e g  e t g  e t g  t g g  g g t  t g e  g e g  e t g  g e g  g e e  g e g  g e g  g e a  e a g  g g a  a a g  g a a  g t t  
C L A L L W G C A L A A A A A Q G K E V

1 8 1 / 2 9  2 1 1 / 3 9
g t t  t t g  t t g  g a e  t t e  g e a  g e a  a t g  a a g  g g a  g a g  e t c  g g e  t g g  e t c  a e g  e a e  e e e  t a t  g g e
V L L D F A A M K G E L G W L T H P Y G

2 4 1 / 4 9  2 7 1 / 5 9
a a a  g g g  t g g  g a e  e t g  a t g  e a g  a a e  a t e  a t g  g a e  g a e  a t g  e e t  a t e  t a e  a t g  t a e  t e g  g t g
K G W D L M Q N I M D D M P I Y M Y S V

3 0 1 / 6 9  3 3 1 / 7 9
t g e  a a e  g t g  g t a  t e e  g g e  g a e  e a g  g a e  a a e  t g g  e t c  e g e  a e e  a a e  t g g  g t g  t a e  e g g  g a g
C N V V S G D Q D N W L R T N W V Y R E

3 6 1 / 8 9  3 9 1 / 9 9
g a g  g e e  g a g  e g e  a t e  t t t  a t t  g a g  e t c  a a g  t t e  a e g  g t g  e g a  g a e  t g t  a a e  a g e  t t e  e e g
E A E R I F I E L K F T V R D C N S F P

4 2 1 / 1 0 9  4 5 1 / 1 1 9
g g t  g g e  g e e  a g t  t e a  t g e  a a a  g a g  a e e  t t e  a a e  e t c  t a e  t a t  g e a  g a g  t e a  g a t  g t g  g a e
G G A S S C K E T F N L Y Y A E S D V D

4 8 1 / 1 2 9  5 1 1 / 1 3 9
t a t  g g e  a e e  a a e  t t e  e a g  a a g  e g e  e a g  t t e  a e e  a a g  a t t  g a e  a e e  a t e  g e e  e e t  g a e  g a g
Y G T N F Q K R Q F T K I D T I A P D E

5 4 1 / 1 4 9  5 7 1 / 1 5 9
a t e  a e g  g t e  a g e  a g t  g a e  t t e  g a g  g e t  e g e  a a t  g t e  a a g  e t g  a a e  g t a  g a g  g a g  e g e  a t g
I T V S S D F E A R N V K L N V E E R M

6 0 1 / 1 6 9  6 3 1 / 1 7 9
g t g  g g g  e e e  e t t  a e e  e g g  a a g  g g e  t t e  t a e  e t g  g e e  t t e  e a g  g a e  a t e  g g e  g e e  t g e  g t g
v g p l t r k g f y l a f q d i g a c v

6 6 1 / 1 8 9  6 9 1 / 1 9 9
g e g  e t g  e t c  t e e  g t t  e g e  g t e  t a e  t a e  a a g  a a g  t g t  e e e  g a g  a t g  e t g  e a g  a g e  t t g  g e t

^ ^ l s v r v y y k k c p e m l q s l a

7 2 1 / 2 0 9  7 5 1 / 2 1 9
e g e  t t e  e e e  g a g  a e e  a t t  g e t  g t e  g e t  g t e  t e e  g a t  a e a  e a a  e e e  e t g  g e e  a e g  g t g  g e e

R F P E T I A V A V S D T Q P L A T V A
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7 8 1 / 2 2 9  8 1 1 / 2 3 9
g g t  a c c  t g e  g t g  g a c  c a t  g e e  g t g  g t g  c c t  t a t  g g g  g g e  g a g  g g g  e e t  e t c  a t g  e a e  t g e
G T C V D H A V V P Y G G E G P L M H C  

8 4 1 / 2 4 9  8 7 1 / 2 5 9
a e g  g t g  g a t  g g e  g a g  t g g  e t g  g t g  e e e  a t e  g g g  e a g  t g e  e t g  t g e  e a g  g a a  g g e  t a e  g a g
t v d g e w l v p i g q c l c q e g y e

9 0 1 / 2 6 9  9 3 1 / 2 7 9
a a g  g t e  g a g  g a t  g e e  t g e  e g a  g e e  t g t  t e t  e e a  g g a  t t e  t t e  a a g  t e t  g a g  g e a  t e t  g a g
K V E D A C R A C S P G F F K S E A S E

9 6 1 / 2 8 9  9 9 1 / 2 9 9
a g e  e e t  t g e  e t g  g a g  t g t  e e a  g a g  e a t  a e e  e t g  e e a  t e e  a e a  g a g  g g t  g e e  a e e  t e e  t g e
S P C L E C P E H T L P S T E G A T S C  

1 0 2 1 / 3 0 9  1 0 5 1 / 3 1 9
e a g  t g t  g a a  g a a  g g e  t a t  t t e  a g g  g e a  e e t  g a g  g a e  e e a  e t g  t e e  a t g  t e t  t g e  a e g  e g t
Q C E E G Y F R A P E D P L S M S C T R  

1 0 8 1 / 3 2 9  1 1 1 1 / 3 3 9
e e a  e e e  t e t  g e e  e e e  a a e  t a e  e t c  a e g  g e e  a t t  g g e  a t g  g g t  g e e  a a a  g t a  g a a  e t g  e g t
P P S A P N Y L T A I G M G A K V E L R

1 1 4 1 / 3 4 9  1 1 7 1 / 3 5 9
t g g  a e a  g e t  e e e  a a g  g a e  a c t  g g t  g g e  e g e  e a g  g a e  a t t  g t e  t a e  a g t  g t e  a c t  t g e  g a a
W T A P K D T G G R Q D I V Y S V T C E

1 2 0 1 / 3 6 9  1 2 3 1 / 3 7 9
e a g  t g e  t g g  e e a  g a g  t e t  g g e  g a g  t g t  g g g  e e e  t g t  g a g  g e g  a g e  g t g  e g e  t a t  t e a  g a a
Q C W P E S G E C G P C E A S V R Y S E

1 2 6 1 / 3 8 9  1 2 9 1 / 3 9 9
e e t  e e t  e a e  g e e  e t g  a e e  e g e  a e g  a g t  g t g  a e a  g t e  a g t  g a e  e t g  g a g  e e e  e a e  a t g  a a e
P P H A L T R T S V T V S D L E P H M ^

1 3 2 1 / 4 0 9  1 3 5 1 / 4 1 9
t a t  a e e  t t e  g e t  g t e  g a a  g e a  e g e  a a t  g g t  g t e  t e a  g g e  e t g  g t g  a c t  a g e  e g a  a g e  t t e
|y  t | f a v e a r n g v s g l v t s r s f

1 3 8 1 / 4 2 9  1 4 1 1 / 4 3 9
e g g  a c t  g e e  a g e  g t e  a g t  a t t  a a e  e a a  a e a  g a g  e e e  e e e  a a a  g t g  a g g  e t g  g a g  g a e  e g a  
R T A S V S I  | N Q i f  E P K E

1 4 4 1 / 4 4 9  1 4 7 1 / 4 5 9
a g e  a e e  a e e  t e e  e t g  a g t  g t e  a e e  t g g  a g e  a t e  e e g  g t g  t e a  e a g  e a g  a g e  e g t  g t g  t g g
S T T S L S V T W S I P V S Q Q S R V W

1 5 0 1 / 4 6 9  1 5 3 1 / 4 7 9
a a g  t a e  g a a  g t e  a e e  t a e  e g e  a a g  a a g  g g g  g a t  g e e  a a e  a g e  t a t  a a t  g t g  e g e  e g e  a e g
k y e  v t y r k k g d a n s y n v r r t

1 5 6 1 / 4 8 9  1 5 9 1 / 4 9 9
g a a  g g e  t t e  t e e  g t g  a e e  e t g  g a t  g a e  e t t  g e t  e e g  g a t  a e e  a e g  t a e  e t g  g t g  e a g  g t g
e g f s v t l d d l a p d t t y l v q v

1 6 2 1 / 5 0 9  1 6 5 1 / 5 1 9
e a g  g e g  e t g  a e g  e a g  g a g  g g e  e a g  g g a  g e e  g g e  a g e  a a a  g t g  e a e  g a g  t t e  e a g  a e a  e t g
Q A L T Q E G Q G A G S K V H E F Q T L

1 6 8 1 / 5 2 9  1 7 1 1 / 5 3 9
t e e  a e g  g a a  g g a  t e t  g e e  a a e  a t g  g e g  g t g  a t e  g g e  g g t  g t g  g e t  g t a  g g t  g t t  g t t  t t g

I  G G V A V G V V LN M V

1 7 4 1 / 5 4 9  1 7 7 1 / 5 5 9
e t t  e t g  g t a  e t g  g e a  g g a  g t t  g g e  e t c  t t e  a t e  e a t  e g a  a g g  a g g  a g g  a a e  e t g  e g g  g e t  

■ A G V G L F I  H R R R R N L R AV

1 8 0 1 / 5 6 9 1 8 3 1 / 5 7 9
e g e  e a g  t e e  t e t  g a g  g a t  g t e  e g t  t t t  t e e  a a g  t e a  g a a  e a a  e t a  a a g  e e e  e t g  a a g  a e e
R O S S R D V R P  C K - C T r r i T  i r r,  T

1 8 6 1 / 5 8 9  1 8 9 1 / 5 9 9
^ t  g t g  g a t  e e t  e a e  a e t ^ e  g a a  g a e  e e e  a a e  e a g  g e t  g t a  e t c  a a g  t t t  a e e  a e e  g a g  
Q v d  p h t J J e d  P N Q A V L K F T T E

1 9 2 1 / 6 0 9  1 9 5 1 / 6 1 9
a t e  e a e  e e a  t e e  t g t  g t g  g e a  a g g  e a g  a a g  g t e  a t t  g g a  g e a  g g a  g a g  t t t  g g a  g a g  g t e  

" ” ~ S C V A R Q K V I G A G E F G E VH

I
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1 9 8 1 / 6 2 9  
t a t  a a a  g g g  
Y K G

a e g
T

e t g
L

a a g
K

g e a
A

t e e
S

t e g
S

g g g
G

2 0 1 1 / 6 3 9  
a a g  a a g  g a g  
K K E

a t a
I

e e g
P

g t g
V

g e e
A

a t e
I

a a g
K

a e a
T

2 0 4 1 / 6 4 9  
e t g  a a a  g e g  
L K A

g g e
G

t a e
Y

a e t
T

g a g
E

a a g
K

e a g
Q

e g g
R

2 0 7 1 / 6 5 9  
g t g  g a e  t t e  
V D F

II
e t g
L

a g e
S

g a g
E

g e e
A

a g e
S

a t e
I

a t g
M

2 1 0 1 / 6 6 9  
g g e  e a g  t t t

G.......Q.......,
a g e
S

e a e
H

e a e
H

a a t
N

a t e
I

a t e
I

III
e e e
P

2 1 3 1 / 6 7 9  
e t g  g a g  g g e  
L E G

g t g
V

g t e
V

t e t
S

a a a
K

t a e
Y

a a a
K

e e e
P

2 1 6 1 / 6 8 9
a t g  a t g  a t t  
M M I

a t e
I

a e a
T

IV
g a g
E

t a e
Y

a t g
M

g a g
E

a a t
N

2 1 9 1 / 6 9 9  
g g a  g e g  e t a  
G A L

g a e
D

a a g
K

t t e
F

e t t
L

a g g
R

g a g
E

V
a a g
K

2 2 2 1 / 7 0 9  
g a t  g g t  g a g  
D G E

t t e
F

a g t
8

g t a
V

e t t
L

e a g
Q

t t g
L

g t g
V

2 2 5 1 / 7 1 9  
g g e  a t g  e t g  
G M L

a g g
R

g g t
G

a t e
I

g e a
A

t e e
S

g g e
G

a t g
M

2 2 8 1 / 7 2 9  
a a g  t a e  e t g  
K Y L

g e e
A

a a e
N

VI
a t g  a a e  
M N

t a e
Y

g t g
V

e a e
H

2 3 1 1 / 7 3 9  
e g g  g a e  e t g  
R D L

g e e
A

g e e
A

e g e
R

a a e
N

a t e
I

e t e
L

g t e
V

2 3 4 1 / 7 4 9  
a a e  a g e  a a e  
N S N

e t g

\
g t g t g e

C
a a g
K

g t g
V

t e e
S

g a t
D

2 3 7 1 / 7 5 9  
t t t  g g e  e t g  
F G L

t e g
S

e g t
R

g t g
V

e t g
L

g a a
E

g a t
D

g a e
D

2 4 0 1 / 7 6 9  
e e e  g a g  g e e  
P E A

a e e
T

t a e
Y

a e e
T

VII
a e a
T

a g t
S

g g e
G

g g e
G

2 4 3 1 / 7 7 9  
a a g  a t e  e e t  
K I P

a t t
I

e g a
R

t g g
w

a e a
T

g e e
A

e e a
P

g a g
E

2 4 6 1 / 7 8 9  
g e e  a t t  t e e  
A I  S

t a e
Y

e g e
R

a a g
K

t t e
F

a e e
T

VIII
t e a  g e e  
S A

2 4 9 1 / 7 9 9  
a g e  g a t  g t g  
S D V

t g g
W

a g e
S

t a e
Y

g g e
G

a t t
I

g t e
V

a t g
M

2 5 2 1 / 8 0 9  
t g g  g a a  g t g  
W E V

a t g
M

IX
a e t
T

t a t
Y

g g e
G

g a a
E

e g g
R

e e e
P

2 5 5 1 / 8 1 9  
t a e  t g g  g a a  
Y W

e t g

L
t e a
S

a a e
N

e a e
H

g a g
E

g t e
V

a t g
M

2 5 8 1 / 8 2 9  
a a a  g e e  a t e  
K A I

a a e
N

g a e
D

g g e
G

t t e
F

e g g
R

e t e
L

e e t
P

2 6 1 1 / 8 3 9  
a e g  e e e  a t g  
T P M

g a e
D

t g e
C

X
e e t
P

t e a
S

g e e
A

a t t
I

t a e
Y

2 6 4 1 / 8 4 9  
e a g  e t e  a t g  
Q L M

a t g
M

e a g
Q

t g e
C

t g g
W

e a g
Q

e a a
Q

g a g
E

2 6 7 1 / 8 5 9  
e g e  t e e  e g e  
R S R

e g a
R

M.......

e e e
P

a a g
K

XI
t t t
F

g e e
A

g a e
D

a t e
I

2 7 0 1 / 8 6 9  
g t t  a g e  a t e  
V S I

e t g
L

g a e
D

a a g
K

e t e
L

a t e
I

e g a
R

g e e
A

2 7 3 1 / 8 7 9  
e e e  g a e  t e e  
P D S

e t e
L

a a g
K

a e g
T

e t g
L

g e t
A

g a e
D

t t t
F

2 7 6 1 / 8 8 9  
g a t  e e e  e g a  
D P R

g t g
V

t e e
S

a t e
I

e g g
R

e t g
L

e e e
P

a g e
S

2 7 9 1 / 8 9 9  
a e e  a g e  g g e  
T S G

t e g
S

g a g
E

g g a
G

g t e
V

e e e
P

t t e
F

e g t
R

2 8 2 1 / 9 0 9  
a e g  g t g  t e e  
T V S

g a g
E

t g g
W

e t g
L

g a g
E

a g e
S

a t e
I

a a g
K

2 8 5 1 / 9 1 9  
a t g  e a a  e a g  
M Q Q

t a e
Y

a e g
T

g a a
E

e a e
H

t t e
F

a t g
M

g t g
V

2 8 8 1 / 9 2 9  
g e t  g g e  t a e  
A G Y

a e g
T

g e e
A

a t e
I

g a g
E

a a g
K

g t g
V

g t a
V

2 9 1 1 / 9 3 9  
e a g  a t g  t e e  
Q M S

a a e
N

g a a
E

g a e
D

a t e
I

a a a
K

a g g
R

a t e
I

2 9 4 1 / 9 4 9  
g g a  g t g  e g t  
G V R

e t t
L

e e t
P

g g e
G

e a e
H

e a g
Q

a a g
K

e g t
R

2 9 7 1 / 9 5 9  
a t t  g e e  t a e  
I  A Y

a g e
S

e t g
L

e t g
L

g g a
G

e t e
L

a a g
K

g a e
D

3 0 0 1 / 9 6 9  
e a g  g t e  a a e  
Q V N

a e a
T

g t g
V

g g g
G

a t t
I

e e t
P

a t e
I

t g a
3 0 3 1
g t e  e a t  t g g g g e e g t g e e e a a e a a t a e t t g

3 0 6 1
a a g  a g e  e a e a g t g g t e t e e e t g e e g a e e t g

3 0 9 1
g t g  e t g  g e e e a e t g g a a e t t t a t t t a t t t e

3 12 1
t g t  t t e  e t e g t e t a t g e e t e e e t g a g g a e t

3 1 5 1
e t g  e a g  g g g
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3 1 8 1  3 2 1 1
e t g  a g e  e t g  g g a  a a e  t t g  g a t  g e t  g g t  e a g  g g e  t e t  e t t  t e e  e e t  g e a  a a g  g a e  e e a  g e t

3 2 4 1  3 2 7 1
a a g  e a e  t t a  g g a  g g t  t t g  g e a  t g g  t e t  t e e  e a g  e a t  e e e  e t g  a g g  t a a  a g t  t e e  a e e  a a g

3 3 0 1  3 3 3 1
a e e  g t e  g a t  a t e  g a e  g a g  g g a  e a t  t t e  e a a  a e g  g a e  e t e  e e e  a t e  t t e  a t t  t g g  e t e  e t g

3 3 6 1  3 3 9 1
a g a  a g e  e a e  e t e  a g g  a g e  t g a  g g e  t a a  g e a  e t a  e e e  a
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Appendix 2 -  Previous Names for Eph 

Receptors and Ephrins
The existing approved nomenclature for Eph receptors and ephrins (Eph 
Nomenclature Committee, 1997), together with previous names, is 
outlined below.

Previous names

EphAl Eph, Esk

EphA2 Eck, Sek2, Myk2, XEIO, G50, rtk6

EphA3 Hek, Hek4, Tyro4, Mek4, Cek4

EphA4 Hek8, Tyrol, Sek, SekI, Cek8, Pag, X Sekl, rtkl, rtk4, zekl

EphAS Hek7, Rek7, Ehkl, Bsk, Cek7

EphA6 Hek 12, Ehk2

EphA? H e k ll ,  M dkl, Ehk3, Ebk, Cekl 1

EphAS Hek3, Eek

EphBl Hek6, Elk, Cek6, Net, Xelk, Xek

EphB2 Hek5, Drt, Erk, TyroS, Nuk, Sek3, Cek5

EphB3 Hek2, Tyro6, Sek4, Mdk5, CeklO, Tck, rtk3

EphB4 Htk, Tyrol 1, M ykl, Mdk2, rtkS, rtk8

EphBS Hek9, Cek9

EphB6 Mep

ephrinAl B61, LERK-1, EFL-1, XELF-a, LI

ephrinA2 ELF-1, LERK-6, Cek7-L, L3

ephrinA3 Ehkl-L, LERK-3, EFL-2

ephrinA4 LERK-4, EFL-4

ephrinAS AL-1, RAGS, LERK-7, EFL-5, L2, L4

ephrinBl LERK-2, Elk-L, Cek5-L, EFL-2, Stral, XLerk

ephrinB2 Htk-L, ELF-2, LERK-5, NLERK-1

ephrinB3 ElkL-2, LERK-8, NLERK-2, EFL-3
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Appendix 3 - Commercial Vectors

Comment* tot pcOftA l/Amp
e ttO I ha<u» (M ix

Col E l Oflgln: ttases 1-687 
M lS ofi^ r- bases 589-1180 
AmMolIbn g o ^ o : b o e c c  13S 0-2303  
Ckf/ ptcmobr: b asa i 2304-2*54 
T7 piimet sequence b ases 2538-2057  
Po»>llr>k4i  bases 20E6-3074 
3ttof>tiitwt sa*qu«|pie b ases 3075-5090 
S f* 5e  a id  PjlyA bases 3004 3792 
Polyoma oMcIn • bases 3798-4693 
SV40 0119m b a se s  4634-4797

pcDNAI/
H pal

C om m ente for p cD f^A 3 .1^ y c-H lt à 
S 4»4  a u u le u tM »

CWV promotof bases 209-863
T7 vomotci/primmgaato baeco 863 382
Miilipte cloning se e  b ases 902-999
myc epitope bases 397-1026
Polvbisttrtin^  la p  h w e s  1 0 4 J - I0 5 9
pcONA3 1ÆOH reverse prirrmg site b ases  1382-1093
BOH potyadenylaPon signal b ases 1381-1296
II cnotn ol rppllcaboi bases 1358-1771
SV40 ptomotei and origin b is e s  18:8-2181
Neomyan lesistance gene bases 2197-2991
SV40 polyailenyialicn signal b ases 3007-3246
C oC i o n g e  bases 3678-4361
Ampicillin rasislanoe gene bases 4496-5357

myc epitope K 1  Hia*

pcDNA3

myc epitope H ia ,

Commenta tor pcDU A3. t/Hrc-Hia/lJcZ 
6541 nuuhsuSUe»

CMV promoer bases 209-863 
T7 srofTKiloi/prirrwgotIc borwn 863 832 
lacZ w lh  C-etminal lag 963-» 106 

lacZ ORF b ases  583-4019
nyrepilnoe hmnwa 4044.4173
Polytiislidne lag bases 4019-4106 

PCÜNA3 IffiGHreve-seprim iigsile bases 4129-4146  
BGH polvadsnvlatior atonal bases 4 128-4342 
II crigm ol r-iplicaboa bases 4405-48 8 
SV40 ptnmcter and ori5jin bates 48855208  
Neomycin resislancs gene: bases 5244-6038  
SV40 polyadGnylatjon signal oases 6(67-6295  
CoCI origin b ases 6727-7400 
Anipic4lin resistance gene bases 75458405

l i f e

pcDNA3.1/ 
M\c-His//ccZ 

8.5 kb
A-16-223
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CAfnmciitsfor p iN D
^ '2  I nuvlx'Utic

I
U fS [xxi4cricn icrt's  i.s x !■ O K hsi h f s c ,  I 17-1 

li/ill S lvvkN hncnvil PtiMiu**cr Ktsi-v IK 
I xdirMXiL' 1'HHaid prniin^ *itf 47>-l52 
\f c jh i|» lc n ix u n g  smc h ,i4cx4 :f ,-N /|
|vJ ) \ . V  1 I K n c r - c  I'n n im g Mli haxrs fi*•.*-<?

M' rl i J'tHv ükiivk»lK>n «cqiicixrc Kiscs
I U'Flfin
S''-k '|lT t'fîW tT
s v j i «nfiyir h.i-iC' I>5t
SV m .jw i, IIKI UfM... 1718 r i ?
SV4^>|\M\aJciij,|,iHn« ><\jurna 2 iJS -2 7 / '7
< WI I o n p v  K ih s  > t'» -  ÎK 7:
Amp»..nllmO|»!|. b.ue% _k»l7_W T

Co#%m#ntm for pVgRXR 
e m  (futJwvUiwk

SV40 earttr womotw: b*»o» 43-36t 
P U 7  pmmtyitr  h*e«m 7 7 ft.a (C
7 * (c m ^  re^AtoncApAne (Sh t ie )  ORF baaem 856-!?30  
SV40 lad A p^v«d«f>viMion w q u en ce bafw 1904- I4P4 
Co<=1 oiaif» baJMMi S33-9906  
CMV piomrtm baoM ?P66-9883 
V r & fr n  finion protein: hasefi303£-S?7S  

V:'16:touem3(n&3971 
F'J4 bMTB 3aO?-5?75 

H ffM  thyrridin» kinmse (Wymd*nyia#nn sequence bree* S47>-SfWl? 
nS'/ 5  long terminai repeal heae# 64SA-6614 
H X U O lrF  tu n w a  W :3/-»U 9b 
BOH poiyecefrylation sequence: basas 8108 43A9 
f l  origin bates 85W 8609

pVgRXR
8.8 kb

282



References

Aasheim,H.C., Munthe,E-, Funderud,S., Smeland,E-B., Beiske,K. and Logtenberg,T. 

(2000) A splice variant of human ephrin-A4 encodes a soluble molecule that is 

secreted by activated human B lymphocytes. Blood 95:221-230.

Abe,K., Rossman,K.L., Liu,B., Ritola,K.D., Chiang,D., Campbell,S.L., Burridge,K. and 

Der,C.J. (2000) Vav2 is an activator of Cdc42, Racl, and RhoA. J, Biol Chem. 

275:10141-10149.

Adam,L., Vadlamudi,R., Kondapaka,S.B., Chernoff,J., Mendelsohn,!, and Kumar,R. 

(1998) Heregulin regulates cytoskeletal reorganization and cell migration through 

the p21-activated kinase-1 via phosphatidylinositol-3 kinase. J. Biol Chem. 

273:28238-28246.

Adam,L., Vadlamudi,R., Mandal,M., Chernoff,!. and Kumar,R. (2000) Regulation of 

microfilament reorganization and invasiveness of breast cancer cells by kinase dead 

p21-activated kinase-1. /. Biol Chem. 275:12041-12050.

Adams,R.H., Wilkinson,G.A., Weiss,C., Diella,F., Gale,N.W., Deutsch,U., Risau,W. 

and Klein,R. (1999) Roles of ephrinB ligands and EphB receptors in cardiovascular 

development: demarcation of arterial/venous domains, vascular morphogenesis, and 

sprouting angiogenesis. Genes Dev. 13:295-306.

Albanese,C., Johnson,!., Watanabe,G., Eklund,N., Vu,D., Arnold,A. and Pestell,R.G. 

(1995) Transforming p21ras mutants and c-Ets-2 activate the cyclin D1 promoter 

through distinguishable regions. J. Biol Chem. 270:23589-23597.

Alberola-Ila,!., Forbush,K.A., Seger,R., Krebs,E.G. and Perlmutter,R.M. (1995) 

Selective requirement for MAP kinase activation in thymocyte differentiation. 

Nature 373:620-623.

Alessi,D.R., Saito,Y., Campbell,D.G., Cohen,P., Sithanandam,G., Rapp,U., 

Ashworth,A., Marshall,C.!. and Cowley,S. (1994) Identification of the sites in MAP 

kinase kinase-1 phosphorylated by p74raf-l. EMBO J. 13:1610-1619.

283



Alessi,D.R., James,S.R., Downes,C.P., Holmes,A.B., Gaffney,P.R., Reese,C.B. and 

Cohen,P. (1997) Characterization of a 3-phosphoinositide-dependent protein kinase 

which phosphorylates and activates protein kinase Ba. Curr. Biol 7:261-269.

Alimandi,M., Romano, A., Curia,M.C., Muraro,R., Fedi,P., Aaronson,S.A., Di 

Fiore,P.P. and Kraus,M.H. (1995) Cooperative signaling of ErbB3 and ErbB2 in 

neoplastic transformation and human mammary carcinomas. Oncogene 10:1813- 

1821.

Allen,W.E., Zicha,D., Ridley,A.J. and Jones,G.E. (1998) A role for Cdc42 in 

macrophage chemotaxis. J. Cell Biol 141:1147-1157.

Amundadottir,L.T. and Leder,P. (1998) Signal transduction pathways activated and 

required for mammary carcinogenesis in response to specific oncogenes. Oncogene 

16:737-746.

Andres,A.C., Schonenberger,C.A., Groner,B., Hennighausen,L., Le Meur,M. and 

Gerlinger,P. (1987) Ha-ra5 oncogene expression directed by a milk protein gene 

promoter: Tissue specificity, hormonal regulation, and tumor induction in

transgenic mice. Proc. Natl Acad. Set. U. S. A 84:1299-1303.

Andres,A.C., van der Valk,M.A., Schonenberger,C.A., Fluckiger,F., LeMeur,M., 

Gerlinger,P. and Groner,B. (1988) Ha-ras and c-myc oncogene expression interferes 

with morphological and functional differentiation of mammary epithelial cells in 

single and double transgenic mice. Genes Dev. 2:1486-1495.

Andres,A.C., Reid,H.H., Zurcher,G., Blaschke,R.J., Albrecht,D. and Ziemiecki,A. 

(1994) Expression of two novel ^p/z-related receptor protein tyrosine kinases in 

mammary gland development and carcinogenesis [published erratum appears in 

Oncogene 1994 Aug;9(8):2431]. Oncogene 9:1461-1467.

Andres,A.C., Zuercher,G., Djonov,V., Flueck,M. and Ziemiecki,A. (1995) Protein 

tyrosine kinase expression during the estrous cycle and carcinogenesis of the 

mammary gland. Int. J. Cancer 63:288-296.

Angel,P., Imagawa,M., Chiu,R., Stein,B., Imbra,R.J., Rahmsdorf,H.J., Jonat,C., 

Herrlich,P. and Karin,M. (1987) Phorbol ester-inducible genes contain a common 

cis element recognized by a TPA-modulated trans-acting factor. Cell 49:729-739.

284



Araujo,M., Piedra,M.E., Heirera,M.T., Ros,M.A. and Nieto,M.A. (1998) The 

expression and regulation of chick EphA7 suggests roles in limb patterning and 

innervation. Development 125:4195-4204.

Aronheim,A., Engelberg,D., Li,N., al Alawi,N., Schlessinger,J. and Karin,M. (1994) 

Membrane targeting of the nucleotide exchange factor Sos is sufficient for 

activating the Ras signaling pathway. Cell 78:949-961,

Aruffo,A., Stamenkovic,!., Melnick,M., Underhill,C.B. and Seed,B. (1990) CD44 is the 

principal cell surface receptor for hyaluronate. Cell 61:1303-1313.

Arver,B., Du,Q., Chen,J., Luo,L. and Lindblom,A. (2000) Hereditary breast cancer: a 

review. Semin. Cancer Biol. 10:271-288.

Ball,R.K., Friis,R.R., Schoenenberger,C.A., Doppler,W. and Groner,B. (1988) Prolactin 

regulation of (3-casein gene expression and of a cytosolic 120-kd protein in a cloned 

mouse mammary epithelial cell line. EMBO J. 7:2089-2095.

Balmanno,K. and Cook,S.J. (1999) Sustained MAP kinase activation is required for the 

expression of cyclin D l, p21Cipl and a subset of AP-1 proteins in CCL39 cells. 

Oncogene 18:3085-3097.

Banyard,!., Anand-Apte,B., Symons,M. and Zetter,B.R. (2000) Motility and invasion 

are differentially modulated by Rho family GTPases. Oncogene 19:580-591.

Bao,J., Alroy,L, Waterman,H., Schejter,E.D., Brodie,C., Gruenberg,J. and Yarden,Y. 

(2000) Threonine phosphorylation diverts internalized epidermal growth factor 

receptors from a degradative pathway to the recycling endosome. J. Biol. Chem. 

275:26178-26186.

Bargmann,C.L, Hung,M.C. and Weinberg,R.A. (1986) Multiple independent activations 

of the neu oncogene by a point mutation altering the transmembrane domain of 

pl85. Cell 45:649-657.

Bartley,T.D., Hunt,R.W., Welcher,A.A., Boyle,W.J., Parker,V.P., Lindberg,R.A., 

Lu,H.S., Colombero,A.M., Elliott,R.L. and Guthrie,B.A. (1994) B61 is a ligand for 

the ECK receptor protein-tyrosine kinase. Nature 368:558-560.

285



Basu,T.N., Gutmann,D.H., Fletcher,J.A., Glover,T.W., Collins,F.S. and Downward,!. 

(1992) Aberrant regulation of ras proteins in malignant tumour cells from type 1 

neurofibromatosis patients. Nature 356:713-715.

Becker,E., Huynh-Do,U., Flolland,S., Pawson,T., Daniel,T.O. and Skolnik,E.Y. (2000) 

Nck-interacting Ste20 kinase couples Eph receptors to c-Jun N-terminal kinase and 

integrin activation. Mol. Cell Biol. 20:1537-1545.

Becker ,N., Seitanidou,T., Murphy,?., Mattei,M.G., Topilko,?., Nieto,M.A., 

Wilkinson,D.G., Chamay,?. and Gilardi-Hebenstreit,?. (1994) Several receptor 

tyrosine kinase genes of the Eph family are segmentally expressed in the developing 

hindbrain. Mech. Dev. 47:3-17.

Beckmann,M.P., Cerretti,D.P., Baum,?., Vanden Bos,T., James,L., Farrah,T., 

Kozlosky,C., Rollingsworth,T., Shilling,H. and Maraskovsky,E. (1994) Molecular 

characterization of a family of ligands for eph-related tyrosine kinase receptors. 

EMBOJ. 13:3757-3762.

Behrens,!., Mareel,M.M., Van Roy,F.M. and Birchmeier,W. (1989) Dissecting tumor 

cell invasion: epithelial cells acquire invasive properties after the loss of 

uvomorulin-mediated cell-cell adhesion. J. Cell Biol. 108:2435-2447.

Bennett,B.D., Wang,Z., Kuang,W.!., Wang,A., Groopman,!.E., Goeddel,D.V. and 

Scadden,D.T. (1994) Cloning and characterization of HTK, a novel transmembrane 

tyrosine kinase of the EPH subfamily. J. Biol. Chem. 269:14211-14218.

Bennett,B.D., Zeigler,F.C., Gu,Q., Fendly,B., Goddard,A.D., Gillett,N. and 

Matthews,W. (1995) Molecular cloning of a ligand for the EPH-related receptor 

protein-tyrosine kinase Htk. Proc. Natl. Acad. Sci. U. S. A 92:1866-1870.

Benson,F.E., Stasiak,A. and West,S.C. (1994) Purification and characterization of the 

human Rad51 protein, an analogue of E. coli RecA. EMBO J. 13:5764-5771.

Bergemann,A.D., Cheng,H.!., Brambilla,R., Klein,R. and Flanagan,!.G. (1995) ELF-2, 

a new member of the Eph ligand family, is segmentally expressed in mouse embryos 

in the region of the hindbrain and newly forming somites. Mol. Cell Biol. 15:4921- 

4929.

286



Bergemann,A.D., Zhang,L., Chiang,M.K., Brambilla,R., Klein,R. and Flanagan,!.G. 

(1998) Ephrin-B3, a ligand for the receptor EphBS, expressed at the midline of the 

developing neural tube. Oncogene 16:471-480.

Binns,K.L., Taylor,P.P., Sicheri,F., Pawson,T. and Holland,S.J. (2000) Phosphorylation 

of tyrosine residues in the kinase domain and juxtamembrane region regulates the 

biological and catalytic activities of Eph receptors. Mol. Cell Biol. 20:4791-4805.

Bishop,A.L. and Hall,A. (2000) Rho GTPases and their effector proteins. Biochem. J. 

348:241-255.

Boguski,M.S. and McCormick,F. (1993) Proteins regulating Ras and its relatives. 

Nature 366:643-654.

Bohme,B., Holtrich,U., Wolf,G., Luzius,H., Grzeschik,K.H., Strebhardt,K. and 

Rubsamen-Waigmann,H. (1993) PGR mediated detection of a new human receptor- 

tyrosine-kinase, HEK 2. Oncogene 8:2857-2862.

Bohme,B., VandenBos,T., Cerretti,D.P., Paik,L.S., Holtrich,U., Rubsamen- 

Waigmann,H. and Strebhardt,K. (1996) Cell-cell adhesion mediated by binding of 

membrane-anchored ligand LERK-2 to the EPH-related receptor human embryonal 

kinase 2 promotes tyrosine kinase activity. J. Biol. Chem. 271:24747-24752.

Bollag,G. and McCormick,F. (1991a) Regulators and effectors of ras proteins. Annu. 

Rev. Cell Biol. 7:601-632.

Bollag,G. and McCormick,F. (1991b) Differential regulation of rasGAP and 

neurofibromatosis gene product activities. Nature 351:576-579.

Bonfini,L., Karlovich,C.A., Dasgupta,C. and Banerjee,U. (1992) The Son of sevenless 

gene product: a putative activator of Ras. Science 255:603-606.

Bonni,A., Brunet,A., West,A.E., Datta,S.R., Takasu,M.A. and Greenberg,M.E. (1999) 

Cell survival promoted by the Ras-MAPK signaling pathway by transcription- 

dependent and -independent mechanisms. Science 286:1358-1362.

Bos,J.L. (1989) ras oncogenes in human cancer: a review. Cancer Res. 49:4682-4689.

Bos,J.L. (1998) All in the family? New insights and questions regarding 

interconnectivity of Ras, Rapl and Ral. EMBO J. 17:6776-6782.

287



Bosenberg,M.W., Pandiella,A. and MassagueJ. (1992) The cytoplasmic carboxy- 

terminal amino acid specifies cleavage of membrane TGFa into soluble growth 

factor. C^//71:1157-1165.

Boudreau,N., Sympson,C.J., Werb,Z. and BisselfM.J. (1995) Suppression of ICE and 

apoptosis in mammary epithelial cells by extracellular matrix. Science 267:891-893.

Boudreau,N., Werb,Z. and Bissell,M.J. (1996) Suppression of apoptosis by basement 

membrane requires three- dimensional tissue organization and withdrawal from the 

cell cycle. Proc. Natl. Acad. Sci. U. S. A 93:3509-3513.

Bouillet,?., Oulad-Abdelghani,M., Vicaire,S., Gamier,J.M., Schuhbaur,B., Dolle,P. and 

Chambon,P. (1995) Efficient cloning of cDNAs of retinoic acid-responsive genes in 

P19 embryonal carcinoma cells and characterization of a novel mouse gene, Stral 

(mouse LERK-2/Eplg2). Dev. Biol. 170:420-433.

Bourne,H.R., Sanders,D.A. and McCormick,F. (1990) The GTPase superfamily: a 

conserved switch for diverse cell functions. Nature 348:125-132.

Bowtell,D., Fu,P., Simon,M. and Senior,P. (1992) Identification of murine homologues 

of the Drosophila son of sevenless gene: potential activators of ras. Proc. Natl. 

Acad. Sci. U. S. A 89:6511-6515.

Boyd,A.W., Ward,L.D., Wicks,I.P., Simpson,R.J., Salvaris,E., Wilks,A., Welch,K., 

Loudovaris,M., Rockman,S. and Busmanis,I. (1992) Isolation and characterization 

of a novel receptor-type protein tyrosine kinase (hek) from a human pre-B cell line. 

J. Biol. Chem. 267:3262-3267.

Brambilla,R., Schnapp,A., Casagranda,F., Labrador,!. P., Bergemann,A.D., 

Flanagan,J.G., Pasquale,E.B. and Klein,R. (1995) Membrane-bound LERK2 ligand 

can signal through three different Eph-related receptor tyrosine kinases. EMBO J. 

14:3116-3126.

Brandli,A.W. and Kirschner,M.W. (1995) Molecular cloning of tyrosine kinases in the 

early Xenopus embryo: identification of Eck-related genes expressed in cranial 

neural crest cells of the second (hyoid) arch. Developmental Dynamics 203:119-140.

288



Brandt-Rauf,P.W., Rackovsky,S. and Pincus,M.R. (1990) Correlation of the structure of 

the transmembrane domain of the neu oncogene-encoded p i85 protein with its 

function. Proc. Natl. Acad. Sci. U. S. A 87:8660-8664.

Brisken,C., Heineman,A., Chavarria,T., Elenbaas,B., Tan,J., Dey,S.K., McMahon,J.A., 

McMahon,A.P. and Weinberg,R.A. (2000) Essential function of Wnt-4 in mammary 

gland development downstream of progesterone signaling. Genes Dev. 14:650-654.

Brondello,J.M., McKenzie,F.R., Sun,H., Tonks,N.K. and Pouyssegur,J. (1995) 

Constitutive MAP kinase phosphatase (MKP-1) expression blocks G1 specific gene 

transcription and S-phase entry in fibroblasts. Oncogene 10:1895-1904.

Brtva,T.R., Drugan,J.K., Ghosh,S., Terrell,R.S., Campbell-Burk,S., Bell,R.M. and 

Der,C.J. (1995) Two distinct Raf domains mediate interaction with Ras. J. Biol. 

Chem. 270:9809-9812.

Bruce,V., 01ivieri,G., Eickelberg,0. and Miescher,G.C. (1999) Functional activation of 

EphA5 receptor does not promote cell proliferation in the aberrant EphA5 

expressing human glioblastoma U-118 MG cell line. Brain Research 821:169-176.

Bruckner,K., Pasquale,E.B. and Klein,R. (1997) Tyrosine phosphorylation of 

transmembrane ligands for Eph receptors. Science 275:1640-1643.

Bruckner,K., Pablo,L.J., Scheiffele,P., Herb,A., Seeburg,P.H. and Klein,R. (1999) 

EphrinB ligands recruit GRIP family PDZ adaptor proteins into raft membrane 

microdomains. Neuron 22:511-524.

Buchdunger,E., Trinks,U., Mett,H., Regenass,U., Muller,M., Meyer,T., McGlynn,E., 

Pinna,L.A., Traxler,P. and Lydon,N.B. (1994) 4,5-Dianilinophthalimide: a protein- 

tyrosine kinase inhibitor with selectivity for the epidermal growth factor receptor 

signal transduction pathway and potent in vivo antitumor activity. Proc. Natl. Acad. 

Sci. U. S. A 91:2334-2338.

Buchert,M., Schneider,S., Meskenaite,V., Adams,M.T., Canaani,E., Baechi,T., 

Moelling,K. and Hovens,C.M. (1999) The junction-associated protein AF-6 

interacts and clusters with specific Eph receptor tyrosine kinases at specialized sites 

of cell-cell contact in the brain. J. Cell Biol. 144:361-371.

289



Buday,L. and Downward,!. (1993) Epidermal growth factor regulates p21ras through 

the formation of a complex of receptor, Grb2 adapter protein, and Sos nucleotide 

exchange factor. Cell 73:611-620.

Buday,L., Warne,P.H. and Downward,!. (1995) Downregulation of the Ras activation 

pathway by MAP kinase phosphorylation of Sos. Oncogene 11:1327-1331.

Burgering,B.M., Pronk,G.!., van Weeren,P.C., Chardin,P. and Bos,!.L. (1993) cAMP 

antagonizes p21ras-directed activation of extracellular signal- regulated kinase 2 and 

phosphorylation of mSos nucleotide exchange factor. EMBO J. 12:4211-4220.

Burgering,B.M. and Coffer,P.!. (1995) Protein kinase B (c-Akt) in phosphatidylinositol- 

3-OH kinase signal transduction. Nature 376:599-602.

Burridge,K. and Chrzanowska-Wodnicka,M. (1996) Focal adhesions, contractility, and 

signaling. Annw. Rev. Cell Dev. Biol. 12:463-518.

Bustelo,X.R. (2000) Regulatory and signaling properties of the Vav family. Mol. Cell 

Biol. 20:1461-1477.

Cailleau,R., Young,R., 01ive,M. and Reeves,W.!., !r. (1974) Breast tumor cell lines 

from pleural effusions. J. Natl. Cancer Inst. 53:661-674.

Camonis,!.H., Kalekine,M., Gondre,B., Garreau,H., Boy-Marcotte,E. and !acquet,M. 

(1986) Characterization, cloning and sequence analysis of the CDC25 gene which 

controls the cyclic AMP level of Saccharomyces cerevisiae. EMBO J. 5:375-380.

Campbell,S.L., Khosravi-Far,R., Rossman,K.L., Clark,G.!. and Der,C.!. (1998) 

Increasing complexity of Ras signaling. Oncogene 17:1395-1413.

Canagarajah,B.!., Khokhlatchev,A., Cobb,M.H. and Goldsmith,E.!. (1997) Activation 

mechanism of the MAP kinase ERK2 by dual phosphorylation. Cell 90:859-869.

Cance,W.G., Craven,R.!., Weiner,T.M. and Liu,E.T. (1993) Novel protein kinases 

expressed in human breast cancer. Int. J. Cancer 54:571-577.

Cantor,S.B., Urano,T. and Feig,L.A. (1995) Identification and characterization of Ral- 

binding protein 1, a potential downstream target of Ral GTPases. Mol. Cell Biol. 

15:4578-4584.

290



Cary,L.A., Chang,J.F. and Guan,J.L. (1996) Stimulation of cell migration by 

overexpression of focal adhesion kinase and its association with Src and Fyn. J. Cell 

ScL 109:1787-1794.

Cary,L.A., Han,D.C. and Guan,J.L. (1999) Integrin-mediated signal transduction 

pathways. Histol. Histopathol 14:1001-1009.

Catling,A.D., Schaeffer,H.J., Reuter,C.W., Reddy,G.R. and Weber,M.J. (1995) A 

proline-rich sequence unique to MEKl and MEK2 is required for raf binding and 

regulates MEK function. M ol Cell Biol 15:5214-5225.

Cerretti,D.P., Lyman,S.D., Kozlosky,C.J., Copeland,N.G., Gilbert,D.J., Jenkins,N.A., 

Valentine,V., Kirstein,M.N., Shapiro,D.N. and Morris,S.W. (1996) The genes 

encoding the eph-related receptor tyrosine kinase ligands LERK-1 {EPLGl, Epll), 

LERK-3 (EPLG3, Epl3), and LERK-4 {EPLG4, Epl4) are clustered on human 

chromosome 1 and mouse chromosome 3. Genomics 33:277-282.

Cerretti,D.P. and Nelson,N. (1998) Characterisation of the Genes for Mouse LERK- 

3/Ephrin-A3 {Epl3), Mouse LERK-4/Ephrin-A4 (Epl4), and Human LERK- 

6/Ephrin-A2 (EPLG6): Conservation of Intron/Exon Structure. Genomics 47:131- 

135.

Chan,J. and Watt,V.M. (1991) eek and erk, new members of the eph subclass of 

receptor protein-tyrosine kinases. Oncogene 6:1057-1061.

Chang,E.C., Barr,M., Wang,Y., Jung,V., Xu,H.P. and Wigler,M.H. (1994) Cooperative 

interaction of S. pombe proteins required for mating and morphogenesis. Cell 

79:131-141.

Chardin,P., Camonis,J.H., Gale,N.W., Van Aelst,L., Schlessinger,!., Wigler,M.H. and 

Bar-Sagi,D. (1993) Human Sosl: a guanine nucleotide exchange factor for Ras that 

binds to GRB2. Science 260:1338-1343.

Chaudhary,A., King,W.G., Mattaliano,M.D., Frost,J.A., Diaz,B., Morrison,D.K., 

Cobb,M.H., Marshall,M.S. and Brugge,J.S. (2000) Phosphatidylinositol 3-kinase 

regulates Rafl through Pak phosphorylation of serine 338. Curr. Biol 10:551-554.

291



Chen,F., Ma,L., Parrini,M.C., Mao,X., Lopez,M., Wu,C., Marks,P.W., Davidson,L., 

Kwiatkowski,D.J., Kirchhausen,T., Orkin,S.H., Rosen,F.S., Mayer,BJ., 

Kirschner,M.W. and Alt,F.W. (2000) Cdc42 is required for PIP(2)-induced actin 

polymerization and early development but not for cell viability. Curr. Biol. 10:758- 

765.

Cben,J., Nacbabab,A., Scberer,C., Ganju,P., Reitb,A., Bronson,R. and Ruley,H.E.

(1996) Germ-line inactivation of the murine Eck receptor tyrosine kinase by gene 

trap retroviral insertion. Oncogene 12:979-988.

Cben,J. and Ruley,H.E. (1998) An enhancer element in the EphAl (Eck) gene sufficient 

for rbombomere-specific expression is activated by HOXAl and HOXBl bomeobox 

proteins. J. Biol. Chem. 273:24670-24675.

Cben,Q., Kincb,M.S., Lin,T.H., Burridge,K. and Juliano,R.L. (1994) Integrin-mediated 

cell adhesion activates mitogen-activated protein kinases. J. Biol. Chem. 269:26602- 

26605.

Cben,R.H., Sarnecki,C. and Blenis,J. (1992) Nuclear localization and regulation of erk- 

and rsk-encoded protein kinases. Mol. Cell Biol. 12:915-927.

Cben,R.H., Abate,C. and Blenis,J. (1993) Phosphorylation of the c-Fos transrepression 

domain by mitogen- activated protein kinase and 90-kDa ribosomal S6 kinase. Proc. 

Natl. Acad. Sci. U. S. A 90:10952-10956.

Cheng,H.J. and Flanagan,J.G. (1994) Identification and cloning of ELF-1, a 

developmentally expressed ligand for the Mek4 and Sek receptor tyrosine kinases. 

Cell 79:157-168.

Cheng,H.J., Nakamoto,M., Bergemann,A.D. and Flanagan,!.G. (1995) Complementary 

gradients in expression and binding of ELF-1 and Mek4 in development of the 

topographic retinotectal projection map. Cell 82:371-381.

Cherniack,A.D., Klarlund,J.K. and Czech,M.P. (1994) Phosphorylation of the Ras 

nucleotide exchange factor son of sevenless by mitogen-activated protein kinase. J. 

Biol. Chem. 269 :4717-4720.

292



Cherniack,A.D., KlarlundJ.K., Conway,B-R. and Czech,M.R (1995) Disassembly of 

Son-of-sevenless proteins from Grb2 during p21ras desensitization by insulin. J. 

Biol Chem. 270:1485-1488.

Chiarugi,P., Cirri,?., Marra,F., Raugei,G., Fiaschi,T., Camici,G., Manao,G., 

Romanelli,R.G. and Ramponi,G. (1998) The Src and signal transducers and 

activators of transcription pathways as specific targets for low molecular weight 

phosphotyrosine-protein phosphatase in platelet-derived growth factor signaling. J. 

Biol Chem. 273:6776-6785.

Chin-Sang,I.D., George,S.E., Ding,M., Moseley,S.L., Lynch,A.S. and Chisholm,A.D. 

(1999) The ephrin VAB-2/EFN-1 functions in neuronal signaling to regulate 

epidermal morphogenesis in C. elegans. Cell 99:781-790.

Choi,S., Jeong,J., Kim,T. and Park,S. (1999) Characterization of ephrin-A1 and ephrin- 

A4 as ligands for the EphA8 receptor protein tyrosine kinase. Mol. Cells 9:440-445.

Choi,S. and Park,S. (1999) Phosphorylation at Tyr-838 in the kinase domain of EphA8 

modulates Fyn binding to the Tyr-615 site by enhancing tyrosine kinase activity. 

Oncogene 18:5413-5422.

Ciossek,T. and Ullrich,A. (1997) Identification of Elf-1 and B61 as high affinity ligands 

for the receptor tyrosine kinase MDKl. Oncogene 14:35-43.

Clark,G.J., Westwick,J.K. and Der,C.J. (1997) pl20 GAP modulates Ras activation of 

Jun kinases and transformation. J. Biol Chem. 272:1677-1681.

Clark,S.G., Stern,M.J. and Horvitz,H.R. (1992) C. elegans cell-signalling gene sem-5 

encodes a protein with SH2 and SH3 domains. Nature 356:340-344.

Cobb,M.H. (1999) MAP kinase pathways. Prog. Biophys. M ol Biol 71:479-500.

Coleman-Krnacik,S. and Rosen,J.M. (1994) Differential temporal and spatial gene 

expression of fibroblast growth factor family members during mouse mammary 

gland development. M ol Endocrinol 8:218-229.

Connor,R.J. and Pasquale,E.B. (1995) Genomic organization and alternatively 

processed forms of Cek5, a receptor protein-tyrosine kinase of the Eph subfamily. 

Oncogene 11:2429-2438.

293



Cooke,J.E., Moens,C.B., Roth,L.W., Durbin,L., Shiomi,K., Brennan,C„ Kimmel,C.B., 

Wilson,S.W. and Holder,N. (2001) Eph signalling functions downstream of Val to 

regulate cell sorting and boundary formation in the caudal hindbrain. Development 

128:571-580.

Coppola,D., Ferber,A., Miura,M., Sell,C., D’Ambrosio,C., Rubin,R. and Baserga,R.

(1994) A functional insulin-like growth factor I receptor is required for the 

mitogenic and transforming activities of the epidermal growth factor receptor. Mol. 

Cell Biol 14:4588-4595.

Cornelis,R.S., Neuhausen,S.L., Johansson,0., Arason,A., Kelsell,D., Ponder,B.A., 

Tonin,?., Hamann,U., Lindblom,A. and Lalle,?. (1995) High allele loss rates at 

17ql2-q21 in breast and ovarian tumors from BRCAl-linked families. The Breast 

Cancer Linkage Consortium. Genes Chromosomes Cancer 13:203-210.

Coso,O.A., Chiariello,M., Yu,J.C., Teramoto,H., Crespo,?., Xu,N., Miki,T. and 

Gutkind,J.S. (1995) The small GTP-binding proteins Racl and Cdc42 regulate the 

activity of the JNK/SAPK signaling pathway. Cell 81:1137-1146.

Cowan,C.A., Yokoyama,N., Bianchi,L.M., Henkemeyer,M. and Fritzsch,B. (2000) 

EphB2 guides axons at the midline and is necessary for normal vestibular function. 

Neuron 26:417-430.

Cowley,S., Paterson,H., Kemp,P. and Marshall,C.J. (1994) Activation of MAP kinase 

kinase is necessary and sufficient for PC 12 differentiation and for transformation of 

NIK 3T3 cells. Cell 77:841-852.

Cox,A.D., Brtva,T.R., Lowe,D.G. and Der,C.J. (1994) R-Ras induces malignant, but not 

morphologic, transformation of NIH3T3 cells. Oncogene 9:3281-3288.

Crespo,?., Xu,N., Simonds,W.F. and Gutkind,J.S. (1994) Ras-dependent activation of 

MAP kinase pathway mediated by G-protein py subunits. Nature 369:418-420.

Crespo,?., Schuebel,K.E., Ostrom,A.A., Gutkind,J.S. and Bustelo,X.R. (1997) 

Phosphotyrosine-dependent activation of Rac-1 GDP/GTP exchange by the vav 

proto-oncogene product. Nature 385:169-172.

Crews,C.M., Alessandrini,A. and Erikson,R.L. (1992) The primary structure of MEK, a 

protein kinase that phosphorylates the ERK gene product. Science 258:478-480.

294



Crompton,T., Gilmour,K.C. and Owen,M.J. (1996) The MAP kinase pathway controls 

differentiation from double-negative to double-positive thymocyte. Cell 86:243-251.

Cross,D.A., Culbert,A.A., Chalmers,K.A., Facci,L., Skaper,S.D. and Reith,A.D. (2001) 

Selective small-molecule inhibitors of glycogen synthase kinase-3 activity protect 

primary neurones from death. J. Neurochem. 77:94-102.

Cuenda,A., Rouse,J., Doza,Y.N., Meier,R., Cohen,?., Gallagher,T.F., Young,P.R. and 

Lee,J.C. (1995) SB-203580 is a specific inhibitor of a MAP kinase homologue 

which is stimulated by cellular stresses and interleukin-1. FEES Lett. 364:229-233.

Cullen,P.J., Hsuan,J.J., Truong,0., Letcher,A.J., Jackson,T.R., Dawson,A.P. and 

Irvine,R.F. (1995) Identification of a specific Ins(l,3,4,5)P4-binding protein as a 

member of the GAPl family. Nature 376:527-530.

Cunha,G.R. (1994) Role of mesenchymal-epithelial interactions in normal and abnormal 

development of the mammary gland and prostate. Cancer 74:1030-1044.

Cunha,G.R., Young,?., Hom,Y.K., Cooke,P.S., Taylor,J.A. and Lubahn,D.B. (1997) 

Elucidation of a role for stromal steroid hormone receptors in mammary gland 

growth and development using tissue recombinants. J. Mammary Gland Biol. 

Neoplasia 2:393-402.

Dalby,K.N., Morrice,N., Caudwell,F.B., Avruch,J. and Cohen,?. (1998) Identification 

of regulatory phosphorylation sites in mitogen-activated protein kinase (MAPK)- 

activated protein kinase-la/p90rsk that are inducible by MAPK. J. Biol. Chem. 

273:1496-1505.

Daniel,T.O., Stein,E., Cerretti,D.P., St John,P.L., Robert,B. and Abrahamson,D.R.

(1996) ELK and LERK-2 in developing kidney and microvascular endothelial 

assembly. Kidney Int. 57:873-881.

Daphna-Iken,D., 8hankar,D.B., Lawshe,A., Ornitz,D.M., 8hackleford,G.M. and 

MacArthur,C.A. (1998) MMTV-Fgf8 transgenic mice develop mammary and 

salivary gland neoplasia and ovarian stromal hyperplasia. Oncogene 17:2711-2717.

Davis,8., Aldrich,T.H., Valenzuela,D.M., Wong,V.V., Furth,M.E., 8quinto,8.P. and 

Yancopoulos,G.D. (1991) The receptor for ciliary neurotrophic factor. Science 

253:59-63.

295



Davis,s., Gale,N.W., Aldrich,T.H., Maisonpierre,P.C., Lhotak,V., Pawson,T., 

Goldfarb,M. and Yancopoulos,G.D. (1994) Ligands for EPH-related receptor 

tyrosine kinases that require membrane attachment or clustering for activity. Science 

266:816-819.

Davy,A., Gale,N.W., Murray,E.W., Klinghoffer,R.A., Soriano,P., Feuerstein,C. and 

Robbins,S.M. (1999) Compartmentalized signaling by GPI-anchored ephrin-A5 

requires the Fyn tyrosine kinase to regulate cellular adhesion. Genes Dev. 13:3125- 

3135.

Davy,A. and Robbins,S.M. (2000) Ephrin-A5 modulates cell adhesion and morphology 

in an integrin- dependent manner. EMBO J. 19:5396-5405.

de Cupis,A. and Favoni,R.E. (1997) Oestrogen/growth factor cross-talk in breast 

carcinoma: a specific target for novel antioestrogens. Trends Pharmacol Sci. 

18:245-251.

de Rooij,J. and Bos,J.L. (1997) Minimal Ras-binding domain of Rafl can be used as an 

activation- specific probe for Ras. Oncogene 14:623-625.

Deak,M., Clifton,A.D., Lucocq,L.M. and Alessi,D.R. (1998) Mitogen- and Stress- 

Activated Protein Kinase-1 (MSKl) is Directly Activated by MAPK and 

SAPK2/p38, and May Mediate Activation of Creb. EMBO J. 17:4426-4441.

Dent,P., Haser,W., Haystead,T.A., Vincent,L.A., Roberts,T.M. and Sturgill,T.W. (1992) 

Activation of mitogen-activated protein kinase kinase by v-Raf in NIH 3T3 cells and 

in vitro. Science 257:1404-1407.

Derijard,B., Hibi,M., Wu,I.H., Barrett,T., Su,B., Deng,T., Karin,M. and Davis,R.J.

(1994) JNKl: a protein kinase stimulated by UV light and Ha-Ras that binds and 

phosphorylates the c-Jun activation domain. Cell 76:1025-1037.

Dickson,B. and Hafen,E. (1994) Genetics of signal transduction in invertebrates. Curr. 

Opin. Genet. Dev. 4:64-70.

Dickson,C., Smith,R., Brookes,S. and Peters,G. (1984) Tumorigenesis by mouse 

mammary tumor virus: pro viral activation of a cellular gene in the common 

integration region int-2. Cell 37:529-536.

296



Dodelet,V.C., Pazzagli,C., Zisch,A.H., Hauser,C.A. and Pasquale,E.B. (1999) A novel 

signaling intermediate, SHEPl, directly couples Eph receptors to R-Ras and Rapl A. 

J. Biol Chem. 274:31941-31946.

Dodge-Zantek,N., Azimi,M., Fedor-Chaiken,M., Wang,B., Brackenbury,R. and 

Kinch,M.S. (1999) E-cadherin regulates the function of the EphA2 receptor tyrosine 

kinase. Cell Growth Differ. 10:629-638.

Dottori,M., Hartley,L., Galea,M., Paxinos,G., Polizzotto,M., Kilpatrick,?., Bartlett,P.F., 

Murphy,M., Kontgen,F. and Boyd,A.W. (1998) EphA4 (Sekl) receptor tyrosine 

kinase is required for the development of the corticospinal tract. Proc. Natl Acad. 

Sci U. 5. A 95:13248-13253.

Douville,E. and Downward,!. (1997) EGF induced SOS phosphorylation in PCI2 cells 

involves P90 RSK-2. Oncogene 15:373-383.

Drescher,U., Kremoser,C., Handwerker,C., Loschinger,!., Noda,M. and Bonhoeffer,F.

(1995) In vitro guidance of retinal ganglion cell axons by RAGS, a 25 kDa tectal 

protein related to ligands for Eph receptor tyrosine kinases. Cell 82:359-370.

Drewes,G., Lichtenberg-Kraag,B., Doring,F., Mandelkow,E.M., Biemat,!., Goris,!., 

Doree,M. and Mandelkow,E. (1992) Mitogen activated protein (MAP) kinase 

transforms tau protein into an Alzheimer-like state. EMBO J. 11:2131-2138.

Drugan,J.K., Khosravi-Far,R., White,M.A., Der,C.J., Sung,Y.J., Hwang,Y.W, and 

Campbell,S.L. (1996) Ras interaction with two distinct binding domains in Raf-1 

may be required for Ras transformation. J. Biol Chem. 271:233-237.

Dudek,H., Datta,S.R., Franke,T.F., Birnbaum,M.J., Yao,R., Cooper,G.M., Segal,R.A., 

Kaplan,D.R. and Greenberg,M.E. (1997) Regulation of neuronal survival by the 

serine-threonine protein kinase Akt. Science 275:661-665.

Dudley,D.T., Pang,L., Decker,S.J., Bridges,A.J. and Saltiel,A.R. (1995) A synthetic 

inhibitor of the mitogen-activated protein kinase cascade. Proc. Natl Acad. ScL U. 

S. A 92:7686-7689.

Durbin,L., Brennan,C., Shiomi,K., Cooke,!., Barrios, A., Shanmugalingam,S., 

Guthrie,B., Lindberg,R. and Holder,N. (1998) Eph signaling is required for 

segmentation and differentiation of the somites. Genes Dev. 12:3096-3109.

297



Easty,DJ., Guthrie,B-A., Maung,K., Farr,C.J., Lindberg,R.A., Toso,R.J., Herlyn,M. and 

Bennett,D.C. (1995) Protein B61 as a new growth factor; expression of B61 and up­

regulation of its receptor epithelial cell kinase during melanoma progression. 

Cancer Res. 55:2528-2532.

Easty,D.J., Hill,S.P., Hsu,M.Y., Fallowfield,M.E., Florenes,V.A., Herlyn,M. and 

Bennett,D.C. (1999) Up-regulation of ephrin-A1 during melanoma progression. Int. 

J. Cancer 84:494-501.

Fbinu,J.O., Bottorff,D.A., Chan,F.Y., Stang,S.L., Dunn,R.J. and Stone,J.C. (1998) 

RasGRP, a Ras guanyl nucleotide- releasing protein with calcium- and 

diacylglycerol-binding motifs. Science 280:1082-1086.

Fdwards,G. and Streuli,C. (1995) Signalling in extracellular-matrix-mediated control of 

epithelial cell phenotype. Biochem. Sac. Trans. 23:464-468.

Egan,S.F., Giddings,B.W., Brooks,M.W., Buday,L., Sizeland,A.M. and Weinberg,R.A. 

(1993) Association of Sos Ras exchange protein with Grb2 is implicated in tyrosine 

kinase signal transduction and transformation. Nature 363:45-51.

Fllis,C., Moran,M., McCormick,F. and Pawson,T. (1990) Phosphorylation of GAP and 

GAP-associated proteins by transforming and mitogenic tyrosine kinases. Nature 

343:377-381.

Fllis,C., Kasmi,F., Ganju,P., Walls,F., Panayotou,G. and Reith,A.D. (1996) A 

juxtamembrane autophosphorylation site in the Eph family receptor tyrosine kinase, 

Sek, mediates high affinity interaction with p59fyn. Oncogene 12:1727-1736.

Eph Nomenclature Committee (1997) Unified nomenclature for Eph family receptors 

and their ligands, the ephrins. Cell 90:403-404.

Erikson,E. and Mailer,J.L. (1986) Purification and characterization of a protein kinase 

from Xenopus eggs highly specific for ribosomal protein S6. J. Biol. Chem. 

261:350-355.

Fam,N.P., Fan,W.T., Wang,Z., Zhang,L.J., Chen,H. and Moran,M.F. (1997) Cloning 

and characterization of Ras-GRF2, a novel guanine nucleotide exchange factor for 

Ras. Ma/. Cell Biol. 17:1396-1406.

298



Farnsworth,C.L., Freshney,N.W., Rosen,L.B., Ghosh,A., Greenberg,M.E. and Feig,L.A.

(1995) Calcium activation of Ras mediated by neuronal exchange factor Ras-GRF. 

Nature 376:524-527.

Favata,M.F., Horiuchi,K.Y., Manos,E.J., Daulerio,A.J., Stradley,D.A., Feeser,W.S., 

Van Dyk,D.E., Pitts,W.J., Earl,R.A., Hobbs,F., Copeland,R.A., Magolda,R.L., 

Scherle,P.A. and Trzaskos,J.M. (1998) Identification of a novel inhibitor of 

mitogen-activated protein kinase kinase. J. Biol. Chem. 273:18623-18632.

Feldheim,D.A., Vanderhaeghen,P., Hansen,M.J., Frisen,!., Lu,Q., Barbacid,M. and 

Flanagan,J.G. (1998) Topographic guidance labels in a sensory projection to the 

forebrain. Neuron 21:1303-1313.

Fendrick,J.L., Raafat,A.M. and Haslam,S.Z. (1998) Mammary gland growth and 

development from the postnatal period to postmenopause: ovarian steroid receptor 

ontogeny and regulation in the mouse. J. Mammary Gland Biol. Neoplasia 3:7-22.

Fialka,!., Schwarz,H., Reichmann,E., Oft,M., Busslinger,M. and Beug,H. (1996) The 

estrogen-dependent c-JunER protein causes a reversible loss of mammary epithelial 

cell polarity involving a destabilization of adherens junctions. J. Cell Biol. 

132:1115-1132.

Fincham,V.J., James,M., Frame,M.C. and Winder,S.J. (2000) Active ERK/MAP kinase 

is targeted to newly forming cell-matrix adhesions by integrin engagement and v- 

Src. EMBO J. 19:2911-2923.

Flanagan,J.G. and Leder,P. (1990) The kit ligand: a cell surface molecule altered in steel 

mutant fibroblasts. Cell 63:185-194.

Flenniken,A.M., Gale,N.W., Yancopoulos,G.D. and Wilkinson,D.G. (1996) Distinct 

and overlapping expression patterns of ligands for Eph-related receptor tyrosine 

kinases during mouse embryogenesis. Dev. Biol. 179:382-401.

Franke,T.F., Yang,S.L, Chan,T.O., Datta,K., Kazlauskas,A., Morrison,D.K., 

Kaplan,D.R. and Tsichlis,P.N. (1995) The protein kinase encoded by the Akt proto­

oncogene is a target of the PDGF-activated phosphatidylinositol 3-kinase. Cell 

81:727-736.

299



Franke,T.F„ Kaplan,D.R. and Cantley,L.C. (1997) PI3K: downstream AKTion blocks 

apoptosis. Cell 88 :435-437.

Friedmann,Y., Daniel,C.A., Strickland,?, and Daniel,C.W. (1994) Hox genes in normal 

and neoplastic mouse mammary gland. Cancer Res. 54:5981-5985.

Friedrich,G. and Soriano,?. (1991) Promoter traps in embryonic stem cells: a genetic 

screen to identify and mutate developmental genes in mice. Genes Dev. 5:1513- 

1523.

Frisch,S.M. and Francis,H. (1994) Disruption of Epithelial Cell-Matrix Interactions 

Induces Apoptosis. J. Cell Biol. 124:619-626.

Frisch,S.M., Vuori,K., Ruoslahti,E. and Chanhui,?.Y. (1996) Control of Adhesion- 

dependent Cell Survival by Focal Adhesion Kinase. J. Cell Biol. 134:793-799.

Fukunaga,R. and Hunter,T. (1997) MNKl, a new MAP kinase-activated protein kinase, 

isolated by a novel expression screening method for identifying protein kinase 

substrates. EMBO J. 16:1921-1933.

Gale,N.W., Holland,S.J., Valenzuela,D.M., Flenniken,A., Pan,L., Ryan,T.E., 

Henkemeyer,M., Strebhardt,K., Hirai,H., Wilkinson,D.G., Pawson,T., Davis,S. and 

Yancopoulos,G.D. (1996a) Eph receptors and ligands comprise two major 

specificity subclasses and are reciprocally compartmentalized during 

embryogenesis. Neuron 17:9-19.

Gale,N.W., Flenniken,A., Compton,D.C., Jenkins,N., Copeland,N.G., Gilbert,D.J., 

Davis,S., Wilkinson,D.G. and Yancopoulos,G.D. (1996b) Elk-L3, a novel 

transmembrane ligand for the Eph family of receptor tyrosine kinases, expressed in 

embryonic floor plate, roof plate and hindbrain segments. Oncogene 13:1343-1352.

Gale,N.W. and Yancopoulos,G.D. (1997) Ephrins and their receptors: a repulsive topic? 

Cell Tissue Res. 290:227-241.

Gale,N.W. and Yancopoulos,G.D. (1999) Growth factors acting via endothelial cell- 

specific receptor tyrosine kinases: VEGFs, angiopoietins, and ephrins in vascular 

development. Genes Dev. 13:1055-1066.

300



Ganju,P., Shigemoto,K., Brennan,!., Entwistle,A. and Reith,A.D. (1994) The Eck 

receptor tyrosine kinase is implicated in pattern formation during gastrulation, 

hindbrain segmentation and limb development. Oncogene 9:1613-1624.

Gao,P.P., Yue,Y., Zhang,J.H., Cerretti,D.P., Levitt,P. and Zhou,R. (1998) Regulation of 

thalamic neurite outgrowth by the Eph ligand ephrin-A5: implications in the 

development of thalamocortical projections. Proc. Natl. Acad. Sci. U. S. A 95:5329- 

5334.

Garrity,P.A., Rao,Y., Salecker,L, McGlade,!., Pawson,T. and Zipursky,S.L. (1996) 

Drosophila photoreceptor axon guidance and targeting requires the dreadlocks 

SH2/SH3 adapter protein. Cell 85:639-650.

Gavalas,A., Studer,M., Lumsden,A., Rijli,F.M., Krumlauf,R. and Chambon,P. (1998) 

Hoxal and Hoxbl synergize in patterning the hindbrain, cranial nerves and second 

pharyngeal arch. Development 125:1123-1136.

George,S.E., Simokat,K., Hardin,!, and Chisholm,A.D. (1998) The VAB-1 Eph receptor 

tyrosine kinase functions in neural and epithelial morphogenesis in C. elegans. Cell 

92:633-643.

Gille,H., KortenJann,M., Thomae,0., Moomaw,C., Slaughter,C., Cobb,M.H. and 

Shaw,P.E. (1995) ERK phosphorylation potentiates Elk-1-mediated ternary complex 

formation and transactivation. EMBO J. 14:951-962.

Gluzman,Y. (1981) SV40-transformed simian cells support the replication of early 

SV40 mutants. Ce//23:175-182.

Gonzalez,F.A., Raden,D.L. and Davis,R.!. (1991) Identification of substrate recognition 

determinants for human ERKl and ERK2 protein kinases. J. Biol. Chem. 

266:22159-22163.

Gonzalez,F.A., Seth,A., Raden,D.L., Bowman,D.S., Fay,F.S. and Davis,R.!. (1993) 

Serum-induced translocation of mitogen-activated protein kinase to the cell surface 

ruffling membrane and the nucleus. J. Cell Biol. 122:1089-1101.

Granger-Schnarr,M., Benusiglio,E., Schnarr,M. and Sassone-Corsi,P. (1992) 

Transformation and transactivation suppressor activity of the c-!un leucine zipper 

fused to a bacterial repressor. Proc. Natl. Acad. Sci. U. S. A 89:4236-4239.

301



Graves,L.M., Guy,H.L, Kozlowski,P., Huang,M., Lazarowski,E., Pope,R.M., 

Collins,M.A., Dahlstrand,E.N., Earp,H.S., Ill and Evans,D.R. (2000) Regulation of 

carbamoyl phosphate synthetase by MAP kinase. Nature 403:328-332.

Gross,E., Goldberg,D. and Levitzki,A. (1992) Phosphorylation of the S. cerevisiae 

Cdc25 in response to glucose results in its dissociation from Ras. Nature 360:762- 

765.

Gusterson,B.A., Warburton,M.J., Mitchell,D., Ellison,M., Neville,A.M. and 

Rudland,P.S. (1982) Distribution of myoepithelial cells and basement membrane 

proteins in the normal breast and in benign and malignant breast diseases. Cancer 

Res. 42:4763-4770.

Guy,C.T., Muthuswamy,S.K., Cardiff,R.D., Soriano,P. and Muller,W.J. (1994) 

Activation of the c-Src tyrosine kinase is required for the induction of mammary 

tumors in transgenic mice. Genes Dev. 8:23-32.

Hagios,C., Lochter,A. and Bissell,M.J. (1998) Tissue architecture: the ultimate regulator 

of epithelial function? Philos. Trans. R. Sac. LondB Biol. Sci. 353:857-870.

Hall-Jackson,C.A., Goedert,M., Hedge,P. and Cohen,P. (1999a) Effect of SB-203580 

on the activity of c-Raf in vitro and in vivo. Oncogene 18:2047-2054.

Hall-Jackson,C.A., Eyers,P.A., Cohen,P., Goedert,M., Boyle,F.T., Hewitt,N., Plant,H. 

and Hedge,P. (1999b) Paradoxical activation of Raf by a novel Raf inhibitor. Chem. 

Biol. 6:559-568.

Hall,A. (1998) Rho GTPases and the actin cytoskeleton. Science 279:509-514.

Hallberg,B., Rayter,S.I. and Downward,!. (1994) Interaction of Ras and Raf in intact 

mammalian cells upon extracellular stimulation. J. Biol. Chem. 269:3913-3916.

Han,J., Das,B., Wei,W., Van Aelst,L., Mosteller,R.D., Khosravi-Far,R., Westwick,J.K., 

Der,C.J. and Broek,D. (1997) Lck regulates Vav activation of members of the Rho 

family of GTPases. Mo/. Cell Biol. 17:1346-1353.

Hanks,S.K., Quinn,A.M. and Hunter,T. (1988) The protein kinase family: conserved 

features and deduced phylogeny of the catalytic domains. Science 241:42-52.

302



Harrison,D.C., Medhurst,A.D., Bond,B.C., Campbell,C.A., Davis,R.P. and 

Philpott,K.L. (2000) The use of quantitative RT-PCR to measure mRNA expression 

in a rat model of focal ischemia - caspase-3 as a case study. Brain Res. M ol Brain 

Res. 75:143-149.

Hawkins,P.T., Eguinoa,A., Qiu,R.G., Stokoe,D., Cooke,F.T., Walters,R., 

Wennstrom,S., Claesson-Welsh,L., Evans,T. and Symons,M. (1995) PDGF 

stimulates an increase in GTP-Rac via activation of phosphoinositide 3-kinase. 

Curr. Biol 5:393-403.

Heidecker,G., Huleihel,M., Cleveland,J.L., Kolch,W., Beck,T.W., Lloyd,P., Pawson,T. 

and Rapp,U.R. (1990) Mutational activation of c-raf-1 and definition of the minimal 

transforming sequence. Mo/. Cell Biol 10:2503-2512.

Helbling,P.M., Tran,C.T. and Brandli,A.W. (1998) Requirement for EphA receptor 

signaling in the segregation of Xenopus third and fourth arch neural crest cells. 

Mech. Dev. 78:63-79.

Henkemeyer,M., Marengere,L.E., McGlade,!., Olivier,!.P., Conlon,R.A., 

Holmyard,D.P., Letwin,K. and Pawson,T. (1994) Immunolocalization of the Nuk 

receptor tyrosine kinase suggests roles in segmental patterning of the brain and 

axonogenesis. Oncogene 9:1001-1014.

Henkemeyer,M., Orioli,D., Henderson,J.T., Saxton,T.M., Roder,!., Pawson,T. and 

Klein,R. (1996) Nuk controls pathfinding of commissural axons in the mammalian 

central nervous system. Cell 86:35-46.

Hennighausen,L. and Robinson,G.W. (1998) Think globally, act locally: the making of 

a mouse mammary gland. Genes Dev. 12:449-455.

Hernandez-Alcoceba,R., del Peso,L. and Lacal,!.C. (2000) The Ras family of GTPases 

in cancer cell invasion. Cell Mol Life Sci 57:65-76.

Heuberger,B., Fitzka,!., Wasner,G. and Kratochwil,K. (1982) Induction of androgen 

receptor formation by epithelium-mesenchyme interaction in embryonic mouse 

mammary gland. Proc. Natl Acad. Sci U. S. A 79:2957-2961.

Himanen,!.P., Henkemeyer,M. and Nikolov,D.B. (1998) Crystal structure of the ligand- 

binding domain of the receptor tyrosine kinase EphB2. Nature 396:486-491.

303



Hirai,H., Maru,Y., Hagiwara,K., NishidaJ. and Takaku,F. (1987) A novel putative 

tyrosine kinase receptor encoded by the eph gene. Science 238:1717-1720,

Hock,B., Bohme,B., Karn,T., Feller,S., Rubsamen-Waigmann,H. and Strebhardt,K. 

(1998) Tyrosine-614, the major autophosphorylation site of the receptor tyrosine 

kinase HEK2, functions as multi-docking site for SH2-domain mediated 

interactions. Oncogene 17:255-260.

Hofer,F., Fields,S., Schneider,C. and Martin,G.S. (1994) Activated Ras interacts with 

the Ral guanine nucleotide dissociation stimulator. Proc. Natl. Acad. Sci. U. S. A 

91:11089-11093.

Holland,S.J., Gale,N.W., Mbamalu,G., Yancopoulos,G.D., Henkemeyer,M. and 

Pawson,T. (1996) Bidirectional signalling through the EPH-family receptor Nuk and 

its transmembrane ligands. Nature 383:722-725.

Holland,S.J., Gale,N.W., Gish,G.D., Roth,R.A., Songyang,Z., Cantley,L.C., 

Henkemeyer,M., Yancopoulos,G.D. and Pawson,T. (1997) Juxtamembrane tyrosine 

residues couple the Eph family receptor EphB2/Nuk to specific SH2 domain 

proteins in neuronal cells. EMBO J. 16:3877-3888.

Holmberg,!., Clarke,D.L. and Frisen,J. (2000) Regulation of repulsion versus adhesion 

by different splice forms of an Eph receptor. Nature 408:203-206.

Holzman,L.B., Marks,R.M. and Dixit,V.M. (1990) A novel immediate-early response 

gene of endothelium is induced by cytokines and encodes a secreted protein. Mol. 

Cell Biol. 10:5830-5838.

Hornberger,M.R., Dutting,D., Ciossek,T., Yamada,T., Handwerker,C., Lang,S., 

Weth,F., Huf,J., Wessel,R., Logan,C., Tanaka,H. and Drescher,U. (1999) 

Modulation of EphA receptor function by coexpressed ephrinA ligands on retinal 

ganglion cell axons. Neuron 22:731-742.

Horseman,N.D., Zhao,W., Montecino-Rodriguez,E., Tanaka,M., Nakashima,K., 

Engle,S.J., Smith,F., Markoff,E. and Dorshkind,K. (1997) Defective mammopoiesis, 

but normal hematopoiesis, in mice with a targeted disruption of the prolactin gene. 

EMBOJ. 16:6926-6935.

304



Howe,A., Aplin,A.E., Alahari,S.K. and Juliano,R.L. (1998) Integrin signaling and cell 

growth control. Curr. Opin. Cell Biol. 10:220-231.

Howlett,A.R. and Bissell,M.J. (1993) The influence of tissue microenvironment (stroma 

and extracellular matrix) on the development and function of mammary epithelium. 

Epithelial Cell Biol. 2:79-89.

Hu,C.D., Kariya,K., Tamada,M., Akasaka,K., Shirouzu,M., Yokoyama,S. and 

Kataoka,T. (1995b) Cysteine-rich region of Raf-1 interacts with activator domain of 

post- translationally modified Ha-Ras. J. Biol. Chem. 270:30274-30277.

Hu,E., KimJ.B., SarrafP. and Spiegelman,B.M. (1996) Inhibition of adipogenesis 

through MAP kinase-mediated phosphorylation of PPARy. Science 274:2100-2103.

Hu,Q., KlippefA., Muslin,A.J., FantfW.J. and Williams,L.T. (1995a) Ras-dependent 

induction of cellular responses by constitutively active phosphatidylinositol-3 

kinase. Science 268:100-102.

Huai,J. and Drescher,U. (2001) An ephrin-A-dependent Signaling Pathway Controls 

Integrin Function and Is Linked to the Tyrosine Phosphorylation of a 120-kDa 

Protein. J. Biol. Chem. 276:6689-6694.

Huang,D.C., MarshalfC.J. and Hancock,J.F. (1993) Plasma membrane-targeted ras 

GTPase-activating protein is a potent suppressor of p21ras function. Mol. Cell Biol. 

13:2420-2431.

Hungerford,J.E., Compton,M.T., Matter,M.L., Hoffstrom,B.G. and Otey,C.A. (1996) 

Inhibition of ppl25FAK in cultured fibroblasts results in apoptosis. J. Cell Biol. 

135:1383-1390.

Huynh-Do,U., Stein,E., Lane,A.A., Liu,H., Cerretti,D.P. and Daniel,T.O. (1999) 

Surface densities of ephrin-B 1 determine EphBl-coupled activation of cell 

attachment through a(v)P(3) and a(5)P(l) integrins. EMBO J. 18:2165-2173.

Hynes,N.E. and Stern,D.F. (1994) The biology of erbB-2/neu/HER-2 and its role in 

cancer. Biochim. Biophys. Acta 1198:165-184.

305



Ikegaki,N., Tang,X.X., Liu,X.G., BiegelJ.A., Allen,C., Yoshioka,A., Sulman,E.P., 

Brodeur,G.M. and Pleasure,D.E. (1995) Molecular characterization and 

chromosomal localization of DRT (EPHT3): a developmentally regulated human 

protein-tyrosine kinase gene of the EPH family. Hum. Mol. Genet. 4:2033-2045.

Ilic,D., Furuta,Y., Kanazawa,S., Takeda,N., Sobue,K., Nakatsuji,N., Nomura,S., 

Fujimoto,!., Okada,M. and Yamamoto,T. (1995) Reduced cell motility and 

enhanced focal adhesion contact formation in cells from FAK-deficient mice. 

Nature 377:539-444.

Irving,C., Nieto,M.A., DasGupta,R., Charnay,P. and Wilkinson,D.G. (1996) 

Progressive spatial restriction of Sek-1 and Krox-20 gene expression during 

hindbrain segmentation. Dev. Biol. 173:26-38.

Iwase,T., Tanaka,M., Suzuki,M., Naito,Y., Sugimura,H. and Kino,I. (1993) 

Identification of protein-tyrosine kinase genes preferentially expressed in embryo 

stomach and gastric cancer. Biochem. Biophys. Res. Commun. 194:698-705.

Jackson,D., Bresnick,!., Rosewell,!., Crafton,T., Poulsom,R., Stamp,G. and Dickson,C.

(1997) Fibroblast growth factor receptor signalling has a role in lobuloalveolar 

development of the mammary gland. J. Cell Sci. 110:1261-1268.

Jainchill,J.L., Aaronson,S.A. and Todaro,G.J. (1969) Murine sarcoma and leukemia 

viruses: assay using clonal lines of contact-inhibited mouse cells. J. Virol. 4:549- 

553.

Jeffers,M., Fiscella,M., Webb,C.P., Anver,M., Koochekpour,S. and Vande Woude,G.F.

(1998) The mutationally activated Met receptor mediates motility and metastasis. 

Proc. Natl. Acad. Sci. U. S. A 95:14417-14422.

Jefferson,A.B., Klippel,A. and Williams,L.T. (1998) Inhibition of mSOS-activity by 

binding of phosphatidylinositol 4,5-P2 to the mSGS pleckstrin homology domain. 

Oncogene 16:2303-2310.

Jiang,H., Luo,J.Q., Urano,T., Frankel,P., Lu,Z., Foster,D.A. and Feig,L.A. (1995) 

Involvement of Ral GTPase in v-Src-induced phospholipase D activation. Nature 

378:409-412.

306



Jimenez,c., Portela,R.A., Mellado,M., Rodriguez-Frade,J.M., Collard,J., Serrano,A., 

Martinez,A., Avila,J. and Carrera,A.C. (2000) Role of the PI3K regulatory subunit 

in the control of actin organization and cell migration. J. Cell Biol. 151:249-262.

Jin,L., Fuchs,A., Schnitt,S.J., Yao,Y., Joseph,A., Lamszus,K., Park,M., Goldberg,I.D. 

and Rosen,E.M. (1997) Expression of scatter factor and c-met receptor in benign 

and malignant breast tissue. Cancer 79:749-760.

Jing,S., Wen,D., Yu,Y., Holst,P.L., Luo,Y., Fang,M., Tamir,R., Antonio,L., Hu,Z., 

Cupples,R., Louis,J.C., Hu,S., Altrock,B.W. and Fox,G.M. (1996) GDNF-induced 

activation of the ret protein tyrosine kinase is mediated by GDNFR-a, a novel 

receptor for GDNF. Cell 85:1113-1124.

John,J., Frech,M. and Wittinghofer,A. (1988) Biochemical properties of Ha-ras encoded 

p21 mutants and mechanism of the autophosphorylation reaction. J. Biol. Chem. 

263:11792-11799.

Johnston,S.R.D., McLennan,K.A., Salter,!., Sacks,N.M., McLaughlin,T., Baum,M., 

Smith,I.E. and Dowsett,M. (1993) Tamoxifen induces the expression of cytoplasmic 

c-erbB2 immunoreactivity in oestrogen-receptor positive breast carcinomas in-vivo. 

Breast 2:93-99.

Jovanovic,J.N., Benfenati,F., Siow,Y.L., Sihra,T.S., Sanghera,J.S., Pelech,S.L., 

Greengard,P. and Czernik,A.J. (1996) Neurotrophins stimulate phosphorylation of 

synapsin I by MAP kinase and regulate synapsin I-actin interactions. Proc. Natl. 

Acad. Sci. U. S. A 93:3679-3683.

Juergens,W.G., Stockdale,F.E., Topper,Y.J. and Elias,J.J. (1965) Hormone-dependent 

differentiation of mammary gland in vitro . Proc. Natl. Acad. Sci. U. S. A 54:629- 

634.

Jullien-Flores,V., Dorseuil,0., Romero,F., Letourneur,F., Saragosti,S., Berger,R., 

Tavitian,A., Gacon,G. and Camonis,J.H. (1995) Bridging Ral GTPase to Rho 

pathways. RLIP76, a Ral effector with CDC42/Rac GTPase-activating protein 

activity. J. Biol. Chem. 270 :22473-22477.

307



Kaibuchi,K., Kuroda,S. and Amano,M. (1999) Regulation of the cytoskeleton and cell 

adhesion by the Rho family GTPases in mammalian cells. Annu. Rev. Biochem. 

68:459-486.

Kalo,M.S. and Pasquale,E.B. (1999a) Multiple in vivo tyrosine phosphorylation sites in 

EphB receptors. Biochemistry 38:14396-14408,

Kalo,M.S. and Pasquale,E.B. (1999b) Signal transfer by Eph receptors. Cell Tissue Res. 

298:1-9.

Kaplan,D.R., Morrison,D.K., Wong,G., McCormick,F. and Williams,L.T. (1990) PDGF 

beta-receptor stimulates tyrosine phosphorylation of GAP and association of GAP 

with a signaling complex. Cell 61:125-133.

Kato,S., Endoh,H., Masuhiro,Y., Kitamoto,T., Uchiyama,S., Sasaki,H., Masushige,S., 

Gotoh,Y., Nishida,E. and Kawashima,H. (1995a) Activation of the estrogen receptor 

through phosphorylation by mitogen- activated protein kinase. Science 270:1491- 

1494.

Kato,M., Saunders,S., Nguyen,H. and Bernfield,M. (1995b) Loss of cell surface 

syndecan-1 causes epithelia to transform into anchorage-independent mesenchyme­

like cells. Mol. Biol. Cell 6:559-576.

Kazlauskas,A., Ellis,C., Pawson,T. and Cooper,J.A. (1990) Binding of GAP to activated 

PDGF receptors. Science 247:1578-1581.

Keely,P.J., Westwick,J.K., Whitehead,I.P., Der,C.J. and Parise,L.V. (1997) Cdc42 and 

Racl induce integrin-mediated cell motility and invasiveness through PI(3)K. 

Nature 390:632-636.

Khokhlatchev,A.V., Canagarajah,B., Wilsbacher,!., Robinson,M., Atkinson,M., 

Goldsmith,E. and Cobb,M.H. (1998) Phosphorylation of the MAP kinase ERK2 

promotes its homodimerization and nuclear translocation. Cell 93:605-615.

Khosravi-Far,R., Solski,P.A., Clark,G.J., Kinch,M.S. and Der,C.J. (1995) Activation of 

Racl, Rho A, and mitogen-activated protein kinases is required for Ras 

transformation. Mol. Cell Biol. 15:6443-6453.

308



Khwaja,A-, Rodriguezviciana,P., Wennstrom,S., Wame,P.H. and Downward,!. (1997) 

Matrix adhesion and Ras transformation both activate a phosphoinositide 3-OH 

kinase and protein kinase B/Akt cellular survival pathway. EMBO J. 16:2783-2793.

Kikuchi,A., Demo,S.D., Ye,Z.H., Chen,Y.W. and Williams,L.T. (1994) ralGDS family 

members interact with the effector loop of ras p21. M ol Cell Biol 14:7483-7491.

Kim,E., Niethammer,M., Rothschild,A., Jan,Y.N. and Sheng,M. (1995a) Clustering of 

Shaker-type K-f- channels by interaction with a family of membrane-associated 

guanylate kinases. Nature 378:85-88.

Kim,H.A., Rosenbaum,T., Marchionni,M.A., Ratner,N. and DeClue,J.E. (1995b) 

Schwann cells from neuroflbromin deficient mice exhibit activation of p21ras, 

inhibition of cell proliferation and morphological changes. Oncogene 11:325-335.

Kimata,K., Sakakura,T., Inaguma,Y., Kato,M. and Nishizuka,Y. (1985) Participation of 

two different mesenchymes in the developing mouse mammary gland: synthesis of 

basement membrane components by fat pad precursor cells. J. Embryol Exp. 

Morphol 89:243-257.

Kitsberg,D.I. and Leder,P. (1996) Keratinocyte growth factor induces mammary and 

prostatic hyperplasia and mammary adenocarcinoma in transgenic mice. Oncogene 

13:2507-2515.

Kiyokawa,E., Takai,S., Tanaka,M., Iwase,T., Suzuki,M., Xiang,Y.Y., Naito,Y., 

Yamada,K., Sugimura,H. and Kino,I. (1994) Overexpression of ERK, an EPH 

family receptor protein tyrosine kinase, in various human tumors. Cancer Res. 

54:3645-3650.

Klemke,R.L., Cai,S., Giannini,A.L., Gallagher,P.J., de Lanerolle,P. and Cheresh,D.A.

(1997) Regulation of cell motility by mitogen-activated protein kinase. J. Cell Biol 

137:481-492.

Klemke,R.L., Leng,J., Molander,R., Brooks,P.C., Vuori,K. and Cheresh,D.A. (1998) 

CAS/Crk coupling serves as a "molecular switch" for induction of cell migration. J. 

Cell Biol 140:961-972.

309



Klinghoffer,R.A., Duckworth,B-, Valius,M., Cantley,L. and Kazlauskas,A. (1996) 

Platelet-derived growth factor-dependent activation of phosphatidylinositol 3-kinase 

is regulated by receptor binding of SH2- domain-containing proteins which 

influence Ras activity. Mol. Cell Biol. 16:5905-5914.

Klippel,A., Reinhard,C., Kavanaugh,W.M., Apell,G., Escobedo,M.A. and 

Williams,L.T. (1996) Membrane localization of phosphatidylinositol 3-kinase is 

sufficient to activate multiple signal-transducing kinase pathways. Mol. Cell Biol. 

16:4117-4127.

KlippefA., Kavanaugh,W.M., Pot,D. and Williams,L.T. (1997) A specific product of 

phosphatidylinositol 3-kinase directly activates the protein kinase Akt through its 

pleckstrin homology domain. Mol. Cell Biol. 17:338-344.

Koide,H., Satoh,T., Nakafuku,M. and Kaziro,Y. (1993) GTP-dependent association of 

Raf-1 with Ha-Ras: identification of Raf as a target downstream of Ras in 

mammalian cells. Proc. Natl. Acad. Sci. U. S. A 90:8683-8686.

Kolch,W., Heidecker,G., Lloyd,P. and Rapp,U.R. (1991) Raf-1 protein kinase is 

required for growth of induced NIH/3T3 cells. Nature 349:426-428.

Korach,K.S., Couse,J.F., Curtis,S.W., Washburn,T.F., Lindzey,!., Kimbro,K.S., 

Fddy,F.M., Migliaccio,S., Snedeker,S.M., Lubahn,D.B., Schomberg,D.W. and 

Smith,F.P. (1996) Estrogen receptor gene disruption: molecular characterization and 

experimental and clinical phenotypes. Recent Prog. Horm. Res. 51:159-186.

Koukoulis,G.K., Virtanen,!., Korhonen,M., Laitinen,L., Quaranta,V. and Gould,V.F. 

(1991) Immunohistochemical localization of integrins in the normal, hyperplastic, 

and neoplastic breast. Correlations with their functions as receptors and cell 

adhesion molecules. Am. J. Pathol. 139:787-799.

Kozlosky,C.J., Maraskovsky,F., McGrew,J.T., VandenBos,T., Teepe,M., Lyman,S.D., 

Srinivasan,S., Fletcher,F.A., Gayle,R.B., Ill and Cerretti,D.P. (1995) Ligands for the 

receptor tyrosine kinases hek and elk: isolation of cDNAs encoding a family of 

proteins. Oncogene 10:299-306.

Kretzschmar,M., Doody,J. and Massague,J. (1997) Opposing BMP and FGF signalling 

pathways converge on the TGFp family mediator Smadl. Nature 389:618-622.

310



Krull,C.E., Lansford,R., Gale,N.W., Collazo,A., Marcelle,C., Yancopoulos,G.D., 

Fraser,S.E. and Bronner-Fraser,M. (1997) Interactions of Eph-related receptors and 

ligands confer rostrocaudal pattern to trunk neural crest migration. Curr. Biol. 

7:571-580.

Kulik,G., Klippel,A. and Weber,M.J. (1997) Antiapoptotic signalling by the insulin-like 

growth factor I receptor, phosphatidylinositol 3-kinase, and Akt. Mol. Cell Biol. 

17:1595-1606.

Kundra,V., Escobedo,!.A., Kazlauskas,A., Kim,H.K., Rhee,S.G., Williams,L.T. and 

Zetter,B.R. (1994) Regulation of chemotaxis by the platelet-derived growth factor 

receptor-p. 367:474-476.

Kyriakis,J.M., App,H., Zhang,X.F., Banerjee,?., Brautigan,D.L., Rapp,U.R. and 

Avruch,!. (1992) Raf-1 activates MAP kinase-kinase. Nature 358:417-421.

Kyriakis,J.M., Banerjee,?., Nikolakaki,E., Dai,T., Rubie,E.A., Ahmad,M.F., Avruch,!. 

and Woodgett,!.R. (1994) The stress-activated protein kinase subfamily of c-!un 

kinases. Nature 369:156-160.

Labrador,!.?., Brambilla,R. and Klein,R. (1997) The N-terminal globular domain of 

Eph receptors is sufficient for ligand binding and receptor signaling. EMBO J. 

16:3889-3897.

Lackmann,M., Bucci,T., Mann,R.!., Kravets,L.A., Viney,E., Smith,F., Moritz,R.L., 

Carter,W., Simpson,R.!., Nicola,N.A., Mackwell,K., Nice,E.C., Wilks,A.F. and 

Boyd,A.W. (1996) Purification of a ligand for the EPH-like receptor HEK using a 

biosensor-based affinity detection approach. Proc. Natl. Acad. Sci. U. S. A 93:2523- 

2527.

Lackmann,M., Mann,R.!., Kravets,L., Smith,F.M., Bucci,T.A., Maxwell,K.F., 

HowletfG.!., 01sson,!.E., Vanden Bos,T., Cerretti,D.P. and Boyd,A.W. (1997) 

Ligand for EPH-related kinase (LERK) 7 is the preferred high affinity ligand for the 

HEK receptor. J. Biol. Chem. 272:16521-16530.

Lackmann,M., Oates,A.C., Dottori,M., Smith,F.M., Do,C., Power,M., Kravets,L. and 

Boyd,A.W. (1998) Distinct subdomains of the EphA3 receptor mediate ligand 

binding and receptor dimerization. J. Biol. Chem. 273:20228-20237.

311



Lai,C. and Lemke,G. (1991) An extended family of protein-tyrosine kinase genes 

differentially expressed in the vertebrate nervous system. Neuron 6:691-704.

Lamarche,N., Tapon,N., Stowers,L., Burbelo,P.D., Aspenstrom,P., Bridges,!., Chant,J. 

and Hall,A. (1996) Rac and Cdc42 induce actin polymerization and G1 cell cycle 

progression independently of p65PAK and the JNK/SAPK MAP kinase cascade. 

Cell 87:519-529.

Lavoie,J.N., L’Allemain,G., Brunet,A., Muller,R. and Pouyssegur,J. (1996) Cyclin D1 

expression is regulated positively by the p42/p44MAPK and negatively by the 

p38/HOGMAPK pathway. J. Biol Chem. 271:20608-20616.

Leder,A., Pattengale,P.K., Kuo,A., Stewart,!.A. and Leder,P. (1986) Consequences of 

widespread deregulation of the c-myc gene in transgenic mice: multiple neoplasms 

and normal development. Cell 45:485-495.

Leevers,S.J., Paterson,H.F. and Marshall,C.J. (1994) Requirement for Ras in Raf 

activation is overcome by targeting Raf to the plasma membrane. Nature 369:411- 

414.

Lemmon,M.A. and Schlessinger,J. (1994) Regulation of Signal !ransduction and Signal 

Diversity by Receptor Oligomerisation. Trends Biochem. Sci. 19:459-463.

Lenormand,P., Sardet,C., Pages,G., L’Allemain,G., Brunet,A. and Pouyssegur,J. (1993) 

Growth factors induce nuclear translocation of MAP kinases (p42mapk and 

p44mapk) but not of their activator MAP kinase kinase (p45mapkk) in fibroblasts. J. 

Cell Biol 122:1079-1088.

Leof,E.B. (2000) Growth factor receptor signalling: location, location, location. Trends 

Cell Biol 10:343-348.

Leppa,S., Saffrich,R., Ansorge,W. and Bohmann,D. (1998) Differential regulation of c- 

Jun by ERK and JNK during PCI2 cell differentiation. EMBO J. 17:4404-4413.

Levkowitz,G., Waterman,H., Ettenberg,S.A., Katz,M., !sygankov,A.Y., Alroy,!., 

Lavi,S., Iwai,K., Reiss,Y., Ciechanover,A., Lipkowitz,S. and Yarden,Y. (1999) 

Ubiquitin ligase activity and tyrosine phosphorylation underlie suppression of 

growth factor signaling by c-Cbl/Sli-1. Mol Cell 4:1029-1040.

312



Lhotak,V. and Pawson,T. (1993) Biological and biochemical activities of a chimeric 

epidermal growth factor-Elk receptor tyrosine kinase. Mol Cell Biol. 13:7071-7079.

Li,F., Strange,R., Friis,R.R., Djonov,V., Altermatt,H.J., Saurer,S., Niemann,H. and 

Andres,A.C. (1994) Expression of stromelysin-1 and TIMP-1 in the involuting 

mammary gland and in early invasive tumors of the mouse. Int. J. Cancer 59:560- 

568.

Li,M.L., Aggeler,!., Farson,D.A., Flatier,C., Hassell,!, and Bissell,M.J. (1987) Influence 

of a reconstituted basement membrane and its components on casein gene 

expression and secretion in mouse mammary epithelial cells. Proc. Natl. Acad. Sci. 

U. 5. A 84:136-140.

Li,N., Batzer,A., Daly,R., Yajnik,V., Skolnik,E., Chardin,P., Bar-Sagi,D., Margolis,B. 

and Schlessinger,J. (1993) Guanine-nucleotide-releasing factor hSosl binds to Grb2 

and links receptor tyrosine kinases to Ras signalling. Nature 363:85-88.

Lin,D., Gish,G.D., Songyang,Z. and Pawson,T. (1999) The carboxyl terminus of B class 

ephrins constitutes a PDZ domain binding motif. J. Biol. Chem. 274:3726-3733.

Lin,L.L., Wartmann,M., Lin,A.Y., Knopf,J.L., Seth,A. and Davis,R.J. (1993) cPLA2 is 

phosphorylated and activated by MAP kinase. Cell 72:269-278.

Lindberg,R.A. and Hunter,T. (1990) cDNA cloning and characterization of eck, an 

epithelial cell receptor protein-tyrosine kinase in the eph/elk family of protein 

kinases. Mo/. Cell Biol. 10:6316-6324.

Lochter,A., Galosy,S., Muschler,!., Freedman,N., Werb,Z. and Bissell,M.J. (1997) 

Matrix metalloproteinase stromelysin-1 triggers a cascade of molecular alterations 

that leads to stable epithelial-to-mesenchymal conversion and a premalignant 

phenotype in mammary epithelial cells. J. Cell Biol. 139:1861-1872.

Locke,D. (1998) Gap junctions in normal and neoplastic mammary gland. J. Pathol. 

186:343-349.

Logan,C., Wizenmann,A., Drescher,U., Monschau,B., Bonhoeffer,F. and Lumsden,A.

(1996) Rostral optic tectum acquires caudal characteristics following ectopic 

engrailed expression. Curr. Biol. 6:1006-1014.

313



Lowenstein,EJ., Daly,RJ., Batzer,A.G., Li,W., Margolis,B., Lammers,R., Ullrich,A., 

Skolnik,E.Y., Bar-Sagi,D. and Schlessinger,J. (1992) The SH2 and SH3 domain- 

containing protein GRB2 links receptor tyrosine kinases to ras signaling. Cell 

70:431-442.

Lumsden,A. (1999) Closing in on rhombomere boundaries. Nat. Cell Biol. 1:E83-E85.

Lydon,J.P., DeMayo,F.J., Funk,C.R., Mani,S.K., Hughes,A.R., Montgomery,C.A., Jr., 

Shyamala,G., Conneely,O.M. and OMalley,B.W. (1995) Mice lacking progesterone 

receptor exhibit pleiotropic reproductive abnormalities. Genes Dev. 9:2266-2278.

MacArthur,C.A., Shankar,D.B. and Shackleford,G.M. (1995) Fgf-8, activated by 

pro viral insertion, cooperates with the Wnt-1 transgene in murine mammary 

tumorigenesis. J. Virol. 69 :2501-2507.

Machesky,L.M. and Insall,R.H. (1998) Scarl and the related Wiskott-Aldrich syndrome 

protein, WASP, regulate the actin cytoskeleton through the Arp2/3 complex. Curr. 

Biol. 8:1347-1356.

Machesky,L.M. and Gould,K.L. (1999) The Arp2/3 complex: a multifunctional actin 

organizer. Curr. Opin. Cell Biol. 11:117-121.

Maekawa,M., Li,S., Iwamatsu,A., Morishita,T., Yokota,K., Imai,Y., Kohsaka,S., 

Nakamura,S. and Hattori,S. (1994) A novel mammalian Ras GTPase-activating 

protein which has phospholipid- binding and Btk homology regions. Mol. Cell Biol. 

14:6879-6885.

Magal,E., Holash,J.A., Toso,R.J., Chang,D., Lindberg,R.A. and Pasquale,E.B. (1996) 

B61, a ligand for the Eck receptor protein-tyrosine kinase, exhibits neurotrophic 

activity in cultures of rat spinal cord neurons. J. Neurosci. Res. 43:735-744.

Mann,R., Mulligan,R.C. and Baltimore,D. (1983) Construction of a retrovirus 

packaging mutant and its use to produce helper-free defective retrovirus. Cell 

33:153-159.

Manser,J., Roonprapunt,C. and Margolis,B. (1997) C. elegans cell migration gene mig- 

10 shares similarities with a family of SH2 domain proteins and acts cell 

nonautonomously in excretory canal development. Dev. Biol. 184:150-164.

314



Mansour,SJ., Matten,W.T., Hermann,A.S., Candia,J.M., Rong,S., Fukasawa,K., Vande 

Woude,G.F. and Ahn,N.G. (1994) Transformation of mammalian cells by 

constitutively active MAP kinase kinase. Science 265:966-970.

Marais,R., Light,Y., Paterson,H.F. and Marshall,C.J. (1995) Ras recruits Raf-1 to the 

plasma membrane for activation by tyrosine phosphorylation. EMBO 7. 14:3136- 

3145.

Marais,R., Light,Y., Paterson,H.F., Mason,C.S. and Marshall,C.J. (1997) Differential 

regulation of Raf-1, A-Raf, and B-Raf by oncogenic ras and tyrosine kinases. J. 

Biol Chem. 272:4378-4383.

Marcus,S., Polverino,A., Chang,E., Robbins,D., Cobb,M.H. and Wigler,M.H. (1995) 

Shkl, a homolog of the Saccharomyces cerevisiae Ste20 and mammalian p65PAK 

protein kinases, is a component of a Ras/Cdc42 signaling module in the fission yeast 

Schizosaccharomyces pombe. Proc. Natl Acad. ScL U. S. A 92:6180-6184.

Margolis,B., Li,N., Koch,A., Mohammadi,M., Hurwitz,D.R., Zilberstein,A., Ullrich,A., 

Pawson,T. and Schlessinger,J. (1990) The tyrosine phosphorylated carboxy 

terminus of the EGF receptor is a binding site for GAP and PLC-y. EMBO J. 

9:4375-4380.

Markowitz,D., Goff,S. and Bank,A. (1988) A safe packaging line for gene transfer: 

separating viral genes on two different plasmids. J. Virol 62:1120-1124.

Marshall,C.J. (1995) Specificity of receptor tyrosine kinase signaling: transient versus 

sustained extracellular signal-regulated kinase activation. Cell 80:179-185.

Marte,B.M., Rodriguez-Viciana,P., Wennstrom,S., Warne,P.H. and Downward,!.

(1997) R-Ras can activate the phosphoinositide 3-kinase but not the MAP kinase 

arm of the Ras effector pathways. Curr. Biol 7:63-70.

Martegani,E., Vanoni,M., Zippel,R., Coccetti,P., Brambilla,R., Ferrari,C., Sturani,E. 

and Alberghina,L. (1992) Cloning by functional complementation of a mouse cDNA 

encoding a homologue of CDC25, a Saccharomyces cerevisiae RAS activator. 

EMBOJ. 11:2151-2157.

Martensen,T.M. and Levine,R.L. (1983) Base hydrolysis and amino acid analysis for 

phosphotyrosine in proteins. Methods Enzymol 99:402-405.

315



Martin,G.A., Viskochil,D., Bollag,G., McCabe,P.C., Crosier,W.J., Haubruck,H., 

Conroy,L., Clark,R., O’Connell,?, and Cawthon,R.M. (1990) The GAP-related 

domain of the neurofibromatosis type 1 gene product interacts with ras p21. Cell 

63:843-849.

Martinez-Lacaci,!., Kannan,S., De Santis,M., Bianco,C., Kim,N., Wallace-Jones,B., 

Ebert,A.D., Wechselberger,C. and Salomon,D.S. (2000) RAS transformation causes 

sustained activation of epidermal growth factor receptor and elevation of mitogen- 

activated protein kinase in human mammary epithelial cells. Int. J. Cancer 88:44- 

52.

Maru,Y., Hirai,H., Yoshida,M.C. and Takaku,F. (1988) Evolution, expression, and 

chromosomal location of a novel receptor tyrosine kinase gene, eph. Mol. Cell Biol. 

8:3770-3776.

Maru,Y., Hirai,H. and Takaku,F. (1990) Overexpression confers an oncogenic potential 

upon the eph gene. Oncogene 5:445-447.

Mason,C.S., Springer,C.J., Cooper,R.G., Superti-Furga,G., Marshall,C.J. and Marais,R.

(1999) Serine and tyrosine phosphorylations cooperate in Raf-1, but not B-Raf 

activation. EMBO J. 18:2137-2148.

Mattingly,R.R. and Macara,I.G. (1996) Phosphorylation-dependent activation of the 

Ras-GRF/CDC25Mm exchange factor by muscarinic receptors and G-protein py 

subunits. Nature 382:268-272.

McBride,J.L. and Ruiz,J.C. (1998) Ephrin-Al is expressed at sites of vascular 

development in the mouse. Mech. Dev. 77:201-204.

McCawley,L.J., Li,S., Wattenberg,E.V. and Hudson,L.G. (1999) Sustained activation of 

the mitogen-activated protein kinase pathway. A mechanism underlying receptor 

tyrosine kinase specificity for matrix metalloproteinase-9 induction and cell 

migration. J. Biol. Chem. 274:4347-4353.

McCollam,L., Bonfini,L., Karlovich,C.A., Conway,B.R., Kozma,L.M., Banerjee,U. and 

Czech,M.P. (1995) Functional roles for the pleckstrin and Dbl homology regions in 

the Ras exchange factor Son-of-sevenless. J. Biol. Chem. 270:15954-15957.

316



McGlade,!., Brunkhorst,B-, Anderson,D., Mbamalu,G., Settleman,J., Dedhar,S., 

Rozakis-Adcock,M., Chen,L.B. and Pawson,T. (1993) The N-terminal region of 

GAP regulates cytoskeletal structure and cell adhesion. EMBO J. 12:3073-3081.

Mcllroy,!., Chen,D., Wjasow,C., Michaeli,T. and Backer,J.M. (1997) Specific 

activation of p85-pllO phosphatidylinositol 3 -kinase stimulates DNA synthesis by 

ras- and p70 S6 kinase-dependent pathways. Mol. Cell Biol. 17:248-255.

Meima,L., Kljavin,I.J., Moran,P., Shih,A., Winslow,J.W. and Caras,I.W. (1997) AL-1- 

induced growth cone collapse of rat cortical neurons is correlated with REK7 

expression and rearrangement of the actin cytoskeleton. European Journal o f 

Neuroscience 9:177-188.

Mellitzer,G., Xu,Q.L. and Wilkinson,D.G. (1999) Eph receptors and ephrins restrict cell 

intermingling and communication. Nature 400:77-81.

Miao,H., Burnett,E., Kinch,M., Simon,E. and Wang,B.C. (2000) Activation of EphA2 

kinase suppresses integrin function and causes focal adhesion kinase 

dephosphorylation. Nat. Cell Biol. 2:62-69.

Michael,S.K., Brennan,J. and Robertson,E.J. (1999) Efficient gene-specific expression 

of ere recombinase in the mouse embryo by targeted insertion of a novel IRES-Cre 

cassette into endogenous loci. Mech. Dev. 85:35-47.

Migliaccio,E., Mele,S., Salcini,A.E., Pelicci,G., Lai,K.M., Superti-Furga,G., Pawson,T., 

Di Fiore,P.P., Lanfrancone,L. and Pelicci,P.G. (1997) Opposite effects of the 

p52shc/p46shc and p66shc splicing isoforms on the EGF receptor-MAP kinase-fos 

signalling pathway. EMBO J. 16:706-716.

Miki,H., Sasaki,T., Takai,Y. and Takenawa,T. (1998) Induction of filopodium 

formation by a WASP-related actin- depolymerizing protein N-WASP. Nature 

391:93-96.

Miki,Y., Swensen,!., Shattuck-Eidens,D., Futreal,P.A., Harshman,K., Tavtigian,S., 

Liu,Q., Cochran,C., Bennett,L.M., Ding,W. and . (1994) A strong candidate for the 

breast and ovarian cancer susceptibility gene BRCAl. Science 266:66-71.

317



Milburn,M.V., Tong,L„ deVos,A.M., Brunger,A., Yamaizumi,Z., Nishimura,S. and 

Kim,S.H. (1990) Molecular switch for signal transduction: structural differences 

between active and inactive forms of protooncogenic ras proteins. Science 247:939- 

945.

Minden,A., Lin,A., McMahon,M., Lange-Carter,C., Derijard,B., Davis,R.J., 

Johnson,G.L. and Karin,M. (1994) Differential activation of ERK and JNK 

mitogen-activated protein kinases by Raf-1 and MEKK. Science 266:1719-1723.

Minden,A., Lin,A., Claret,F.X., Abo,A. and Karin,M. (1995) Selective activation of the 

JNK signaling cascade and c-Jun transcriptional activity by the small GTPases Rac 

and Cdc42Hs. C^//81:1147-1157.

Miyakis,S., Sourvinos,G. and Spandidos,D.A. (1998) Differential expression and 

mutation of the ras family genes in human breast cancer. Biochem. Biophys. Res. 

Commun. 251:609-612.

Monschau,B., Kremoser,C., Ohta,K., Tanaka,H., Kaneko,T., Yamada,T., 

Handwerker,C., Hornberger,M.R., Loschinger,J., Pasquale,E.B., Siever,D.A., 

Verderame,M.F., Muller,B.K., Bonhoeffer,F. and Drescher,U. (1997) Shared and 

distinct functions of RAGS and ELF-1 in guiding retinal axons. EMBO J. 16:1258- 

1267.

Moodie,S.A., Willumsen,B.M., Weber,M.J. and Wolfman,A. (1993) Complexes of 

Ras.GTP with Raf-1 and mitogen-activated protein kinase kinase. Science 

260:1658-1661.

Mori,T., Wanaka,A., Taguchi,A., Matsumoto,K. and Tohyama,M. (1995) Differential 

expressions of the eph family of receptor tyrosine kinase genes (sek, elk, eck) in the 

developing nervous system of the mouse. Brain Res. Mol. Brain Res. 29:325-335.

Morino,N., Mimura,T., Hamasaki,K., Tobe,K., Ueki,K., Kikuchi,K., Takehara,K., 

Kadowaki,T., Yazaki,Y. and Nojima,Y. (1995) Matrix/integrin interaction activates 

the mitogen-activated protein kinase, p44erk-l and p42erk-2. J. Biol. Chem. 

270:269-273.

Morishima-Kawashima,M. and Kosik,K.S. (1996) The pool of map kinase associated 

with microtubules is small but constitutively active. Mol. Biol. Cell 7:893-905.

318



Morrison,D.K. and Cutler,R.E. (1997) The complexity of Raf-1 regulation. Curr. Opin. 

Cell Biol. 9:174-179.

Moynahan,M.E., Chiu,J.W., Koller,B.H. and Jasin,M. (1999) Brcal controls homology- 

directed DNA repair. Mol. Cell 4:511-518.

Mosch,H.U., Roberts,R.L. and Fink,G.R. (1996) Ras2 signals via the 

Cdc42/Ste20/mitogen-activated protein kinase module to induce filamentous growth 

in Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. U. S. A 93:5352-5356.

Muller,W.J., Sinn,E., Pattengale,P.K., Wallace,R. and Leder,P. (1988) Single-step 

induction of mammary adenocarcinoma in transgenic mice bearing the activated c- 

neu oncogene. Cell 54:105-115.

Muller,W.J., Lee,F.S., Dickson,C., Peters,G., Pattengale,P. and Leder,P. (1990) The int- 

2 gene product acts as an epithelial growth factor in transgenic mice. EMBO J. 

9:907-913.

Mulligan,R.C. and Berg,P. (1981) Selection for animal cells that express the 

Escherichia coli gene coding for xanthine-guanine phosphoribosyltransferase. Proc. 

Natl. Acad. Sci. U. S. A 78:2072-2076.

Murai,H., Ikeda,M., Kishida,S., Ishida,0., Okazaki-Kishida,M., Matsuura,Y. and 

Kikuchi,A. (1997) Characterization of Ral GDP dissociation stimulator-like (RGL) 

activities to regulate c-fos promoter and the GDP/GTP exchange of Ral. J. Biol. 

Chem. 272:10483-10490.

Nakajima,T., Fukamizu,A., Takahashi,!., Gage,F.H., Fisher,T., Blenis,J. and 

Montminy,M.R. (1996) The signal-dependent coactivator CBP is a nuclear target for 

pp90RSK. Cell 86:465-474.

Nakamoto,M., Cheng,H.J., Friedman,G.C., McLaughlin,T., Hansen,M.J., Yoon,C.H., 

O'Leary,D.D. and Flanagan,J.G. (1996) Topographically specific effects of FLF-1 

on retinal axon guidance in vitro and retinal axon mapping in vivo. Cell 86:755-766.

Neal,S.F., Fccleston,J.F., Hall,A. and Webb,M.R. (1988) Kinetic analysis of the 

hydrolysis of GTP by p21N-ras. The basal GTPase mechanism. J. Biol. Chem. 

263:19718-19722.

319



Neuhausen,S.L. and Marshall,CJ. (1994) Loss of heterozygosity in familial tumors 

from three BRCAl-linked kindreds. Cancer Res. 54:6069-6072.

Nguyen,D.H., Hussaini,I.M. and Gonias,S.L. (1998) Binding of urokinase-type 

plasminogen activator to its receptor in MCF- 7 cells activates extracellular signal- 

regulated kinase 1 and 2 which is required for increased cellular motility. J. Biol 

Chem. 273:8502-8507.

Nguyen,D.H., Catling,A.D., Webb,D.J., Sankovic,M., Walker,L.A., Somlyo,A.V., 

Weber,M.J. and Gonias,S.L. (1999) Myosin light chain kinase functions 

downstream of Ras/ERK to promote migration of urokinase-type plasminogen 

activator-stimulated cells in an integrin-selective manner. J. Cell Biol 146:149-164.

Nielsen,L.L., Gurnani,M. and Tyler,R.D. (1992) Evaluation of the wap-mj transgenic 

mouse as a model system for testing anticancer dmgs. Cancer Res. 52 :3733-3738.

Nieto,M.A., Gilardi-Hebenstreit,P., Charnay,P. and Wilkinson,D.G. (1992) A receptor 

protein tyrosine kinase implicated in the segmental patterning of the hindbrain and 

mesoderm. Development 116:1137-1150.

Nikolova,Z., Djonov,V., Zuercher,G., Andres,A.C. and Ziemiecki,A. (1998) Cell-type 

specific and estrogen dependent expression of the receptor tyrosine kinase EphB4 

and its ligand ephrin-B2 during mammary gland morphogenesis. J. Cell ScL 

111:2741-2751.

Nimnual,A.S., Yatsula,B.A. and Bar-Sagi,D. (1998) Coupling of Ras and Rac 

guanosine triphosphatases through the Ras exchanger Sos. Science 279:560-563.

Niranjan,B., Buluwela,L., Yant,J., Perusinghe,N., Atherton,A., Phippard,D., Dale,T., 

Gusterson,B. and Kamalati,T. (1995) HGF/SF: a potent cytokine for mammary 

growth, morphogenesis and development. Development 121:2897-2908.

No,D., Yao,T.P. and Evans,R.M. (1996) Ecdysone-inducible gene expression in 

mammalian cells and transgenic mice. Proc. Natl Acad. Sci U. S. A 93:3346-3351.

Nobes,C.D. and Hall,A. (1995) Rho, rac, and cdc42 GTPases regulate the assembly of 

multimolecular focal complexes associated with actin stress fibers, lamellipodia, and 

filopodia. Cell 81:53-62.

320



Nobes,C.D. and Hall,A. (1999) Rho GTPases control polarity, protrusion, and adhesion 

during cell movement. J. Cell Biol 144:1235-1244.

Normanno,N., Ciardiello,F., Brandt,R. and Salomon,D.S. (1994) Epidermal growth 

factor-related peptides in the pathogenesis of human breast cancer. Breast Cancer 

Res. Treat. 29:11-27.

O’Bryan,!.?., Frye,R.A., Cogswell,P.C., Neubauer,A., Kitch,B., Prokop,C., Espinosa,R., 

Ill, Le Beau,M.M., Earp,H.S. and Liu,E.T. (1991) axl, a transforming gene isolated 

from primary human myeloid leukemia cells, encodes a novel receptor tyrosine 

kinase. Mo/. Cell Biol 11:5016-5031.

Oft,M., Peli,J., Rudaz,C., Schwarz,H., Beug,H. and Reichmann,E. (1996) TGF-pi and 

Ha-Ras collaborate in modulating the phenotypic plasticity and invasiveness of 

epithelial tumor cells. Genes Dev. 10:2462-2477.

Ogawa,K., Pasqualini,R., Lindberg,R.A., Kain,R., Freeman,A.L. and Pasquale,E.B. 

(2000) The ephrin-Al ligand and its receptor, EphA2, are expressed during tumor 

neovascularization. Oncogene 19:6043-6052.

Ohta,K., Iwamasa,H., Drescher,U., Terasaki,H. and Tanaka,H. (1997) The inhibitory 

effect on neurite outgrowth of motoneurons exerted by the ligands ELF-1 and 

RAGS. Mech. Dev. 64:127-135.

01dham,S.M., Clark,G.J., Gangarosa,L.M., Coffey,R.J., Jr. and Der,C.J. (1996) 

Activation of the Raf-1/MAP kinase cascade is not sufficient for Ras transformation 

of RIE-1 epithelial cells. Proc. Natl Acad. Sci U. S. A 93:6924-6928.

Olivier,!.?., Raabe,T., Henkemeyer,M., Dickson,B., Mbamalu,G., Margolis,B., 

Schlessinger,!., Hafen,E. and Pawson,T. (1993) A Drosophila SH2-SH3 adaptor 

protein implicated in coupling the sevenless tyrosine kinase to an activator of Ras 

guanine nucleotide exchange, Sos. Cell 73:179-191.

01son,M.F., Ashworth,A. and Hall,A. (1995) An essential role for Rho, Rac, and Cdc42 

GTPases in cell cycle progression through G l. Science 269:1270-1272.

01son,M.F., Pasteris,N.G., Gorski,!.L. and Hall,A. (1996) Faciogenital dysplasia protein 

(FGDl) and Vav, two related proteins required for normal embryonic development, 

are upstream regulators of Rho GTPases. Curr. Biol 6:1628-1633.

321



Orioli,D., Henkemeyer,M., Lemke,G., Klein,R. and Pawson,T. (1996) Sek4 and Nuk 

receptors cooperate in guidance of commissural axons and in palate formation. 

EMBO J. 15:6035-6049.

Orsulic,S. and Kemler,R. (2000) Expression of Eph receptors and ephrins is 

differentially regulated by E-cadherin. J. Cell Sci. 113:1793-1802.

Osada,M., Tolkacheva,T., Li,W., Chan,T.O., Tsichlis,P.N., Saez,R., Kimmelman,A.C. 

and Chan,A.M. (1999) Differential roles of Akt, Rac, and Ral in R-Ras-mediated 

cellular transformation, adhesion, and survival. M ol Cell Biol 19:6333-6344.

Pandey,A., Lazar,D.F., Saltiel,A.R. and Dixit,V.M. (1994) Activation of the Eck 

receptor protein tyrosine kinase stimulates phosphatidylinositol 3-kinase activity. J. 

Biol Chem. 269:30154-30157.

Pandey,A., Duan,H. and Dixit,V.M. (1995a) Characterization of a novel Src-like 

adapter protein that associates with the Eck receptor tyrosine kinase. J. Biol Chem. 

270:19201-19204.

Pandey,A., Shao,H., Marks,R.M., Polverini,P.J. and Dixit,V.M. (1995b) Role of B61, 

the ligand for the Eck receptor tyrosine kinase, in TNF-alpha-induced angiogenesis. 

Science 268 :567-569.

Papin,C., Eychene,A., Brunet,A., Pages,G., Pouyssegur,J., Calothy,G. and Barnier,J.V.

(1995) B-Raf protein isoforms interact with and phosphorylate Mek-1 on serine 

residues 218 and 222. Oncogene 10:1647-1651.

Park,S.H. and Weinberg,R.A. (1995) A putative effector of Ral has homology to 

Rho/Rac GTPase activating proteins. Oncogene 11:2349-2355.

Park,S., Frisen,J. and Barbacid,M. (1997) Aberrant axonal projections in mice lacking 

EphA8 (Eek) tyrosine protein kinase receptors. EMBO J. 16:3106-3114.

Park,S. and Sanchez,M.P. (1997) The Eek receptor, a member of the Eph family of 

tyrosine protein kinases, can be activated by three different Eph family ligands. 

Oncogene 14:533-542.

322



Parsons,J.T. and Parsons,SJ. (1997) Src family protein tyrosine kinases: cooperating 

with growth factor and adhesion signaling pathways. Curr. Opin. Cell Biol. 9:187- 

192.

Pasquale,E.B. (1991) Identification of chicken embryo kinase 5, a developmentally 

regulated receptor-type tyrosine kinase of the Eph family. Cell Regul. 2:523-534.

Patel,K., Nittenberg,R., D’Souza,D., Irving,C., Burt,D., Wilkinson,D.G. and Tickle,C.

(1996) Expression and regulation of Cek-8, a cell to cell signalling receptor in 

developing chick limb buds. Development 122:1147-1155.

Pawson,T. (1995) Protein modules and signalling networks. Nature 373:573-580.

Pawson,T. and Scott,J.D. (1997) Signaling through scaffold, anchoring, and adaptor 

proteins. Science 278:2075-2080.

Payne,D.M., Rossomando,A.J., Martino,P., Erickson,A.K., Her,J.H., Shabanowitz,!., 

Hunt,D.F., Weber,M.J. and Sturgill,T.W. (1991) Identification of the regulatory 

phosphorylation sites in pp42/mitogen- activated protein kinase (MAP kinase). 

EMBOJ. 10:885-892.

Pelicci,G., Lanfrancone,L., Grignani,F., McGlade,!., Cavallo,F., Forni,G., Nicoletti,L, 

Grignani,F., Pawson,T. and Pelicci,P.G. (1992) A novel transforming protein (SHC) 

with an SH2 domain is implicated in mitogenic signal transduction. Cell 70:93-104.

Peppelenbosch,M.P., Qiu,R.G., Vries-Smits,A.M., Tertoolen,L.G., de Laat,S.W., 

McCormick,F., Hall,A., Symons,M.H. and Bos,J.L. (1995) Rac mediates growth 

factor-induced arachidonic acid release. Cell 81:849-856.

Peters,G., Brookes,S., Smith,R. and Dickson,C. (1983) Tumorigenesis by mouse 

mammary tumor virus: evidence for a common region for pro virus integration in 

mammary tumors. Cell 33 :369-377.

Peters,G., Brookes,S., Smith,R., Placzek,M. and Dickson,C. (1989) The mouse 

homolog of the hst/k-FGF gene is adjacent to int-2 and is activated by pro viral 

insertion in some virally induced mammary tumors. Proc. Natl. Acad. Sci. U. S. A 

86:5678-5682.

323



Peterson,S.N., Trabalzini,L., Brtva,T.R., Fischer,!., Altschuler,D.L., Martelli,?., 

Lapetina,E.G., Der,C.J. and White,G.C. (1996) Identification of a novel RalGDS- 

related protein as a candidate effector for Ras and Rapl. J. BioL Chem. 271:29903- 

29908.

Petti,L.M., Irusta,P.M. and DiMaio,D. (1998) Oncogenic activation of the PDGFp 

receptor by the transmembrane domain of pl85neu*. Oncogene 16:843-851.

Peverali,F.A., Isaksson,A., Papavassiliou,A.A., Plastina,P., Staszewski,L.M., 

Mlodzik,M. and Bohmann,D. (1996) Phosphorylation of Drosophila Jun by the 

MAP kinase rolled regulates photoreceptor differentiation. EMBO J. 15:3943-3950.

Powis,G., Bonjouklian,R., Berggren,M.M., Gallegos,A., Abraham,R., Ashendel,C., 

Zalkow,L., Matter,W.F., Dodge,J. and Grindey,G. (1994) Wortmannin, a potent and 

selective inhibitor of phosphatidylinositol-3- kinase. Cancer Res. 54:2419-2423.

Puls,A., Eliopoulos,A.G., Nobes,C.D., Bridges,!., Young,L.S. and Hall,A. (1999) 

Activation of the small G!Pase Cdc42 by the inflammatory cytokines !N F a  and 

IL-1, and by the Epstein-Barr virus transforming protein LMPl. J. Cell Sci. 112 ( Ft 

17):2983-2992.

Pulverer,B.J., Kyriakis,J.M., Avruch,!., Nikolakaki,E. and Woodgett,J.R. (1991) 

Phosphorylation of c-jun mediated by MAP kinases. Nature 353:670-674.

Pumiglia,K., Chow,Y.H., Fabian,!., Morrison,D., Decker,S. and !ove,R. (1995) Raf-1 

N-terminal sequences necessary for Ras-Raf interaction and signal transduction. 

Mol. Cell Biol. 15:398-406.

Pyronnet,S., Imataka,H., Gingras,A.C., Fukunaga,R., Hunter,!, and Sonenberg,N. 

(1999) Human eukaryotic translation initiation factor 4G (eIF4G) recruits Mnkl to 

phosphorylate eIF4E. EMBO J. 18:270-279.

Qiu,R.G., Chen,!., Kirn,D., McCormick,!, and Symons,M. (1995a) An essential role for 

Rac in Ras transformation. Nature 374:457-459.

Qiu,R.G., Chen,!., McCormick,!, and Symons,M. (1995b) A role for Rho in Ras 

transformation. Proc. Natl. Acad. Sci. U. S. A 92:11781-11785.

324



Qiu,R.G., Abo,A., McCormick,F. and Symons,M. (1997) Cdc42 regulates anchorage- 

independent growth and is necessary for Ras transformation. Mol. Cell Biol. 

17:3449-3458.

Quilliam,L.A., Huff,S.Y., Rabun,K.M., Wei,W., Park,W., Broek,D. and Der,C.J. (1994) 

Membrane-targeting potentiates guanine nucleotide exchange factor CDC25 and 

SOSl activation of Ras transforming activity. Proc. Natl. Acad. Set. U. S. A 

91:8512-8516.

Quilliam,L.A., Khosravi-Far,R., Huff,S.Y. and Der,C.J. (1995) Guanine nucleotide 

exchange factors: activators of the Ras superfamily of proteins. Bioessays 17:395- 

404.

Rajan,J.V., Wang,M., Marquis,S.T. and Chodosh,L.A. (1996) Brca2 is coordinately 

regulated with Brcal during proliferation and differentiation in mammary epithelial 

cells. Proc. Natl. Acad. Sci. U. S. A 93:13078-13083.

Rajeevan,M.S., Vernon,S.D., Taysavang,N. and Unger,E.R. (2001) Validation of array- 

based gene expression profiles by real-time (kinetic) RT-PCR. J. Mol. Diagn. 3:26- 

31.

Rapp,U.R., Goldsborough,M.D., Mark,G.E., Bonner,T.I., Groffen,!., Reynolds,F.H., Jr. 

and Stephenson,!.R. (1983) Structure and biological activity of v-raf, a unique 

oncogene transduced by a retrovirus. Proc. Natl. Acad. Sci. U. S. A 80:4218-4222.

Ray,L.B. and Sturgill,T.W. (1987) Rapid stimulation by insulin of a serine/threonine 

kinase in 3T3-L1 adipocytes that phosphorylates microtubule-associated protein 2 in 

vitro. Proc. Natl. Acad. Sci. U. S. A  84:1502-1506.

Re,F., Zanetti,A., Sironi,M., Polentarutti,N., Lanfrancone,L., Dejana,E. and Colotta,F.

(1994) Inhibition of anchorage-dependent cell spreading triggers apoptosis in 

cultured human endothelial cells. / . Cell Biol. 127:537-546.

Redmond,S.M., Reichmann,E., Muller,R.G., Friis,R.R., Groner,B. and Hynes,N.E. 

(1988) The transformation of primary and established mouse mammary epithelial 

cells by p21-ras is concentration dependent. Oncogene 2:259-265.

325



Reichmann,E., Ball,R., Groner,B. and Friis,R.R. (1989) New mammary epithelial and 

fibroblastic cell clones in coculture form structures competent to differentiate 

functionally. /  Cell Biol. 108:1127-1138.

Reichmann,E., Schwarz,H., Deiner,E.M., Leitner,!., Eilers,M., Berger,J., Busslinger,M. 

and Beug,H. (1992) Activation of an inducible c-FosER fusion protein causes loss 

of epithelial polarity and triggers epithelial-fibroblastoid cell conversion. Cell 

71:1103-1116.

Reszka,A.A., Seger,R., Diltz,C.D., Krebs,E.G. and Fischer,E.H. (1995) Association of 

mitogen-activated protein kinase with the microtubule cytoskeleton. Proc. Natl. 

Acad. Sci. U. S. A 92:8881-8885.

Rey,I., Taylor-Harris,?., van Erp,H. and Hall,A. (1994) R-ras interacts with rasGAP, 

neurofibromin and c-raf but does not regulate cell growth or differentiation. 

Oncogene 9:685-692.

Ridley,A.J. and Hall,A. (1992) The small GTP-binding protein rho regulates the 

assembly of focal adhesions and actin stress fibers in response to growth factors. 

Cell 70:389-399.

Ridley,A.J., Paterson,H.F., Johnston,C.L., Diekmann,D. and Hall,A. (1992) The small 

GTP-binding protein rac regulates growth factor-induced membrane ruffling. Cell 

70:401-410.

Risau,W. (1997) Mechanisms of angiogenesis. Nature 386:671-674.

Robinson,D., He,F., Pretlow,T. and Kung,H.J. (1996) A tyrosine kinase profile of 

prostate carcinoma. Proc. Natl. Acad. Sci. U. S. A 93:5958-5962.

Roche,S., Alonso,G., Kazlauskas,A., Dixit,V.M., Courtneidge,S.A. and Pandey,A.

(1998) Src-like adaptor protein (Slap) is a negative regulator of mitogenesis. Curr. 

Biol. 8:975-978.

Roder,H.M., Eden,P.A. and Ingram,V.M. (1993) Brain protein kinase PK40erk converts 

TAU into a PHF-like form as found in Alzheimer’s disease. Biochem. Biophys. Res. 

Commun. 193:639-647.

326



Rodriguez-Viciana,p., Warne,P.H., Dhand,R., Vanhaesebroeck,B-» Gout,I., Fry,MJ., 

Waterfield,M.D. and Downward,!. (1994) Phosphatidylinositol-3-OH kinase as a 

direct target of Ras. Nature 370:527-532.

Rodriguez-Viciana,P., Warne,P.H., Vanhaesebroeck,B., Waterfield,M.D. and 

Downward,!. (1996) Activation of phosphoinositide 3-kinase by interaction with 

Ras and by point mutation. EMBO J. 15:2442-2451.

Rodriguez-Viciana,P., Warne,P.H., Khwaja,A., Marte,B.M., Pappin,D., Das,P., 

Waterfield,M.D., Ridley,A. and Downward,!. (1997) Role of Phosphoinositide 3- 

OH Kinase in Ceil Transformation and Control of the Actin Cytoskeleton by Ras. 

Cell 89:457-467.

Roh,H., Pippin,!.A., Green,D.W., Boswell,C.B., Hirose,C.T., Mokadam,N. and 

Drebin,!.A. (2000) HER2/neu antisense targeting of human breast carcinoma. 

Oncogene 19:6138-6143.

Rohatgi,R., Ma,L., Miki,H., Lopez,M., Kirchhausen,T., Takenawa,T. and 

Kirschner,M.W. (1999) The interaction between N-WASP and the Arp2/3 complex 

links Cdc42- dependent signals to actin assembly. Cell 97:221-231.

Ronnov-!essen,L., Petersen,O.W. and Bissell,M.!. (1996) Cellular changes involved in 

conversion of normal to malignant breast: importance of the stromal reaction. 

Physiol Rev. 76 :69-125.

Rosenberg,I.M., Goke,M., Kanai,M., Reinecker,H.C. and Podolsky,D.K. (1997) 

Epithelial cell kinase-B61: an autocrine loop modulating intestinal epithelial 

migration and barrier function. American Journal o f Physiology 273:G824-G832.

Royal,!., Lamarche-Vane,N., Lamorte,L., Kaibuchi,K. and Park,M. (2000) Activation of 

cdc42, rac, PAK, and rho-kinase in response to hepatocyte growth factor 

differentially regulates epithelial cell colony spreading and dissociation. Mol Biol 

C e//11:1709-1725.

Rozakis-Adcock,M., McGlade,!., Mbamalu,G., Pelicci,G., Daly,R., Li,W., Batzer,A., 

Thomas,S., Brugge,!, and Pelicci,P.G. (1992) Association of the She and 

Grb2/Sem5 SH2-containing proteins is implicated in activation of the Ras pathway 

by tyrosine kinases. Nature 360:689-692.

327



RuizJ.C. and Robertson,EJ. (1994) The expression of the receptor-protein tyrosine 

kinase gene, eck, is highly restricted during early mouse development. Mech. Dev. 

46:87-100.

Russell,M., Lange-Carter,C.A. and Johnson,G.L. (1995) Direct interaction between Ras 

and the kinase domain of mitogen- activated protein kinase kinase kinase (MEKKl). 

J. Biol. Chem. 270:11757-11760.

Sahai,E., 01son,M.F. and Marshall,C.J. (2001) Cross-talk between Ras and Rho 

signalling pathways in transformation favours proliferation and increased motility. 

EMBO J. 20:755-766.

Sajjadi,F.G., Pasquale,E.B. and Subramani,S. (1991) Identification of a new eph-related 

receptor tyrosine kinase gene from mouse and chicken that is developmentally 

regulated and encodes at least two forms of the receptor. New Biol. 3:769-778.

Sajjadi,F.G. and Pasquale,E.B. (1993) Five novel avian Fph-related tyrosine kinases are 

differentially expressed. Oncogene 8:1807-1813.

Sakakura,T. (1991) New aspects of stroma-parenchyma relations in mammary gland 

differentiation. Int. Rev. Cytol. 125:165-202.

Sakakura,T., Ishihara,A. and Yatani,R. (1991) Tenascin in mammary gland 

development: from embryogenesis to carcinogenesis. Cancer Treat. Res. 53:383- 

400.

Sakano,S., Serizawa,R., Inada,T., Iwama,A., Itoh,A., Kato,C., Shimizu,Y., Shinkai,F., 

Shimizu,R., Kondo,S., Ohno,M. and Suda,T. (1996) Characterization of a ligand for 

receptor protein-tyrosine kinase HTK expressed in immature hematopoietic cells. 

Oncogene 13:813-822.

Sandgren,F.P., Schroeder,J.A., Qui,T.H., Palmiter,R.D., Brinster,R.L. and Lee,D.C. 

(1995) Inhibition of mammary gland involution is associated with transforming 

growth factora but not c-myc-induced tumorigenesis in transgenic mice. Cancer 

Res. 55:3915-3927.

Sapino,A., Macri,L., Gugliotta,P. and Bussolati,G. (1990) Evaluation of proliferating 

cell types in human and mouse mammary gland by a double immunostaining 

procedure. Acta Histochem. 40:S81-S84.

328



Saras,J. and Heldin,C.H. (1996) PDZ domains bind carboxy-terminal sequences of 

target proteins. Trends Biochem. Sci. 21:455-458.

Sassone-Corsi,P., Mizzen,C.A., Cheung,P., Crosio,C., Monaco,L., Jacquot,S.,

Hanauer,A. and Allis,C.D. (1999) Requirement of Rsk-2 for epidermal growth 

factor-activated phosphorylation of histone H3. Science 285:886-891.

Sauer,P., Fondell,J.D., Ohkuma,Y., Roeder,R.G. and Jackle,H. (1995) Control of 

transcription by Kruppel through interactions with TFIIB and TFIIEp. Nature 

375:162-164.

Schaap,D., van der,W.J., Howe,L.R., Marshall,C.J. and van Blitterswijk,W.J. (1993) A 

dominant-negative mutant of raf blocks mitogen-activated protein kinase activation 

by growth factors and oncogenic p21ras. J. Biol. Chem. 268:20232-20236.

Scherer,C.A., Chen,J., Nachabeh,A., Hopkins,N. and Ruley,H.E. (1996) Transcriptional 

specificity of the pluripotent embryonic stem cell. Cell Growth Differ. 7:1393-1401.

Schlaepfer,D.D., Jones,K.C. and Hunter,T. (1998) Multiple Grb2-mediated integrin- 

stimulated signaling pathways to ERK2/mitogen-activated protein kinase: 

summation of both c-Src- and focal adhesion kinase-initiated tyrosine 

phosphorylation events. Mol. Cell Biol. 18:2571-2585.

Schoenenberger,C.A., Andres,A.C., Groner,B., van,d., V, LeMeur,M. and Gerlinger,P. 

(1988) Targeted c-myc gene expression in mammary glands of transgenic mice 

induces mammary tumours with constitutive milk protein gene transcription. EMBO 

J. 7:169-175.

Schultz,]., Ponting,C.P., Hofmann,K. and Bork,P. (1997) SAM as a protein interaction 

domain involved in developmental regulation. Protein Sci. 6:249-253.

Schwartz,M.A., Schaller,M.D. and Ginsberg,M.H. (1995) Integrins: emerging 

paradigms of signal transduction. Anna. Rev. Cell Dev. Biol. 11:549-599.

Scully,A.L., McKeown,M. and Thomas,J.B. (1999) Isolation and characterization of 

Dek, a Drosophila eph receptor protein tyrosine kinase. Molecular & Cellular 

Neurosciences 13:337-347.

329



Sell,C., Rubini,M., Rubin,R., Liu,J.P., Efstratiadis,A. and Baserga,R. (1993) Simian 

virus 40 large tumor antigen is unable to transform mouse embryonic fibroblasts 

lacking type 1 insulin-like growth factor receptor. Proc. Natl. Acad. Sci. U. S. A 

90:11217-11221.

Settleman,!., Albright,C.F., Foster,L.C. and Weinberg,R.A. (1992) Association between 

GTPase activators for Rho and Ras families. Nature 359:153-154.

Sewing,A., Wiseman,B., Lloyd,A.C. and Land,H. (1997) High-intensity Raf signal 

causes cell cycle arrest mediated by p21Cipl. Mol. Cell Biol. 17:5588-5597.

Shao,H., Pandey,A., 0 ’Shea,K.S., Seldin,M. and Dixit,V.M. (1995) Characterization of 

B61, the ligand for the Fck receptor protein-tyrosine kinase. J. Biol. Chem. 

270:5636-5641.

Shigetani,Y., Funahashi,J.I. and Nakamura,H. (1997) Fn-2 regulates the expression of 

the ligands for Fph type tyrosine kinases in chick embryonic tectum. Neurosci. Res. 

27:211-217.

Shou,C., Wurmser,A., Suen,K.L., Barbacid,M., Feig,L.A. and Ling,K. (1995) 

Differential response of the Ras exchange factor, Ras-GRF to tyrosine kinase and G 

protein mediated signals. Oncogene 10:1887-1893.

Siegel,P.M., Hardy,W.R. and Muller,W.J. (2000) Mammary gland neoplasia: insights 

from transgenic mouse models. Bioessays 22:554-563.

Silberstein,G.B., Strickland,P., Coleman,S. and Daniel,C.W. (1990) Fpithelium- 

dependent extracellular matrix synthesis in transforming growth factor-pl-growth- 

inhibited mouse mammary gland. J. Cell Biol. 110:2209-2219.

Simmons,D.L. 1993. Cloning cell surface molecules by transient expression in 

mammalian cells. In Cellular Interactions in Development. D.Hartley, editor. Oxford 

University Press, Oxford. 93-127.

Simon,A.M. and Goodenough,D.A. (1998) Diverse functions of vertebrate gap 

junctions. Trends Cell Biol. 8:477-483.

330



Simon,M.A., Bowtell,D.D., Dodson,G.S., Laverty,T.R. and Rubin,G.M. (1991) Rasl 

and a putative guanine nucleotide exchange factor perform crucial steps in signaling 

by the sevenless protein tyrosine kinase. Cell 67:701-716.

Simon,M.A., Dodson,G.S. and Rubin,G.M. (1993) An SH3-SH2-SH3 protein is 

required for p21Rasl activation and binds to sevenless and Sos proteins in vitro. 

Cell 73:169-177.

Simons,K. and Ikonen,E. (1997) Functional rafts in cell membranes. Nature 387:569- 

572.

Simpson,D.A., Feeney,S., Boyle,C. and Stitt,A.W. (2000) Retinal VEGF mRNA 

measured by SYBR green I fluorescence: A versatile approach to quantitative PGR. 

M ol Vis. 6:178-183.

Skorstengaard,K., Jensen,M.S., Sahl,?., Petersen,T.E. and Magnusson,S. (1986) 

Complete primary structure of bovine plasma fibronectin. Ear. J. Biochem. 161:441- 

453.

Smith,A., Robinson,V., Patel,K. and Wilkinson,D.G. (1997) The EphA4 and EphBl 

receptor tyrosine kinases and ephrin-B2 ligand regulate targeted migration of 

branchial neural crest cells. Curr. Biol. 7:561-570.

Smith,M.R., DeGudicibus,S.J. and Stacey,D.W. (1986) Requirement for c-ras proteins 

during viral oncogene transformation. Nature 320:540-543.

Smith,M.R., Heidecker,G., Rapp,U.R. and Kung,H.F. (1990) Induction of 

transformation and DNA synthesis after microinjection of raf proteins. Mol Cell 

Biol 10:3828-3833.

Smith,S.A., Easton,D.F., Evans,D.G. and Ponder,B.A. (1992) Allele losses in the region 

17ql2-21 in familial breast and ovarian cancer involve the wild-type chromosome. 

Nat. Genet. 2:128-131.

Soans,C., Flolash,J.A. and Pasquale,E.B. (1994) Characterization of the expression of 

the Cek8 receptor-type tyrosine kinase during development and in tumor cell lines. 

Oncogene 9 :3353-3361.

331



Sobieszczuk,D.F. and Wilkinson,D.G. (1999) Masking of Eph receptors and ephrins. 

Curr. Biol 9:R469-R470.

Somers,W., Ultsch,M., De Vos,A.M. and Kossiakoff,A.A. (1994) The X-ray structure 

of a growth hormone-prolactin receptor complex. Nature 372:478-481.

Songyang,Z., Shoelson,S.E., Chaudhuri,M., Gish,G., Pawson,T., Haser,W.G., King,F., 

Roberts,T., Ratnofsky,S. and Lechleider,R.J. (1993) SH2 domains recognize 

specific phosphopeptide sequences. Cell 72:767-778.

Songyang,Z. and Cantley,L.C. (1995) Recognition and specificity in protein tyrosine 

kinase-mediated signalling. Trends Biochem. Sci 20:470-475.

Songyang,Z., Fanning,A.S., Fu,C., Xu,J., Marfatia,S.M., Chishti,A.H., Crompton,A., 

Chan,A.C., Anderson,J.M. and Cantley,L.C. (1997) Recognition of unique 

carboxyl-terminal motifs by distinct PDZ domains. Science 275:73-77.

Songyang,Z., Lu,K.P., Kwon,Y.T., Tsai,L.H., FilhofO., Cochet,C., Brickey,D.A., 

Soderling,T.R., Bartleson,C., Graves,D.J., DeMaggio,A.J., Hoekstra,M.F., Blenis,J., 

Hunter,T. and Cantley,L.C. (1996) A structural basis for substrate specificities of 

protein Ser/Thr kinases: primary sequence preference of casein kinases I and II, 

NIMA, phosphorylase kinase, calmodulin-dependent kinase II, CDK5, and Erkl. 

M ol Cell Biol 16:6486-6493.

Soriano,!.V., Pepper,M.S., Nakamura,T., Orci,L. and Montesano,R. (1995) Hepatocyte 

growth factor stimulates extensive development of branching duct-like structures by 

cloned mammary gland epithelial cells. J. Cell Sci 108:413-430.

Sorkin,A. and Waters,C.M. (1993) Endocytosis of growth factor receptors. Bioessays 

15:375-382.

Sosinowski,T., Pandey,A., Dixit,V.M. and Weiss,A. (2000) Src-like adaptor protein 

(SLAP) is a negative regulator of T cell receptor signaling. J. Exp. Med. 191:463- 

474.

Soule,H.D., Vazguez,!., Long,A., Albert,S. and Brennan,M. (1973) A human cell line 

from a pleural effusion derived from a breast carcinoma. J. Natl Cancer Inst. 

51:1409-1416.

332



Spaargaren,M. and BischoffJ.R. (1994) Identification of the guanine nucleotide 

dissociation stimulator for Ral as a putative effector molecule of R-ras, H-ras, K-ras, 

and Rap. Proc. Natl. Acad. Sci. U. S. A 91:12609-12613.

Stanton,V.P., Jr. and Cooper,G.M. (1987) Activation of human raf transforming genes 

by deletion of normal amino- terminal coding sequences. Mol. Cell Biol. 7:1171- 

1179.

Stanton,V.P,, Jr., Nichols,D.W., Laudano,A.P. and Cooper,G.M. (1989) Definition of 

the human raf amino-terminal regulatory region by deletion mutagenesis. Mol. Cell 

Biol. 9:639-647.

Stapleton,D., Balan,L, Pawson,T. and Sicheri,F. (1999) The crystal structure of an Eph 

receptor SAM domain reveals a mechanism for modular dimerization. Nature 

Structural Biology 6:44-49.

Stein,E., Cerretti,D.P. and Daniel,T.O. (1996) Ligand activation of ELK receptor 

tyrosine kinase promotes its association with GrblO and Grb2 in vascular 

endothelial cells. J. Biol. Chem. 271:23588-23593.

Stein,E., Lane,A.A., Cerretti,D.P., Schoecklmann,H.O., Schroff,A.D., Vanetten,R.L. 

and Daniel,T.O. (1998a) Eph receptors discriminate specific ligand oligomers to 

determine alternative signaling complexes, attachment, and assembly responses. 

Genes Dev. 12:667-678.

Stein,E., Huynh-Do,U., Lane,A.A., Cerretti,D.P. and Daniel,T.O. (1998b) Nek 

recruitment to Eph receptor, EphBl/ELK, couples ligand activation to c-Jun kinase. 

J. Biol. Chem. 273:1303-1308.

Stern,D.F., Kamps,M.P. and Cao,H. (1988) Oncogenic activation of pl85neu stimulates 

tyrosine phosphorylation in vivo. Mol. Cell Biol. 8:3969-3973.

Sternberg,M.J. and Gullick,W.J. (1989) Neu receptor dimerization. Nature 339:587.

Stewart,T.A., Pattengale,P.K. and Leder,P. (1984) Spontaneous mammary 

adenocarcinomas in transgenic mice that carry and express MTV/myc fusion genes. 

Cg//38:627-637.

333



Stokoe,D., Macdonald,S.G., Cadwallader,K., Symons,M. and Hancock,!.F. (1994) 

Activation of Raf as a result of recruitment to the plasma membrane. Science 

264:1463-1467.

Strahl,T., Gille,H. and Shaw,P.E. (1996) Selective response of ternary complex factor 

Sap la  to different mitogen- activated protein kinase subgroups. Proc. Natl. Acad. 

Sci. f/. 5. A 93:11563-11568.

Streuli,C.H. and Bissell,M.J. (1990) Expression of extracellular matrix components is 

regulated by substratum. J. Cell Biol. 110:1405-1415.

Streuli,C.H. and Gilmore,A.P. (1999) Adhesion-mediated signaling in the regulation of 

mammary epithelial cell survival. J. Mammary Gland Biol. Neoplasia 4:183-191.

Studer,M., Gavalas,A., Marshall,H., Ariza-McNaughton,L., Rijli,F.M., Chambon,P. and 

Krumlauf,R. (1998) Genetic interactions between Hoxal and Hoxbl reveal new 

roles in regulation of early hindbrain patterning. Development 125:1025-1036.

Sulman,E.P., Tang,X.X., Allen,C., Biegel,J.A., Pleasure,D.E., Brodeur,G.M. and 

Ikegaki,N. (1997) ECK, a human EPH-related gene, maps to lp36.1, a common 

region of alteration in human cancers. Genomics 40:371-374.

Sutherland,C., Leighton,I.A. and Cohen,P. (1993) Inactivation of glycogen synthase 

kinase-3 (3 by phosphorylation: new kinase connections in insulin and growth-factor 

signalling. Biochem. J. 296:15-19.

Sympson,C.J., Talhouk,R.S., Alexander,C.M., Chin,J.R., Clift,S.M., Bissell,M.J. and 

Werb,Z. (1994) Targeted expression of stromelysin-1 in mammary gland provides 

evidence for a role of proteinases in branching morphogenesis and the requirement 

for an intact basement membrane for tissue-specific gene expression. J. Cell Biol. 

125:681-693.

Takahara,Y., Hamada,K. and Housman,D.E. (1992) A new retrovirus packaging cell for 

gene transfer constructed from amplified long terminal repeat-free chimeric proviral 

genes. J. Virol. 66:3725-3732.

Takahashi,H. and Ikeda,T. (1995) Molecular cloning and expression of rat and mouse 

B61 gene: implications on organogenesis. Oncogene 11:879-883.

334



Takahashi,Y. and Nogawa,H. (1991) Branching morphogenesis of mouse salivary 

epithelium in basement membrane-like substratum separated from mesenchyme by 

the membrane filter. Development 111:327-335.

Talhouk,R.S., ChinJ.R., Unemori,E.N., Werb,Z. and Bissell,M.J. (1991) Proteinases of 

the mammary gland: developmental regulation in vivo and vectorial secretion in 

culture. Development 112:439-449.

Talhouk,R.S., Bissell,M.J. and Werb,Z. (1992) Coordinated expression of extracellular 

matrix-degrading proteinases and their inhibitors regulates mammary epithelial 

function during involution. J. Cell Biol 118:1271-1282.

Taneja,R., Thisse,B-, Rijli,F.M., Thisse,C., Bouillet,?., Dolle,?. and Chambon,?. (1996) 

The expression pattern of the mouse receptor tyrosine kinase gene MDKl is 

conserved through evolution and requires Hoxa-2 for rhombomere-specific 

expression in mouse embryos. Dev. Biol. 177:397-412.

Tang,X.X., BiegelJ.A., Nycum,L.M., Yoshioka,A., Brodeur,G.M., Pleasure,D.B. and 

Ikegaki,N. (1995) cDNA cloning, molecular characterization, and chromosomal 

localization of NET(EPHT2), a human EPH-related receptor protein-tyrosine kinase 

gene preferentially expressed in brain. Genomics 29:426-437.

Thanos,C.D., Goodwill,K.E. and Bowie,J.U. (1999) Oligomeric structure of the human 

EphB2 receptor SAM domain. Science 283:833-836.

Theil,T., Frain,M., Gilardi-Hebenstreit,P., Flenniken,A., Charnay,P. and 

Wilkinson,D.G. (1998) Segmental expression of the EphA4 (Sek-1) receptor 

tyrosine kinase in the hindbrain is under direct transcriptional control of Krox-20. 

Development 125:443-452.

Thomas,D.B., Jimenez,L.M., McTiernan,A., Rosenblatt,K., Stalsberg,H., Stemhagen,A., 

Thompson,W.D., Curnen,M.G., Satariano,W., Austin,D.F. and . (1992) Breast 

cancer in men: risk factors with hormonal implications. Am. J. Epidemiol. 135:734- 

748.

335



Thomson,s., Clayton,A.L., Hazzalin,C.A., Rose,S., Barratt,MJ. and Mahadevan,L.C.

(1999) The nucleosomal response associated with immediate-early gene induction is 

mediated via alternative MAP kinase cascades: MSKl as a potential histone 

H3/HMG-14 kinase. EMBO J. 18:4779-4793.

Tibbles,L.A. and Woodgett,J.R. (1999) The stress-activated protein kinase pathways. 

Cell M ol Life Sol 55:1230-1254.

Torres,R., Firestein,B.L., Dong,H.L., Staudinger,!., 01son,B.N., Huganir,R.L., 

Bredt,D.S., Gale,N.W. and Yancopoulos,G.D. (1998) PDZ proteins bind, cluster, 

and synaptically colocalize with Eph receptors and their ephrin ligands. Neuron 

21:1453-1463.

Trahey,M. and McCormick,F. (1987) A cytoplasmic protein stimulates normal N-ras 

p21 GTPase, but does not affect oncogenic mutants. Science 238:542-545.

Trahey,M., Wong,G., Halenbeck,R., Rubinfeld,B., Martin,G.A., Ladner,M., Long,C.M., 

Crosier,W.J., Watt,K. and Koths,K. (1988) Molecular cloning of two types of GAP 

complementary DNA from human placenta. Science 242:1697-1700.

Traverse,S., Cohen,P., Paterson,H., Marshall,C., Rapp,U. and Grand,R.J. (1993) 

Specific association of activated MAP kinase kinase kinase (Raf) with the plasma 

membranes of ras-transformed retinal cells. Oncogene 8:3175-3181.

Treanor,J.J., Goodman,L., de Sauvage,F., Stone,D.M., Poulsen,K.T., Beck,C.D., 

Gray,C., Armanini,M.P., Pollock,R.A., Hefti,F., Phillips,H.S., Goddard, A., 

Moore,M.W., Buj-Bello,A., Davies,A.M., Asai,N., Takahashi,M., Vandlen,R., 

Henderson,C.B. and Rosenthal,A. (1996) Characterization of a multicomponent 

receptor for GDNF. Nature 382:80-83.

Tuck,A.B., Park,M., Sterns,B.B., Boag,A. and Blliott,B.B. (1996) Coexpression of 

hepatocyte growth factor and receptor (Met) in human breast carcinoma. Am. J. 

Pathol 148:225-232.

Tzivion,G., Luo,Z. and Avruch,J. (1998) A dimeric 14-3-3 protein is an essential 

cofactor for Raf kinase activity. Nature 394:88-92.

Ullrich,A. and Schlessinger,J. (1990) Signal transduction by receptors with tyrosine 

kinase activity. Cell 61:203-212.

336



Urano,T., Emkey,R. and Feig,L.A. (1996) Ral-GTPases mediate a distinct downstream 

signaling pathway from Ras that facilitates cellular transformation. EMBO J. 

15:810-816.

Van Aelst,L., Barr,M., Marcus,S., Polverino,A. and Wigler,M. (1993) Complex 

formation between RAS and RAF and other protein kinases. Proc. Natl Acad. Sci 

U. 5. A 90:6213-6217.

van der Geer,P., Hunter,T. and Lindberg,R.A. (1994) Receptor protein-tyrosine kinases 

and their signal transduction pathways. Annu. Rev. Cell Biol 10:251-337.

van der Geer,P., Wiley,S., Lai,V.K., 01ivier,J.P., Gish,G.D., Stephens,R., Kaplan,D., 

Shoelson,S. and Pawson,T. (1995) A conserved amino-terminal She domain binds 

to phosphotyrosine motifs in activated receptors and phosphopeptides. Curr. Biol 

5:404-412.

van der Geer,P., Henkemeyer,M., Jacks,T. and Pawson,T. (1997) Aberrant Ras 

regulation and reduced pi 90 tyrosine phosphorylation in cells lacking p i 20-Gap. 

M ol Cell Biol 17:1840-1847.

Vanhaesebroeck,B. and Waterfield,M.D. (1999) Signaling by distinct classes of 

phosphoinositide 3-kinases. Exp. Cell Res. 253:239-254.

Veeranna,G.J., Shetty,K.T., Takahashi,M., Grant,P. and Pant,H.C. (2000) Cdk5 and 

MAPK are associated with complexes of cytoskeletal proteins in rat brain. Brain 

Res. M ol Brain Res. 76:229-236.

Vijay,I.K. (1998) Developmental and hormonal regulation of protein N-glycosylation in 

the mammary gland. J. Mammary Gland Biol Neoplasia 3:325-336.

Vlahos,C.J., Matter,W.F., Hui,K.Y. and Brown,R.F. (1994) A specific inhibitor of 

phosphatidylinositol 3-kinase, 2-(4-morpholinyl)-8-phenyl-4H-1 -benzopyran-4-one 

(LY294002). J. Biol Chem. 269:5241-5248.

Vojtek,A.B., Hollenberg,S.M. and Cooper,!.A. (1993) Mammalian Ras interacts 

directly with the serine/threonine kinase Raf. Cell 74:205-214.

Vonderhaar,B.K. (1999) Prolactin involvement in breast cancer. Endocr. Relat Cancer 

6:389-404.

337



Wahl,s., Barth,H., Ciossek,T„ Aktories,K. and Mueiler,B.K. (2000) Ephrin-A5 induces 

collapse of growth cones by activating Rho and Rho kinase. J. Cell Biol. 149:263- 

270.

Walker-Daniels,;., Coffman,K., Azimi,M., Rhim,J.S., Bostwick,D.G., Snyder,?., 

Kerns,B.J., Waters,D.J. and Kinch,M.S. (1999) Overexpression of the EphA2 

tyrosine kinase in prostate cancer. Prostate 41:275-280.

Wang,H.U. and Anderson,D.J. (1997) Eph family transmembrane ligands can mediate 

repulsive guidance of trunk neural crest migration and motor axon outgrowth. 

Neuron 18:383-396.

Wang,H.U., Chen,Z.F. and Anderson,D.J. (1998) Molecular distinction and angiogenic 

interaction between embryonic arteries and veins revealed by ephrin-B2 and its 

receptor Eph-B4. Cell 93:741-753.

Wang,W., Fisher,E.M., Jia,Q., Dunn,J.M., Porfiri,E., Downward,!, and Egan,S.E.

(1995) The Grb2 binding domain of mSosl is not required for downstream signal 

transduction. Nat. Genet. 10:294-300.

Wang,X.M., Roy,?.!., Holland,S.!., Zhang,L.W., Culotti,!.G. and ?awson,T. (1999) 

Multiple ephrins control cell organization in C. elegans using kinase-dependent and 

-independent functions of the VAB-1 Eph receptor. Mol. Cell 4:903-913.

Wang,Y., Xu,H.?., Riggs,M., Rodgers,L. and Wigler,M. (1991) byr2, a 

Schizosaccharomyces pombe gene encoding a protein kinase capable of partial 

suppression of the rasl mutant phenotype. Mol. Cell Biol. 11:3554-3563.

Warne,?.H., Viciana,?.R. and Downward,!. (1993) Direct interaction of Ras and the 

amino-terminal region of Raf-1 in vitro. Nature 364:352-355.

Wartmann,M. and Davis,R.!. (1994) The native structure of the activated Raf protein 

kinase is a membrane- bound multi-subunit complex. J. Biol. Chem. 269:6695-6701.

Waskiewicz,A.!., Flynn,A., ?roud,C.G. and Cooper,!.A. (1997) Mitogen-activated 

protein kinases activate the serine/threonine kinases Mnkl and Mnk2. EMBO J. 

16:1909-1920.

338



Waskiewicz,A.J., Johnson,J.C., Penn,B„ Mahalingam,M., Kimball,S. R. and

Cooper,J.A. (1999) Phosphorylation of the cap-binding protein eukaryotic 

translation initiation factor 4E by protein kinase Mnkl in vivo. Mol. Cell Biol 

19:1871-1880.

Wasylyk,B., Hagman,J. and Gutierrez-Hartmann,A. (1998) Bts transcription factors: 

nuclear effectors of the Ras-MAP-kinase signaling pathway. Trends Biochem. ScL 

23:213-216.

Webb,C.P„ Van Aelst,L., Wigler,M.H. and Woude,G.F. (1998) Signaling pathways in 

Ras-mediated tumorigenicity and metastasis. Proc. Natl Acad. ScL U. S. A 95:8773- 

8778.

Weiner,D.B., Liu,J., Cohen,J.A., Williams,W.V. and Greene,M.I. (1989) A point 

mutation in the neu oncogene mimics ligand induction of receptor aggregation. 

Nature 339:230-231.

Weiner,L.M. and Adams,G.P. (2000) New approaches to antibody therapy. Oncogene 

19:6144-6151.

Weinstein,D.C., Rahman,S.M., Ruiz,J.C. and Hemmati-Brivanlou,A. (1996) Embryonic 

expression of eph signalling factors in Xenopus. Mech. Dev. 57:133-144.

Welch,H., Eguinoa,A., Stephens,L.R. and Hawkins,P.T. (1998) Protein kinase B and rac 

are activated in parallel within a phosphatidylinositide 30H-kinase-controlled 

signaling pathway. J. Biol Chem. 273:11248-11256.

Welch,M.D. (1999) The world according to Arp: regulation of actin nucléation by the 

Arp2/3 complex. Trends Cell Biol 9:423-427.

Wennstrom,S., Siegbahn,A., Yokote,K., Arvidsson,A.K., Heldin,C.H., Mori,S. and 

Claesson-Welsh,L. (1994) Membrane ruffling and chemotaxis transduced by the 

PDGFp-receptor require the binding site for phosphatidylinositol 3’ kinase. 

Oncogene 9:651-660.

White,M.A., Nicolette,C., Minden,A., Polverino,A., Van Aelst,L., Karin,M. and 

Wigler,M.H. (1995) Multiple Ras functions can contribute to mammalian cell 

transformation. Cell 80:533-541.

339



Whitmarsh,AJ. and Davis,RJ. (1996) Transcription factor AP I regulation by mitogen- 

activated protein kinase signal transduction pathways. J. M ol Med. 74:589-607.

Whitmarsh,A.J. and Davis,R.J. (2000) A central control for cell growth. Nature 

403:255-256.

Wicks,!.?., Wilkinson,D., Salvaris,E. and Boyd,A.W. (1992) Molecular cloning of 

HEK, the gene encoding a receptor tyrosine kinase expressed by human lymphoid 

tumor cell lines. Proc. Natl Acad. Sci U. S. A 89:1611-1615.

Wiens,D., Park,C.S. and Stockdale,F.E. (1987) Milk protein expression and ductal 

morphogenesis in the mammary gland in vitro : hormone-dependent and - 

independent phases of adipocyte- mammary epithelial cell interaction. Dev. Biol 

120:245-258.

Wigler,M.H. (1990) Oncoproteins. GAPs in understanding Ras. Nature 346:696-697.

Wilkinson,D.G. (2000a) Eph receptors and ephrins: regulators of guidance and 

assembly. Int. Rev. Cytol 196:177-244.

Wilkinson,D.G. (2000b) Topographic mapping: organising by repulsion and

competition? Curr. Biol 10:R447-R451.

Wilks,A.P. (1989) Two putative protein-tyrosine kinases identified by application of the 

polymerase chain reaction. Proc. Natl Acad. ScL U. S. A 86:1603-1607.

Winning,R.S., Scales,J.B. and Sargent,T.D. (1996) Disruption of cell adhesion in 

Xenopus embryos by Pagliaccio, an Eph-class receptor tyrosine kinase. Dev. Biol 

179:309-319.

Winslow,J.W., Moran,?., Valverde,!., Shih,A., Yuan,J.Q., Wong,S.C., Tsai,S.P., 

Goddard,A., Henzel,W.J. and Hefti,F. (1995) Cloning of AL-1, a ligand for an Eph- 

related tyrosine kinase receptor involved in axon bundle formation. Neuron 14:973- 

981.

Wolthuis,R.M., Bauer,B., van’t Veer,L.J., Vries-Smits,A.M., Cool,R.H., Spaargaren,M., 

Wittinghofer,A., Burgering,B.M. and Bos,J.L. (1996) RalGDS-like factor (Rif) is a 

novel Ras and Rap lA-associating protein. Oncogene 13:353-362.

340



Wolthuis,R.M., de Ruiter,N.D., Cool,R.H. and BosJ.L. (1997) Stimulation of gene 

induction and cell growth by the Ras effector Rif. EMBO J. 16:6748-6761.

Wolthuis,R.M., Zwartkruis,F., Moen,T.C. and BosJ.L. (1998) Ras-dependent activation 

of the small GTPase Ral. Curr. Biol. 8:471-474.

Wooster,R., Bignell,G., Lancaster,!., Swift,S., Seal,S., Mangion,!., Collins,N., 

Gregory,S., Gumbs,C. and Micklem,G. (1995) Identification of the breast cancer 

susceptibility gene BRCA2. Nature 378:789-792.

Xing,J., Ginty,D.D. and Greenberg,M.E. (1996) Coupling of the RAS-MAPK pathway 

to gene activation by RSK2, a growth factor-regulated CREB kinase. Science 

273:959-963.

Xu,G.F., 0 ’Connell,P., Viskochil,D., Cawthon,R., Robertson,M., Culver,M., Dunn,D., 

Stevens,!., Gesteland,R. and White,R. (1990) The neurofibromatosis type 1 gene 

encodes a protein related to GAP. Cell 62:599-608.

Xu,Q., Alldus,G., Holder,N. and Wilkinson,D.G. (1995) Expression of truncated Sek-1 

receptor tyrosine kinase disrupts the segmental restriction of gene expression in the 

Xenopus and zebrafish hindbrain. Development 121:4005-4016.

Xu,Q., Alldus,G., Macdonald,R., Wilkinson,D.G. and Holder,N. (1996) Function of the 

Eph-related kinase rtkl in patterning of the zebrafish forebrain. Nature 381:319-322.

Xu,Q., Mellitzer,G., Robinson,V. and Wilkinson,D.G. (1999a) In vivo cell sorting in 

complementary segmental domains mediated by Eph receptors and ephrins. Nature 

399:267-271.

Xu,X., Wagner,K.U., Larson,D., Weaver,Z., Li,C., Ried,T., Hennighausen,L., 

Wynshaw-Boris,A. and Deng,C.X. (1999b) Conditional mutation of Brcal in 

mammary epithelial cells results in blunted ductal morphogenesis and tumour 

formation. Nat. Genet. 22:37-43.

Yan,M., Dai,T., Deak,!.C., Kyriakis,!.M., Zon,L.L, Woodgett,!.R. and Templeton,D.!. 

(1994) Activation of stress-activated protein kinase by MEKKl phosphorylation of 

its activator SEKl. Nature 372:798-800.

341



Yang,Y., Spitzer,E„ Meyer,D., Sachs,M., Niemann,C., Hartmann,G., Weidner,K.M., 

Birchmeier,C. and Birchmeier,W. (1995) Sequential requirement of hepatocyte 

growth factor and neuregulin in the morphogenesis and differentiation of the 

mammary gland. J. Cell Biol. 131:215-226.

Yant,J., Buluwela,L., Niranjan,B„ Gusterson,B. and Kamalati,T. (1998) In vivo effects 

of hepatocyte growth factor/scatter factor on mouse mammary gland development. 

Exp. Cell Res. 241:476-481.

Yao,R. and Cooper,G.M. (1995) Requirement for phosphatidylinositol-3 kinase in the 

prevention of apoptosis by nerve growth factor. Science 267:2003-2006.

Yoshida,M.C., Maru,H., Hirai,H. and Takau,F. (1989) Chromosomal localization of a 

novel receptor tyrosine kinase gene, EPH, on chromosome 7. Cy to genet. Cell Genet. 

51:1113.

Yu,D. and Hung,M.C. (2000) Overexpression of ErbB2 in cancer and ErbB2-targeting 

strategies. Oncogene 19:6115-6121.

Yue,T.L., Gu,J.L., Wang,C., Reith,A.D., Lee,J.C., Mirabile,R.C., Kreutz,R., Wang,Y., 

Maleeff,B., Parsons,A.A. and OhIstein,E.H. (2000) Extracellular signal-regulated 

kinase plays an essential role in hypertrophic agonists, endothelin-1 and 

phenylephrine-induced cardiomyocyte hypertrophy. J. Biol. Chem. 275:37895- 

37901.

Yue,Y., Widmer,D.A., Halladay,A.K., Cerretti,D.P., Wagner,G.C., Dreyer,J.L. and 

Zhou,R. (1999) Specification of distinct dopaminergic neural pathways: roles of the 

Eph family receptor EphBl and ligand ephrin-B2. J. Neurosci. 19:2090-2101.

Zhang,H., Somasundaram,K., Peng,Y., Tian,H., Zhang,H., Bi,D., Weber,B.L. and El 

Deiry,W.S. (1998) BRCAl physically associates with p53 and stimulates its 

transcriptional activity. Oncogene 16:1713-1721.

Zhang,J.H., Cerretti,D.P., Yu,T., Flanagan,J.G. and Zhou,R. (1996b) Detection of 

ligands in regions anatomically connected to neurons expressing the Eph receptor 

Bsk: potential roles in neuron-target interaction. J. Neurosci. 16:7182-7192.

342



Zhang,X.F., SettlemanJ., KyriakisJ.M., Takeuchi-Suzuki,E., Elledge,S.J., 

Marshall,M.S., BruderJT., Rapp,U.R. and AvruchJ. (1993) Normal and oncogenic 

p21ras proteins bind to the amino-terminal regulatory domain of c-Raf-1. Nature 

364:308-313.

Zhang,Z.H., Vuori,K., Wang,H.G., Reed,J.C. and Ruoslahti,E. (1996a) Integrin 

Activation by R-ras. Cell 85:61-69.

Zhao,J.H., Reiske,H. and Guan,J.L. (1998) Regulation of the cell cycle by focal 

adhesion kinase. J. Cell Biol. 143:1997-2008.

Zheng,G.E. and Guan,K.L. (1993) Cloning and characterization of two distinct human 

extracellular signal- regulated kinase activator kinases, MEKl and MEK2. J. Biol 

Chem. 268:11435-11439.

Zheng,C.F. and Guan,K.L. (1994) Activation of MEK family kinases requires 

phosphorylation of two conserved Ser/Thr residues. EMBO J. 13:1123-1131.

Zhou,R. (1998) The Eph family receptors and ligands. Pharmacology & Therapeutics 

77:151-181.

Zisch,A.H., Stallcup,W.B., Chong,L.D., Dahlin-Huppe,K., Voshol,!., Schachner,M. and 

Pasquale,E.B. (1997) Tyrosine phosphorylation of LI family adhesion molecules: 

implication of the Eph kinase Cek5. J. Neurosci Res. 47:655-665.

Zisch,A.H., Kalo,M.S., Chong,L.D. and Pasquale,E.B. (1998) Complex formation 

between EphB2 and Src requires phosphorylation of tyrosine 611 in the EphB2 

juxtamembrane region. Oncogene 16:2657-2670.

Zisch,A.H., Pazzagli,C., Freeman, A.L., Schneller,M., Hadman,M., Smith,J.W., 

Ruoslahti,E. and Pasquale,E.B. (2000) Replacing two conserved tyrosines of the 

EphB2 receptor with glutamic acid prevents binding of SH2 domains without 

abrogating kinase activity and biological responses. Oncogene 19:177-187.

Zou,J.X., Wang,B., Kalo,M.S., Zisch,A.H., Pasquale,E.B. and Ruoslahti,E. (1999) An 

Eph receptor regulates integrin activity through R-Ras. Proc. Natl Acad. Sci U. S. 

A 96:13813-13818.

343



Zschiesche,W., Schonborn,!., Behrens,!., Herrenknecht,K., Hartveit,F., Lilleng,P. and 

Birchmeier,W. (1997) Expression of B-cadherin and catenins in invasive mammary 

carcinomas. Anticancer Res. 17:561-567.

Zuber,!., Tchernitsa,O.L, Hinzmann,B., Schmitz,A.C., Grips,M., Hellriegel,M., Sers,C., 

Rosenthal,A. and Schafer,R. (2000) A genome-wide survey of RAS transformation 

targets. Nat. Genet. 24:144-152.

Zutter,M.M., Krigman,H.R. and Santoro,S.A. (1993) Altered integrin expression in 

adenocarcinoma of the breast. Analysis by in situ hybridization. Am. J. Pathol. 

142:1439-1448.

344


