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ABSTRACT

Cadherins are transmembrane receptors, which mediate adhesion between adjacent cells. 

They play an essential role in development and maintenance of tissue architecture. The 

RHO GTPases modulate actin cytoskeletal architecture in different cell types. Two 

family members in particular, RhoA and Racl, have been found to regulate the stability 

of cadherin receptors at intercellular junctions.

In this thesis I set out to study in more detail the relationship between cadherin-mediated 

adhesion and the small GTPase Rac in kératinocytes.

Previous work has shown that while Rac is necessary for cell-cell contact formation, it 

can also disrupt cadherin-dependent adhesion when its activity is sustained. I have 

mapped the domain of Rac that is required for breakdown of intercellular junctions. In 

addition, I have shown that Rac mediates perturbation of cell-cell adhesion induced by 

oncogenic H-Ras. I have also investigated which Rac effectors may mediate Rac-induced 

disassembly of cell-cell contacts. To look for new Rac targets that may regulate 

cadherin-mediated adhesion, I performed a yeast two-hybrid screen of a keratinocyte 

library and identified a novel Rac-binding clone.

Ligand binding to a variety of cell surface receptors has been found to induce Rac 

activation. I have found that calcium-induced cell-cell contact formation can also activate 

Rac. Cadherin function is necessary for Rac activation, and clustering of the cadherin 

receptors is sufficient to activate Rac. Initial activation of Rac is dependent on signalling 

from the EGF receptor but not PI 3-kinase activity. At later time-points, Rac is activated 

by an alternative EGF-receptor-independent mechanism.

In conclusion, this work focuses on the relationship between Rac and cadherin-mediated 

adhesion in epithelia. This could shed light on the regulation of epithelial morphogenesis 

under normal conditions and potentially lead to an understanding of how this is subverted 

during tumorigenesis.
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Chapter 1
INTRODUCTION 

1.1 Cadherins

1.1.1 Introduction

Cell-cell adhesion plays a fundamental role in tissue morphogenesis and maintenance of 

tissue architecture. Strong and specific intercellular adhesion depends on transmembrane 

glycoproteins known as cadherins, which are expressed in all solid tissues (Takeichi, 

1991). E-cadherin was the first cadherin molecule identified, and was initially described 

as uvomorulin in mouse and liver cell-adhesion molecule (L-CAM) in chick (Gallin et a l ,  

1983; Schuh et a i ,  1986). Shortly afterwards, P-cadherin and N-cadherin were 

discovered (Nose and Takeichi, 1986; Miyatani et a l ,  1989).

1.1.2 The cadherin superfamily

Since the identification of the first cadherin molecules, many related molecules have been 

found in various organisms ranging from Caenorhabditis elegans to man. It is now 

recognized that cadherins form a large superfamily of related molecules (Nollet et a l ,  

2000). All family members are characterized by the presence of one or more extracellular 

cadherin repeats (EC repeats). Based on sequence analysis, the superfamily has been 

divided into six major subfamilies (Nollet et a i ,  2000). The E-, P- and N-cadherins fall 

into the classical/type-1 cadherin subfamily, which feature a conserved Histidine- 

Alanine-Valine (HAY) cell adhesion recognition sequence in their ECl domains 

(Blaschuk et a l ,  1990). Atypical/type-II cadherin molecules share a similar domain 

structure, with five EC domains and a conserved cytoplasmic membrane proximal 

domain and catenin-binding site (CBS), but lack the HAY motif (Nollet et a l ,  2000). 

The desmocollins and desmogleins also have five EC domains and a CBS, but have 

additional domains in their cytoplasmic tail.

More distantly related are the protocadherins, which have six or seven EC repeats and a 

divergent cytoplasmic domain. Fifty-two human protocadherin genes have been 

identified on chromosome 5 and fall into three clustered families: Pcdha, Pcdhp and 

Pcdhy (Wu and Maniatis, 1999). By comparison of the human genomic DNA sequence
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with cDNA sequences, it was found that the extracellular and transmembrane regions of 

each protocadherin is encoded by a single, distinct exon, whereas the cytoplasmic tail of 

each one is identical to other members of the same family and encoded by the same three 

small exons. The large exons encoding the extracellular and transmembrane domains are 

organized in a tandem cluster in the genome, followed by the three exons encoding the 

cytoplasmic tail. This organization is similar to that of immunoglobulin and T cell 

receptor genes (Wu and Maniatis, 1999). Analysis of the human genome sequence, 

suggests that at least nine more protocadherins exist (Nollet et a l ,  2000). The sixth 

cadherin subfamily consists of the Flamingo cadherins, which are characterized by seven 

transmembrane domains. There are a few cadherins, which do not fall into the six 

subfamilies: for example, the Fat cadherins in man and Drosophila melanogaster, which 

have 34 EC repeats (Nollet et a i ,  2000).

While the functions of classical cadherins have been fairly well characterized and are 

discussed below, the role of many other cadherin molecules remains obscure. 

Desmocollins and desmogleins are involved in cell-cell adhesion and are found in 

specialized adhesive structures known as desmosomes, which are linked to the 

intermediate filament cytoskeleton (Gumbiner, 1996). Some atypical cadherins have also 

been shown to play a role in intercellular adhesion. An example is cadherin-5 or VE- 

cadherin, which is found at endothelial cell junctions (Navarro et al., 1998). Little is 

known about the function of the protocadherin subfamily members. The cadherin-related 

neural receptors (CNRs), mouse orthologues of Pcdha cadherins, were recently 

demonstrated to function as receptors for Reelin, a molecule involved in spatial 

organization of the brain cortex (Senzaki et a l ,  1999). The only functional information 

about the Flamingo cadherins comes from Drosophila, where the Flamingo protein 

regulates planar cell polarity in the wing under control of the frizzled receptor (Usui et 

a l ,  1999).

1.1.3 Classical cadherins

Classical cadherins mediate cell-cell adhesion in various cell types. E-cadherin is 

predominantly expressed in epithelia and plays a fundamental role in epithelial 

morphogenesis, and establishment of epithelial polarity (Rodriguez-Boulan and Nelson, 

1989; Takeichi, 1991). In simple epithelia, it is found in specialized junctional structures 

known as adherens junctions (Yap et a l ,  1997a). E-cadherin mediated adhesion is
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required for assembly of other junctional structures in epithelia such as desmosmes and 

tight junctions (Gumbiner et a l ,  1988; Watabe et a l ,  1994). N-cadherin is expressed in a 

variety of tissues, but particularly in the nervous system. In a subset of neurons, N- 

cadherin is localized at synapses on either side of the neurotransmitter release zone and is 

thought to play an important role in formation or maintenance of synaptic junctions 

(Uchida gf a/., 1996).

Many studies have demonstrated a fundamental role for the E- and N-cadherins in 

embryonic development. E-cadherin-blocking antibodies prevent compaction of mouse 

preimplantation embryos (Vestweber and Kemler, 1984). Although mice embryos with a 

targeted disruption of the E-cadherin gene do undergo compaction probably due to some 

residual maternal E-cadherin, at the blastocyst stage they fail to form a trophoectodermal 

epithelium or blastocyst cavity and die soon afterwards (Larue et a l ,  1994). Mice null 

for the N-cadherin gene die in mid-gestation with defects in the heart, somites and neural 

tube (Radice et a l ,  1997b). P-cadherin mice are viable and fertile, although they show 

precocious differentiation of the mammary epithelium, and mammary hyperplasia and 

dysplasia later in life (Radice et a l ,  1997a).

1.1.4 Cadherins and cell-cell adhesion

Cadherin molecules mediate cell-cell adhesion by homophilic binding: an interaction 

between the same type of cadherin molecule on adjacent cells (Takeichi, 1991). The 

homophilic binding site is in the cadherin extracellular domain (Nose et a l ,  1990). 

Adhesion is critically dependent on calcium ions, which are coordinated at the interface 

between adjacent EC domains in the cadherin ectodomain (Ozawa et a l ,  1990a; Nagar et 

a l ,  1996). Binding of calcium ions rigidifies the ectodomain so it forms a rod-like 

structure (Pokutta et a l ,  1994; Nagar et a l ,  1996; Tomschy et a l ,  1996).

Though early studies suggested that the cytoplasmic tail of cadherin was essential for 

cell-cell adhesion (Nagafuchi and Takeichi, 1988; Ozawa et a l ,  1989; Jaffe et al ,  1990), 

the cadherin ectodomain does have adhesive activity in isolation. For example, substrates 

coated with extracellular portions of cadherins can mediate cell attachment and strong 

adhesion of cadherin-expressing cells (Paradies and Grunwald, 1993; Payne and 

Lemmon, 1993; Brieher et a l ,  1996). In addition cadherin ectodomains can support 

calcium-dependent bead aggregation (Brieher et a l ,  1996). Cells expressing a mutant
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cadherin lacking the cytoplasmic tail can adhere to substrates coated with the isolated 

cadherin ectodomain, but the adhesion is much weaker than for cells expressing full- 

length cadherin molecules (Brieher et a i ,  1996; Yap et a i ,  1998). Ozawa and Kemler 

recently demonstrated that cadherins lacking the entire cytoplasmic tail mediate cell-cell 

attachment. However, the cells do not undergo compaction, suggesting that strong 

intercellular adhesion and downstream signalling require the cadherin cytoplasmic 

domain (Ozawa and Kemler, 1998b).

1.1.5 Lateral dimerization

There is increasing evidence that cadherin molecules on the same cell form lateral (or cis) 

dimers. Lateral dimers were observed in crystal structures of ECl domain of N-cadherin 

(Shapiro et a l ,  1995) and the EC1-EC2 domains of E-cadherin (Nagar et a l ,  1996; Pertz 

et a l ,  1999). Chemical cross-linking and gel filtration studies revealed the existence of 

dimers of the entire extracellular domain of C-cadherin (Brieher et a l ,  1996). 

Dimerization of this domain is required for homophilic binding activity (Brieher et a l ,  

1996). In addition, cis-dimers of E-cadherin have been detected on the surface of intact 

cells (Takeda et a l ,  1999). In EM studies of the ectodomain of E-cadherin fused to the 

pentamerization domain of cartilage oligomeric assembly protein (COMP), lateral dimers 

could also be visualized (Tomschy et a l ,  1996).

The molecular interactions responsible for lateral dimerization are still controversial. In 

the crystal structure of the ECl domain of N-cadherin reported by Shapiro et al., an 

interaction between a conserved tryptophan on one subunit of the lateral dimer and a 

hydrophobic pocket created by the conserved HAV motif on the other subunit was 

observed. Calcium ions do not play a role in this lateral association (Shapiro et a l ,  

1995). In agreement with this, calcium ions are not required for lateral dimers between 

full-length cadherin molecules detected by coprecipitation techniques in cell lysates 

(Chitaev and Troyanovsky, 1998). In this study mutation of the conserved tryptophan 

residue did not abolish lateral dimerization (Chitaev and Troyanovsky, 1998).

In contrast, other crystal structures suggested that dimerization of the EC1-EC2 fragments 

of E-cadherin is driven by mutual co-ordination of calcium ions residing at the interface 

between the ECl and EC2 domains (Nagar et a l ,  1996; Pertz et a l ,  1999). In these 

studies, the conserved tryptophan is either disordered or accomodated in the hydrophobic
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pocket of the same molecule (Nagar et a l ,  1996; Pertz et a l ,  1999). In agreement, cis 

dimers of E-cadherin were only detected on the cell surface in the presence of calcium 

(Takeda et a l ,  1999). Pertz et a l  performed a detailed study of the calcium requirement 

for cis-dimerization of the E-cadherin ectodomain pentamerized by the assembly domain 

of COMP. They found that medium calcium concentrations (500 jiM) promote lateral 

dimerization, whereas higher calcium concentrations (> 1 mM) are required for trans 

interactions (Pertz et a l ,  1999).

In summary, though it is now clear that lateral dimerization of cadherins does occur and 

is important for cell-cell adhesion, the molecular basis for this phenomenon is still 

unclear. It is also not certain whether cadherins can dimerize before reaching the cell 

surface or whether the process is regulated in any way.

1.1.6 The adhesive interface

Although lateral dimerization appears important for cadherin-mediated adhesion, the 

relationship between lateral dimers and adhesive complexes of cadherins is somewhat 

unclear. Some studies suggest that lateral dimers can interact in an anti-parallel fashion 

to form the adhesive complex (Shapiro et a l ,  1995; Tomschy et a l ,  1996; Pertz et a l ,

1999). However, Chitaev and Troyanowsky could not detect lateral and adhesive 

interactions simultaneously in the same complex and suggested that lateral dimers 

dissociate to give rise to adhesive dimers (Chitaev and Troyanovsky, 1998).

Much work has gone into identifying the regions in the cadherin extracellular domain 

which are important for adhesive interactions. Early work suggested that the HAV motif 

in ECl is essential for adhesion (Blaschuk et a l ,  1990; Nose et a l ,  1990). More recent 

structure-function analyses of N-cadherin support these results (Tamura et a l ,  1999). A 

study using chimeric molecules in which regions were swapped between E- and P- 

cadherin, suggested that C-terminal 40 amino acids of the ECl domain are important in 

the specificity of interaction between cadherins (Nose et a l ,  1990). As a result, it was 

proposed that the ECl domain alone mediated homophilic binding between cadherins. In 

support of this, N- and R-cadherin, which can engage in heterophilic interactions, are 

nearly identical in this region (Shan et a l ,  2000). In addition, trans-interactions between 

paired ectodomains of E-cadherin fused to the oligomerization domain of COMP, are 

mediated by the ECl domain alone (Tomschy et al ,  1996). Also in the crystal structure
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of the ECl domain of N-cadherin, an interaction was observed between adjacent 

antiparallel subunits, which was thought to represent homophilic binding (Shapiro et a l ,  

1995).

Now evidence is accumulating that domains outside the ECl domain may also play a role 

in homophilic binding. Mutagenesis of many residues on the surface of ECl had no 

effect on cell-cell adhesion (Shimoyama et a l ,  1999; Kitagawa et a l ,  2000). Some 

adhesion blocking antibodies recognize EC domains other than the ECl region, and the 

epitope for the C-cadherin activating antibody AA5 is in EC5 (Ozawa et a l ,  1990b; 

Zhong et a l ,  1999). Comparison of the intercellular gap at adherens junctions measured 

in electron micrographs (25 nm) and the distance for end-end interactions of cadherins 

predicted from crystal structures (45 nm), suggests a greater overlap than of just the ECl 

domains (Leckband and Sivasankar, 2000).

In addition, direct measurements of the distance-dependent forces between membrane- 

bound cadherins revealed that cadherin ectodomains can adhere in three different 

antiparallel alignments, suggesting that other domains in addition to the ECl domain 

were important for homophilic binding (Sivasankar et a l ,  1999). A recently published 

work investigating adhesion mediated by various EC domains of C-cadherin 

demonstrated that though the ECl domain is necessary for adhesion, it is not sufficient. 

Furthermore, the EC2 and EC4 domains are required for full adhesion (Chappuis-Flament 

et a l ,  2001). Thus it appears that homophilic binding is mediated by a co-operation 

between several EC domains. This does not exclude the possibility that the ECl domain 

determines specificity of adhesion.

1.1.7 Cadherins and catenins

The highly conserved cytoplasmic domain of cadherins plays an important role in the 

adhesive function (Nagafuchi and Takeichi, 1988; Ozawa et a l ,  1990c). Three 

cytoplasmic proteins, known as a-, p- and y-catenin, associate with cadherins in this 

region (Ozawa et a l ,  1989). Cloning of these proteins demonstrated that P-catenin is the 

mammalian homologue of the Drosophila armadillo protein, and that y-catenin is 

equivalent to plakoglobin, a protein associated with desmosomes (Cowin et a l ,  1986; 

McCrea et a l ,  1991; Knudsen and Wheelock, 1992; Peifer et a l ,  1992). These two 

catenins are closely-related and each has 12 copies of a 42 amino acid domain called the

19



armadillo (ARM) repeat (Peifer et al ,  1994). In contrast, a-catenin is a homologue of the 

actin-binding protein vinculin (Herrenknecht et al ,  1991; Nagafuchi et a l ,  1991). A 

closely related protein, known as aN-catenin, has also been cloned (Hirano et a l ,  1987). 

Whereas a-catenin is ubiquitously expressed, aN-catenin is predominately expressed in 

the nervous system (Nagafuchi et a l ,  1991; Hirano et a l ,  1987).

p-catenin interacts directly with the cadherin cytoplasmic tail and with a-catenin, thereby 

mediating assembly of a heterotrimeric cadherin/p-catenin/a-catenin complex (Ozawa 

and Kemler, 1992; Aberle et a l ,  1994). The interaction between cadherin and p-catenin 

has been mapped to 30 amino acid domain close to the C-terminus of cadherin and to the 

ARM repeats of P-catenin (Stappert and Kemler, 1994; Hiilsken et a l ,  1994). y-catenin 

associates with the cadherin cytoplasmic tail in a mutually exclusive manner with p- 

catenin (Butz and Kemler, 1994; Aberle et a l ,  1994). In addition, y-catenin has the same 

binding site on a-catenin as p-catenin (Huber et a l ,  1997; Obama and Ozawa, 1997).

Although p-catenin and y-catenin have been found in the same cell types, they cannot 

functionally compensate for one another in vivo (Knudsen and Wheelock, 1992; Haegel et 

a l ,  1995; Bierkamp et a l ,  1996; Ruiz et a l ,  1996). A number of studies have suggested 

that catenins play an important role in cadherin-mediated adhesion. For example PC9 

cells lack functional a-catenin and do not show strong cell-cell attachment (Shimoyama 

et a l ,  1992; Oda et a l ,  1993). This adhesion defect can be rescued by expression of a- 

catenin or aN-catenin (Hirano et a l ,  1992; Watabe et a l ,  1994). Mutants of E-cadherin, 

which lack the P-catenin binding site but are directly fused to a-catenin show strong 

adhesive activity. However, cell movement in a confluent sheet is suppressed, suggesting 

that whereas a-catenin linkage to E-cadherin is sufficient for cell-cell adhesion, p-catenin 

plays a regulatory role (Nagafuchi et a l ,  1994).

Another protein with ARM repeats, known as p i20 catenin (pl20‘'‘"), was found to 

associate with the juxtamembrane region of the cadherin cytoplasmic tail (Yap et a l ,  

1998; Ohkubo and Ozawa, 1999). This molecule has 10 ARM repeats rather than the 12 

found in p- and y-catenin, and was originally identified as a substrate for the Src tyrosine 

kinase (Reynolds et a l ,  1992; Peifer et a l ,  1994). It is now recognized that p i20̂ ^
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belongs to a family of related proteins including 5-catenin and ARVCF, which can also 

interact with the juxtamembrane region of cadherin (Lu et a i ,  1999; Mariner et a l ,  2000).

The role that the cadherin cytoplasmic tail with its associated catenins plays in cell-cell 

adhesion appears to be two-fold. Firstly, it modulates clustering of cadherin receptors. 

Secondly, it links the cadherin molecule to the actin cytoskeleton. Both roles are 

discussed below.

1.1.8 Cadherin clustering

Clustering of integrins has been shown to strengthen integrin-mediated cell-cell and cell- 

extracellular matrix adhesion, particularly in the case of lymphocyte-function-associated 

antigen-1 (LFA-1) (van Kooyk and Figdor, 2000). This mechanism may also play an 

important role in cadherin-dependent adhesion, since the binding affinity between tow 

cadherin ectodomains is low (in the order of 1 |xM) (Adams and Nelson, 1998). 

Clustering of cadherins could increase adhesive strength for three reasons. Firstly, any 

force acting to pull the cadherins apart will be spread over many molecules and so the 

force on each individual molecule will be substantially smaller. Secondly, even if a 

single bond breaks in the adhesion cluster, the rest of the pairs are likely to remain bound, 

thereby maintaining cell-cell association. Thirdly, clustering of cadherins could enhance 

the likelihood of association between two molecules, by increasing the local 

concentration of the adhesive receptors (Yap et a l ,  1997a; Kusumi et a l ,  1999).

A correlation has been observed between cadherin clustering and increased adhesion in 

cultured cells (Adams et a l ,  1996; Angres et a l ,  1996; Yap et a l ,  1997b). Yap et a l  

provided a direct demonstration that forced clustering of the cadherin ectodomain can 

significantly enhance adhesive strength (Yap et a l ,  1997b). The same study suggested 

that the cytoplasmic tail is necessary for clustering of full-length cadherin molecules (Yap 

et a l ,  1997b). Recent work has provided direct evidence for a role of the juxtamembrane 

region of cadherin and p l20‘'‘" in cadherin clustering and strengthening of cadherin- 

mediated adhesion (Yap et a l ,  1998; Thoreson et a l ,  2000).

In contrast, Ozawa and Kemler showed that the p i20̂ "̂ -binding domain, in the absence of 

the p-catenin binding region, inhibits cadherin-mediated adhesion by preventing lateral 

dimerization of the cadherin molecule (Ozawa and Kemler, 1998b). p i20̂ '" function in
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cell-cell adhesion is regulated by phosphorylation (Anastasiadis and Reynolds, 2000). In 

a colon carcinoma cell line and L-cells expressing E-cadherin, dephosphorylation of 

p l2 0 ‘'‘" on serine/threonine residues correlated with switch from a non-adhesive to an 

adhesive phenotype (Aono et a l ,  1999; Ohkubo and Ozawa, 1999). The existence of 

multiple pl20^‘" isoforms (Keirsebilck et a l ,  1998), together with the potential for 

modulation of p l20‘"‘" by phosphorylation, may explain the conflicting reports in the 

literature about its role in cadherin clustering (Anastasiadis and Reynolds, 20(X)).

1.1.9 Cadherins and the actin cytoskeleton

The first suggestion of a link between cadherins and the actin cytoskeleton came from the 

observation that cadherin-containing adherens junctions are closely associated with F- 

actin in epithelial cells (Hirano et a l ,  1987). It was also found that cadherin staining is 

resistant to extraction with nonionic detergents, a property shared by many proteins that 

associate with the actin cytoskeleton (Hirano et a l ,  1987; M cNeill et a l ,  1993). In 

addition, disruption of the cytoskeleton by cytochalasin D prevents establishment of 

cadherin-dependent adhesion (Hirano et a l ,  1987; Jaffe et a l ,  1990). Cytochalasin D 

induces actin depolymerization by capping the barbed ends of actin filaments and binding 

to actin monomers (Sampath and Pollard, 1991), suggesting that actin polymerization is 

required for cadherin-mediated adhesion. The argument for a functional relationship 

between microfllaments and cadherins was much strengthened by the demonstration that 

a-catenin can bind and bundle actin filaments in vitro (Rimm et a l ,  1995). Two regions 

in the N- and C-terminus of a-catenin are responsible for this activity in vitro (Rimm et 

al,  1995).

A variety of other actin binding proteins have been localized at adherens junctions 

including vinculin, a-actinin and ZO-1 (Itoh et a l ,  1993; Knudsen et a l ,  1995). 

Interestingly a-catenin shares three regions of homology with vinculin, including a high 

level of homology in the C-terminal actin-binding domain (Riidiger, 1998). Alpha- 

catenin also has a similar overall structure to vinculin, with a globular head and rod-like 

tail domain (Riidiger, 1998). In PtKz cells, vinculin colocalizes with a-catenin at cell-cell 

contact sites. The head domain of vinculin is sufficient for this localization and direct 

interaction with the C-terminal domain of a-catenin in vitro (W eiss et a l ,  1998). 

Vinculin can compensate for a lack of a-catenin in certain cell types, presumably by
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interacting directly with p-catenin and providing the link between the cadherin 

cytoplasmic tail and the actin cytoskeleton (Kazan et a l ,  1997). The vinculin tail can also 

functionally substitute for amino acids 326-509 of a-catenin (the domain which binds 

vinculin) in organization of tight junctions (Watabe-Uchida et a l ,  1998). No vinculin is 

observed at cell-cell contact sites in fibroblasts (Knudsen et a l ,  1995).

Alpha-actinin, on the other hand, colocalizes with a-catenin at junctions in both 

fibroblasts and epithelial cells (Knudsen et a l ,  1995). Alpha-actinin can be 

coprecipitated with a- and p-catenin from cell lysates and a direct association was 

demonstrated between a-actinin and residues 325-394 of a-catenin (Knudsen et a l ,  1995; 

Nieset et a l ,  1997). The a-actinin/vinculin binding domain of a-catenin is important for 

cell-cell adhesion in epithelia (Watabe-Uchida et a l ,  1998). However in L-cells and 

K562 leukaemia cells transfected with E-cadherin-a-catenin chimeras, this domain is 

neither necessary nor sufficient for strong cell-cell adhesion (Nagafuchi et a l ,  1994; 

Ozawa, 1998; Imamura gr a/., 1999).

ZO-1 is a PSD95/dlg/ZO-l(PDZ) domain-containing protein, which was originally 

identified as a component of tight junctions (Stevenson et al ,  1986). However, it has also 

been found at cadherin-containing cell-cell contacts in cells that lack tight junctions such 

as fibroblasts and cardiac muscle cells and during initial formation of intercellular 

junctions in epithelial cells (Itoh et a l ,  1993; Yonemura et al ,  1995). It was 

subsequently shown to interact directly with the C-terminal domain (Itoh et a l ,  1997; 

Imamura et a l ,  1999). The ZO-1 binding domain of a-catenin is important for strong 

cell-cell adhesion in various cells types, including fibroblasts and epithelia (Ozawa, 1998; 

Imamura et a l ,  1999).

In conclusion, it appears that there are multiple ways in which the a-catenin can associate 

with the actin cytoskeleton. The importance of particular a-catenin binding partners in 

cell-cell adhesion seems to be cell-type dependent. The involvement of particular 

proteins in the actin cytoskeletal link may determine the structure and strength of the cell- 

cell contact. It would be interesting to determine whether changes in junctional 

localization of actin-binding proteins occur during formation and maturation of cell-cell 

contacts.
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1.1.10 Formation of cell-cell contacts

The formation of cadherin-mediated cell-cell contacts has been studied in a number of 

cell types using a variety of experimental protocols. Nevertheless, the mechanisms that 

regulate establishment of cell-cell adhesion remain poorly understood. A number of 

immunofluorescence and time-lapse studies of establishment of intercellular junctions 

have been performed in subcofluent Madin-Darby canine kidney (MDCK) cells and lAR- 

2 epitheliocytes. Initially multiple transient interactions take place between protmsions 

from adjacent cells. Then a small stable contact is formed which expands. This 

expansion is accompanied by suppression of protrusive activity (McNeill et a l ,  1993; 

Adams et a l ,  1996; Gloushkankova et a l ,  1997). Triton insoluble E-cadherin, a-catenin 

and p-catenin accumulate at nascent contacts after 5-10 minutes in discrete “puncta”, 

which may represent the cadherin clustering discussed in section 1.1.8. Puncta increase 

in size and number as the length of the contact increases. Each punctum is associated 

with a bundle of actin filaments that is continuous with the cortical cytoskeleton (Adams 

et a l ,  1996; Adams et a l ,  1998).

The assembly of cadherins molecules into puncta shows similar kinetics to those for 

strengthening of cadherin-mediated adhesion measured by a quantitative assay (Angres et 

a l ,  1996). Both adhesive strengthening and formation of E-cadherin puncta were 

inhibited by cytochalasin D treatment, demonstrating a dependence on actin 

polymerization (Angres et a l ,  1996; Adams et a l ,  1998). As the contact expands further, 

the circumferential actin cables separate near the contact site and the ends become 

anchored to the membrane at the periphery of the contact (Gloushkankova et a l ,  1997; 

Adams et a l ,  1998). At the same time, some E-cadherin puncta move towards the edges 

of the contact, where they fuse into large plaques. This is accompanied by compaction of 

neighbouring cells, indicative of strong cell-cell adhesion. After this stage, cell-cell 

contacts in MDCK cells cannot be disassembled by cytochalasin D treatment (Adams et 

a l ,  1998).

A rather different progress of events is observed upon induction of cell-cell adhesion in 

mouse kératinocytes by addition of calcium to the culture medium (Vasioukhin et a l ,

2000). In this case contact formation is initiated by thin protrusions containing F-actin 

bundles (filopodia), which penetrate into adjacent cells. Clusters of E-cadherin assemble
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at the filopodia tips. Reorganization of the actin cytoskeleton merges the puncta into a 

single row and brings the membranes of adjacent cells into close apposition, and the 

puncta fuse to form a continuous line (Vasioukhin et a l ,  2000).

A similar mechanism has been described for cell-cell contact formation in MTD-IA  

epithelial cells upon replating or after wounding (Yonemura et a l ,  1995). Interdigitating 

filopodia have also been observed upon establishment of intercellular junctions during 

dorsal closure in Drosophila and ventral enclosure in C. elegans, suggesting that this is a 

conserved mechanism (Raich et a i ,  1999; Jacinto et a i ,  2000). Despite the obvious 

differences between this mechanism and that described for MOCK cells, there are some 

fundamental similarities. Firstly, cadherins initially assemble into small clusters or 

puncta, which later fuse. Secondly, actin polymerization is essential in both processes. 

Which mechanism is used may depend on the cell type, how contact formation is initiated 

and how far apart the cells are when they first make contact.

There is some confusion as to whether cadherins are recruited to intercellular junctions 

from intracellular pools or by lateral diffusion of non-adhesive cadherins on the cell 

surface. In mouse kératinocytes where contact formation is induced by switching cells 

from low calcium medium (50 pM) to standard calcium medium (1.8 mM), cadherins are 

recruited to junctions by movement in the plasma membrane (Kusumi et a i ,  1999). 

Inhibition of recycling of endocytosed E-cadherin in MDCKs blocked formation of cell

cell contacts upon induction of the calcium switch, indicating the importance of 

intracellular pools of cadherins in junction assembly (Le et a i ,  1999). It is likely that 

cadherins are recruited to junctions from both sources, and that the relative contribution 

of each pool depends on the cell type, and maybe also the maturation status of the 

junction.

1.1.11 Regulation o f cadherin adhesion

Cadherin-mediated adhesion is dynamic and subject to regulation during tissue 

morphogenesis, homeostasis and in tumorigenesis (Takeichi, 1991; Gumbiner, 2000). 

There is evidence for modulation of cadherin-mediated adhesion at the level of gene 

expression and by post-translational mechanisms.
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There are numerous examples of regulation at the level of cadherin gene expression 

during development. Presumptive neural crest cells in the ectoderm express E-cadherin, 

but lose cadherin expression when they become migratory. Upon reaggregation to form 

peripheral ganglia, E-cadherin expression is reestablished. A similar phenomenon is seen 

in the somites, which express N-cadherin when cells are tightly adherent in epithelial 

spheres, and stop expressing cadherin when they become migratory and differentiate into 

sclerotome (Takeichi, 1991). There are also situations during development where 

changes in cadherin-mediated adhesion occur without changes in cadherin expression. 

This is seen during compaction of the mouse embryo where a cellular signal triggers 

activation of adhesion through recruitment of E-cadherin at the cell surface to 

intercellular junctions (Vestweber et a l ,  1987). The process of convergent extension in 

Xenopus embryos involves a substantial cellular rearrangement and is accompanied by a 

decrease in C-cadherin adhesive activity (Gehart and Keller, 1986; Brieher and 

Gumbiner, 1994). Stimulation of C-cadherin adhesive activity using an activating 

antibody prevents convergent extension, showing that regulation of cadherin adhesion is 

required for morphogenesis (Zhong et a l ,  1999).

Post-translational regulation of cadherin-mediated adhesion has been well studied in 

tissue culture models. Treatment of epithelial cells with extracellular ligands such as the 

epidermal growth factor (EGF) or hepatocyte growth factor (HGF)/scatter factor (SF) 

induces a breakdown of cell-cell contacts without a decrease in E-cadherin or catenin 

expression (Shibamoto et a l ,  1994). Expression of v-Src or oncogenic mutants of Ras in 

epithelial cells induces a similar response (Matsuyoshi et a l ,  1992; Volberg et al ,  1992; 

Behrens et a l ,  1993; Kinch et a l ,  1995). More subtle regulation of cadherin-mediated 

adhesion has also been demonstrated. For example, monocytes induce a localized 

disruption of cell-cell contacts to allow migration through endothelial monolayers 

(Allport et a l ,  2000). In addition, in epithelial cultures in a three-dimensional matrix, 

growth factors such as HGF and EGF induce tubulogenesis, a process where cells remain 

in contact with one another, though cell-cell adhesion are dynamic (Montesano et al ,  

1991; Taub et a l ,  1990).

In many cases disruption of cell-cell adhesion is correlated with an increase in tyrosine 

phosphorylation of E-cadherin, p-catenin and y-catenin (M atsuyoshi et a l ,  1992;
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Shibamoto et a l ,  1994; Behrens et a l ,  1993; Kinch et a l ,  1995). It has therefore been 

proposed that tyrosine phosphorylation of components of the adhesion complex plays a 

role in regulation of cadherin-mediated adhesion. In agreement with this, a number of 

kinases and phosphatases have been found to coprecipitate with the cadherin-catenin 

complex including the EGF receptor, nonreceptor protein tyrosine phosphatase-IB 

(FTPIB), receptor-type protein tyrosine phosphatase-p (PTPp) and leukocyte antigen- 

related protein-related transmembrane tyrosine phosphatase (LAR-PTP) (Hoschuetzky et 

a l ,  1994; Brady-Kalnay et a l ,  1995; Kypta et a l ,  1996; Balsamo et a l ,  1998). In 

addition, inhibition of tyrosine kinase activity has been found to enhance cadherin- 

mediated adhesion, whereas inhibition of tyrosine phosphatases decreases cadherin- 

dependent adhesion (Matsuyoshi et a l ,  1992; Volberg et a l ,  1992; Ozawa and Kemler, 

1998a; Balsamo et a l ,  1998; Burden-Gulley and Brady-Kalnay, 1999).

It has been suggested that tyrosine phosphorylation of P-catenin perturbs intercellular 

junctions by disrupting the connection between a-catenin and P-catenin or between E- 

cadherin and p-catenin, thereby severing the link between the E-cadherin cytoplasmic tail 

and the actin cytoskeleton (Ozawa and Kemler, 1998a; Roura et a l ,  1999). However, 

there are many potential substrates for the kinases and phosphatases and evidence for a 

direct role for P-catenin phosphorylation in regulation of cell-cell adhesion is limited to 

one study (Roura et a l ,  1999). In this work phosphorylation of p-catenin by c-Src on 

tyrosine 654 (Y654) reduced its association with E-cadherin in vitro. Beta-catenin with a 

mutation of Y654 to alanine was not phosphorylated upon pervanadate-treatment of 

Caco-2 cells and showed enhanced association with E-cadherin under these conditions. 

However, the effect of this mutation on cell-cell adhesion was not reported (Roura et a l ,

1999).

In contrast, a few studies suggest that p-catenin phosphorylation is not involved in 

regulation of cadherin-mediated adhesion. For example, adhesion mediated by E- 

cadherin-a-catenin fusion proteins is subject to regulation by v-Src, despite the fact that 

p-catenin is not present in this chimeric complex (Takeda et a l ,  1995). In addition, NGF- 

induced compaction of P19 cells correlates with enhanced tyrosine phosphorylation of p- 

catenin and p l20‘'‘” (Cozzolino et a l ,  2000). Furthermore, mouse kératinocytes which 

lack expression of the tyrosine kinase Fyn, do not develop cell-cell contacts upon calcium
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stimulation (Calautti et a i ,  1998), and the Src tyrosine kinase inhibitor PP2 does not 

prevent HGF-induced scattering of MDCK cells, despite preventing tyrosine 

phosphorylation of catenins (Cozzolino et a l ,  2000). Thus the role of tyrosine 

phosphorylation of -catenin in regulation of cadherin-mediated adhesion remains 

controversial.

Recent work has shown that serine phosphorylation of the E-cadherin cytoplasmic tail 

can increase the association of p-catenin and enhance intercellular adhesion (Lickert et 

a i , 2000). The structural basis for this improved interaction between P-catenin and E- 

cadherin has been determined (Huber and Weiss, 2001).

Other candidates for modulation of cadherin-mediated adhesion include p i20̂ "̂ as 

discussed in section 1.1.8 and the RHO family GTPases described in section 1.2.11. The 

mechanisms underlying posttranslational regulation of cadherin-mediated adhesion are 

poorly understood, but appear to involve modulation of cadherin clustering and the 

interaction of cadherins with the cytoskeleton (Kazan et a i ,  1998; Ozawa and Kemler, 

1998a; Yap et a i ,  1998). In addition, recent data suggest that regulation of cadherin 

trafficking may play a role in modulation of cell-cell adhesion: dominant negative 

mutants of ARF6 and Rab5, two small GTPases which regulate membrane trafficking, 

block HGF-induced disruption of cell-cell contacts (Kamei et a i ,  1999; Palacios et a i ,

2001). There is currently no evidence for regulation of cadherin-mediated adhesion by 

affinity modulation as has been described for integrins (Hughes and Pfaff, 1998).

1.1.12 Signalling downstream o f cadherin-mediated adhesion

Although it was originally thought that cadherin receptors play a purely mechanical role 

in mediating attachment of adjacent cells, it is now becoming apparent that cadherin- 

mediated adhesion can also activate intracellular signalling pathways. A causal 

relationship has been demonstrated between the type of cadherin a cell expresses and the 

development of the appropriate differentiated phenotype. This is seen for promotion of 

epithelial differentiation by E-cadherin, and of chondrogenic, skeletal muscle and cardiac 

muscle differentiation by N-cadherin (Larue et a i ,  1996; Goichberg and Geiger, 1998; 

Imanaka-Yoshida et a i ,  1998; Woodward and Tuan, 1999). In addition, cell-cell contact 

formation in kératinocytes induces expression of markers of differentiation in an E- 

cadherin- and P-cadherin-dependent manner (Hines et a i ,  1999; Owens et a i ,  2000a).
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Other signalling pathways are activated by cadherin-dependent adhesion. E-cadherin 

mediated adhesion suppresses growth of mammary carcinoma cells by upregulation of the 

cyclin-dependent kinase inhibitor p27‘̂ ''' (St Croix et a i ,  1998), whereas N-cadherin 

engagement in fibroblasts and CHO cells induced G, arrest concomitant with an increase 

in and (Levenberg et a i ,  1999). A role for E-cadherin- and N-cadherin-

mediated adhesion in suppression of apoptosis has also been demonstrated (Kantak and 

Kramer, 1998; Magrikiannakis et a i ,  1999). Interestingly, a recent study suggests that a- 

catenin can increase p27"̂ '̂  ̂ levels and protect cells from apoptosis in a manner 

independent of cadherin-mediated adhesion. One caveat is that the antibodies used to 

block cadherin function could in fact have triggered cadherin-dependent signalling 

pathways (Matsubara and Ozawa, 2001). Cell-cell contact formation in epithelial cells 

has also been shown to activate Akt/protein kinase B (PKB), phosphatidylinositol 3,4,5- 

kinases (PI 3-kinases) and extracellular signal-regulated kinases (ERKs) (Pece et a l ,  

1999; Pece and Gutkind, 2000). In addition, establishment of junctions induces 

phosphorylation of the docking protein Gab-1 in an E-cadherin-dependent manner 

(Shinohara et a l ,  2001).

In many of the studies described above, particularly the long-term differentiation studies, 

it is not clear whether the activation of signalling pathways is a direct consequence of 

cadherin association or results from the cell-shape changes and assembly of other 

junctional complexes, which occur upon formation of cadherin-dependent cell-cell 

contacts. An attempt to address this issue has been made in some instances, where 

clustering of cadherins using anti-cadherin antibodies or antibody-coated beads could 

mimic the ability of cadherin-mediated adhesion to activate signalling pathways, 

suggesting that clustering of cadherins may be sufficient to trigger intracellular signals 

(Goichberg and Geiger, 1998; Levenberg et a l ,  1999; Owens et a l ,  2000a). However, in 

two of these studies cell-cell contact assembly was enhanced by incubation with 

antibody-coated beads. Therefore the bead-induced increase in junction formation, rather 

than the bead-treatment per se, may have been responsible for the activation of 

intracellular signalling cascades (Goichberg and Geiger, 1998; Levenberg et a l ,  1999).
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Since cadherins have no intrinsic catalytic activity, the manner in which they activate 

signalling pathways is unclear at present. An association between a number of growth 

factor receptors and cadherin adhesion complexes has been demonstrated (Doherty and 

Walsh, 1996; Carmeliet et a i ,  1999; Pece and Gutkind, 2000; Utton et a l ,  2001). One 

possibility is that clustering of cadherins and growth factor receptors at sites of cell-cell 

contact is sufficient to activate the receptors and hence downstream signalling pathways. 

Another candidate for mediating signalling from cadherin molecules is the nonreceptor 

tyrosine kinase Per. This molecules associates with the juxtamembrane domain of N- 

cadherin and has been shown to mediate cross-talk between N-cadherin and integrins 

(Arregui et a l ,  2000; Li et a l ,  2000a).

Though P-catenin is a central player in the Wnt signalling pathway, this involves 

cytoplasmic and nuclear pools of P-catenin, not the E-cadherin-associated pool (Ben- 

Ze'ev and Geiger, 1998). The relationship between these different pools of P-catenin is 

somewhat uncertain. In C. elegans distinct P-catenin homologues mediate cell-cell 

adhesion and Wnt signalling functions, arguing against any cross-talk between these two 

pools of p-catenin (Korswagen et a l ,  2000). In contrast. Wingless signalling in 

Drosophila leads to an accumulation of both cytosolic and cadherin-associated Armadillo 

(P-catenin) (Yanagawa et a l ,  1997). In addition, overexpression of full-length cadherin 

or the cadherin cytoplasmic domain can inhibit p-catenin-mediated activation of 

transcription in Chinese hamster ovary (CHO) cells and E-cadherin'^' embryonic stem 

cells (Sadot et a l ,  1998; Orsulic et a l ,  1999). Two recent studies suggest that 

suppression of cell growth by E-cadherin expression in colon carcinoma and fibroblast 

cells is due to binding to p-catenin and inhibition of p-catenin transcriptional activity 

(Gottardi et a l ,  2001; Stockinger et a l ,  2001). In both cases the effect of E-cadherin 

expression appears to be independent of cadherin-mediated adhesion. Taken together 

these studies suggest that, under some circumstances at least, a cross-talk does exist 

between cadherin-associated, cytoplasmic and nuclear pools of p-catenin. However, the 

role that p-catenin plays in signalling downstream of cadherin-dependent adhesion 

remains to be determined.
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1.1.13 Cadherins and cancer

Over 90% of malignant human tumours derive from epithelial tissues and are known as 

carcinomas. In these tumours malignant cells are often characterized by a loss of 

epithelial morphology and a break down of cell-cell contacts, suggesting a disruption of 

cadherin function. Indeed, loss or downregulation of E-cadherin expression has been 

correlated with invasion in epithelial tumours from various tissues including stomach, 

colon, head and neck, lung, prostate and breast (Takeichi, 1993; Birchmeier and Behrens,

1994). Furthermore, in some cancer cell lines and diffuse gastric carcinomas, which 

show no downregulation of E-cadherin expression, cell-cell adhesion is perturbed by 

mutations in E-cadherin or a loss of a-catenin expression (Shimoyama et al., 1992; 

Becker et a l ,  1994; Oda et a l ,  1994; Shiozaki et a l ,  1994).

Due to the correlation between loss of E-cadherin and tumour invasiveness, it was 

proposed that E-cadherin could inhibit tumorigenesis by functioning as a suppressor of 

invasion and metastasis (Takeichi, 1993). In line with this, transfection of E-cadherin 

into invasive E-cadherin-negative breast and prostate cancer cell lines significantly 

inhibits their invasive phenotype (Frixen et a l ,  1991; Vleminckx et al ,  1991; Miyaki et 

at., 1995; Luo et a l ,  1999). Inhibition of cadherin function with blocking antibodies or 

antisense RNA confers an invasive phenotype on MDCK cells (Behrens et a l ,  1989; 

Chen and Obrink, 1991; Frixen et a l ,  1991; Vlem inckx et a l ,  1991). In addition, 

oncogenes such as v-Src and H-Ras disrupt the junctional localization of E-cadherin and 

enhance invasiveness of epithelial cells (Behrens et a l ,  1993; Kinch et a l ,  1995). 

Interestingly, mutations in the EC2 and EC3 domains of E-cadherin, that are found in 

diffuse gastric carcinoma, appear to act in a trans-dominant manner to increase cell-cell 

contact breakdown and migration (Handschuh et a l ,  1999). In vivo, a dominant negative 

E-cadherin mutant induces progression from benign adenoma to invasive carcinoma in 

the pancreas (Perl et a l ,  1998). Thus it does appear that E-cadherin can operate as an 

invasion suppressor in tumorigenesis.

In contrast, a role for N-cadherin in promotion of tumour cell migration and invasiveness 

has been described (Nieman et a l ,  1999; Kazan et a l ,  2000). A survey of a number of 

breast cancer cell lines found that decreased E-cadherin expression does not necessarily 

correlate with motility or invasion, whereas increased N-cadherin expression does
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(Nieman et a l ,  1999). Forced expression of N-cadherin in non-invasive E-cadherin 

positive cells enhances invasiveness and metastasis (Nieman et a l ,  1999; Kazan et a l ,  

2000). These studies suggest that E-cadherin and N-cadherin perform opposing roles 

during epithelial tumorigenesis: E-cadherin functioning as an invasion suppressor and N- 

cadherin functioning as an invasion promoter.

Recent studies have suggested that E-cadherin may also play a role in early stages of 

tumorigenesis. Mutations in the E-cadherin gene have been found in initial noninvasive 

stages of lobular breast cancers and germline mutations in E-cadherin have been detected 

in families with a predisposition to diffuse gastric carcinoma (Vos et a l ,  1997; Guildford 

et a l ,  1998). In agreement with an early role for loss of E-cadherin in tumour 

progression, E-cadherin has been shown to slow growth rates of some cell lines and 

tumours, suggesting that it could function as a tumour suppressor as well as an invasion 

suppressor (Navarro et a l ,  1991; Miyaki et a l ,  1995; St Croix et al ,  1998; Levenberg et 

al,  1999).

The role of E-cadherin in tumorigenesis is complicated by the fact that upregulation of p- 

catenin levels, caused by mutations in the adenomatous polyposis coli (APC) gene or 

axin, or activating mutation in p-catenin itself, has also been implicated in cancer (Ben- 

Ze'ev and Geiger, 1998). In colorectal tumour cells and fibroblasts, E-cadherin 

suppressed cell growth by sequestering the signalling pool of p-catenin (Gottardi et a l ,  

2001; Stockinger et a l ,  2001). Thus at least part of the tumour suppressor function of E- 

cadherin may be due to inhibition of P-catenin signalling.

1.1.14 Cadherins and kératinocytes

The outer covering of the skin consists of multiple layers of cells forming a stratified 

squamous epithelium, known as the epidermis. The keratinocyte is the major epidermal 

cell type (Watt, 1989). Proliferation of kératinocytes takes place in the basal layer of the 

epidermis, adjacent to the basement membrane. Cells stop dividing when they leave this 

layer. As cells move upwards through epidermis in a process known as stratification, 

they become more differentiated and less metabolically active until they are shed from the 

skin surface as dead squames. Proliferation of epidermal kératinocytes carries on 

throughout adult life, allowing continual renewal of the epidermis (Watt, 1989).
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It is possible to culture human epidermal kératinocytes in vitro. Under appropriate 

culture conditions they maintain the properties of the tissue from which they are derived 

(Rheinwald, 1989). The ability of kératinocytes to stratify in culture is critically 

dependent on the concentration of calcium ions in the medium. Under low calcium 

conditions (0.1 mM calcium) they remain as a monolayer. Upon transfer to standard 

medium (1.9 mM calcium), stratification occurs (Watt and Green, 1982).

Two classical cadherins, E- and P-cadherin, are expressed in the skin. P-cadherin is 

found only in the basal layer, whereas E-cadherin is expressed in all cell layers 

(Shimoyama et a i ,  1989). In kératinocytes cultured under low calcium conditions, E- 

and P-cadherin show a diffuse localization. When cells are switched to standard medium, 

both cadherins become rapidly localized at cell-cell contact sites (Wheelock and Jensen, 

1992; Hodivala and Watt, 1994; Braga et a i ,  1995). Inhibiting E- and P-cadherin 

function with blocking antibodies perturbs keratinocyte stratification, demonstrating a 

critical role for cadherin-mediated adhesion in the stratification process (Wheelock and 

Jensen, 1992; Hodivala and Watt, 1994). In addition, mice with a targeted disruption of 

the a-catenin gene in the skin show a highly abnormal epidermal morphology, 

demonstrating a role for cadherin-mediated adhesion in skin morphogenesis (Vasioukhin 

et al., 2001).

1.2 The RHO GTPases

1.2.1 Introduction

RHO GTPases are members of the Ras superfamily of small GTP-binding proteins. RHO 

proteins have been conserved in evolution and are found in all metazoans from yeast to 

man. To date 16 members of the RHO family have been identified in mammals (RhoA- 

E, RhoG, Rndl, Rnd2, Racl-3, Cdc42, TCIO, TTF, TCL, Rif) (Aspenstrdm, 1999 Vignal 

et a l ,  2000 Ellis and Mellor, 2000).

1.2.2 Regulation of RHO GTPases

Like all GTPases, the RHO proteins cycle between an active GTP-bound form and an 

inactive GDP-bound form (Bourne et a l ,  1991). This cycle is tightly regulated in the 

cell. In response to extracellular stimuli, guanine nucleotide exchange factors (GEFs)
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catalyse release of GDP bound to the small G protein. Since the intracellular 

concentration of GTP is higher than that of GDP, GTP then binds to the nucleotide-free 

GTPase, thereby activating it (Whitehead et a l ,  1997; Kjplier and Hall, 1999). At least 

30 GEFs have been identified so far (Kjplier and Hall, 1999). All share a characteristic 

Dbl homology (DH) domain (named after Dbl, the first RHO GEF identified), followed 

by a pleckstrin homology (PH) domain. The DH and PH domains are required for 

catalytic activity (Whitehead et a l ,  1997). Database searches for DH-domain-containing 

sequences in the human genome have predicted the existence of many more RHO GEFs 

(Venter et a l ,  2001).

The reason for the existence of so many GEFs is unclear. Some GEFs, such as Vav3, are 

widely expressed whereas others, such as Vav, show a much more restricted expression 

(Whitehead et a l ,  1997; Movilla and Bustelo, 1999). Certain GEFs are active on just one 

type of RHO GTPase. For example, Tiaml only catalyses nucleotide exchange on Rac 

(Michiels et a l ,  1995). In contrast, other GEFs are quite promiscuous in their catalytic 

activity. An example is ephexin, which functions on RhoA, Racl and Cdc42 (Shamah et 

al ,  2001). Since RHO GTPases are activated by a wide range of signals and can induce 

many different cellular responses, it is possible that the large number of GEFs ensures 

specificity of response to a particular signal.

In agreement with this, the few GEFs for which a biological role has been demonstrated, 

show rather specific functions. Studies in tissue culture cells suggest that Vav2 is 

required for cell spreading on fibronectin (Marignani and Carpenter, 2001), and ECT2 is 

necessary for cytokinesis (Tatsumoto et a l ,  1999). Ephexin mediates ephrin-A-mediated 

growth cone collapse (Shamah et a l ,  2001). Genetic studies have shown that the GEF 

Trio plays a role in axon guidance in Drosophila (Liebl et a l ,  2000; Newsome et a l ,  

2000). Trio has two DH domains, one specific for Rac and one for Rho. The DH 

domain that acts on Rac is required for the axon pathfmding activity of Trio (Newsome et 

al ,  2000). Much more work is needed to determine roles of the many other GEFs and 

how they regulate specific cellular processes in response to particular signals.

Although, as the name implies, all GTPases have GTP-hydrolysing activity, their intrinsic 

rate of hydrolysis is low. Binding of GTPase-activating proteins (GAPs) to the G

34



proteins, enhances the intrinsic rate of GTP hydrolysis, thereby converting GTP to GDP 

and inactivating the small GTPase. All GAPs share a 140 amino acid domain, which is 

responsible for GAP activity (Lamarche and Hall, 1994). Structural studies have 

suggested that a conserved arginine residue in the GAP enters the active site of the 

GTPase during GTP hydrolysis (Rittinger et a l ,  1997a, b). This is thought to stabilize the 

transition state, thereby enhancing the rate of hydrolysis. There is little evidence to 

suggest that GAPs are subject to regulation by extracellular and intracellular signals, but 

they may play a role in mediating signalling downstream of RHO GTPases (Van Aelst 

and D'Souza-Schorey, 1997).

All RHO GTPases are modified by C-terminal isoprenylation, which promotes their 

membrane association (Casey, 1994). GDP dissociation inhibitors (GDIs) can solubilize 

membrane-bound GTPases and sequester them in the cytosol (Isomura et a l ,  1991; 

Michaelson et a l ,  2001). In this manner, RHO GTPases can shuttle between the 

membrane and the cytosol, which is thought to be important for their biological function 

(Michaelson et a l ,  2001).

1.2.3 Cellular function of small GTPases

Work on the cellular functions of small GTPases has been greatly aided by reagents that 

can specifically inhibit and activate them. Mutants of the RHO proteins with a much 

higher affinity for GDP than GTP have been used as dominant negatives (Ridley et a l ,  

1992). These are thought to function by binding to and sequestering upstream activators 

of the GTPases such as GEFs, preventing activation of endogenous RHO GTPases. Such 

dominant negative mutants seem to be fairly specific, despite the fact that many GEFs are 

active on more than one GTPase (Feig, 1999). Interestingly, a naturally occurring 

dominant negative mutant of Rac2 has been discovered in a patient with neutrophil 

immunodeficiency syndrome (Ambruso et a l ,  2000).

Constitutively activated mutants of RHO proteins have been generated by substitutions at 

amino acid 12 or 61 in Rac and Cdc42 and equivalent mutations other GTPases. These 

mutations activate the proteins by preventing intrinsic and GAP-stimulated GTPase 

activity (Bishop and Hall, 2000). In addition, a number of bacterial toxins have proved 

useful tools to inhibit activity of the RHO GTPases. For example, C3 transferase from
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Clostridium botulinum can specifically inactivate RhoA, RhoB and RhoC by ADP- 

ribosylation (Aktories, 1997).

RhoA, Racl and Cdc42Hs (referred to as Rho, Rac and Cdc42 from here onwards) are the 

best characterized members of the RHO family o f GTPases. Ridley et al. first 

demonstrated that Rho and Rac are involved in regulation of actin organization in 

fibroblasts. In response to specific extracellular stimuli, Rac promotes formation of actin- 

rich membrane ruffles or lamellipodia and small focal contacts, whereas Rho induces 

stress fibre and focal adhesion assembly (Ridley and Hall, 1992; Ridley et a i ,  1992). 

Cdc42 was originally identified in budding yeast, where it is required for bud site 

assembly, polarized cell growth and actin cytoskeletal organization (Adams et a i ,  1990). 

Later work demonstrated that the human homologue of Cdc42 mediates formation of 

actin-rich microspikes or filopodia in response to ligand binding to extracellular receptors 

(Kozma et al., 1995; Nobes and Hall, 1995). Since these studies, the RHO family 

GTPases have been implicated in many processes that depend on the actin cytoskeleton 

including phagocytosis, cytokinesis, migration and morphogenesis (Van Aelst and 

D'Souza-Schorey, 1997; Bishop and Hall, 2000).

Many additional functions have been attributed to RHO family GTPases including 

activation of kinase cascades, regulation of transcription and cell cycle progression, 

superoxide production via activation of NADPH oxidase (for Rac), transformation and 

modulation of membrane traffic (Van Aelst and D'Souza-Schorey, 1997). In contrast to 

RAS GTPases, RHO proteins do not induce strong activation of extracellular signal- 

regulated kinases (ERKs) (Olson et al., 1995). In contrast, Rac and Cdc42 in particular, 

can activate two other mitogen-activated protein kinase (MAPK) families: the c-Jun 

amino-terminal kinases (JNKs)/stress-activated protein kinases (SAPKs) and p38 kinase 

(Coso et a i ,  1995; Minden et al., 1995; Olson et a i ,  1995). Rac and Cdc42 mediate 

activation of INK and p38 induced by inflammatory cytokines, Dbl-related oncogenes, 

growth factors and oncogenic Src and Ras (Coso et a l ,  1995; Minden et a l ,  1995).

Activation of INK occurs via a signalling cascade similar to the Raf-ERK kinase cascade, 

consisting of a MAPK kinase kinase, MAPK or ERK kinase (MEK) kinase-1 (MEKKl) 

and a MAPK kinase, SAPK/ERK kinase-1 (SEKl), also known as MAP kinase kinase 4
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(MKK4) (Minden et a i ,  1994; Sanchez et a l ,  1994; Yan et al., 1994; Dérijard et a l ,

1995). Rac appears to function upstream of MEKKl (Minden et a l ,  1995). When 

activated, INK translocates to the nucleus and phosphorylates transcription factor such as 

c-Jun and activating transcription factor-2 (ATF2) (Hibi et a l ,  1993; Dérijard et a l ,  1994; 

Kyriakis et a l ,  1994; Gupta et a l ,  1995), leading to transcription of specific genes. Rac 

and Cdc42 activity are required for c-Jun-mediated transcription (Minden et a l ,  1995). 

Another transcription factor regulated by RHO family GTPases is the serum response 

factor (SRF). Although activated Rho, Rac and Cdc42 could all stimulate transcription 

via SRF, only Rho activity was required for signalling to the SRF by extracellular stimuli 

(Hill e ta l ,  1995).

1.2.4 RHO GTPases in development

A variety of studies in Drosophila and mice have suggested that RHO GTPases play an 

essential role in embryonic development. Targeted disruption of both copies of the Racl 

or Cdc42 genes causes very early embryonic lethality in mice (Sugihara et al ,  1998; 

Chen et a l ,  2000). Mice lacking Rho function in the thymus show severe defects in 

thymopoiesis due to failures in pre-T cell survival and proliferation (Galandrini et a l ,

1997). Studies in Drosophila have implicated RHO GTPases in various morphogenetic 

processes including gastrulation, head involution, dorsal closure, neurogenesis and 

oogenesis (Luo et a l ,  1994; Barret et a l ,  1997; Murphy and Montell, 1996; Magie et a l ,  

1999; Harden et a l ,  1995).

1.2.5 Cross-talk between RHO GTPases

The initial studies on the role of RHO GTPases on actin organization in fibroblasts 

suggested that a linear cascade existed whereby Cdc42 activates Rac, which in turn 

activates Rho (Ridley and Hall, 1992; Nobes and Hall, 1995). In other cell types, a cross

talk between the RHO proteins exists, however this may be inhibitory rather than 

stimulatory. For example, in neuroblastoma cells, Rac and Cdc42 promote neurite 

outgrowth, whereas Rho inhibited it (Kozma et a l ,  1997). In NIH 3T3 and MDCK cells, 

sustained Rac activation leads to a downregulation of Rho activity, although Rho 

activation does not cause a decrease in GTP-bound Rac (Sander et a l ,  1999; Zondag et 

a l ,  2000). In contrast, Rho and Rac operate in parallel pathways in regulation of cell-cell 

adhesion in kératinocytes (Braga et a l ,  1997). Thus, cross-talk between RHO GTPases
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appears to be cell type dependent and may also depend on whether RHO GTPases are 

expressed transiently or stably.

1.2.6 Effectors of small GTPases

In their active form small GTPases interact with effector molecules, which are thought to 

mediate their cellular effects. To identify molecules, which could function downstream 

of small GTPases in a variety of cellular processes, a number of biochemical and yeast 

two- hybrid screens have been performed to look for proteins which interact specifically 

with the active GTP-bound form of the proteins. These screens have led to the 

identification of at least 30 RHO-interacting proteins (Bishop and Hall, 2000). I will just 

touch on a few of these proteins here.

1.2.7 Effectors that regulate the actin cytoskeleton

A major break-through in identification of Rac and Cdc42 targets responsible for actin 

reorganization came when it was demonstrated that the Wiskott Aldrich Syndrome 

Protein (WASP)/Scar family of proteins plays an important role in this process 

(Machesky and Insall, 1998 Rohatgi et a i ,  1999). Activated Cdc42 can bind directly to 

WASP and N-WASP (Aspenstrdm et a l ,  1996 Symons et a l ,  1996; Miki et a l ,  1998a). 

N-WASP appears to operate downstream of Cdc42 in actin polymerization and induction 

of filopodia (Miki et a l ,  1998a; Rohatgi et a l ,  1999). Cooperative binding of activated 

Cdc42 and phosphatidylinositol 4,5-bisphosphate (PIP2) to WASP and N-WASP induces 

a conformational change in these proteins, leading to a stimulation of actin nucléation via 

the Arp2/3 complex (Higgs and Pollard, 2000; Rohatgi et al., 2000). However, 

Scar/WASP family Verprolin homologous protein (WAVE), which can also activate the 

actin-nucleating ability of Arp2/3, appears to operate downstream of Rac in lamellipodia 

formation (Miki et a l ,  1998b; Machesky et a l ,  1999). However, Scar/WAVE and Rac 

do not interact directly. One study suggests that the insulin receptor substrate lRSp53, 

may provide the “missing link” between Rac and Scar/WAVE (Miki et a l ,  2000).

Although they do not directly associate with RHO GTPases, LIM domain-containing 

protein kinases (LlMKs) have been shown to operate downstream of these proteins in 

regulation of the actin cytoskeleton (Arber et a l ,  1998; Yang et a l ,  1998; Sumi et a l ,

1999). There are two closely related LlMKs, LEMKl and L1MK2, characterized by two 

LIM domains and a PSD95/dlg/ZO-l (PDZ) domain in their N-terminal half (Bernard et
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al., 1994; Mizuno et a l ,  1994). Overexpression of LIMKl induces the cellular 

accumulation of F-actin (Arber et al., 1998; Yang et a l ,  1998). The only known targets 

of LlMKs are actin-binding proteins of the ADF/cofllin family. Phosphorylation of actin 

depolymerizing factor (ADF)/cofilin by LIMK inhibits their actin severing and 

depolymerization activity (Arber et a l ,  1998; Yang et a l ,  1998; Hamburg et a l ,  1999; 

Sumi et a l ,  1999). Activated Rac can enhance LIMKl kinase activity, and LIMKl 

function is required for Rac-induced membrane ruffling (Arber et a l ,  1998; Yang et a l ,

1998). p21-activating kinase-1 (PAKl) can directly phosphorylate LIMKl and may 

operate downstream of Rac in LIMKl activation (Edwards et a l ,  1999). In contrast, the 

kinase activity of LIMK2 is required for the formation of filopodia and stress fibres 

induced by Cdc42 and Rho, respectively (Sumi et al ,  1999). Myotonic dystrophy kinase- 

related Cdc42-binding kinase-a (MRCKa) operates downstream of Cdc42 in activation 

of LIMKl and LIMK2 (Sumi et a l ,  2001).

1.2.8 Effectors involved in JNK activation

A  number of serine/threonine kinases that bind to Rac and Cdc42 have been identified. 

The best characterized is PAK (Manser et a l ,  1994). There are four closely related PAK 

proteins. PAKsl-3 bind Rac and Cdc42, whereas PAK4 only interacts with Cdc42 (Sells 

and Chernoff, 1997; Abo et al ,  1998). Binding of Rac or Cdc42 to these PAKsl-3 leads 

to activation of their kinase activity (Manser et a l ,  1994; Knaus et a l ,  1995). Several 

studies strongly implicate PAK in activation of the JNK kinase cascade by 

phosphorylating and activating SEKl, which in turn stimulates JNK activity (Bagrodia et 

al ,  1995; Minden et a l ,  1995). However, other work suggests that PAK is not involved 

in JNK activation (Tapon et a l ,  1998). Other kinases that interact with and are activated 

by Rac and Cdc42, include the mixed lineage kinases MLK2 and MLK3 (Burbelo et a l ,  

1995; Teramoto et a l ,  1996). Dominant negative versions of MLK2 and MLK3 can 

block Rac- and Cdc42-induced JNK activation (Teramoto et a l ,  1996; Bock et a l ,  2000). 

MLK2 and MLK3 activate the JNK kinase cascade by activating SEKl or MAPK kinase- 

7 (MKK7) (Rana et a l ,  1996; Hirai et a l ,  1997; Hirai et a l ,  1998; Nagata et a l ,  1998; 

Bock et a l ,  2000). Thus there are a variety of mechanisms by which Rac and Cdc42 can 

activate the JNK kinase pathway. Which pathways are physiologically relevant in 

particular cell types and in response to particular stimuli still remains to be determined.

39



1.2.9 Domains in small GTPases

A combination of mutagenesis, peptide walking and structural studies have led to the 

identification of a number of functional domains in RHO GTPases. As in Ras, two 

regions, known as switch I and switch II, are involved in interaction with the guanine 

nucleotide and undergo a conformational change when the RHO protein binds to GTP 

(Feltham et a l ,  1997; Hirshberg et a l ,  1997; Rittinger et a l ,  1997a,b). Overlapping with 

switch domain I is the first effector domain, which is involved in binding downstream 

targets of RHO GTPases (Joneson et a l ,  1996; Lamarche et a l ,  1996; Westwick et a l ,  

1997). Residues just downstream of this and in switch domain II are also involved in 

effector binding (Abdul-Manan et a l ,  1999; Mott et a l ,  1999; Maesaki et al ,  1999; 

Morreale et a l ,  2000).

Near the centre of the RHO proteins is the insert domain, a 13-residue a-helical region 

not found in the homologous structure of Ras (Hirshberg et a l ,  1997). This domain does 

not change in conformation upon exchange of GTP for GDP, but has been implicated in 

effector binding (Feltham et a l ,  1997; Nisimoto et a l ,  1997). Finally, a second effector 

domain has been proposed near to the C-terminus of Rac (Diekmann et a l ,  1995). In 

crystal structures, this is region exposed as on the surface of the protein, and specific 

interactions between this domain in Cdc42 and Rac and effectors have been demonstrated 

(Abdul-Manan et a l ,  1999 Maesaki et a l ,  1999; Mott et a l ,  1999; Morreale et a l ,  2000). 

The hypervariable region very close to the C-terminus plays a role in interaction with 

particular effectors, subcellular localization of the GTPases and oligomerization (Tolias et 

al,  2000; Michaelson et a l ,  2001; Zhang et a l ,  2001).

Site-directed mutagenesis and chimeric proteins have been used to determine which 

regions in the small GTPases and which downstream targets are involved in particular 

cellular functions. Mutagenesis of residues in the first effector domain of Rac revealed 

that JNK activation, lamellipodia formation and transformation are three separable Rac 

functions (Lamarche et a l ,  1996; Joneson et a l ,  1996; Westwick et a l ,  1997). Two 

studies implicate PAK in JNK activation but not lamellipodia formation (Lamarche et a l ,  

1996; Joneson et a l ,  1996). The other suggests that PAK is not involved in JNK 

activation but may play a role in cyclin D1 activation (Westwick et a l ,  1997). Partner of 

Racl (PORI) or Rho-associated coiled-coil containing protein kinase (ROCK) may be
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involved in induction of lamellipodia (Lamarche et a i ,  1996; Joneson et a l ,  1996; 

Westwick et a i ,  1997). Similar experiments in Rho suggested that ROCK and at least 

one other effector are involved in stress fibre formation. Signalling to the SRF is a 

distinct Rho function and no effectors were identified which could mediate this response 

(Sahai et a l ,  1998). The use of Rho/Rac chimeras identified two residues in loop 6 (87 

and 90) as important for ROCK and protein kinase C-related kinase-2 (PRK2) binding 

and stress fibre formation (Zong et a l ,  1999).

Several papers suggest that the insert region in Rac is involved in activation of NADPH 

oxidase (Joseph and Pick, 1995; Freeman et a l ,  1996; Nisimoto et a l ,  1997; Joneson and 

Bar-Sagi, 1998). In contrast, recent work implicates this domain in lamellipodia 

formation but not transformation or NADPH oxidase activation. The conflicting results 

may be due to differences in cell type or methodology. The insert region in RhoA has 

been associated with transformation (Zong et a l ,  2001). Although these studies provide 

useful indications of effectors that might be involved in particular processes, they do 

produce some conflicting results as for the role of the insert region in NADPH oxidase 

activation. In addition, an effector domain mutant of Rac, which can activate PAK but 

cannot induce lamellipodia formation, functions as a dominant negative for platelet- 

derived growth factor (PDGF)-stimulated membrane ruffling (Schwartz et a l ,  1998). 

Therefore, the results of mutagenesis studies should be interpreted carefully and 

additional experiments.

1.2.10 RHO GTPases and transformation

A  large number of studies have implicated RHO family GTPases in cell transformation in 

vitro. The transforming potential of activated versions of small GTPases is cell-type 

dependent. In Rat-1 cells, V12Rac can cause transformation as assayed by focus 

formation, anchorage independent growth and growth under low serum conditions (Qiu et 

a l ,  1995a). Fibroblasts expressing activated Cdc42 show anchorage independent growth 

and proliferate in nude mice (Qiu et a l ,  1997). Activated versions of RhoG, Rac and 

Cdc42 do not show focus-forming activity in NIH 3T3 cells, although they can increase 

saturation Roux et a l ,  1997). However, GTPase-deficient RHO proteins can co-operate 

with each other and activated Raf to transform NIH 3T3 fibroblasts (Khosravi-Far et a l ,  

1995; Qiu et a l ,  1995b Roux et a l ,  1997; Zong et a l ,  2001). In addition, transformation 

of fibroblasts by oncogenic versions of Ras, Mas, the EGF receptor and the insulin-like
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growth factor-1 receptor, relies on the activity of RHO GTPases (Qiu et a i ,  1995a; Qiu et 

al., 1995b; Qiu et a l ,  1997 Khosravi-Far et a l ,  1995; Rodriguez-Viciana et a l ,  1997; 

Roux et a l ,  1997; Zohn et a l ,  1998; Nur-E-Kamal et a l ,  1999; Boerner et a l ,  2001; 

Sachdev et a l ,  2001).

Oncogenic Ras mutants can directly activate Rac in fibroblasts. Interestingly, K-Ras has 

a greater ability to activate Rac than H-Ras (Walsh and Bar-Sagi, 2001). In line with 

these results, a survey of targets of Ras in fibroblasts by subtractive suppression 

hybridization identified RhoC as one of the upregulated proteins after transformation 

(Zuber et a l ,  2000). Interesting work from the Marshall lab has shown that in the 

absence of Rho activity, oncogenic Ras induces cell cycle arrest of Swiss 3T3 fibroblasts. 

Rho activity cooperates with oncogenic Ras to allow cell proliferation by downregulating 

p2 %wafi/cipi expression (Olson et al ,  1998). Activation of RHO GTPases has been 

observed in response to tumour suppressor inactivation as well as overexpression of 

oncogenes. For example, genetic deletion of the PTEN tumour suppressor led to 

increased Rac and Cdc42 activity. These cells also showed enhanced migration, which 

could be inhibited by dominant negative mutants of Rac and Cdc42 (Liliental et al ,  

2000). Thus activation of RHO family GTPases could be a wide spread phenomenon in 

tumorigenesis.

In agreement with these results, many GEFs for RHO proteins including Dbl, Vav and 

Ost where originally identified by their ability to induce transformation of cultured 

fibroblasts (Eva and Aaronson, 1985; Katzav et a l ,  1989; Hart et a l ,  1991; Hart et a l ,  

1994; Horii et a l ,  1994). The transforming activity of GEFs is dependent on their ability 

to induce nucleotide exchange on the small GTPases (Hart et a l ,  1994; Horii et a l ,  1994; 

Whitehead et a l ,  1997). Interestingly, these GEFs have a much greater transforming 

potential than activated versions of Rho, Rac and Cdc42. For example, the Cdc42-specific 

GEF faciogenital dysplasia gene product-1 (FGDl) showed much greater cooperativity 

with Raf-1 in focus formation assays than activated Cdc42 (Whitehead et a l ,  1998). 

There are several possible reasons for these differences. Firstly, GEFs may alter the 

cellular localization of small GTPases, thereby promoting interactions with particular 

effector proteins. Overexpression of activated versions of small GTPases may not be able 

to mimic this.
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Secondly, whereas activated mutations of RHO GTPases are locked in a GTP-bound 

form, GEFs allow cycling of the GTPases between the GTP- and GDP-bound forms. In 

support of this being significant, increased transforming ability in vivo and in vitro is 

shown by “fast cycling” mutants of Rho, Rac and Cdc42 (Lin et a i ,  1999). These 

mutants have an enhanced intrinsic GTP to GDP exchange rate but normal GTP 

hydrolytic activity.

Thirdly, the GEFs are often rather promiscuous, activating two or more GTPases at the 

same time, which could increase transforming ability as demonstrated by Roux et a l  

(Roux et a l ,  1997). Interestingly, work with “fast-cycling” mutants suggests that each 

RHO GTPase is involved in a particular aspect of cellular transformation: for example, 

anchorage dependence for Cdc42 and loss of contact inhibition for Rho (Lin et a l ,  1999). 

In agreement with this, differential roles are demonstrated for the three GTPases in 

transformation induced by Ras and by oncogenic insulin-like growth factor receptor-1 

(Qiu et a l ,  1997; Sachdev et al ,  2001). Cooperation between the three GTPases may 

therefore be required for the full transformation by a number of oncogenes.

Some work has been done on effectors of small GTPases responsible for mediating 

transformation activity. There is evidence to suggest that PAKs may play a role 

downstream of Rac and Cdc42 (Tang et a l ,  1997; Tang et a l ,  1999). ROCK has been 

implicated in Rho-mediated transformation (Sahai et al., 1999; Zong et al., 2001). 

However, in later work, Sahai et a l  have demonstrated that, in Swiss 3T3 cells stably 

expressing oncogenic Ras, ROCK and Rho-kinase are downregulated due to sustained 

ERK/MAP kinase signalling, leading to a repression of stress fibre formation and 

enhanced motility (Sahai et a l ,  2001). Another candidate effector of Rac and Cdc42 in 

transformation is PAR6, the human homologue of a PDZ-containing protein, which 

determines cell-polarity in various organisms (Doe, 2001). PAR6 can form a ternary 

complex with Rac/Cdc42 and atypical protein kinase CÇ (PKCÇ). The experiments 

suggest that PAR6 and PKCÇ function downstream of Rac and Cdc42 in transformation 

(Qiu et a l ,  2000).
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Tumorigenesis is a complex process, involving not only enhanced proliferation and 

survival but also the ability of cells to invade and metastasize to different sites. A variety 

of studies suggest that RHO GTPases could also play a role in these processes. Firstly, 

RHO proteins have been shown to regulate cell motility in a variety of cell types, 

including macrophages and fibroblasts (Allen et a i ,  1998; Nobes and Hall, 1999). In 

addition, expression of the urokinase-type plasminogen activator receptor in fibroblasts, 

which is implicated in tumorigenesis, induces Rac-dependent motility (Kjplier and Hall,

1999).

Secondly, one exchange factor for Rac, Tiaml, was originally identified by its ability to 

induce invasion of T lymphocytes (Habets et a i ,  1994). Invasive clones could induce 

experimental métastasés in nude mice (Habets et a i ,  1994). Later work demonstrated 

that Tiaml could promote invasion and migration of breast tumour cells in response to 

CD44 and ankyrin binding (Bourguignon et a i ,  2000a,b). Fibroblast invasion of three- 

dimensional collagen matrices induced by PDGF-B was dependent on Rho, Rac and 

Cdc42 activity (Baynard et ai ,  2000). Racl and Cdc42 could promote invasion of 

epithelial cells (Keely et a i ,  1997; Shaw et ai ,  1997). In addition, Rho, Rac and Cdc42 

have been implicated in breakdown of cell-cell contacts and cell scattering in epithelial 

cells induced by HGF/SF, oncogenic Ras and transforming growth factor-p (TGF-p) 

(Ridley et a i ,  1995; Potempa and Ridley, 1998; Braga et a l ,  2000; Bhowmick et a l ,  

2001).

Invasion in vivo involves not only enhanced motility, but also the expression of matrix 

metalloproteinases (MMPs), which play a role in remodelling of the host tissue 

extracellular matrix (ECM) (Stamenkovic, 2000). In rabbit synovial fibroblasts, Racl 

stimulates collagenase-1 expression downstream of a 5 p i integrin activation 

(Kheradmand et a l ,  1998). In fibrosarcoma cells, Rac induces matrix metalloproteinase- 

2 (MMP-2) expression in response to three-dimensional collagen gels, and promotes 

invasion of this cell line in an MMP-2-dependent manner (Zhuge and Xu, 2001). Thus, 

Rac may play a role in activation of MMP expression during tumour invasion.

No activating mutations in RHO family small GTPases have been identified in human 

tumours, however recent findings provide support for an involvement of RHO GTPases
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in tumorigenesis in vivo. Racl is upregulated at the RNA and protein level in breast 

cancer samples relative to samples from normal breast (Schnelzer et a l ,  2000). High 

levels of active Rac3 have been demonstrated in human breast cancer cell-lines and in 

breast tumour tissue (Mira et a l ,  2000). This is thought to result from increased 

membrane localization of Rac3 and enhanced activity of Rac3 GEFs, and is accompanied 

by increased PAK and JNK activity (Mira et a l ,  2000). Rac lb, an isoform of Racl with 

an insert of 19 amino acids immediately before the switch II region, is upregulated in 

colorectal tumour samples relative to samples from normal tissue (Jordan et a l ,  1999). 

Analysis of the GTP-binding and hydrolysis activities of Rac lb, suggest that it is fast 

cycling, providing an explanation for its potential tumorigenic activity (Schnelzer et a l ,

2000). In addition, comparison of gene expression between metastatic and non-metastatic 

melanoma cells using microarrays, demonstrated that RhoC expression is enhanced in the 

metastatic cells (Clark et a l ,  2000). Activated RhoC can promote metastasis when 

overexpressed (Clark et al ,  2000). It is likely that future studies will provide further 

evidence of enhanced activation and expression of RHO GTPases in tumorigenesis.

1.2.11 RHO GTPases and cadherin-mediated adhesion

The importance of the actin cytoskeleton in cadherin-mediated adhesion and the role of 

small GTPases in regulation of actin cytoskeletal organization, suggest that RHO proteins 

can also modulate cadherin-dependent cell-cell adhesion. The first evidence for such a 

function came in Drosophila, where Rac function is required for recruitment of actin to 

adherens junctions in the wing disc epithelium (Eaton et al ,  1995).

Several studies then demonstrated a role for Rho and Rac in stabilization of E-cadherin at 

cell junctions in various mammalian epithelial cell types, including kératinocytes and 

MDCKs (Braga et a l ,  1997; Hordijk et a l ,  1997; Takaishi et a l ,  1997; Zhong et a l ,  

1997). Rho and Rac activity is required for both establishment and maintenance of cell

cell contacts. Activated Rac enhances staining for cadherin receptors and actin at cell 

junctions in MDCK cells (Takaishi et a l ,  1997). Activated, dominant negative and wild 

type Rac localizes at cell-cell contact sites in MDCK cells (Takaishi et a l ,  1997; Jou and 

Nelson, 1998; Nakagawa et a l ,  2001). The ability of Rho and Rac inhibition to 

destablize cadherin receptors at cell-cell contacts depends on the maturation state of the 

junctions and the cell type. For example, cadherin localization at contact sites was
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unaffected by Rac inhibition in fibroblasts, and by Rho and Rac inhibition in endothelial 

cells (Braga et a l ,  1999).

The role of Cdc42 in cadherin-dependent adhesion is less clear. Activated Cdc42 can 

promote accumulation of cadherin and F-actin at contact sites and rescue the inhibitory 

effects of Rho GDI on cell-cell adhesion (Kuroda et a l ,  1997). However, inhibition of 

Cdc42 has no effect on staining for cadherins at junctions in MDCK cells (Kuroda et a l ,  

1997; Kodama et a l ,  1999). Upon overexpression of dominant negative Cdc42, a 

reduction in cadherin-mediated adhesion was observed in L-cells stably transfected with 

E-cadherin (Fukata et al ,  1999). In Drosophila, expression of dominant negative Cdc42 

and disruption of the Cdc42 gene inhibit apico-basal elongation of epithelial cells but do 

not effect localization of armadillo at cell-cell contacts (Eaton et a l ,  1995; Genova et a l ,

2000). Expression of dominant negative Cdc42 in stripes in the embryonic ectodermal 

epithelium does produce a dorsal closure defect (Jacinto et a l ,  2000). However, in this 

case it is difficult to dissect between defects in migration of the leading edges and a 

failure in junction formation per se.

Little is known about the mechanism by which RHO GTPases regulate the stability of 

cadherin molecules at cell-cell contact sites. Experiments in kératinocytes have suggested 

that Rac, but not Rho, plays a role in recruitment of actin to cadherin receptors. Both 

molecules may be involved in regulation of cadherin clustering at junctions. In support of 

such a role, Rac has been shown to regulate clustering of «4- and a5-integrins in T 

lymphocytes, and the acetylcholine receptor in myotubes, whereas Rho mediates 

clustering of E-selectin, intercellular adhesion molecule-1 (lCAM-1) and vascular cell 

adhesion molecule-1 (VCAM-1) on endothelial cells in response to monocyte adhesion 

(D'Souza-Schorey et a l ,  1998; Wojciak-Stothard et a l ,  1999; Weston et a l ,  2000).

One Rac effector has been implicated in modulation of cell-cell adhesion and has been 

detected at cell-cell contact sites (Kuroda et a l ,  1997). This is IQGAPl, a molecule with 

homology to Ras GAPs but no GAP activity (Weissbach et a l ,  1994; Kuroda et a l ,

1996). The IQGAP homologue in yeast (Iqglp/Cyklp) localizes at the cleavage furrow 

and regulates cytokinesis (Epp and Chant, 1997; Lippincott and Li, 1998; Osman and 

Cerione, 1998).
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Mammalian IQGAP interacts with the GTP-bound forms of Rac and Cdc42 and can also 

bind to P-catenin and the cytoplasmic tail of E-cadherin (Kuroda et a l ,  1998). Studies in 

L-cells expressing E-cadherin have demonstrated that IQGAPl can compete with a- 

catenin for binding to p-catenin and thereby perturb intercellular adhesion. Activated Rac 

and Cdc42 can bind IQGAP and prevent it from associating with p-catenin, thereby 

inhibiting IQGAP-induced cell dissociation (Kuroda et a l ,  1998; Fukata et a l ,  1999). 

Calmodulin also interacts with IQGAPl, and competes with E-cadherin for IQGAPl 

binding. Inhibition of calmodulin function increases junctional localization of IQGAPl 

and decreases E-cadherin-mediated adhesion in MCF-7 cells (Li et a l ,  1999).

The physiological role of IQGAPl is unclear at present. A putative dominant negative 

truncation of IQGAPl prevents HGF- and 12-0-tetradecanoylphorbol-13-acetate (TPA)- 

induced disruption of cell-cell contacts in MDCK cells, suggesting that IQGAPl plays a 

role in cell scattering (Fukata et a l ,  2001). Mice with a targeted disruption of the 

IQGAPl gene show no defects in cadherin-dependent adhesion and develop normally, 

although there is an increased incidence of late-onset gastric hyperplasia (Li et al ,  

2000b). There is a close homologue of IQGAPl (62% identical) called IQGAP2, which 

may functionally compensate for the lack of this protein (Brill, 1996). Arguing against 

this, IQGAP2 has a much more restricted expression than IQGAPl and there is no 

obvious increase in IQGAP2 expression upon loss of IQGAPl (Brill, 1996; Li et a l ,  

2000b).

The Cdc42 effector MRCKa localizes at cell-cell contact sites, but its role in regulation 

of cell-cell adhesion has not been determined (Leung et a l ,  1998). A new family of 

Cdc42 effector proteins (CEPs) has been implicated in regulation of cell-cell contacts in 

kératinocytes. Hirsch et a l  show that overexpression of L61Cdc42 and CEPs2 and 5 

disrupt cadherin staining at junctions (Hirsch et a l ,  2001). Since the Cdc42/Rac 

interactive binding (CRIB) domain of the CEPs is required for this response, CEP 

overexpression could perturb junctions by titrating out endogenous Cdc42.

A novel connection between cadherins and GTPases has been provided by studies on 

p l2 0 ‘"‘". Overexpression of this molecule in various cell types induces branching
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protrusions (Anastasiadis et a l ,  2000; Noren et a l ,  2000). This phenotype is dependent 

on Rho inhibition and upregulation of Rac and Cdc42 activity. Indeed pl20^‘" 

overexpression induces downregulation of Rho.GTP levels and activation of Rac and 

Cdc42, in a Vav2-dependent manner. Only p l20 ‘̂‘" that is not bound to E-cadherin 

regulate the activity of the small GTPases, and expression of E-cadherin could inhibit the 

effects of pl20‘'‘" on cell morphology (Anastasiadis et a l ,  2000; Noren et al ,  2000). As 

RHO GTPases promote both cell motility and cell-cell adhesion, cytoplasmic levels of 

pl20*'‘" may tip the balance in favour of one process rather than the other (Braga, 2000b).

1.2.12 RHO GTPases and polarity

The mammalian homologue of the C. elegans protein PAR-6 was identified as a Cdc42- 

interacting protein in a number of yeast-two hybrid screens (Joberty et a l ,  2000; 

Johansson et a l ,  2000; Lin et a l ,  2000). PAR proteins play an essential role in 

establishment of asymmetry in the early C. elegans embryo (Doe, 2001). In mammalian 

cells, PAR-6 forms a complex with activated Cdc42/Rac, PAR-3 and atypical 

PKCÇ (Johansson et al ,  2000; Joberty et a l ,  2000; Lin et a l ,  2000). PAR-6, PAR-3 and 

PKCÇ colocalize with ZO-1 at the tight junctions of MDCK cells (Izumi et a l ,  1998; 

Joberty et a l ,  2000; Johansson et al ,  2000). Overexpression of PAR-6 or the N-terminal 

domain of PAR-3 disrupts tight junctions and perturbs the junctional localization of other 

components of the complex (Joberty et a l ,  2000). In contrast, the localization of E- 

cadherin and p-catenin at adherens junctions remains unaffected.

Recently, a direct association has been demonstrated between PAR-3 and junctional 

adhesion molecule (JAM), a member of the immunoglobulin superfamily (Ebnet et al ,  

2001; Itoh et a l ,  2001). Since JAM is localized at tight junctions through an interaction 

with ZO-1, it is likely that JAM recruits the PAR-3/PAR-6/PKCÇ complex to tight 

junctions (Ebnet et a l ,  2001; Itoh et a l ,  2001). These studies suggest that this complex 

may play a role in regulation of tight junction formation and epithelial polarity. In 

support of this. Drosophila PAR-3, PAR-6 or atypical PKC mutants show defects in 

epithelial polarity (Wodarz et a l ,  2000; Doe, 2001).

The role of Rac and Cdc42 in tight junction regulation by the PAR-3/PAR-6/PKCÇ 

complex is unclear at present. There is evidence in the literature that Rac is involved in 

tight junction formation (Jou et a l ,  1998), but no role has been demonstrated for the
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PAR-3/PAR-6/PKCÇ complex in this process. Transient transfection of MDCK cells 

with activated Cdc42 does cause disruption of tight junctions, however this may be an 

indirect result of the cell contraction also observed (Joberty et a l ,  2000). Microinjection 

of MDCK cells with activated Cdc42 has no effect on tight junctions or cadherin 

localization, but does perturb cell polarity (Kroschewski et a l ,  1999).

A direct interaction between C. elegans Cdc42 and PAR-6 has been demonstrated. RNA 

interference studies have shown that Cdc42 cooperates with the PAR-6/PAR-3/atypical 

PKC complex to establish polarity in the early C. elegans embryo (Gotta et a l ,  2001; Kay 

and Hunter, 2001). Cell polarity during macrophage, fibroblast and astrocyte migration 

also depends on Cdc42 function (Allen et a l ,  1998; Nobes and Hall, 1999; Etienne- 

Manneville and Hall, 2001). A role for the PAR-6/PAR-3/PKCÇ complex in regulating 

the polarization of astrocytes in response to wounding has recently been demonstrated 

(Etienne-Manneville and Hall, 2001). Thus, Cdc42 and the PAR-6/PAR-3/PKCÇ 

complex appear to be involved in establishment of polarity during a variety of cellular 

processes and this function has been conserved in evolution from worm to man.
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Chapter 2
MATERIALS AND METHODS

2.1 Materials

2.1.1 Cells

Normal human kératinocytes from neonatal foreskin (strain Kb, passages 3 to 7) were 

cultured on a mitomycin C-treated monolayer of 3T3 fibroblasts at 3TC  and 5% CO2  as 

reported previously (Watt, 1994). Cells were routinely cultured in standard medium 

(DMEM: F12 medium, 1:3 mixture; Bio Whittaker) containing 1.8 mM calcium ions and 

supplemented with 5% fetal calf serum, 5 |ig/ml insulin, 10 ng/ml epidermal growth 

factor (EGF), 0.5 |lg/ml hydrocortisone and 0.1 nM cholera toxin. Cultures grown in the 

absence of calcium-dependent cell-cell contacts used the same medium formulation as 

above, but with 0.1 mM calcium ions and serum depleted of divalent ions by treatment 

with Chelex-100 resin (BioRad; Hodivala and Watt, 1994).

HaCat cells (immortalized, non-tumorigenic human kératinocytes) were a gift from N. 

Fusenig, Deutches Krebsforschungszentrum, Heidelberg, Germany (Ryle et a l ,  1989), 

and were routinely cultured in DMEM supplemented with 10% FCS. In experiments in 

which the calcium switch was performed, HaCat cells were transferred to low calcium 

medium (1-2 days after plating) and cultured until confluence. Swiss 3T3 cells were 

routinely cultured as described previously (Ridley and Hall, 1992; Ridley et a l ,  1992). 

Cells were allowed to reach confluence and become quiescent for 6 - 10 days before 

seeding onto coverslips (Puls et a l ,  1999).

2.1.2 Antibodies

E-cadherin staining was performed using either ECCD-2 antibody (rat monoclonal; Hirai 

et a l ,  1989) or HECD-1 (mouse monoclonal; gift from M. Takeichi, Kyoto University, 

Japan; Shimoyama et a l ,  1989). Other mouse monoclonal antibodies used were anti-P- 

cadherin (NCC-CAD-299; gift from M. Takeichi; Shimoyama et a l ,  1989), anti-myc 

(9E10), anti-flag (M2; Sigma), anti-Rac (23A8, gift from D. Kwiatkowski, Harvard 

Medical School, USA; Azuma et a l ,  1998), anti-a3|3l-integrin (VM-2; Kaufmann et al .
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1989), anti-Cdc42 (Transduction Labs) and anti-diphosphorylated ERKl/2 (Sigma). The 

other rat antibody used was anti-myc (Jac6).

Rabbit polyclonal antibodies used were anti-a-catenin (VBl; Braga et al ,  1995), anti- 

phosphotyrosine 1173 on the EGF receptor (R42/pY1173) and anti-phosphotyrosine 992 

on the EGF receptor (R46/pY992; gifts from H. Huitfeldt, University of Oslo, Norway; 

Oksvold et a l ,  2000), anti-Akt (PW56) and anti-phosphoSer473-Akt (PW66; gifts from J. 

Downward, Imperial Cancer Research Fund, London, UK; Watton and Downward,

1999), anti-Cdc42 (Santa-Cruz), anti-EGF receptor (Cell Signaling Technology) and anti- 

ERK2 (Santa-Cruz).

Secondary antibodies were bought from Jackson Immuno Research Laboratories 

(Stratech Scientific): Cy5-conjugated donkey anti-mouse IgG; FITC-conjugated goat 

anti-mouse IgG; Cy3-conjugated donkey anti-mouse IgG; Cy3-conjugated donkey anti

rabbit IgG; FITC-conjugated donkey anti-rat IgG; unconjugated rabbit anti-mouse IgG. 

HRP-conjugated goat anti-mouse IgG and HRP-conjugated goat anti-rabbit IgG were 

purchased from Pierce. TRITC- and FITC-phalloidin were bought from Sigma.

2.1.3 Constructs

Rac, Rho and Cdc42 binding proteins in pACTII vector (RhoGAP, RhoA-binding kinase- 

a  (ROK-a), MLK2, MLK3, WASP and PAK) and in pGEX-2T (ROK-a [GTPase 

binding domain (GBD) only] and MLK2 [leucine-zipper and GBD]) were gifts from A. 

Hall, Univeristy College London, UK (Aspenstrom and Olson, 1995; Burbelo et a l ,  

1995; Aspenstrom et a l ,  1996; Nagata et al ,  1998). PAK (CRIB domain only) in pGEX- 

2TK was a gift from J. Collard, The Netherlands Cancer Institute, Amsterdam, 

Netherlands (Sander et a l ,  1998). Full-length MLK3 and MLK3Azip in pRK5flag were 

gifts from K. Gallo, Michigan State University, USA (Gallo et a l ,  1994; Bock et a l ,

2000). Activated PAK (L107F), kinase dead SEK (K129R) and the PAK inhibitor 

(amino acids 83 -  149 of PAKl) in pRK5myc were gifts from A. Hall (Tapon et a l ,  

1998; Daub et a l ,  2001).

The L61Rac second effector domain mutants in pGEX-2T were made by N. Lamarche- 

Vane (Braga et a l ,  2000). Other RHO GTPase constructs were gifts from A. Hall and 

have been previously described (Ridley and Hall, 1992; Ridley et a l ,  1992; Aspenstrom
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and Olson, 1995 Nobes and Hall, 1995; Lamarche et a i ,  1996; Aspenstrom et a l ,  1996; 

Braga et a l ,  1997).

2.2 Methods

2.2.1 Subcloning

L61Rac second effector domain mutants were PCR amplified and subcloned into the 

EcoRl/BamHl sites of the yeast two-hybrid vector pYTH9. The constructs were 

sequenced to confirm that the Rac sequence was fused in frame with the sequence 

encoding the GAL4 DNA-binding domain. pACTII-ANIQGAP2 was made by H. Daub. 

The sequence corresponding to amino acids 711-1579 of IQGAP2 was amplified using 

the primers GTG CTA CAT CAT CAT CGG AAG AG and CCT TGA TTG GAG ACT 

TGA CC and subcloned into the Ncol-BamHl site of the GAL4-activation domain vector 

pACTII.

The first 507 bp of the novel yeast two-hybrid clone, X6, were PCR amplified using 

primers that introduced a Bglll site at the 5’ end and an EcoRl site at the 3’ end. The 

fragment was subcloned into the BamHl/EcoRl sites of pGEX-4T3.

2.2.2 Recombinant proteins

Small GTPases were purified as GST-fusion proteins from Escherichia coli using 

glutathione beads, thrombin cleaved, dialysed and concentrated essentially as described 

(Ridley et al., 1992). Active protein concentrations were determined by filter binding 

assay, using [^H]-GTP and biological activity was determined in fibroblasts and 

kératinocytes as reported (Ridley and Hall, 1992; Ridley et al., 1992; Self and Hall, 1995; 

Braga et al., 1997). For L61Rac and the L61Rac second effector domain mutants, the 

protein concentration of each batch was determined by BCA assay (Pierce), using bovine 

serum albumin as a standard. Concentrations were as follows: L61Rac, 4 mg/ml; L61Rac 

A147A148, 0.89 mg/ml; A162A163, 2.26 mg/ml; A166A167, 2.91 mg/ml; A170A171, 

3.57 mg/ml. L61Cdc42 protein was a gift from S. Krugmann (Nobes and Hall, 1995).

Other recombinant proteins were produced in a similar manner to the GTPases. The only 

differences were that PBS was used as the lysis buffer, and proteins were eluted from
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beads using glutathione rather than thrombin cleaved. POSH protein (GBD only) was a 

gift from A. Bishop (Tapon et a i ,  1998) and RhoGAP protein (catalytic domain only) 

was a gift from S. Krugmann (Lamarche et a i ,  1996).

2.2.3 Microinjection

Microinjection was performed essentially as described (Braga et al., 1997). Confluent 

patches of kératinocytes grown in the absence of contacts were microinjected with the 

different recombinant proteins mixed with Dextran Texas-Red (Molecular Probes, 

Oregon, USA) to visualize the injected patches. Within 5 to 15 minutes after injection, 

cells were transferred to standard medium to induce calcium-dependent cell-cell contacts 

for additional 1 to 5 hours. For microinjection, quiescent Swiss 3T3 cells were seeded 

onto coverslips subconfluent and starved for 1-2 days in a 1:50 dilution of the medium 

used for quiescence (Puls et ai ,  1999). After microinjection, cells were incubated for 15 

to 30 minutes in the same medium.

For HaCat cell injections, pRK5 vector containing different inserts was injected into 

nuclei at 0.1 -  0.2 mg/ml. After injection into HaCats grown in low calcium medium, 

cells were maintained for 2 hours to allow expression and then transferred to standard 

calcium medium to induce junction formation for 4 hours. Other injections were 

performed in HaCat cells grown in standard medium (mature junctions). Cells were 

incubated for 5 to 8 hours after injection and then fixed.

2.2.4 Quantification of injection experiments

Quantification of the effects of Rac mutants on cadherin-mediated adhesion was 

performed using the following criteria. Patches containing 3 or more cell-cell borders 

with perturbed cadherin staining between at least 2 different injected cells were scored 

and expressed as a percentage of the total number of microinjected patches. Between 30 

and 50 patches (containing 4 to 10 cells each) were analysed for any given mutant. 

Quantification of lamellipodium formation in Swiss 3T3 cells is expressed as the 

percentage of injected cells with lamellipodia/ruffles. Between 60 and 180 injected cells 

(Swiss 3T3) were scored for each recombinant protein tested. Statistical analysis was 

performed using Student's t test, assuming unequal variances.

53



2.2.5 Immunofluorescence

Cells were fixed in 3% paraformaldehyde in PBS for 10 minutes at room temperature, 

permeabilized in 10% FCS containing 0.1% Triton X-100. For staining with V B l and 

anti-EGF receptor antibodies, cells were permeabilized with 0.1% Triton X-100 in 50% 

FCS. Antibodies were diluted into 10% FCS, except for VBl and anti-EGF receptor 

which were diluted into 50% FCS. Single labelling for E-cadherin was performed using 

the mouse monoclonal HECD-1 and FITC-conjugated anti-mouse IgG. Double labelling 

for cadherins and tagged proteins was performed by sequential incubation with rat anti-E- 

cadherin monoclonal (ECCD-2) and FITC-conjugated anti-rat IgG, followed by mouse 

anti-myc (9E10) or anti-flag antibodies (M2), and Cy5-conjugated anti-mouse IgG. 

Triple labelling for junctions, myc and flag tags was performed by sequential incubation 

with a rat anti-myc antibody (Jac-6) and FITC-conjugated anti-rat IgG, followed by the 

mouse anti-flag antibody and Cy5-conjugated anti-mouse IgG. Finally cells were 

incubated with rabbit anti-a-catenin (VBl) and Cy3-conjugated donkey anti-rabbit IgG. 

Filamentous actin was labelled with TRITC- or FITC-phalloidin. Coverslips were 

mounted using Gelvatol (Monsanto).

For staining for the phosphorylated EGF receptor with R42/pY1173 and R46/pY992, 

cells were permeabilized with 0.1% Triton in PBS for 10 minutes, then incubated 

overnight with a 1:100 dilution of the antibody in 1% BSA (Oksvold et a l ,  2000). As a 

secondary, Cy3-conjugated anti-rabbit IgG in 10% FCS was used. This was followed by 

staining with FITC-phalloidin or sequential incubation with HECD-1 and FITC-anti- 

mouse IgG.

Confocal images were obtained (1 pm slices) at the plane in which the majority of 

cadherin staining in the injected patch was found and processed as reported (Braga et a l ,

1999). To detect injected cells, the section was taken at a different plane (usually a few 

microns below) to show that the cells are still touching each other and not retracted at the 

end of the experiment.

2.2.6 Bead experiments

Latex beads (15 |xm; Poly sciences) were coated with HECD-1 or VM-2 at 0.4 |Lig/|il 

overnight at 4°C. Control beads were coated overnight with 5 mg/ml heat inactivated 

BSA (ICN). Beads were blocked with heat inactivated BSA for 1 hour at room
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temperature, followed by 3 washes in PBS. Immediately before use, beads were 

resuspended in prewarmed low calcium medium. Cells on coverslips were incubated 

with beads (4 x 10̂  beads per coverslip) for 10 minutes. Cells were washed by dipping 

coverslips three times into PBS and were then fixed in 10% paraformaldehyde.

To quantify recruitment of phosphorylated EGF receptor to the beads, confocal images 

were taken of beads attached to cells at the level where most staining of the beads could 

be seen. The number of beads, which showed recruitment of the phosphorylated EOF 

receptor was expressed as a percentage of the total number of beads counted. At least 

100 beads were counted for each condition.

2.2.7 Pull down assays

Pull down assays were performed using a GST-PAK-CRIB fusion protein. One 9cm dish 

of confluent kératinocytes in low calcium medium was used per data point. Cells were 

lysed in lysis buffer (50mM Tris pH 7.5, 1% Triton X-100, 0.5% sodium deoxycholate, 

0.1% SDS, 150 mM sodium chloride, 10 mM magnesium chloride, 1 pg/ml leupeptin, 1 

pg/ml pepstatin, 0.1 mM PMSF and 0.1 mM pefabloc) and 20 pg of GST-PAK-CRIB on 

glutathione agarose beads was added to each tube. Lysates were incubated with the beads 

for 45 minutes at 4°C. Then beads were washed three times with wash buffer (50 mM 

Tris pH 7.5, 1% Triton X-100, 150 mM sodium chloride and 10 mM magnesium 

chloride). In some cases, beads were split in half after washing to probe for both Rac and 

Cdc42. Precipitated proteins and a sample of each lysate were separated by SDS-PAGE, 

blotted and probed for Rac or Cdc42. To load lysates with GTPyS or GDP, EDTA was 

added to 10 mM and GTPyS or GDP to 1 mM. Lysates were incubated for 10 minutes at 

room temperature and the reaction was stopped by addition of MgClj to 20 mM. To 

induce intercellular adhesion before performing the pull down, calcium chloride was 

added to 2 mM.

For antibody blocking experiments, cells were incubated with 5 pg/ml HECD-1 and 2 

pg/ml NCC-CAD-299 for 30 minutes at 3TC  prior to addition of calcium chloride. As a 

control cells were preincubated with 7 pg/ml rabbit anti-mouse IgG. For clustering 

experiments, kératinocytes grown in low calcium medium were incubated for 15 minutes 

on ice in the same medium with 5 pg/ml HECD-1 and 2 pg/ml NCC-CAD-299. Then
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anti-mouse IgG was added to 35 |lg/ml and cells were incubated for a further 30 minutes 

at 37"C before measuring Rac activity.

For bead experiments, beads were prepared as described in section 2.2.6. Latrunculin B 

(Calbiochem) was titrated to a concentration (0.3 |iM), which prevented actin 

cytoskeleton remodelling in kératinocytes without causing cellular retraction. Cells were 

treated with Latrunculin B or DMSO control for 10 minutes. Then cells were incubated 

with beads (2.4 x 10̂  beads per dish) for 10 minutes before lysis of cells. In inhibitor 

experiments, cells were incubated with 30 pM LY294002 (Sigma), 316 nM AG 1478 

(Calbiochem), 35 pM PD98508 (Calbiochem) or DMSO vehicle for 30 minutes prior to 

stimulation with 2 mM calcium for 5 minutes or 60 minutes. In the case of the 60-minute 

calcium stimulation, a second dose of AG 1478 at 316 nM was added 15 minutes after 

calcium addition.

2.2.8 Quantification o f  pull downs

Multiple exposures of blots from pull down experiments were performed to ensure that 

the quantification was in the linear range. The blots were scanned using a GS-710 

Calibrated Imaging Densitometer (Biorad) and bands were quantified using Quantity One 

software (Biorad). Activated Rac levels were calculated as a percentage of total Rac 

levels in the lysates. Rac activation was expressed relative to the control, which was 

arbitrarily set as 1.

2.2.9 Aktphosphorylation

To probe for Akt phosphorylation, cells were lysed in lysis buffer (1% Triton X-100, 20 

mM p-glycerophosphate, 20 mM sodium fluoride, 2 mM EDTA, 0.2 mM sodium 

vanadate, 10 mM benzamidine, 2.5 pg/ml microcystin, 1 pg/ml leupeptin, 1 pg/ml 

pepstatin, O.I mM PMSF and 0.1 mM pefabloc). Lysates were separated by SDS-PAGE, 

blotted and probed using antibodies against the Akt phosphorylated on serine 473 and 

total Akt.

2.2.10 Slot blots

GST-fusion proteins (10 pg each) were immobilized onto PVDF membranes (Millipore) 

using a slot blot apparatus (Hoeffer). Equal amounts of L61Rac and L6IRac second 

effector domain mutants or L63Rho and L61Cdc42 were loaded with radioactive GTP
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([y-^^P] - GTP, 6000 Ci/mmol, NEN-Du Pont) and allowed to interact with the 

immobilized proteins as described (Lamarche et a l ,  1996). In other experiments, two 

samples of wild type Rac and Cdc42 were incubated with [a-̂ ^P] -  GTP (3000 Ci/mmol, 

NEN-Du Pont). After GTP loading, one sample of each GTPase was incubated with 

RhoGAP (16 pg) for 10 minutes at 30°C to induce hydrolysis of the GTP to GDP, while 

the other sample was left untreated. Then GTPases loaded with radiolabelled GTP were 

allowed to interact with the proteins immobilized on the membrane.

2.2.11 Yeast two-hybrid interactions

L61Rac and the L61Rac second effector domain mutants fused to the GAL-4 DNA 

binding domain were integrated into the genome of the Y 190 yeast strain (Aspenstrom 

and Olson, 1995). The integrated yeast were transformed with cDNAs encoding various 

Rac binding partners in a GAL4-activation domain vector: pACTII-RhoGAP, pACTII- 

PAK, pACTa-ROK-a (GTPase binding domain only), pACTII-IQGAP2, pACTII-MLK2 

and pACTII-MLK3 (Nagata et al ,  1998). Interactions were assayed by testing growth of 

colonies in the presence of 3-amino-1,2,4-triazole (3 AT) and by filter-lift p-galactosidase 

assay (Aspenstrom and Olson, 1995). IQGAP2 interactions were tested on 10 mM 3AT 

plates, as the association with activated Rac was barely detectable at the standard 

concentration used for the other targets (25 mM).

To test interactions with the yeast two-hybrid clone X6, L61Rac, L63Rho and L61Cdc42 

were integrated into the genome of the pJ69-4a yeast strain (gift from G. Longmore, 

Washington University Medical School, Missouri, USA; James et al ,  1996). This yeast 

strain was used since it is more sensitive than Y190 in yeast-two hybrid assays. The 

integrated yeast were transformed with X6 and pACTII-RhoGAP and pACTII-WASP as 

positive controls (Aspenstrom and Olson, 1995). Interactions were tested by assessing 

the growth of yeast colonies in the presence of 2 mM 3AT and by filter-lift |3- 

galactosidase assay (Aspenstrom and Olson, 1995).

2.2.12 Yeast two-hybrid screen

L61Rac integrated into the Y 190 yeast strain was used to screen a normal human 

keratinocyte cDNA library in pGADlO, a GAL4-activation domain vector (Clontech, 

California, USA). Yeast transformed with the library were plated onto -Trp/-Leu/-His 

plates containing 25 mM 3AT and incubated at 30°C (Aspenstrom and Olson, 1995).
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Colonies appearing after 7 - 1 0  days were picked and streaked onto fresh plates. 40 

colonies in total were picked. Interactions were tested by filter-lift p-galactosidase assay 

and 10 clones were positive. DNA was extracted from 10 yeast clones and transformed 

into bacteria by electroporation. All 10 clones were sequenced. Two novel clones were 

retransformed into the L61Rac integrated strain. As a control, we used a strain with the 

empty vector pYTH9 integrated into the genome. Interactions were tested by assaying 

growth on 3AT plates and by filter-lift p-galactosidase assay.

2.2.13 Rabbit antiserum production

To generate an antiserum to the yeast two-hybrid clone X6, a protein corresponding to the 

first 507 bp of the clone was purified as a GST-fusion from E. coli. The GST portion was 

removed by thrombin cleavage and the protein was sent to Cocalico Biologicals. Prior to 

antiserum production, bleeds from three rabbits were tested. The rabbit, that gave the 

lowest reactivity against keratinocyte lysates and the antigen was used for antiserum 

generation. The protocol for antiserum production was as follows: day 0, initial 

inoculation; day 14, boost; day 21, boost; day 35, test bleed 1; day 49, boost; day 56, test 

bleed 2. Before exsanguination, a further booster injection was given.

2.2.14 Northern blots

RNA was extracted from confluent 9 cm dishes of kératinocytes and HaCat cells using 

solution D (4 M guanidinium thiocyanate, 25 mM sodium citrate, 0.5% sarcosyl, 0.7% (3- 

mercaptoethanol). RNA was purified by phenol/chloroform extraction and precipitation 

with sodium acetate and isopropanol. RNA (20 pg per lane) was run on a MOPS- 

formaldehyde gel and transferred to a nitrocellulose membrane (Hybond N, Amersham 

Pharmacia) by capillary blotting (Sambrook et a l ,  1989). A human 12-lane multiple 

tissue northern blot was purchased from Clontech. Two X6 probes were prepared by 

EcoRI digestion of the yeast two-hybrid clone: one corresponding to the first 508 bp of 

X6 clone, the other corresponding to the last 1.27 kb of X6. An EcoRl fragment 

corresponding to the full coding sequence of rat glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) was also prepared. The probes were labelled with [a-^^P]-CTP 

by random priming using the Oligonucleotide Labelling Kit (Amersham Pharmacia) and 

purified using Microspin G-50 columns (Amersham Pharmacia) according to the 

manufacturer’s instructions. The probes (at 1 x 10̂  cpm/ml) were hybridized to the blots 

overnight at 42°C in hybridisation solution (5 x SSC, 50 % deionised formamide, 5 x
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Denhardt’s, 0.5% SDS and 100 lig/ml salmon sperm DNA). The blots were then washed 

two times in 2 x SSC, 0.1% SDS at room temperature, followed by two washes in 0.3% 

SSC, 0.1% SDS at 55°C. Finally the blots were exposed to BioMax MR-1 film (Kodak) 

at-70°.
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Chapter 3
DISRUPTION OF CADHERIN-MEDIATED ADHESION BY 

ACTIVATED RAC

3.1 Introduction

Cadherin molecules, particularly E-cadherin, play an important role in maintenance of 

tissue architecture and differentiation status in epithelia (Takeichi, 1991; Gumbiner,

1996). As discussed in the section 1.1.13, a strong correlation has been observed between 

alterations in cadherin function and carcinoma development in many tissues, including 

breast and stomach (Takeichi, 1993; Birchmeier and Behrens, 1994). In fact a loss of E- 

cadherin has been shown to play a causal role in progression from adenoma to carcinoma 

in the colon (Perl et a l ,  1998). It was initially proposed that E-cadherin suppresses 

carcinogenesis by inhibiting invasion and metastasis (Takeichi, 1993). There is also 

evidence that it functions as a tumour suppressor. For example, reexpression of E- 

cadherin slows the growth of certain cell lines (Navarro et a l ,  1991; Miyaki et al ,  1995; 

St Croix et a l ,  1998).

RHO family GTPases have also been implicated in tumour progression. Full 

transformation induced by oncogene Ras is dependent on Rho, Rac and Cdc42 activity 

(Khosravi-Far et a l ,  1995; Qiu et a l ,  1995; Roux et a l ,  1997; Sahai et a l ,  2001) and Rac 

is required for tumorigenesis induced by the oncogene Mas (Zohn et a l ,  1998). Also a 

number of GEFs for RHO small GTPases were originally identified as a result of their 

tumourigenic potential, including Dbl, Vav and Ost, and their oncogenic activity is 

dependent on the function of the small GTPases (Whitehead et a l ,  1997). In addition, 

Rac activation has also been shown to promote the invasion of carcinoma cell lines 

(Keely et a l ,  1997; Shaw et al ,  1997) and to cooperate with Ras in disruption of cell-cell 

adhesion in a mammary epithelial cell line (Quinlan, 1999). Thus a paradox exists in 

which Rac can promote not only cell-cell adhesion as discussed in section 1.2.11 (Braga, 

2000a), but also tumorigenesis and migration, which imply disruption of cell-cell 

contacts.
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In an attempt to reconcile these two apparently contradictory functions of Rac, we have 

been investigating the effects of Rac activation on cadherin-dependent adhesion in 

kératinocytes. A constitutively active version of Rac, L61Rac, was produced as a 

recombinant protein. It was discovered that upon injection into normal kératinocytes, 

L61Rac could specifically disrupt both mature and newly formed cadherin-containing 

contacts in a time- and dose-dependent manner (figure 3.1 A; Braga et a l ,  2000). Using 

chimeras consisting of the N-terminus of Rac fused to complementary portions of the C- 

terminus of Rho (Diekmann et a l ,  1995), it was found that a region in Rac between 

residue 145 and residue 175 is important for perturbation of cell-cell adhesion (figure IB; 

Braga et a l ,  2000). The ability of these chimeras to induce lamellipodia when injected 

into Swiss 3T3 fibroblasts was also determined and the results suggested that overlapping 

but distinct regions of Rac are required for perturbation of cell-cell contacts and 

lamellipodia formation (figure 3. IB; Braga et a l ,  2000).

When I took over the project, I first set out to map more carefully the domain in Rac 

required for disruption of cell-cell adhesion and to determine whether cadherin 

perturbation is dependent on lamellipodia formation or whether they are two independent 

Rac activities. I next examined whether Rac is required for the disassembly of cell-cell 

contacts caused by oncogenic Ras in kératinocytes. I finally attempted to find a Rac 

effector which could mediate this perturbation.
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Figure 3.1 (A) Sustained Rac activation interferes with the stability of newly formed cadherin-dependent 

contacts. Constitutively active Rac (L61Rac, 0.5 mg/ml) was microinjected into cells grown without 

contacts and cadherin-dependent cell-cell adhesion was induced for 1 h (a and b), 2 h (c and d) or 5 h (e and 

f). (B) Summary of the ability of Rac/Rho chimeras to induce disruption of cell-cell contacts in

kératinocytes and lamellipodia in Swiss 3T3 cells. Important domains in Rho and Rac are represented. 

Also shown are portions of Rac (white-filled rectangles) and Rho (black-filled rectangles) in each chimera.
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3.2 Results

3.2.1 Second effector domain mutants

The results from the experiments using the Rac/Rho chimeras suggested that a domain in 

Rac between amino acids 143 and 173 is important for disruption of cadherin-dependent 

adhesion. This corresponds to the putative second effector domain of Rac (Diekmann et 

a l ,  1995). To map more precisely the region in Rac responsible for perturbation of 

cadherins, I made use of point mutants of L61Rac created by Dr. Nathalie Lamarche- 

Vane, McGill University, Canada. Each mutant consists of a double mutation to alanine 

in the second effector domain of L61Rac. Mutants are as follows: A147A148 (single 

letter code KE to AA); A162A163 (QR to AA); A166A167 (KT to AA) and A170A171 

(DE to AA). Recombinant proteins corresponding to each of these mutants were 

produced and tested for their ability to disrupt cadherin-dependent contacts in 

kératinocytes. During formation of cell-cell contacts, all mutants showed qualitatively 

the same phenotype: no changes in cell morphology or decrease in cadherin staining at 

cell-cell borders (figure 3.2, a - d, and data not shown). These effects were quantified by 

determining the percentage of injected patches in which newly formed contacts were 

disrupted. As shown in figure 3.3a, whereas L61Rac at 0.5 mg/ml disrupted junctions in 

85% of injected patches, the second effector domain mutants at concentrations between 

0.9 and 2.9 mg/ml, only perturbed cadherin staining in 10% of injected patches (Student’s 

t test, p < 0.005). The exception was the A170A171 mutant (3.5 mg/ml), which disrupted 

cadherin contacts in 35% of patches (Student’s t test, p < 0.01).

To determine if cadherin perturbation is dependent on lamellipodia formation or whether 

they are two independent activities induced by Rac, I injected the second effector domain 

mutants into 3T3 fibroblasts and assayed for lamellipodia formation. I found that all of 

the mutants were able to induce membrane ruffles and lamellipodia (figure 3.2, e - h, and 

data not shown) to a similar extent as L61Rac (at 2 mg/ml) and no significant difference 

was detected (figure 3.3b; Student’s t test). I also tested dilutions of two of the mutants, 

A162A163 and A170A171, in Swiss 3T3 cells and found that their ruffling activity could 

be titrated down in a similar pattern to L61 Rac (figure 3.3c). The results using the 

mutants are summarized in figure 3.3d and suggest that the second effector domain is 

important for disruption of cadherin-dependent adhesion and that perturbation of cell-cell
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contacts and induction of membrane ruffling are two independent activities induced by 

Rac.

injected

Figure 3.2 Effects of C-terminal effector domain mutants of Rac on disruption of cadherin-dependent 

adhesion and lamellipodia formation. Residues at various positions within the C-terminal effector domain 

of Rac were mutated to alanine to generate four mutants in a constitutively active Rac background. Similar 

results were obtained for all mutants and representative pictures are shown for the mutants A I62A I63  (a, b, 

e and f) and A I70A I7 I  (c, d, g and h). To evaluate effects on junction formation, cell-cell contacts were 

induced for 4 - 5 h after microinjection into kératinocytes (a - d). Cells were fixed and stained for E- 

cadherin (b and d). The same mutants were injected into Swiss 3T3 cells to assess their ability to induce 

membrane ruffling (e - h). Cells were fixed 30 minutes after injection and stained with FITC-phalloidin (f 

and h). Bar = 50 pm.
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Figure 3.3 Characterization of Rac second effector domain mutants, (a) Quantification of the effects of 

the Rac mutants on cadherin-dependent adhesion. Kératinocytes were injected with the Rac mutants and 

the percentage of injected patches showing disruption of cadherin staining at intercellular junctions was 

determined for each mutant, (b) Quantification of the ability of the Rac mutants to induce lamellipodia. 

Swiss 3T3 cells were injected with the Rac mutants and percentage of injected cells showing 

ruftles/lamellipodia was determined for each mutant, (c) Titration of lamellipodia formation induced by 

LblRac, the A162A163 mutant and the A170A171 mutant. Recombinant proteins were injected into Swiss

65



3T3 cells at 2 mg/ml, 1 mg/ml and 0.5 mg/ml, and the percentage of injected cells showing 

ruffles/lamellipodia was determined in each case, (d) Summary of the ability of the Rac mutants to disrupt 

cadherin-dependent adhesion in kératinocytes and to induce lamellipodia in Swiss 3T3 fibroblasts. * p < 

0.005; @ p < 0.01 (Student’s t test). Results are the mean of at least three independent experiments. For 

figure 3c results are the mean of at least two independent experiments. Error bars represent standard 

deviation.

3.2.2 Binding assays

To assess whether the Rac mutants could interact with known Rac targets and in an 

attempt to identify Rac-interacting proteins which could mediate disruption of cadherin- 

dependent adhesion, I performed in vitro binding assays. GST fusion proteins containing 

the GTPase binding domains of various known Rac targets were spotted onto membranes 

and incubated with radioactively labelled L61 Rac or second effector domain mutants. 

Binding was visualized by autoradiography (figure 3.4a and table 3.1). Interactions were 

also tested using the yeast two-hybrid system and evaluated by growth on 3AT plates 

(figure 3.4b) and by P-galactosidase assay (data not shown). Equivalent results were 

produced using the two techniques: all GTPases interacted similarly with RhoGAP, PAK, 

ROK-a and IQGAP2. Two Rac mutants (A147A148 and A162A163) could bind to 

POSH and MLK2 but the other two mutants showed reduced binding. The only target 

tested which interacted with L61Rac but showed reduced binding to all four mutants was 

MLK3. These results suggest that the mutations do not affect the overall shape and 

activity of the mutants. However, the double alanine mutations appear to interfere with 

interaction with a particular subset of Rac targets, among them MLK3.
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Figure 3.4 Interaction of Rac mutants with known Rac targets, (a) In vitro binding: LôlRac, and the 

A162A I63 and A170AI71 mutants were labelled with radioactive GTP and allowed to interact with 

different Rac binding proteins immobilized on a membrane. 10, 5 and 1 |ig of GST-ROK-a, GST-POSH 

and GST-MLK2 were spotted onto the membranes. The negative control (GST) and positive controls 

(GST-PAK and RhoGAP) were used at 10 |ig. (b) Yeast two-hybrid interactions: L6I Rac and the second 

effector domain mutants were used as baits and Rac targets (PAK, MLK2, MLK3 and IQGAP2) as prey. 

The IQGAP interaction was tested at a lower concentration of 3AT (10 mM) because the association with 

activated Rac was barely detectable at the standard concentration used for the other targets (25 mM).
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3.2.3 Rac functions downstream of Ras

To determine the physiological or pathological relevance of disruption of cadherin- 

dependent adhesion by L61Rac, I investigated whether Rac functions downstream of 

oncogenic V12H-Ras in perturbation of cell-cell contacts in kératinocytes. Previous 

attempts to rescue cadherin disruption observed upon injection of V12Ras protein into 

normal kératinocytes, by co-injection of NlTRac protein, were unsuccessful since 

N17Rac injection per se can perturb cadherin-dependent cell-cell adhesion (Braga et a i ,  

1997; data not shown). As an alternative, I injected expression plasmids encoding myc- 

tagged V12Ras and flag-tagged N17Rac into the nuclei of HaCat cells, a keratinocyte cell 

line, which is immortalized but not transformed (Ryle et al ,  1989). I used HaCat cells 

since normal kératinocytes do not express injected DNA very well. Expression of 

V12Ras for 5 hours caused disruption of adhesion between injected cells as shown by 

staining for the myc tag and a-catenin (figure 3.5, a and b). This concentration of 

N17Rac, when expressed on its own, did not perturb a-catenin staining at boundaries 

between injected cells after 5 hours (figure 3.5, c - e). However when co-expressed with 

V12Ras, N17Rac could restore a-catenin localization at contacts between injected cells 

(figure 3.5 f - h). This demonstrates that Rac activity is required downstream of 

oncogenic Ras for disruption of cadherin-containing junctions in HaCats.

3.2.4 Rac activation disrupts junctions in HaCats

I found that injection of a plasmid encoding L61Rac into HaCat cells could also perturb 

cadherin staining at junctions. Initially, I looked at the effect of L61 Rac on newly 

formed contacts by injecting into HaCats in low calcium medium, leaving to express for 2 

hours and then inducing cell-cell contact formation for a further 4 hours. As observed 

with recombinant protein in kératinocytes, there was reduced cadherin staining at 

boundaries between expressing cells (figure 3.6, a and b). I also injected L61Rac DNA 

into HaCats retained in standard calcium medium. I found that after 6 hours expression 

there was increased staining for cadherins (figure 3.6, c and d) at the boundaries between 

injected cells as has been previously described in the literature (Hordijk et a i ,  1997; 

Takaishi et a l ,  1997). However after 8 hours cadherin staining at junctions was 

perturbed and this was accompanied by an accumulation of vesicles containing cadherin 

molecules in the centre of the expressing cells (figure 3.6 e and f).
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VI 2Ras (myc) N17Rac (flag) a-catenin

Figure  3.5 Rac activity is required for disruption of cell-cell adhesion induced by activated Ras. HaCat 

cells were microinjected with an expression vector encoding myc-tagged oncogenic Ras (V12Ras, a - c), 

Rag-tagged dominant negative Rac (N17Rac, d and e) or both together (V12Ras/N17Rac, f  - h). Cells were 

allowed to express the injected plasmids for 5 h, then were fixed and stained for the myc tag (a and f), the 

Rag tag (b, d and g) and a-catenin (c, e and h). Arrowheads indicate an absence of cadherin staining at 

junctions. Arrows point out intact cadherin staining at junctions. Bar = 65.9 pm.
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Figure 3.6 Sustained Rac activity perturbs cadherin-dependent adhesion in HaCats. (a and b) HaCat cells 

cultured in low calcium were injected with a plasmid encoding activated Rac. Cells were allowed to 

express for 2 h, then cell-cell adhesion was induced for 4 h. Cells were then fixed and stained for the myc 

tag (a) and E-cadherin (b). (c - f) HaCats cultured in standard medium were microinjected with a plasmid 

encoding activated Rac. Cells were left to express the plasmid for 6 h (c and d) or 8 h (e and f). Cells were 

stained as for a and b. Arrowheads indicate an absence of cadherin staining at junctions. Arrows point out 

enhanced staining for cadherins at junctions. Asterisks indicate cadherin-positive cytoplasmic vesicles. 

Results are representative of two independent experiments. Bar = 65.9 pm (a - d) and 44.0 pm (e and f).
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3.2.5 MLK3 does not operate downstream of Ras and Rac

I next investigated which effectors functioned downstream of Rac in disruption of 

cadherin-dependent adhesion. Since it is often difficult to express large molecules as 

recombinant proteins, I decided to test effectors by injection of expression plasmids 

encoding them into HaCats. In the binding assays MLK3 was the only Rac target that 

showed reduced interaction with all the second effector domain mutants tested. Therefore 

it was a good candidate for the target which could mediate Rac disruption of cadherin- 

dependent adhesion. MLK3, also known as src-homology 3 (SH3) domain-containing 

proline-rich kinase (SPRK) or protein tyrosine kinase l(PTK l), is a serine/threonine 

kinase, originally identified by homology to other known kinases in melanocytes and B- 

cells (Ezoe et a i ,  1994; Gallo et a i ,  1994). It is widely expressed and shows highest 

expression levels in epithelial tissues. Amino-terminal to the kinase domain it contains a 

glycine-rich domain and an SH3 domain. Following the kinase domain there are two 

leucine zipper motifs, and a proline-rich region is located at the extreme C-terminus.

MLK3 was subsequently found to contain a CRIB motif and to interact with active Rac 

and Cdc42 (Burbelo et a l ,  1995; Teramoto et a i ,  1996). MLK3 has been demonstrated 

to function downstream of Rac and Cdc42 in activation of the INK kinase pathway 

(Teramoto et a l ,  1996; Bock et a l ,  2000). It has also been shown to induce 

transformation of NIH 3T3 cells and has been implicated in proliferation of human 

melanocytes (Ezoe et a l ,  1994; Hartkamp et a l ,  1999). MLK3 shows constitutive kinase 

activity and ability to activate the INK kinase pathway, although both activities are 

enhanced by co-expression with dominant active Cdc42 (Teramoto et al ,  1996; Bock et 

al,  2000).

To investigate whether MLK3 activity was sufficient to disrupt cell-cell contacts, I 

injected a plasmid encoding full length flag-tagged MLK3 (Gallo et al., 1994) into HaCat 

cells in standard medium. I found that after 6 hours of expression there was no effect on 

cadherin-dependent adhesion (figure 3.7A, a and b). After 8 - 9  hours of expression, 

cells started to round up and showed roughening of the cell membrane. In addition, there 

was reduction of cadherin staining at some cell-cell boundaries (figure 3.7A, c and d). 

However, as the cell morphology was perturbed, I could not come to any conclusion 

about the direct effects of MLK3 on cadherin localization. It has been reported that both
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MLK2 and MLK3 can induce apoptosis (Nagata et a i ,  1998; Xu et a l ,  2001) so it is 

possible that the cells expressing MLK3 for a longer period than 8 hours start to die.

I next asked whether MLK3 activity was necessary for maintenance of cell-cell adhesion 

under normal conditions or played a role in intercellular junction breakdown induced by 

V12Ras or L61Rac. I made use of a dominant negative MLK3 construct (MLK3Azip), 

which cannot bind Cdc42 and inhibits INK kinase activation induced by activated Cdc42 

(Bock et a l ,  2000). Expression of MLK3Azip had no effect on cell-cell junctions per se 

(figure 3.7B, c and d; figure 3.8, c and d) and was unable to rescue the disruption of 

cadherin-dependent adhesion caused by expression of L61Rac for 9 - 11 hours (figure 

3.7B, e -  g) or V12Ras for 5 hours (figure 3.8, e - g). From these experiments I 

concluded that MLK3 overexpression causes some perturbation of cadherin-dependent 

adhesion, though the specificity of this effect is not clear. In addition, MLK3 activity is 

not necessary for disruption of cell-cell contacts downstream of activated H-Ras or Rac.

3.2.6 The JNK kinase pathway is not involved in Rac-induced junctional disruption

Experiments performed by Xiaodong Li and Dr. Nathalie Lamarche-Vane demonstrated 

that all the second effector domain mutants of Rac apart from the A170A171 mutant 

could activate JNK (table 3.1; data not shown), suggesting that the JNK kinase pathway is 

not involved in the cell-cell adhesion disruption and that MLK3 is not functioning 

downstream of Rac in activation of this pathway.

SEK/MKK4 is a MAP kinase kinase, which phosphorylates and activates JNK/SAPK 

(Sanchez et a l ,  1994; Dérijard et a l ,  1995). To confirm that the JNK kinase pathway is 

not involved in Rac-induced perturbation of cadherin-mediated adhesion, I made use of a 

myc-tagged dominant negative kinase dead mutant of SEK (Tapon et a l ,  1998). 

Expression of the dominant negative SEK for 8 hours in HaCats had no effect on cell 

junctions (figure 3.9, c and d) and did not prevent disruption of cell-cell contacts caused 

by activated Rac (figure 3.9, e and f). Therefore, as expected, the JNK kinase pathway 

does not play a role in junction breakdown induced by L61Rac.
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Figure 3.7 MLK3 activity is not required for disruption of cell-cell contacts induced by activated Rac. (A) 

An expression plasmid encoding MLK3 was injected into HaCats. Cells were left to express for 6 h (a and 

b) or 8 h (c and d), before fixing and staining for the flag tag (a and c) and E-cadherin (b and d). (B) 

HaCats were injected with plasmids encoding myc-tagged activated Rac (L61Rac, a and b), flag-tagged 

dominant negative MLK3 (MLK3Azip, c and d) or both together (L61 Rac/MLK3Azip, e - g) and allowed to 

express for 10 - 11 h. Cells were fixed and stained for the myc (a and e) and flag tags (c and f) and for a- 

catenin (b, d and g). Arrowheads indicate an absence of cadherin staining at junctions. Arrows point out 

intact cadherin staining at junctions. Results are representative of two independent experiments. Bar = 

63.9 pm.
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Figure 3.8 MLK3 activity is not required for disruption of cell-cell contacts induced by oncogenic Ras. 

HaCats were injected with myc-tagged oncogenic Ras (V12Ras, a and b), flag-tagged dominant negative 

MLK3 (MLK3Azip, c and d) or both plasmids together (V12Ras/MLK3Azip, e -  g). Cells were left to 

express for 5 hours and then fixed and stained for the myc tag (a and e), the flag tag (c and f) and a-catenin 

(b, d and g). Arrowheads indicate an absence of cadherin staining at junctions. Arrows point out intact 

cadherin staining at junctions. Results are representative of two independent experiments. Bar = 65.9 pm.
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Figure 3.9 The JNK kinase pathway is not involved in perturbation of cell-cell adhesion induced by 

activated Rac. HaCats were injected with plasmids encoding myc-tagged activated Rac (L61Rac, a and b), 

myc-tagged dominant negative SEK (SEK KD, c and d) or both together (L61Rac/SEK KD, e and f). Cells 

were left to express the plasmids for 8 h, then fixed and stained for the myc tag (a, c and e) and E-cadherin 

(b, d and f). Arrowheads indicate an absence of cadherin staining at junctions. Arrows point out intact 

cadherin staining at junctions. Results are representative of two independent experiments. Bar = 65.9 pm.
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Mutants

Assay L61Rac A147 A148 A162 A163 A166 A167 A170A171

JNK activation + + + + -

target binding 
RhoGAP + -t- + 4- +
PAK + + -I- + -1-

ROK-a + + + + -1-

MLK2 + + + - -
MLK3 + +/- +/- - -
IQGAP2 + + + +
Empty vector - - - - -

Table 3.1 Characterization of the Rac second effector mutants. L61Rac and the double alanine Rac 
mutants were evaluated for activation of the JNK pathway and their binding with distinct targets in the 
yeast two-hybrid assay. The Rac targets tested are RhoGAP, PAK, ROK-a, MLK2, MLK3 and IQGAP2: 
(-) negative; (+), positive; (+/-), weakly positive as revealed by growth in 3AT plates (see section 2.2.11 for 
details). Empty vector was used as a negative control.

3.2.7 PAK does not play a role in breakdown o f cell-cell contacts

An alternative possibility is that the Rac second effector domain mutants can bind to the 

relevant target for junction disruption, but are unable activate it. I decided to investigate 

the role of the Rac target PAK, which showed similar binding to all second effector 

domain mutants. PAK is also a serine/threonine kinase with a CRIB domain. PAK was 

originally isolated biochemically as a Rac/Cdc42 binding protein (Manser et a l ,  1994) 

and shown to be homologous to Ste20, a kinase in yeast (Brown et a l ,  1996). It exists in 

closed, auto-inhibited conformation until it binds to activated Rac or Cdc42 when it opens 

up and becomes active (Lei et a l ,  2000). Four isoforms have now been identified, 

PAKsl-4, which show differential tissue distributions (Sells and Chemoff, 1997; Abo et 

aA,199&X
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PAKl has been implicated in actin reorganization and regulation of focal adhesion 

turnover (Manser et a l ,  1997; Sells et a l ,  1997; Zhao et a l ,  1998). In addition, it is 

involved in cell migration and in JNK activation downstream of small GTPases (Bagrodia 

et a l ,  1995; Kiosses et a l ,  1999; Sells et a l ,  1999). There is also evidence to support a 

role for PAKl in tumorigenesis. For example PAK activity is required for Ras 

transformation of Rat-1 fibroblasts and for actin reorganization and invasiveness of breast 

cancer cells (Tang et a l ,  1997,1999; Adam et a l ,  2000). In contrast, the transforming 

activity of Rac does not correlate with it ability to bind PAKl (Joneson et a l ,  1996; 

Lamarche et a l ,  1996; Westwick et a l ,  1997).

1 attempted to determine whether PAK activity was sufficient to disrupt cell-cell contacts 

by injection of an activated form of PAK, L107F, (Tapon et a l ,  1998) into HaCats. 

However, the protein was poorly expressed, even when the plasmid was injected at high 

concentration (0.5 mg/ml). To see whether PAK is required downstream of V12Ras or 

L61Rac injunction perturbation, an inhibitor was used which consists of amino acids 83 

-  149 of PAK (Zhao et a l ,  1998; Zenke et a l ,  1999). This molecule is thought to 

function by interacting in trans with the kinase domain of endogenous PAK, thereby 

blocking its ability to phosphorylate its downstream targets (Zhao et a l ,  1998; Zenke et 

al ,  1999). It is predicted to inhibit PAKsl-3 and has been used to block various PAK 

functions including dissolution of focal adhesions, invasiveness of breast cancer cells and 

macropinocytosis (Zhao et a l ,  1998; Adam et a l ,  2000; Dharmawardhane et a l ,  2000).

Injection of the PAK inhibitor into HaCats on its own induced protrusions in about 54% 

of expressing patches but had no effect on cadherin-dependent adhesion (figure 3.10 c 

and d). When coexpressed with V 12Ras, the PAK inhibitor did not prevent disruption of 

cell-cell contacts (figure 3.10 e and f). Preliminary results indicate that the PAK inhibitor 

does not block the perturbation of cell-cell adhesion induced by L61Rac (data not 

shown). In conclusion PAK activity is not necessary downstream of V12Ras or L61Rac 

to disrupt intercellular junctions.
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Figure 3.10 Disruption of cell-cell contacts induced by oncogenic Ras does not require PAK activity. 

HaCat cells were microinjected with plasmids encoding myc-tagged oncogenic Ras (V12Ras, a and b), 

myc-tagged PAK inhibitory fragment (PAK inhibitor, c and d) or both together (V12Ras/PAK inhibitor, e 

and f). After expression of injected DMA for 6 - 7  hours, cells were fixed and stained for the myc tag (a, c 

and e) and for a-catenin (b, d and f). Arrowheads indicate an absence of cadherin staining at junctions. 

Arrows point out intact cadherin staining at junctions. Asterisks indicate protrusions induced by the PAK 

inhibitor. Results are representative of three independent experiments. Bar = 65.9 pm.
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3.3 Discussion

3.3.1 Rac can destabilize cadherin-dependent adhesion

Here I have extended work, started prior to my arrival in the lab, which showed that 

activated Rac could specifically disrupt cadherin-dependent adhesion in a time- and dose- 

dependent manner in kératinocytes. Using point mutations in an L61Rac background, I 

have confirmed that the second effector domain of Rac is necessary for perturbation of 

cadherin-dependent adhesion and that the disruption is independent of lamellipodia 

formation induced by activated Rac. I have discovered that Rac activation is required for 

destabilization of cell-cell adhesion induced by oncogenic H-Ras. I have been unable to 

identify an effector which mediates the breakdown of intercellular contacts, but my 

results suggest that MLK3, PAK and the JNK kinase pathway are not involved in this 

process.

I have demonstrated that L61Rac can disrupt both newly-formed and mature contacts in 

HaCat cells. The breakdown of mature contacts is accompanied by an accumulation of 

vesicles that stain for E-cadherin and a-catenin in the centre of the cell. These may be 

macropinocytic vesicles, since previous studies have shown that activated versions of Rac 

induce the accumulation of these vesicles inside cells (R id ley  et a l ,  1992; 

Dharmawardhane et a l ,  2000). A recent report has shown that L61Rac induces 

disruption of cell-cell adhesion and an accumulation of cadherin in vesicles that stained 

for endosomal markers (Akhtar and Hotchin, 2001). I do not know whether the vesicles I 

observe are of the same type, as a full characterization was not performed.

It should be noted that injection of DNA encoding L61Rac into HaCats induces both 

accumulation of E-cadherin at junctions and breakdown of cell-cell contacts, whereas 

injection of L61Rac protein into kératinocytes only causes perturbation of intercellular 

adhesion (Braga et al ,  2000). The reason for the different responses caused by injection 

of L61Rac as DNA and as recombinant protein is unclear. It is possible that the L61Rac 

protein undergoes different post-translational modifications or is differentially localized 

in the cell depending on whether it is expressed from a plasmid or injected as a 

recombinant protein.
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At first glance these results may seem contradictory to previous studies which showed 

that Rac is required for establishment and maintenance of cadherin-containing cell-cell 

contacts (Braga et a l ,  1997, 1999; Hordijk et a l ,  1997; Takaishi et a l ,  1997). I suggest 

that, as for other biological stimuli, the cellular response to Rac activation may follow a 

bell-shaped curve: low levels of Rac activity are necessary for cell-cell adhesion, whereas 

high levels of Rac activation are inhibitory to junctions (Braga et a l ,  2000). This is 

supported by the results of expression of L61Rac in HaCat cells: at early expression times 

staining for E-cadherin is enhanced at boundaries of expressing cells, whereas at later 

time-points junctions are disrupted.

My results are agreement with a number of other studies that implicate Rac in epithelial 

cell scattering and disruption of intercellular adhesion. Firstly, Rac is required for 

MDCK cell scattering stimulated by HGF/SF (Ridley et a l ,  1995; Potempa and Ridley, 

1998; Royal et a l ,  2000). Secondly, Rac activity is necessary for cell-cell contact 

breakdown and motility induced by integrin engagement (Shaw et a l ,  1997; Gimond et 

a l ,  1999) and expression of the ARF6 exchange factor ARNO (Santy and Casanova, 

2001). Thirdly, Rac activation caused cell-cell adhesion breakdown and migration of 

different carcinoma cells (Keely et a l ,  1997).

3.3.2 Rac activation during tumorigenesis

As discussed in section 1.2.10, there is much evidence to suggest that Rac plays an 

important role in oncogenic transformation. For example, Rac is required for 

transformation induced by oncogenic Ras, and some Rac GEFs were originally identified 

as oncogenes (Qiu et a l ,  1995; Whitehead et a l ,  1997). In addition, Rac activity is 

enhanced by oncogenic K-Ras and H-Ras in fibroblasts (Walsh and Bar-Sagi, 2001). 

Recent reports have demonstrated that Rac3 activity and total levels of R ad  are 

upregulated in breast cancer samples (Mira et a l ,  2000; Schnelzer et a l ,  2000). 

Furthermore, a novel R ad  isoform, Rac lb, which acts as a fast-cycling variant, is 

upregulated at the RNA level in colon carcinoma (Jordan et a l ,  1999; Schnelzer et a l ,  

2000).

Later stages of tumorigenesis are often characterized by enhanced invasion of cancer cells 

and metastasis to sites distant from the primary tumour. As already discussed, a loss of 

E-cadherin-mediated adhesion is often correlated with development of an invasive
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phenotype during carcinogenesis (Takeichi, 1993) and has been shown to play a causal 

role in progression from adenoma to carcinoma (Perl et a l ,  1998). Expression of 

oncogenes such as v-Src and H-Ras can cause disassembly of cell-cell contacts and 

enhance invasiveness in epithelial cells (Behrens et a l ,  1993; Kinch et al ,  1995). I have 

demonstrated that active Rac is necessary for disruption of cell-cell adhesion induced by 

oncogenic H-Ras. Thus, the disassembly of cell-cell contacts caused by L61Rac in 

kératinocytes may well have relevance to tumour progression.

In concordance with my results, activated Rac cooperates with H-Ras in perturbation of 

cell-cell contacts in breast cancer cell lines (Quinlan, 1999). However, in contrast to my 

findings, work in Collard’s lab has demonstrated that Rac activity is down-modulated and 

Rho activity enhanced in Ras-transformed MDCK cells (Sander et a l ,  1998; Sander et 

a l ,  1999). Rac activation by Tiaml can reverse the fibroblastoid morphology of these 

cells and enhance cadherin staining at cell-cell contacts (Hordijk et a l ,  1997; Sander et 

a l ,  1998). However, active Rac levels in this transformed cell line are extremely low 

suggesting that the level of Rac activity induced by Tiaml is the able to restore junctions. 

It should also be noted that the effects of Rac activation on MDCK cells depend on the 

matrix upon which the cells are plated: on fibronectin Rac activation promotes cell-cell 

adhesion whereas on collagen it promotes cell dissociation and migration (Sander et a l ,

1998). In support of my data, it has been recently reported that overexpression of Tiaml 

in breast cancer cells increases invasiveness and perturbs cell-cell adhesion (Bourguignon 

et a l ,  2000a,b; Adam et a l ,  2001).

3.3,3 The Rac second effector domain is important for disassembly o f cell-cell contacts

Previous work has identified three important functional domains in Rac: the N-terminal 

effector domain, the insert region and the second effector domain (Diekmann et al ,  1995; 

Joseph and Pick, 1995; Kwong et a l ,  1995; Lamarche et a l ,  1996; Nisimoto et a l ,  1997). 

Studies using Rac/Rho chimeras and my work using the double alanine point mutations in 

L61Rac, have identified the second effector domain of Rac between amino acids 143 and 

175 as important for disruption of cadherin localization (Braga et a l ,  2000). I propose 

that the second effector domain co-operates with the N-terminal effector domain in 

interacting with or activating specific Rac targets which mediate the perturbation of 

cadherin-dependent adhesion.
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In support of this, the second effector domain forms an exposed loop in the Rac three- 

dimensional structure, suggesting good access for target interaction (Hirshberg et a l ,

1997). In addition, structural determinations of Cdc42 bound to the CRIB domains of 

ACK, WASP and PAK have shown that, specific contacts are formed between the targets 

and both N-terminal and second effector domains of Cdc42 (Abdul-Manan et a l ,  1999; 

Mott et a l ,  1999; Morreale et a l ,  2000). Finally, a recent report demonstrates that 

specificity determinants for WASP binding to Cdc42 lie between residues 157 and 191, 

which overlaps with the second effector domain (Li et a l ,  1999). Interestingly, in this 

study this region in Cdc42 did not confer specificity for PAK or IQGAPl. Similarly, 1 

have found that mutations in the second effector domain do not inhibit Rac binding to 

PAK or 1QGAP2.

Concomitant with perturbation of cell-cell adhesion, Rac activation induces a change in 

cell morphology and lamellipodia formation. It is possible that induction of lamellipodia 

by L61Rac causes disassembly of cell-cell contacts. Alternatively lamellipodia formation 

and disruption of intercellular junctions are two independent activities triggered by Rac. 

My results support the latter since the second effector domain of Rac does not appear to 

be required for induction of lamellipodia in Swiss 3T3 cells though it is necessary for 

perturbation of cadherin mediated adhesion.

My results indicate that the mutations in the second effector domain do not interfere with 

the overall stability or activity of the Rac molecules, because all second effector domain 

mutants were able to induce lamellipodia in Swiss 3T3 cells. When 1 normalized the 

concentrations of the proteins, 1 found that the mutants promote lamellipodia nearly as 

efficiently as L61Rac. In addition, all mutants bind to GTP (data not shown) and can 

interact with RhoGAP and a variety of Rac targets including PAK, ROK-a and 1QGAP2 

to a similar extent as activated Rac.

3.3.4 MLK3 and PAK do not mediate Rac disruption of cell-cell adhesion

1 hypothesise that the mutants may be ineffective in disrupting cell-cell contacts because 

they are unable to bind a specific Rac target(s) or because they are compromised in 

activating particular targets. Thus the second effector domain mutants could act as useful 

tools to dissect the signalling pathways downstream of Rac required for disassembly of 

cadherin-containing contacts. As a first step to investigate this, 1 tested the interactions
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between the second effector domain mutants and a variety of known Rac targets using an 

in vitro binding assay and the yeast two-hybrid system.

I found that most molecules tested showed equivalent binding to the mutants and L61Rac. 

MLK3 was the only target tested that showed reduced binding to all mutants and so was a 

good candidate to mediate the effects of L61Rac on cell-cell contact. MLK3 

overexpression caused some perturbation of cell-cell contacts after 8 hours of expression. 

However, it also induced cell rounding and roughening of the cell membrane, possibly 

due to MLK3-induced apoptosis (Xu et a i ,  2001). Thus it is difficult to determine 

whether junction breakdown was a direct effect of MLK3 expression or a consequence of 

changes in cell morphology induced by MLK3 expression. Another consideration is that 

the MLK3 construct used contains an intact CRIB domain so perturbation cell-cell 

contacts may have been caused by sequestration of endogenous Rac by MLK3 

overexpression. Use of a dominant negative MLK3 construct suggested that MLK3 

activity is not necessary for disruption of cadherin-dependent adhesion caused by L61Rac 

or V12Ras.

Rac has been shown to activate the JNK kinase pathway. This kinase cascade has been 

implicated in transformation (Rodrigues et ai ,  1997; Xiao and Lang, 2000), though other 

studies suggest that it does not play a role in Rac-induced transformation (Joneson et a l ,  

1996; Lamarche et a l ,  1996; Westwick et al ,  1997). The results of JNK kinase assays 

performed by Xiaodong Li and Dr Nathalie Lamarche-Vane suggest that the JNK kinase 

pathway is not involved in the breakdown of cadherin-mediated adhesion downstream of 

Rac. In agreement with this, 1 found that a dominant negative mutant of SEKl, a protein 

which functions directly upstream of JNK in the JNK kinase pathway, does not block the 

disruption of cell-cell contacts induced by activated Rac. These data agree with the 

results from the MLK3 experiments, since the JNK kinase pathway is an important 

downstream target of MLK3 (Rana et a l ,  1996; Teramoto et a l ,  1996; Tibbies et a l ,  

1996; Tanaka et al., 1997), and suggest that neither MLK3 and SEK functions 

downstream of Rac in disruption of cell-cell adhesion.

Although PAK shows similar binding to L61Rac and the second effector domain mutants, 

its activation by Rac may be inhibited by mutations in this region. Therefore its role in
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regulation of cell-cell adhesion was investigated. I was unable to determine whether PAK 

activation was sufficient to disrupt intercellular junctions due to technical difficulties. 

Expression of a PAK inhibitory fragment did not prevent disassembly of cadherin- 

containing contacts downstream of V12Ras or L61Rac, suggesting that PAK activity is 

not required for disruption of cell-cell adhesion. This is in contrast to some reports in the 

literature, which demonstrate a role for PAK in enhanced invasiveness and perturbation 

of intercellular junctions induced by oncogenic Ras and HGF (Adam et al ,  2000; Royal 

et a l ,  2000). However, in the study by Royal et a l  the inhibitor used to block PAK 

function had an intact CRIB domain, so the observed inhibition of cell-cell scattering may 

have been due to titration of active Rac and Cdc42 (Royal et a l ,  2000).

3.3.5 Conclusion

In summary I have found that the second effector domain of Rac is important for its 

function in disassembling cadherin-containing cell-cell contacts in kératinocytes. Rac 

activity is required for junctional disruption caused by oncogenic H-Ras in kératinocytes. 

It will be important to determine whether Rac is also involved in cell-cell adhesion 

breakdown induced by other oncogenes and to determine if, and at which stage, it plays a 

role in tumour progression in vivo. Work continues in the lab to identify the effectors and 

signalling pathways operating downstream of Rac activation. These could be potential 

therapeutic targets for prevention of cell-cell dissociation and hence metastasis during 

tumour progression.
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Chapter 4
CELL-CELL CONTACT FORMATION ACTIVATES RAC

4.1 Introduction

Small GTPases of the RHO family have been implicated in transduction of signals to the 

actin cytoskeleton and the nucleus downstream of a variety of cell surface receptors 

(Kj0ller and Hall, 1999). These include receptors for soluble ligands, such as the PDGF 

and insulin receptors, as well as receptors for extracellular components, such as integrins 

(Clark et al., 1998; Price et al., 1998). However, until recently the only way to assess the 

activation of GTPases directly was to determine the levels of radioactive GTP bound to 

the protein upon immunoprécipitation from ^^P-labelled cells or from permeabilized cells 

incubated with radiolabelled GTP (Hawkins et al ,  1995; Etienne et a i ,  1998; Brenner et 

ai ,  1997). This technique proved rather unreliable and was not used routinely. Instead, 

activation of RHO GTPases by cell surface receptors was inferred from morphological 

changes of cells and the activity of downstream targets of RHO proteins such as PAK 

(Nobes et a l ,  1995; Clark et a l ,  1998; Price e ta l ,  1998; Puls et a l ,  1999).

Lately pull down assays have been developed which provide a more reliable means of 

directly assessing the levels of activated RHO GTPases (Bagrodia et a l ,  1998; Sander et 

a l ,  1998; Bernard et a l ,  1999; Ren et al ,  1999). Using these assays, the activation of 

RHO proteins by soluble ligands such as LPA and chemokines has been demonstrated 

(Bernard et a l ,  1999; Ren et a l ,  1999). In addition, the regulation of the activity of Rho, 

Rac and Cdc42 by integrin engagement has been determined, and shown to be dependent 

on time, matrix composition and matrix concentration (Adams and Schwartz, 2000; 

Danen et a l ,  2000; del Pozo et a l ,  2000; Wenk et al ,  2000; Cox et a l ,  2001).

As discussed in section 1.2.11, small GTP-binding proteins of the RHO family regulate 

the stability of cadherins at intercellular junctions (Braga, 2000a). It has become apparent 

recently that cadherin-mediated adhesion can trigger intracellular signalling events, 

including activation of PI 3-kinases and the ERK/MAP kinase pathway (Pece et a l ,  1999; 

Pece and Gutkind, 2000). Bearing this in mind, I was interested to determine whether
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cadherin-dependent cell-cell contact formation could activate RHO GTPases, in particular 

Rac.

Using the pull down assay, I demonstrated that establishment of cell-cell adhesion in 

kératinocytes induces a sustained activation of the small GTPase Rac. GTP-loading on 

Rac is dependent on cadherin function and can be mimicked by clustering of cadherins 

using antibody-coated beads. Upon investigating which signalling pathways may operate 

downstream of cadherins in activation of Rac, I found that the EGF receptor but not PI 3- 

kinases plays a role in initial Rac activation. Consistent with this, activated EGF receptor 

is recruited to cell-cell contact sites. However, later Rac activation is achieved via an 

alternative EGF receptor-independent pathway.
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4.2 Results

4.2.1 CelUcell contact formation activates Rac in normal kératinocytes

Normal kératinocytes provide the ideal system to look at activation of signalling 

pathways upon induction of cell-cell adhesion. They can be grown to confluence in the 

absence of cadherin-dependent contacts (in low calcium medium). Then cell-cell contacts 

can be induced by addition of calcium ions (known as the calcium switch). Since cells 

are confluent and touching each other, they do not need to migrate to form junctions and 

contact formation occurs rapidly and synchronously. Immunofluorescence experiments 

show that cadherin molecules begin to concentrate at cell borders within 5 minutes of 

addition of calcium ions (figure 4.8a; Braga et a i ,  1997). To evaluate Rac activation, I 

performed pull down assays utilizing the CRIB domain of the Rac effector PAK, which 

binds specifically to the GTP-bound, active forms of Rac (Manser et a i ,  1994; Sander et 

a i ,  1998). If expressed as a recombinant protein fused to GST, PAK-CRIB can be used 

to pull down the active pool of Rac and Cdc42 from cell lysates (Sander et a i ,  1998; 

Bernard et a l ,  1999). To confirm the specificity of the assay in my cells, I loaded 

keratinocyte lysates with GTPyS or GDP and assayed for Rac activity (see Materials and 

Methods). A considerable amount of Rac was pulled down from the GTP-loaded lysate 

but not from the GDP-loaded one (figure 4.1a), confirming that the technique was 

specific under my conditions.

To investigate whether cell-cell adhesion can activate the Rac, I grew kératinocytes in 

low calcium medium and induced cell-cell contacts for various time periods before 

measuring GTPase activation. I found that endogenous Rac was activated within 5 

minutes of addition of calcium and this activation was sustained up to 120 minutes (figure 

4.1, b and c). Rac activity was upregulated 2-4 fold, which is similar to the level of Rac 

activation observed upon cell spreading on fibronectin (del Pozo et a i ,  2000; Cox et a i ,  

2001), and Cdc42 activation observed upon induction of cell-cell contacts in MDCK cells 

(Kim et a i ,  2000).
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Figure 4.1 Rac is activated on induction of cadherin-mediated adhesion in kératinocytes, (a) GST-PAK 

CRIB specifically pulls down GTP-loaded Rac. Lysates from confluent dishes of kératinocytes grown in 

the absence of cell-cell adhesion were loaded with GTPyS or GDP. GTP.Rac was pulled down with GST- 

PAK CRIB and detected by SDS-PAGE, western blotting and probing for Rac. Samples of lysates were 

also fractionated to determine total Rac levels, (b and c) Confluent dishes of kératinocytes grown in the 

absence of intercellular contacts were stimulated with 2 mM calcium for various time periods (b, 0-20 

minutes; c, 0-120 minutes), then the levels of GTP.Rac and total Rac were determined as described above. 

Results are representative of at least three experiments.



It was conceivable that the upregulation of Rac described above was due to stimulation of 

calcium-dependent intracellular signalling pathways rather than induction of cadherin- 

dependent adhesion (Buchanan et a l ,  2000; Li an et a l ,  2001). To distinguish between 

these two possibilities, I inhibited cadherin function during the calcium switch. 

Kératinocytes express at least two members of the cadherin family (E- and P-cadherin) 

(Hirai et a l ,  1989). Cells were preincubated with anti-E- and anti-P-cadherin antibodies 

at concentrations known to block cadherin function in kératinocytes (Hodivala and Watt, 

1994). To confirm that the antibodies blocked cadherin function, 1 demonstrated that, in 

the presence of the inhibitory antibodies, no cadherin clustering was found at intercellular 

boundaries (figure 4.2a). Incubation with anti-cadherin antibodies prevented Rac 

activation on addition of calcium ions while control IgG did not (figure 4.2b). Thus Rac 

upregulation is dependent on functional cadherin receptors, and addition of calcium ions 

per se is not sufficient to trigger its activation.

4.2,2 Clustering o f cadherins activates Rac

These results suggested that clustering of cadherin receptors could activate Rac. 1 

therefore initially investigated whether artificial clustering of cadherins with antibodies 

was sufficient to activate Rac. Kératinocytes grown in low calcium medium were 

incubated with anti-E- and anti-P-cadherin antibodies (mouse monoclonals). Clustering 

was then induced by addition of anti-mouse IgG, before assaying for Rac activity. Under 

these conditions, 1 could observed clusters of cadherins on the cell surface by 

immunofluorescence (figure 4.3a). 1 found that clustering induced a small increase in 

Rac activity relative to samples where the anti-cadherin antibodies were omitted (figure 

4.3b). Upon quantification of the relative Rac activation in several experiments, 1 found 

that treatment of cells with anti-cadherin antibodies alone induced a 1.2 fold increase in 

Rac activation relative to cells treated with anti-mouse IgG alone. Clustering of surface 

cadherins with two layers of antibodies induced a larger (1.7 fold) increase in Rac 

activation relative to the control.

1 hypothesised that the weak Rac activation seen with antibody clustering may be due to 

the small number of cadherin molecules per cluster formed. To overcome this problem, 

cells were incubated for 10 minutes with beads coated with anti-E-cadherin antibodies. 

Immunofluorescence of cells treated with these beads, revealed binding of anti-E-
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cadherin beads to the cell surface and recruitment of a-catenin and F-actin to the beads 

(figure 4,3c, arrowheads). In contrast, few beads coated with BSA alone bound to the cell 

surface, and those that did, recruited little a-catenin or F-actin (figure 4.3c, arrows top 

panels). I found that cells incubated with anti-E-cadherin beads showed increased Rac 

activation in comparison to cells treated with BSA beads (figure 4.3d). Quantification of 

the results of these experiments is shown in figure 4.3f.

However, Rac plays a role in Fcy-mediated phagocytosis and phagocytosis of apoptotic 

cells (Caron and Hall, 1998; Leverrier and Ridley, 2000). Therefore, the possibility 

existed that anti-E-cadherin beads induce Rac activation by triggering early events in 

phagocytosis. To confirm that this was not the case, I treated cells with beads coated with 

antibodies against another cell surface receptor, ajpi-integrin. These beads showed little 

staining for a-catenin but did recruit F-actin (figure 4.3c, asterisks bottom panels). 

However, anti-agpi-integrin beads did not increase Rac activity relative to BSA control 

beads (figure 3e). Thus clustering of cadherin receptors can specifically activate Rac.

To determine whether new actin polymerization is required for Rac and Cdc42 activation 

by clustered cadherin molecules, I treated cells with Latrunculin B prior to receptor 

clustering. Latrunculin B inhibits actin polymerization by sequestering actin monomers 

(Coue et a l ,  1987; Spector et a l ,  1989). Treatment of cells with Latrunculin B for 10 

minutes before adding anti-E-cadherin beads still allowed binding of beads to the cell 

surface and recruitment of a-catenin, but blocked actin recruitment (figure 4.3c, arrows 

bottom panels). Upon assaying for Rac activation, I found that Latrunculin B treatment 

per se stimulated an increase in Rac activation. Incubation with E-cadherin beads 

induced a further enhancement of Rac activation (figure 4.3d). Quantification of these 

results is shown in figure 4.3f and shows that Rac activation can occur in the absence of 

de novo actin polymerization, but that full induction of Rac activity does require 

formation of new actin filaments.
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Figure 4.2 Rac activation is dependent on cadherin receptors, (a) Kératinocytes were incubated with a 

cocktail of anti-E- and anti-P-cadherin antibodies or anti-mouse IgG for 30 minutes at 37"C. Cells were 

treated with calcium for 30 minutes before fixing and staining for E-cadherin. Bar = 50 pM. (b) 

Kératinocytes were incubated as described in (a), treated with (+) or without (-) calcium for 30 minutes 

before lysing to assay for Rac activation. Results are representative of three experiments.
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BSA HECD-1 BSA + Lal-B HECD-1 + Lat-B

Figure 4.3 Clustering of cadherin receptors induces Rac activation, (a) Cadherins were clustered with a 

cocktail of mouse anti-E- and anti-P-cadherin antibodies and rabbit anti-mouse IgG. Cells were fixed and 

stained with FlTC-anti-rabbit secondary antibody. Bar = 32 pM. (b) Cells in low calcium were incubated 

with (+) or without (-) a cocktail of anti-E- and anti-P-cadherin antibodies for 15 minutes on ice. Then the 

antibodies were clustered with anti-mouse IgG (-r) or left untreated (-) for 30 minutes at 37"C. Rac activity 

was then measured. Results are representative of seven experiments, (c) Kératinocytes were treated with 

Latrunculin B or DMSO vehicle for 10 minutes at 37"C. Then beads coated with anti-E-cadherin 

antibodies, anti-cx,(3|-integrin antibodies or BSA were added and cells were incubated for a further 10 

minutes. Cells were then fixed and stained for a-catenin and E-actin. Arrows indicate beads that do not 

recruit F-actin; arrowheads indicate beads that do recruit F-actin and a-catenin. Bar = 18.6 pM. (d) Cells 

were treated as in (c) but after incubation with the beads, cells were lysed and Rac activation was assessed. 

Results are representative of three experiments, (e) Cells were incubated with anti-a,P,-integrin beads or 

BSA beads for 10 minutes, then lysed and Rac activation was assessed. Results are representative of two 

experiments, (f) Quantification of the results of the bead experiments.

4.2.3 EGF receptor function is required for Rac activation

I next investigated which signalling pathways operate downstream of cadherin-dependent 

contact formation to induce Rac activity. Many studies have implicated PI 3-kinases in 

Rac activation during growth factor and Ras-induced membrane ruffling, and in 

activation of Vav and Sos (exchange factors that promote Rac activity) (Nobes et a i ,  

1995; Rodriguez-Viciana cf a/., 1997; Han et a i ,  1998; Nimnual a/., 1998). More 

specifically in epithelia, PI 3-kinase activity is enhanced following induction of cell-cell 

adhesion in MDCK cells (Pece et ai, 1999). In the same cell type, Akt/PKB, a well- 

characterized downstream target of PI 3-kinase products, localizes at cell-cell contact 

sites (Watton and Downward, 1999). In addition, Rac activation after formation of cell

cell contacts in MDCK cells also requires PI 3-kinase function (Nakagawa et a i,  2001).
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I therefore investigated whether PI 3-kinase activity is required for induction of Rac 

activation upon cell-cell contact formation, using LY294002, a specific inhibitor of PI 3- 

kinase function (Vlahos et a l ,  1994). Preincubation of cells with the inhibitor blocked 

Akt activation, as assessed by western blotting with an antibody against phosphorylated 

Ser473 on Akt (Downward, 1998; Watton and Downward, 1999). Thus the LY294002 

compund was functional in our cells (figure 4.4a). In contrast to previously reported 

results (Pece et a l ,  1999), I found no activation of Akt in response to cell-cell contact 

formation. Treatment of kératinocytes with LY294002 per se increased Rac activity 

(compare with low calcium sample; figure 4.4d). However, the drug did not inhibit Rac 

activation upon junction formation (figure 4.4d). Therefore PI 3-kinases are not involved 

in Rac activation downstream of cadherin adhesion in kératinocytes. Quantification of 

these results is shown in figure 4.5a.

Recently it has been found that EGF receptors localize at cell-cell contacts and are 

associated with the cadherin adhesion complex in epithelial cells (Hoschuetzky et al ,  

1994; Pece and Gutkind, 2000). Rac has been implicated in signalling downstream of the 

EGF receptor (Ridley et a l ,  1992; Coso et al ,  1995). Therefore I hypothesised that the 

EGF receptor may be involved in Rac activation upon induction of intercellular adhesion. 

To block EGF receptor function I treated cells with a specific inhibitor, tyrphostin 

AG 1478 (Levitzki and Gazit, 1995). In control experiments I found that activation of 

ERKl/2 was completely inhibited by AG1478 (figure 4.4b). Interestingly, in contrast to a 

previous study (Pece and Gutkind, 2000), I found that ERK activity was downregulated 

upon induction of cell-cell contacts (figure 4.4b). My data are in agreement with recent 

work in which perturbation of cadherin adhesion in kératinocytes resulted in enhanced 

ERK activity (Vasioukhin et a l ,  2001). Similarly to LY294002, treatment of 

kératinocytes with tyrphostin AG 1478 per se increased Rac activity (figure 4.4d). 

However, the drug dramatically decreased Rac activation upon induction of cell-cell 

adhesion for 5 minutes. Therefore I concluded that EGF receptor function is required for 

Rac stimulation (figure 4.4b and 4.5a).
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F igure  4.4 Rac activation is dependent on EGF receptor signalling but not on PI 3-kinase activity. 

Treatments with drugs to inhibit PI 3-kinase (LY294002, a and d), EGF receptor (AG 1478, b and d) and 

MEKl activation (PD98059, c and e) were as follows; cells in low calcium medium were treated for 30 

minutes with each inhibitor (-i-) or DMSO vehicle (-), and then incubated in the presence (4-) or absence of 

calcium (-) for 5 minutes before lysis. Lysates were probed for phosphorylated Akt and total Akt (a), or 

diphosphorylated ERK 1/2 and total ERK-2 (b and c). Rac activation was also evaluated following 

inhibition of PI 3-kinase (LY294002, d); EGF receptor (AG1478, d) or MEKl activation (PD98059, e). 

Results in (d) are representative of four experiments. Results in (e) are representative of two experiments.

95



The inhibitors AG1478 or LY294002 can both activate Rac in kératinocytes. To 

investigate whether Rac activation is a general consequence of inhibitor treatment, I 

incubated cells with the compound PD98059, which blocks MEKl activation (Alessi et 

a l ,  1995). I confirmed that in our cells, the inhibitor blocked ERK 1/2 activation (figure 

4.4c). This compound did not activate Rac per se. Although in this experiment cell-cell 

contact formation did not induce such a dramatic Rac activation as in the experiments 

shown in figures 4.1b and 4.4d, activation of Rac was clearly not inhibited by PD98059 

(figure 4.4e). Quantification of these results is shown in figure 4.5b. Thus inhibitor 

treatment in general does not lead to Rac activation. In addition, the MAP kinase cascade 

is not involved in induction of GTP-loading on Rac downstream of cadherin-dependent 

adhesion.

4.2.4 Activated EGF receptor is recruited to cadherin molecules

Previous work has shown that EGF receptor localizes at cell-cell contact sites and that the 

receptor at these sites is activated (Pece and Gutkind, 2000). Activation of the EGF 

receptor by ligand binding induces receptor dimerization, leading to trans

autophosphorylation of receptors (Schlessinger, 2000). Five conserved tyrosine residues 

at the C-terminus of the receptor can be phosphorylated and provide docking sites for 

various signalling proteins that function downstream of EGF receptor activation (Bogdan 

and Klambt, 2001).

Since my data implicated the EGF receptor in Rac activation downstream of cadherins, I 

was interested to determine which tyrosines are phosphorylated in junctionally-localized 

EGF receptor and therefore might be important in Rac activation. Several antibodies are 

now commercially available to specific phosphorylation sites on the EGF receptor. My 

choice of antibodies was limited by the fact that I wanted to stain EGF receptor 

colocalized with E-cadherin clustered with mouse anti-cadherin beads, so could not use 

mouse antibodies against the EGF receptor. Therefore I made use of rabbit antisera 

which specifically recognize one major phosphorylation site, tyrosine 1173 (Y1173) and 

one minor phosphorylation site, tyrosine 992 (Y992) on the EGF receptor (Oksvold et a l ,  

2000.). Initially, cell-cell contact formation was induced for various time periods and 

cells were fixed and stained for E-cadherin and Y1173 or Y992. Staining at sites of cell
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cell contact, which colocalized with E-cadherin, was observed with both antisera (figure 

4.6). Junctional localization was variable across the monolayer, but the Y 1173 epitope 

showed a more marked localization than the Y992 epitope (figure 4.6).

calcium

LY294002

AG1478

.2 1.4

± 0.8

.>  0.6

« 0.4

-  +  -  +  ca lc ium

+  +  PD98059

Figure 4.5 Quantification of Rac activation in blocking experiments, (a) Quantification of Rac activation 

in experiments inhibiting PI3-kinase (LY294Ü02) or EGF receptor (A G I478). Activated Rac levels were 

calculated as a percentage of total Rac levels in the lysates. Rac activation is expressed relative to the 

DMSO control without calcium stimulation, which was arbitrarily set as 1. Results represent mean +/- 

SEM of four experiments, (b) Quantification of Rac activation in experiments inhibiting MEKl activation 

(PD98059). Activated Rac levels were calculated as in (a). Results represent mean +/- SEM of two 

experiments.
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Figure 4.6 Phosphorylated EGF receptor is recruited to cell-cell contact sites. Intercellular adhesion was 

induced in kératinocytes for various time periods (0 - 60 minutes), then cells were fixed and stained for E- 

cadherin and EGF receptor phosphorylated on tyrosine 992 or 1173. Results are representative of two 

experiments. Bar = 50 pM.
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Figure 4.7 Phosphorylated EGF receptor is recruited to anti-cadherin beads, (a) Cells were incubated 

with anti-E-cadherin, anti-a,(3|-integrin or BSA beads for 10 minutes, then fixed and stained for F-actin and 

EGF receptor phosphorylated on tyrosine 992, tyrosine 1 173, or for total EGF receptor. Results are 

representative of two experiments. Bar = 21 pm. (b) The number of beads showing staining for EGF 

receptor phosphorylated on tyrosine 992, or tyrosine 1173 or total EGF receptor was quantified. At least 

100 beads were counted for each condition. The results represent mean +/- standard deviation.

To determine whether the activated EGF receptor is recruited to clustered E-cadherin 

molecules, I incubated cells with beads coated with BSA, anti-E-cadherin-antibodies or 

anti-a^P,-integrin antibodies and stained for Y992 or Y 1173 (figure 4.7a). BSA beads 

showed some staining for Y992 but little staining for Y 1173. Anti-E-cadherin and anti- 

(X^Pi-integrin beads stained for Y 1173 and Y992. The percentage of beads which stained 

for each epitope was determined for each type of bead (figure 4.7b). This analysis 

revealed that an increased proportion of anti-cadherin beads relative to BSA beads stained 

for Y 1173, whereas there was not much difference for the Y992 epitope. A similar 

percentage of anti-a^pi-integrin beads stained for both epitopes and this was increased 

relative to the BSA beads. Thus, EGF receptor phosphorylated on Y 1173 is preferentially 

recruited to cell-cell contact sites and clustered cadherin molecules when compared to 

receptor phosphorylated on Y992.
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4.2.5 Later Rac activation is not dependent on EGF receptor signalling

As inhibition of the EGF receptor blocks Rac activation (figures 4.4 and 4.5), and Rac 

activity is required for stability of cadherin receptors at cell junctions, I predicted that the 

AG1478 inhibitor would perturb cell-cell contact formation. To test this, I pretreated 

kératinocytes with the inhibitor and then induced cell-cell adhesion for various time 

periods. Cells were then fixed and stained for E-cadherin. Surprisingly, I could see no 

difference in cadherin localization at junctions between AG1478-treated or control cells 

0 ,5 , 15 or 60 minutes after calcium addition (figure 4.8a). In an attempt to explain these 

results, I investigated whether the inhibitor blocked Rac activation at later time points 

after junction formation. Kératinocytes were preincubated with AG 1478 and then 

junction formation was induced for 60 minutes. This treatment completely blocked 

ERKl/2 activation, showing that the inhibitor was functional (figure 4.8b). As observed 

in figure 4.4d, incubation with AG 1478 per se increased Rac activation (figure 4.8c). 

However, in contrast to the dramatic inhibition of Rac upregulation observed after 5 

minutes of contact formation (figure 4.4d), after 60 minutes Rac was activated to a similar 

extent as in control cells (figure 4.8c). Thus EGF receptor signalling is required for initial 

Rac activation, but does not play a role in Rac upregulation at later time points.

4.2.6 Cell-cell contact formation activates Cdc42

Finally, I performed some preliminary experiments to determine whether Cdc42 is 

activated upon cell-cell contact formation in kératinocytes. The same pull down assay 

using GST-PAK-CRIB can be used to assay for Cdc42 activation (Bernard et a l ,  1999; 

Cox et a l ,  2001). As was the case for Rac, a considerable amount of Cdc42 was pulled 

down from GTPyS loaded lysates but not GDP-loaded ones, confirming the specificity of 

the assay (figure 4.9a). Using this technique, I found that Cdc42 was activated within 5 

minutes upon cell-cell contact formation. In contrast to Rac, activation of Cdc42 was 

transient and returned to basal levels by 20 minutes (figure 4.9b). Thus Cdc42 is 

activated upon junction formation, but activation is not sustained.
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Figure 4.8 (a) EGF receptor inhibition does not perturb cadherin localization at cell-cell contact sites or

actin cytoskeletal organization. Kératinocytes were pretreated with AG 1478 or DMSO vehicle for 30 

minutes, then stimulated with calcium for various time periods (from 0 to 60 minutes). Cells were fixed 

and stained for E-cadherin. Bar = 50 pM. (b) EGF receptor inhibition does not block Rac activation after 

60 minutes of cell-cell contact formation. Cells were incubated with AG 1478 ( - I - )  or DMSO vehicle (-) for 

30 minutes and were then stimulated with (4-) or without calcium (-) for 60 minutes. After 15 minutes a 

further treatment with AG 1478 or DMSO was performed. Finally cells were lysed to assay for Rac 

activation. Results are representative of two experiments.
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Figure 4.9 Cdc42 is activated on induction of cadherin-mediated adhesion in kératinocytes, (a) GST- 

PAK- CRIB specifically pulls down GTP-loaded Cdc42. Keratinocyte lysates were loaded with GTPyS or 

GDP. Activated Cdc42 levels were determined as for Rac, except blots were probed with an anti-Cdc42 

antibody, (b) Confluent dishes of kératinocytes grown in the absence of intercellular contacts were 

stimulated with 2 mM calcium for various time periods (0-20 minutes), then the levels of GTP.Cdc42 and 

total Cdc42 were determined.
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4.3 Discussion

4.3.1 Cadherin-dependent adhesion activates Rac

In this chapter I have shown that induction of cell-cell adhesion in kératinocytes causes an 

upregulation of Rac activity. Cadherin function is necessary, and clustering of cadherins 

is sufficient, to induce GTP loading on Rac. The upregulation of Rac activity does not 

depend on de novo actin polymerization. However, full Rac activation requires the 

formation of new actin filaments. These results suggest that initial Rac activation can 

occur in the absence of actin polymerization. This active pool of Rac may then serve to 

recruit new actin to cadherin receptors (Braga et a i ,  1997) and remodel the cytoskeleton, 

thereby stabilizing cell-cell contacts and allowing futher Rac activation.

While this work was in progress, studies were published reporting that Rac is activated 

upon cell-cell contact formation in MDCK cells and Chinese hamster ovary (CHO) cells 

transfected with C-cadherin (Nakagawa et al., 2001; Noren et a l ,  2001). As I have 

demonstrated in kératinocytes, Rac is activated within 5 minutes of calcium stimulation in 

MDCKs and activation is sustained up to 60 minutes (Noren et a l ,  2001). Also in 

agreement with my data, Rac activation is dependent on cadherin function (Nakagawa et 

al ,  2001; Noren et al., 2001). However, in contrast to Nakagawa et a l ,  1 found that Rac 

activation following cell-cell contact formation is not dependent on PI 3-kinase activity. 

Consistent with my data, there are reports in other cell types that activation of Rac is 

independent of PI 3-kinase activity (Geijsen et a l ,  1999).

The disparity between my results and those of Nakagawa et al. may relate to differences 

in methodology or cell type. One difference in technique is that 1 cultured cells in low 

calcium medium for at least 4 days before performing the experiments, whereas 

Nakagawa et a l  cultured cells in standard medium and then EGTA-treated them for 4 

hours prior to the experiments (Nakagawa et a l ,  2001). In line with cell type differences 

playing a role 1 did not see increased phosphorylation of Akt (a downstream target of PI 

3-kinase) in kératinocytes upon junction formation, whereas activation of Akt has been 

observed on induction of cadherin-dependent adhesion in MDCKs (Pece et a l ,  1999).

1 have shown that cadherin clustering per  se using anti-E-cadherin coated beads can 

activate Rac. This is a specific response to clustering of cadherins and is not generally
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observed upon clustering of surface receptors, since anti-a^pj-integrins coated beads do 

not activate Rac. This is an important result since it demonstrates that Rac activation is a 

direct consequence of cadherin clustering, and not an indirect outcome of cell-cell contact 

formation. Neither the study from Kaibuchi’s lab or the one from Burridge’s lab address 

this issue (Nakagawa et a l ,  2001; Noren et a l ,  2001).

Recruitment of Rac to cell-cell contact sites during junction formation has been observed 

in MDCK cells (Nakagawa et a i ,  2001). The activation status of Rac at junctions is not 

clear. Both activated and dominant negative Rac mutants localize at cell-cell contacts 

(Nakagawa et a i ,  2001), and I have also seen this in HaCat cells (see chapter 3). 

Recently a fluorescence resonance energy transfer (FRET) based technique known as 

fluorescence activation indicator for Rho proteins (FLAIR) has been used to look at the 

localization of activated Rac in intact cells upon stimulation with serum and during 

motility (Kraynov et a l ,  2000). The pull down experiments assay total Rac activation 

throughout the cell, so it would be informative to apply FLAIR to epithelial cells during 

junction formation and see where in the cell Rac activation takes place.

4.3.2 Changes in actin dynamics activate Rac

In the course of my experiments, I have observed that treatment of kératinocytes with two 

drugs that affect the actin cytoskeleton, Latrunculin B and cytochalasin D, induces Rac 

activation (figure 3d and data not shown). Both drugs inhibit actin polymerization, but by 

different mechanisms. Whereas Latrunculin B sequesters actin monomers (Coue et a l ,  

1987; Spector et a l ,  1989), cytochalasin D is thought to operate by capping actin filament 

barbed ends and binding to actin monomers (Sampath and Pollard, 1991). Interestingly, 

cytochalasin D has also been shown to activate Rho (Ren et a l ,  1999). In addition, drugs 

that affect the microtubule cytoskeleton have been shown to influence Rho and Rac 

activity. For example, colchicine, an agent that induces microtubule (MT) 

depolymerization, enhances Rho activity (Ren et a l ,  1999). Washout of nocodazole, a 

drug that causes MT depolymerization induces Rac activation in fibroblasts (Waterman- 

Storer et al ,  1999). The activity of RHO family GTPases therefore appears to be acutely 

sensitive to the polymerization state of microfilaments and MTs. The activation of Rac 

observed on cytochalasin D and Latrunculin B treatment, may represent a feedback loop 

that operates under normal cellular conditions: a reduction in polymerized actin may lead 

to enhanced Rac activation, which in turn induces actin polymerization (Machesky and
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Hall, 1997). A recent demonstration of regulation of a signal transduction pathway by 

actin polymerization state has been provided by work in Treisman’s lab. In this study, 

SRF activation by serum is dependent on alterations in actin dynamics (Sotiropoulos et 

al ,  1999).

Incubation of kératinocytes, cultured in the absence of cell-cell adhesion, with the PI 3- 

kinase inhibitor LY294002 and the EGF receptor AG 1478 also stimulated Rac activation. 

This was not a general consequence of treating cells with inhibitors of signalling 

molecules, since the PD98059 inhibitor, which blocks MEKl activation, did not enhance 

Rac activity. As for inhibition of actin polymerization, blocking the activity of certain 

signal transduction proteins may stimulate compensatory mechanisms leading to 

upregulation of Rac activity.

4.3.3 Initial Rac activation depends on EGF receptor signalling

I have demonstrated that the initial increase in Rac activity in kératinocytes upon cell-cell 

contact formation is mediated by EGF receptor signalling. Based on my current data, I 

hypothesize that initial homophilic binding and clustering of cadherins activate the EGF 

receptor associated with the cadherin complex. Others have observed ligand-independent 

activation of the EGF receptor upon adherens junction formation in MDCKs (Pece and 

Gutkind, 2000).

Ligand activation of the EGF receptor is accompanied by phosphorylation of 5 tyrosines 

at the C-terminus of the receptor (Downward et a l ,  1984; Hsuan et a l ,  1989; Margolis et 

a l ,  1989; Walton et a l ,  1990). Emlet et a l  suggest that each receptor molecule is only 

phosphorylated on one or two of the tyrosines (Emlet et a l ,  1997). My preliminary 

results, and the work of Dr. Encarnacion Lozano in the lab, suggest that upon cell-cell 

contact formation, phosphorylation of the EGF receptor is enhanced on Y1173 but not on 

Y992 (data not shown). In addition, I observed preferential recruitment of EGF receptor 

phosphorylated on Y1173 to cell-cell contact sites and clustered cadherin molecules. In 

contrast, EGF treatment induces phosphorylation of both residues (E. Lozano, data not 

shown).

The tyrosines at the EGF receptor C-terminus serve as docking sites for signalling 

proteins after receptor activation. Y1173 interacts with She and Shp-1 (Batzer et a l .
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1994; Okabayashi et ai ,  1994; Keilhack et a i ,  1998), whereas Y992 serves as the major 

docking site for with phospholipase Cy (PLCy), and can also interact with FTP-IB and 

She (Rotin et a i ,  1992; Vega et al ,  1992; Milarski et a l ,  1993; Batzer et a l ,  1994). The 

phosphorylated tyrosines also appear to play a role in regulation of EGF receptor 

internalization. For example mutation of Y992 to phenylalanine increases the rate of 

EGF-induced receptor internalization (Holbrook et a l ,  1999), and EGF receptors 

phosphorylated on Y992 underwent endocytosis at a slower rate than other activated EGF 

receptor molecules (Emlet et a l ,  1997).

The fact that differential tyrosine phosphorylation of the EGF receptor occurs in 

kératinocytes in response to EGF treatment and cadherin-dependent adhesion, suggests 

that a different complement of signalling molecules could be recruited to the receptor in 

each case. This may result in differential activation of signal transduction cascades 

downstream of the EGF receptor in response to the two stimuli. In support of this, there 

is some evidence in the literature that the consequences of EGF receptor activation could 

depend both on the ligand and on location of the receptor in the cell. For example, EGF 

and transforming growth factor-a (TGF-a), which also binds to EGF receptor, induce 

different levels of tyrosine phosphorylation of cellular proteins in kératinocytes (Cha et 

al,  1996). In addition, TGF-a induces different cellular responses depending on whether 

it is added to the apical or basolateral surfaces of epithelial cells (Buse et a l ,  1995) and 

EGF receptors localized to the basolateral surface of epithelial cells signal differently 

from receptors on the apical surface (Amsler and Kuwada, 1999).

Signalling from the EGF receptor is required for growth of normal kératinocytes in 

culture (Barrandon and Green, 1987; Rheinwald, 1989). The EGF receptor is also 

necessary for correct epidermal proliferation and differentiation in vivo (Miettinen et a l ,  

1995; Sibilia and Wagner, 1995). In apparent contradiction, ligand binding to the EGF 

receptor has been shown to stimulate breakdown of junctions and scattering in a variety 

of cell types (Cha et a l ,  1996; Fujii et a l ,  1996; Hazan and Norton, 1998). However, 

most of these cell lines are transformed and overexpress the EGF receptor. Revertants of 

a squamous carcinoma cell line, which expressed near-normal levels of the EGF receptor, 

did not scatter in response to EGF treatment (Fujii et a l ,  1996). EGF and TGF-a only 

induce scattering of non-transformed kératinocytes in the absence of cadherin-mediated
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adhesion (Cha et a i ,  1996). Thus under normal conditions, EGF receptor activation does 

not cause cell-cell contact breakdown.

4.3.4 Cross-talk between cadherins and growth factor receptors

My data on the relationship between the EGF receptor and E-cadherin, add to the 

accumulating evidence for a cross-talk between cadherin-mediated cell-cell adhesion and 

growth factor receptor signalling. She, an adaptor protein which binds to the EGF 

receptor, also associates with N-cadherin (Xu et a i ,  1997). Non-adhesive cadherin 

receptors associate with insulin receptor substrate 1 (1RS-1 )(Vasioukhin et a i ,  2001), 

while VE-cadherin interacts with vascular endothelial growth factor receptor-2 (VEGFR- 

2) in endothelial cells (Carmeliet et a i ,  1999). The functional consequences of such 

interactions are far from clear. A better defined example is the interaction between N- 

cadherin and the basic fibroblast growth factor (FGF) receptor. N-cadherin-induced 

axonal outgrowth is dependent on signalling from the basic FGF receptor (Doherty and 

Walsh, 1996; Saffell et a i ,  1997). The two molecules have been coprecipitated from 

ovarian surface epithelial cells (Peluso, 2000). The communication between cadherins 

and growth factor receptors may be analogous to the cross-talk observed between 

integrins and growth factors, which regulates cell survival and proliferation (Giancotti 

and Ruoslahti, 1999).

The link between EGF receptor activation by cadherins and Rac activation is not clear at 

present. Presumably an exchange factor for Rac is recruited directly or indirectly to the 

EGF receptor, and thereby activated. Candidates for GEFs include Sos, which is 

recruited to the EGF receptor via She and Grb-2 (Rozakis-Adcock et a i ,  1992; Egan et 

ai ,  1993) and is a dual exchange factor of Ras and Rac (Nimnual et a i ,  1998; Scita et a i ,

1999), or Vav2 or 3, which are phosphorylated upon EGF receptor activation and can 

associate with the EGF receptor (Liu and Burridge, 2000; Moores et at., 2000; Zeng et 

a i ,  2000). However, arguing against a role for Vav2, it is not phosphorylated upon cell

cell contact formation (Noren et a i ,  2001). Another possible GEF is Tiaml, which is 

found at adherens junctions (Hordijk et a l ,  1997). Work is in progress in the lab to 

identify the relevant GEFs for Rac activation during junction formation.
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4.3.5 Sustained Rac activation is EGF receptor independent

As Rac activity is required for the stability of cadherin receptors at junctions, I expected 

that the AG 1478 inhibitor would interfere with establishment of cell-cell contacts. To my 

surprise, the inhibition of EGF receptor signalling does not block localization of 

cadherins at junctions upon addition of calcium ions. Similar observations were made in 

MDCK cells: although wortmannin treatment diminished Rac activation, it did not block 

junction formation or recruitment of GFP-Rac to junctions. However, in this study PI 3- 

kinase inhibition did not reduce Rac activity to basal levels, suggesting that other 

pathways also operate in Rac activation (Nakagawa et a l ,  2001).

Two considerations should be taken into account here: (a) work in the lab has shown that 

Rac activity is not required for early stages of cell-cell contact formation (up to 15 

minutes; V. Braga, personal communication); (b) blocking Rac function only inhibits 

50% of actin recruitment to clustered cadherin receptors (Braga et a l ,  1997), suggesting 

that alternative pathways contribute to actin polymerization at junctions. This could 

explain why the AG1478 compound did not perturb junction formation 5 or 15 minutes 

after calcium addition. Alternatively, as the pull down assay measures global Rac 

activation, it is possible that that the results do not reflect localized changes in Rac 

activity at cell-cell contacts.

The AG 1478 inhibitor also had no effect on cadherin-mediated adhesion at later time 

points, when Rac activity is necessary to stabilize cadherins at junctions (Braga et a l ,  

1997). Surprisingly, I found that EGF inhibition did not block upregulation of Rac 

activity at 60 minutes after calcium stimulation. This explains why the inhibitor did not 

block cell-cell contact formation at this time point. My results indicate that in addition to 

EGF receptor, cadherins employ other mechanisms to activate Rac.

4.3.6 Cdc42 is activated by celUcell contact formation

I have found that Cdc42 is activated transiently upon establishment of cell-cell contacts in 

kératinocytes. A recent study has demonstrated a similar phenomenon in MCF-7 cells 

(Kim et a l ,  2000). However, the time course of activation was longer in MCF-7s. This 

may reflect the different system used. The MCF-7 cells were treated with EGTA to 

disrupt cadherin-dependent adhesion, which causes cell rounding. Thus it takes longer 

for intercellular junctions to form upon calcium addition in MCF-7 cells.
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I have not yet investigated whether cadherin adhesion is required for Cdc42 activation in 

kératinocytes. A role for Cdc42 in regulation of cadherin-mediated adhesion has not been 

definitively demonstrated (Fukata et a l ,  1999; Kodama et a l ,  1999). The transient nature 

of its activation suggests that it might be involved in the early stages of junction 

formation.

4.3.7 Conclusion

In conclusion, I have shown that cadherin-dependent adhesion activates Rac and Cdc42 in 

kératinocytes. Initial Rac activation requires EGF receptor signalling, but sustained Rac 

activation depends on another, as yet unknown, mechanism. The functional significance 

of Rac activation upon cell-cell contact formation has so far not been established. It 

could play a role in recruitment of actin to cadherin receptors, thereby stabilizing 

intercellular junctions (Braga et a l ,  1997). It could also be involved in bringing other 

adhesive receptors to contact sites, and regulation of differentiation and cellular 

morphogenesis, which follow junction formation. Much remains to be learned about the 

reciprocal relationship between cadherins and RHO family GTPases during cell-cell 

contact formation.
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Chapter 5
IDENTIFICATION OF A NOVEL RAC BINDING PROTEIN

5.1 Introduction

It is now well established that small GTPases of the RHO subfamily are involved in 

establishment and maintenance of cadherin-containing cell-cell contacts (Braga et a i ,  

1997; Hordijk et a i ,  1997; Takaishi et a l ,  1997; Zhong et a l ,  1997). As discussed in 

chapter 2, it appears that Rac also plays a role in breakdown of intercellular contacts 

downstream of oncogenic Ras. However, the mechanism by which RHO GTPases 

regulate cell-cell adhesion and the molecules which mediate these effects remain unclear. 

One or two clues concerning the mechanism have been obtained. For example, 

experiments in kératinocytes have suggested that Rac plays a role in actin recruitment to 

clustered cadherin receptors (Braga et a l ,  1997). In addition, active Rac promotes 

enhanced staining for F-actin at junctions (Takaishi et a l ,  1997; Jou and Nelson, 1998).

As mentioned in section 1.2.11, one Rac effector, IQGAPl, localizes at cell-cell contacts 

and appears to play a role in regulating cadherin-mediated adhesion by competing with a- 

catenin for binding to |3-catenin (Kuroda et a l ,  1998; Fukata et a l ,  1999). However, it 

appears that IQGAP does not play a role in the Rac-dependent recruitment of actin to 

junctions or junctional disassembly (Braga et a l ,  1997, 2000). It is therefore likely that 

there are additional Rac effectors involved in regulation of cadherin-dependent adhesion.

Therefore 1 decided to look for novel Rac targets expressed in the model system 1 am 

using, normal human kératinocytes. Several biochemical and yeast two-hybrid screens 

have been undertaken to find novel Rac targets by searching for proteins that bind 

specifically to the GTP-bound form of Rac. In this manner a number of Rac targets have 

been identified including PAK, IQGAPs, POSH and PORI (Manser et a l ,  1994; Kuroda 

et a l ,  1996; McCallum et a l ,  1996; Van Aelst et a l ,  1996; Tapon et a l ,  1998). 

However, no screens for Rac binding proteins have been performed in kératinocytes.
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I used the yeast two-hybrid system to screen a human keratinocyte activation domain 

library using activated Rac as bait. I identified a novel Rac-binding clone, which does not 

interact with activated Rho or Cdc42 in yeast. By northern blotting, I found that the clone 

was widely expressed. I generated an antiserum, which specifically recognised two bands 

in keratinocyte lysates. Upon sequencing the clone, I found that it was identical to the 5’- 

end of a cDNA in the database. This cDNA encodes a novel protein with an N-terminal 

pleckstrin homology (PH) domain and a C-terminal Tre/Bub2/Cdcl6(TBC)/Rab GAP 

domain. Preliminary data suggest the protein is overexpressed in a variety of tumours.
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5.2 Results

5.2.1 Identification of a novel Rac-binding clone

To identify novel Rac targets in kératinocytes, I performed a yeast two-hybrid screen of a 

keratinocyte cDNA GAL4 activation domain library, using L61Rac as bait. This is a 

GTPase deficient mutant of Rac, which is locked in an active GTP-bound form. I 

screened 5 million clones and picked 40 colonies, which grew on selective medium 

containing 25 mM 3AT. Of these, 10 were positive in a filter-lift p-galactosidase assay. I 

extracted DNA from these clones and sequenced them. A summary of the results is 

shown in table 5.1.

Two of the clones represented known Rac-binding proteins, RhoGAP (Accession number 

[Acc.] Z23024; Lancaster et a l ,  1994) and PORI (Acc. X97567; Van Aelst et a l ,  1996). 

The fact that two of the clones were known Rac-binding proteins demonstrated that the 

conditions and the library used in the screen were appropriate. Several of the clones 

encoded very short open reading frames (ORFs). Three of these were highly enriched in 

phenylalanine. I assumed that these clones were artefacts and did no further work on 

them. Two of the clones looked interesting (12 and X6), since the proteins they encoded 

had not previously been identified as Rac-interacting proteins and the ORFs were longer. 

Upon retransformation of these two DNAs into yeast, I found that 12 did not interact with 

L61Rac (figure 5.1a). Therefore I did no further work with this clone. Clone X6, on the 

other hand, interacted with L61Rac, but not the empty bait vector (figure 5.1a and data 

not shown). I decided to perform further analysis on this clone. In additional yeast two- 

hybrid assays, I found that X6 interacted with L61Rac but not L61Cdc42 or L63Rho as 

shown by growth on selective medium containing 3AT and by filter-lift P-galatosidase 

assay (figure 5.1b; data not shown). X6 also showed no interaction with N17Rac in yeast 

(data not shown).
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Name of clone Description of clone

12 85 % identical to mouse Femla homologue (Acc. AF06447)
17 Short ORE rich in phenylalanine
III 6 Identical to human RhoGAP (Acc. z23024)
1117 Very short ORE
Ills Same as 17
VII5 Identical to human PORI (Acc. x97567)
VII9 Same as 17
Vino Short ORE (12 amino acids) rich in phenylalanine
X5 Same as II17
X6 Identical to human PARIS-1 (prostate cancer antigen). 

See text for further details.

Table 5.1 Summary of yeast two-hybrid clones that went blue in filter-lift P-galactosidase assay.

When I initially sequenced clone X6, there appeared to be a stop codon after 508 bp. I 

cloned the portion of X6 before the stop codon into the pGEX-4T3 vector to allow 

expression as a GST-fusion protein in E. coli. I purified the recombinant protein from 

bacteria and used it in vitro binding assays. I immobilized the GST-X6 on a membrane 

and then incubated with activated recombinant Rho, Rac and Cdc42 loaded with 

radioactively labelled GTP. I found that this portion of X6 interacted with L61Rac and 

L61Cdc42 but not L63Rho in vitro (figure 5.2a). The interaction was weak in 

comparison to the interaction between the small GTPases and PAK and ROK. However 

it was similar to the interaction observed with other Rac targets such as POSH (see figure 

3.4). I also tested whether the binding was GTP-dependent by loading wild type Rac and 

Cdc42 with radiolabelled GTP or GDP and incubating with immobilized GST-X6. I 

could observe an interaction with GTP-loaded wild type Rac and Cdc42, but not GDP- 

loaded wild type Rac and Cdc42 (figure 5.2b). Therefore X6 can interact with Rac and 

Cdc42 in vitro and binding is GTP-dependent.
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PREY

pACTII

12

BAIT

PREY

pACTII

RhoGAP

WASP

X6

RhoGAP r -^

L61Rac

BAIT

L63Rho L61 Rac L61Cdc42

Figure 5.1 Clone X6 interacts with L61Rac but not L63Rho or L61Cdc42 in yeast. Small GTPases were 

used as prey and the yeast two hybrid clones 12 or X6 as bait. Empty vector (pACTII) was utilized as a 

negative control and RhoGAP and WASP as positive controls. The yeast strain Y 190 was employed in (a) 

and interactions were tested by assaying growth on plates containing 25 mM 3AT. For (b) the yeast strain 

was pJ69-4a and growth was assayed on 2 mM 3AT plates.
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L63Rho L61Rac L61Cdc42

GST-PAK 

GST-ROK 

GST 

GST-X6

GST-PAK

GST-X6

Rac-GTP Rac-GDP Cdc42-GTP Cdc42-GDP

Figure  5.2 Clone X6 interacts with GTP-bound Rac and Cdc42 in vitro, (a) L63Rho, L61Rac and 

L61Cdc42 proteins were labelled with radioactive [y-^'P] - GTP and allowed to interact with a GST fusion 

of clone X6 immobilized on a membrane. GST-PAK and GST-ROK were used as positive controls and 

GST as a negative control, (b) Wild type Rac and Cdc42 were labelled with [a-'^'P]-GTP. Half of each 

sample was added directly to GST fusion proteins immobilized on membranes (Rac-GTP and Cdc42-GTP). 

The other half was incubated with RhoGAP to convert GTP to GDP. Then the GTPases were incubated 

with the immobilized fusion proteins (Rac-GDP and Cdc42-GDP).
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5.2.2 X6 is identical to PARIS-1

Upon resequencing clone X6, I found that there is not a stop codon after 508 bp and, in 

fact, the entire insert in consisted of a single ORF (figure 5.3a). There is an in-frame 

ATG near the start of the insert, which shows a good match to the Kozak consensus 

(figure 5.3a). This could therefore represent the translational start site. There is no in

frame stop codon or poly A tail so it is likely that the 3’ end of the clone is missing. 

Database searches revealed that X6 is identical to the 5’ end of a cDNA called PARIS-1 

(Acc. AY026527) apart from one additional bp at the 5’ end.

PARIS-1 was originally identified when searching for immunogenic antigens in prostate 

cancer. Nothing else is known about PARIS-1. Very recently another sequence has been 

deposited in the database which is identical to PARIS-1 (Acc. XM_047395). In addition, 

two other sets of clones have stretches of identical sequence to PARIS-1. One set 

(variant 1; Acc. AK026105 and Acc. XM_005525) starts at bp 423 of PARIS-1 and is 

identical to the end except for a deletion of the sequence between bp 462 and 604. There 

is also an insert of 33 bp at position 2549. The other set (variant 2; Acc. NM_018421, 

Acc. AL353935 and Acc. XM_047396) have a different 5’ end to PARIS-1 but are 

identical from position 1465 to the end except for the same small insert at position 2549 

as the other set of clones (figure 5.3b).

Comparison of the sequence of PARIS-1 with the human genome sequence demonstrated 

that the gene encoding PARIS-1 is on chromosome 9p23-24.1. The gene consists of 13 

exons and 12 introns as represented in figure 5.3b. Variant 1 lacks the first two exons in 

PARIS-1 and instead uses an alternative first exon. The twelth exon has 30 bp extra at 

the 5’ end (figure 5.3b). Variant 2 is identical to variant 1 from exon 7 to the end. At the 

5’ end are two exons not found in PARIS-1/variant 1, one of which is continuous with 

exon 7 (figure 5,3c). Thus, it appears that alternative splicing has given rise to three 

different variants of the PARIS-1 cDNA. Additional splice variants may exist.

Expressed sequence tag (EST) database searches identified a number of clones with 

identity to regions of clone X6. Interestingly most of these ESTs originated from 

epithelial tissues and the majority of them came from tumorigenic tissues or cell lines 

(summarized in table 5.2).
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TCT CGC TTT GGG AAG CTG CGC GCC GAG TCT CCG AGA TTT GTC CCT GGT GGT CCC GCG GAC 6 0
S P F G K L P A E S P R F V P G G p A D 2 0

CGC TCG TCC CTC CGC AGT CTC CGG CTG GCA GCG ATG GAG GGC GCT GGG GAG AAC GCC CCG 1 2 0
P S S L R S L R L A A M E G A G E N A P 4 0

GAG TCC AGC TCC TCT GCC CCT GGG TCC GAA GAG TCT GCC AGG GAT CCA CAG GTG CCG CCT 1 8 0
E S S S S A P G S E E S A R D P Q V P P 6 0

CCG GAG GAA GAA TCG GGG GAC TGC GCC CGG TCC CTG GAG GCG GTC CCC AAG AAA CTC TGT 2 4 0
P E E E S G D C A R S L E A V p K K L C 8 0

GGG TAT TTA AGT AAG TTC GGC GGC AAA GGG CGC ATC CGG GGC TGG AAA TCC CGC TGG TTC 3 0 0
G Y L S K F G G K G P I R G W K S R W F 1 0 0

TTC TAC GAG GAA AGG AAA TGT CAG CTG TAT TAC TCG CGG ACC GCT CAG GAT GCC AAT CCC 3 6 0
F Y D E R K C 0 L Y Y S R T A Q D A N p 1 2 0

TTG GAG AGC ATC GAG CTC TCC AGT GCA GTG TTT GAC TGT AAG GCG GAC GCT GAG GAG GGG 4 2 0
L D S I D L S S A V F D C K A D A E E G 1 4 0

ATC TTC GAA ATC AAG ACT CGC AGC CGG GTT ATT ACC CTG AAG GCC GCC ACC AAG CAA GCG 4 8 0
I F E I K T P S R V I T L K A A T K 0 A 1 6 0

ATG CTG TAC TGG CTG CAG CAG CTG CAG ATG AAG CGC TGG GAA TTC CAC AAC AGC CCG CCG 5 4 0
M L Y W L Cl n L ri M K R W E F H N S P P 1 8 0

GCA CCT CCT GCC ACC CCT GAT GCC GCC CTG GCT GGG AAT GGG ccc GTC CTG CAC CTC GAG 6 0 0
A P P A T P D A A L A G N G p V L H L E 2 0 0

CTA GGG CAA GAA GAG GCA GAG CTG GAG GAG TTC CTG TGC CCT GTG AAA ACA CCC CCT GGG 6 6 0
L G Q E E A E L E E F L C P V K T p P G 2 2 0

CTA GTG GGC GTG GCA GCT GCC TTG CAG CGC TTC CCT GCC CTT CAG AAT ATT TCC CTC AAG 7 2 0
L V G V A A A L Q P F P A L Q N I S L K 2 4 0

CAC CTG GGG ACT GAA ATA CAG AAC ACA ATG CAC AAC ATC CGT GGC AAC AAG CAG GCC CAG 7 8 0
H L G T E I Q N T M H N I R G N K Q A Q 2 6 0

GGA ACA GGC CAT GAA CCT CCA GGG GAA GAT TCT ACA CAG AGT GGG GAG CCT CAG AGG GAG 8 4 0
G T G H E P P G E D S T Q S G E P Q R E 280
GAG CAG CGC TCG GCC TCT GAC GCC AGC ACC CCA GGG AGA GAG CCA GAG GAT TCT CCA AAG 9 0 0
E Q P S A S D A S T P G R E P E D S P K 3 0 0

CCT GCA CGC AAG CCT TCT CTG ACC ATC AGT TTC GCT CAG AAA GCC AAG CGC CAG AAC AAC 9 6 0
P A P K P S L T I S F A Q K A K R Q N N 3 2 0

ACC TTC CCA TTC TTT TCT GAA GGA ATC ACA CGG AAC CGA ACT GCC CAG GAG AAA GTG GCA 1 0 2 0
T F P F F S E G I T R N R T A Q E K V A 3 4 0

GCC TTG GAG CAA CAG GTT CTG ATG CTC ACC AAG GAG TTA AAG TCT CAG AAG GAG CTA GTG 1 0 8 0
A L E Q Q V L M L T K E L K S Q K E L V 3 6 0

AAG ATC CTG CAC AAG GCA CTG GAG GCC GCC CAG CAG GAG AAG CGG GCG TCC AGC GCA TAC 1 1 4 0
K I L H K A L E A A Q Q E K R A S S A Y 3 8 0

CTG GCG GCG GCT GAG GAC AAG GAC CGG CTG GAG CTG GTG CGG CAC AAA GTG CGG CAG ATC 1 2 0 0
L A A A E D K D R L E L V R H K V R Q I 4 0 0

GCG GAG CTG GGC CGG CGG GTG GAG GCC CTG GAG CAG GAG CGG GAG AGC CTG GCG CAC ACA 1 2 6 0
A E L G R R V E A L E Q E R E S L A H T 4 2 0

GCG AGC CTG CGG GAG CAG CAG GTG CAG GAG CTA CAG CAG CAC GTG CAG CTG CTT ATG GAC 1 3 2 0
A S L R E Q Q V Q E L Q Q H V Q L L M D 4 4 0

AAG AAC CAC GCC AAG CAG CAG GTC ATC TGC AAG CTC TCT GAG AAG GTC ACC CAG GAC TTC 1 3 8 0
T H P P D Q S P L R P D A A N R D F L S 4 6 0

ACG CAC CGC CCT GAG CAG TCT CCT TTG CGC CGC GAC GCT GCC AAC AGG GAC TTC CTG AGC 1 4 4 0
K N H A K Q Q V I C K L S E K V T Q D F 4 8 0

CAG CAG GGG AAG ATA GAG CAC CTG AAG GAT GAC ATG GAA GCT TAC CGG ACC CAG AAC TGC 1 5 0 0
Q Q G K I E H L K D D M E A Y R T Q N C 5 0 0
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TTC CTC AAC TCC GAG ATC CAC CAG GTC ACA GGA TCC TGG AGA AAG GTG GCT GAG AAG GAG 1 5 6 0
F L N S E I H Q V T G S W R K V A E K E 5 2 0

AAG GCC CTT CTG ACG AAG TGC GCC TAC CTC CAA GCC AGA AAC TGC CAG GTG GAA AGC AAG 1 6 2 0
K A L L T K C A Y L Q A R N C Q V E S K 5 4 0

TAG CTG GCC GGT CTG AGA AGG CTG CAG GAG GCC CTG GGG GAC GAA GCC AGC GAG TGC TCA 1 6 8 0
Y L A G L R R L Q E A L G D E A S E C S 5 6 0

GAG CTG CTG AGG CAG CTT GTC CAG GAG GCA CTG CAG TGG GAA GCT GGG GAG GCC TCA TCT 1 7 4 0
E L L R Q L V Q E A L Q W E A G E A S S 5 8 0

GAC AGT GCA GCG GCC GCG AAC TTG CCG CGT CGA C 1 7 7 4
D S A A A A N L P R R 5 9 1

3 kb

PARIS-1 
Variant 1 
Variant 2

0.42 0.6 1.47
2.55 kb

0

□  Found in PARIS-1 only
□  Found in PARIS-1 and variant 1
□  Found in variant 2 only

I
30

7 89
11

1 0 /

m - m

13 
2 /

■  Found in all 3 variants 
□  Found in variants 1 and 2

60
kb

Figure 5.3 (a) DNA and predicted amino acid sequence of yeast two-hybrid clone X6. The predicted 
initiation methione is shown with underlining. Residues which match the Kozak consensus are in red. The 
predicted PH domain is underlined. The region expressed as a GST-fusion protein and used to generate the 
anti-serum is shown in blue, (b) Diagrammatic representation of PAR IS-1 and the two variants. Regions 
shared between all three variants are shown in green. The deletion in variant 1 is represented by a black 
line. The unique sequence in variant 2 is shown pink. The 33 bp insert close to the 3’ end of variants 1 and 
2 is represented by a white triangle, (c) A representation of the exon structure of PAR IS-1. The exon 
numbers are shown at the top. A colour key is shown underneath.
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Accession Number Sequence in PARIS-1 Tissue
AL548I50 416-1364 placenta
BE395813 961-1594 uterus, endometrium 

adenocarcinoma cell line
AI1695788 41-502 pregnant uterus
BG402579 748-874, 980-1529 bladder, transitional cell 

papilloma cell line
N64446 914-1331 fetal liver and spleen
AI056742 1001-1331 fetal liver and spleen
BG775634 938-1208 prostate, carcinoma cell line
BG820612 1465-1860 brain, anaplastic 

oligodendroglioma
BF874262 1506-1744 lung tumour
BF874248 1508-1736 lung tumour
AW796408 740-874 uterus

Table 5.2 Summary of ESTs in human EST database which show identity to yeast two-hybrid clone X6. 

The right column shows accession numbers of the clones, the middle column shows the sequence in X6 that 

they are identical to and the left column shows tissue the EST was extracted from. Tumour samples are 

shown in bold.

5.2.3 PARIS-1 contains PH and TBC/Rab GAP domains

To get a clue as to the function of PARIS-1, I looked for motifs in the predicted amino 

acid sequence using the Smart and Pfam algorithms. Several Rac- and Cdc42-binding 

proteins share a motif called the CRIB domain, which is involved in interaction with the 

small GTPase (Burbelo et a l ,  1995). There is no evidence for such a domain in PARIS-

1. However, Rac targets such as plexin-Bl, PORI and IQGAP do not have this domain 

either (Kuroda et a l ,  1996; Van Aelst and D'Souza-Schorey, 1997; Driessens et a l ,  2000; 

Vikis et a l ,  2000).

Interestingly, I found that there is a high probability of a PH domain at the N-terminus 

and TBC/Rab GAP domain at the C-terminus. Two regions in the middle of the protein 

are potential basic zipper domains, although the probability of this is rather low (figure 

5.4a). Upon searching the database using the predicted amino acid sequence of PARIS-1, 

I found one related human clone (clone KIAA1055, Acc. AB02978), with similarity 

throughout the sequence (54 % similarity at the amino acid sequence level). In the C. 

elegans database there is one clone (clone ZKI248.I0, Acc. Z78539), which shows
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homology to PARIS-1 in the PH and TBC domains, and in the intervening region. In 

addition the PH and TBC domains are separated by similar distances in PARIS-1 and 

Z K 1248.10. Therefore ZK1248.10 could represent an orthologue of PARIS-1. Upon 

searching the Drosophila and S. cerevisiae databases, I found clones which were only 

homologous to PARIS-1 in either the PH or TBC domains. Therefore it is not possible to 

say whether they represent true homologues of PARIS-1. Alignments of the PH and TBC 

domains of PARIS-1 with the closest matches from C. elegans. Drosophila and S. 

cerevisiae plus other closely related sequences are shown in figure 5.4b and c, 

respectively.

PH bZIP bZIP 

1 1
Rab GAP

1 46 142 305 338 I 406 
369

551 662 

clone X6

828 916

GST fusion protein

PARIS-1 46
Tiaml 2 3 3
Grpl 3
centuarin 276
F7K2.120 51
S b f 1890
K10B4.3 714
F31D4.5 84
nuc phosp 1529
CG12467 651
OxyB 8 9
RSGl 4 7 2
K06H7.4 246
YHN3 2 2 2
KIAA0 055 1
pleckstrin 245
intgalike 1528
KRAC 6
SecG 30
RIP3 3 8 7
GAB-1 6
ZK1248.10 18

PARIS-] 85
Tiaml 2 8 3
G r p l 39
centuarin 314

KKLCGYLSKFGGK-----------GPIRGWKS||^|gFYDE------ RKCQLYIÇSRT A- 84
LSXGDLLLHTSVIWLNPPASLGKW-K§EPELAAFVFKT------ A--W L ^ ^ D G S K Q K  2 82
PDREGWLLKLGG---------- R - V#T#CRRWF I ------- N- -c Iy^ E Y T T  38
VMMEGYLYKRSSN-----------A-FKT^RRWFQ|kD------ K--q |l|SHRSTD-- 313
ETVAGILYKWTN------------ F-GfGWRSRWFLLRN------ G--l|s|s|lRRPEN 89
RTHEGHL YKRGA---------- L - LKGWKQRWFVLDSI---- KH- - q|r^ D T  SE 1927
KVLEGQLKEKKëlRW--------RF -LKR|NTKYFTLSS----- A- -aIn^TQHMPT- 754
VQNYGIÊMKKYKRK-------- NR - SARWA%FFVLKE------- C-'FElggSTSYKKV 12 5
RS YEGTLYKKGA----------- F -mH pWKARWFVLDKT-----KH - -QgR#DHRV 1566
LEKMGHLAKLÜG------------ K-LKTWRKRWFVLKN------ G- - SENYW^SQHD-- 687
SAREGWLFKWTN------------ Y-IKGYQRRWFVLSN------ G--l|sJ y^SKAE—  12 5
IVKKGYÊLKKGK------------- GKRWIÇNLYFILEGS-----DA--q Ii^ESEKR-- 50 9
AEREGwiiFKQSSNPL-------FSG-ALSWKKRWFVLSE------ N--C@Y^DOMT 2 86
RYLQÔYLLkKRRK---------- R-LQGFKKRFFTLDFR-----YG--TLSY^LNDH 260

K-----------GPLRGYRSRWFVFDA------ RRCYÎfY§FKS P- 2 7
11KQGCLLKQGH----------- R-R#N#VRKFI|RED-----PA- - YgH#DPAG 282
NYFEGYLHQEGG----------- D-CPIFKKRFFKLMG--------T--S|LAHSEIS--1563
IKHEGFLTKEGG----------- G-F|sWk KRWFi|kG--------G--dL sB ^ K G --41
VEKKGWLTKQGG----------- R-IKTtKKRWFl|TA--------N--C#L^^TPQ--65
NFKKGWLTKQYE-------------- DGQWKKHWFVLAD------ Q- -s|r|y RDSVAE- 423
WCSGWLRKSPPEKK-------LK -RYAWKRRWF%^RSGRLTGDPD- -v 5e| | ^ D H  52
SAICGYLHRIEVRS-------- IG-LITRRRY#A%CDS----- TP--Y|YW^DSD--58

-QDANPLDSÏDLSSA-VF DCKA 104
JDPFRFRHXIPTEAL-QVRALPSAD  320
- -DKEPRGIIPLENL- SIREVEDP------59
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F7K2.120 90
Sbf 1928
K10B4.3 755
F31D4.5 126
nuc phosp 15 67
C G 1 2 4 6 7
OxyB 
RSGl 
K06H7.4 
YHN3
KIAA0055

688
126
510
2 8 7
261

2 8
pleckstrin 283 
intg(Xlike 1564
K R A C

S e c G
RIP3 
GAB-1 
ZK1248.10

42
66

424
53
59

LNLLS PDDDVRLIGDISGERLSRMDSC SGRRKQQKTVGIVHLKVS-SFRESKS-------- 141
---------------------------------- DTAPKGIIEt^AEV-Q S VT AAQ PAGIG-- 1952
--------------------------------- DSRALLPSIDLRSIRSVRSLGRGKKA  780
FEK---------------------------T R R ID LH PK G IIPÎiIG C -SIV SG G D V------- 153
---------------------------------- DTECKGVID^AEV-EAVAPGTPTMGA—  1591
--------------------------------- v q r k p qGq î qId e v c r i n r a e g-------- 709
--------------------------------- MRHTC rGt |n]|a T A - NI TVED--------- 145
---------------------------------- ATKPK^LId|sVC-SVYWHDSL 531
---------------------------------- DKEPKGl|TiANV-GIRKVEAP------3 07
---------------------------------- NQTCRÇEÎVISLS-SVSANKK-------- 280
--------------------------------- QPALPlGHLDIADA-CF----SYQGPDE- 50
---------------------------------- AED#LGAiHi;RGC-VVTSVESNSNG 3 06
----------------------------------- h k t r a k |n| s k w d l i y v d k e n i d r s n  159 0
---------------------------------- e l vPl^ I h|n t s g h i k n s d r k ------63
---------------------------------- DHEPCGllPliENV-WTIDPQ-------8 5
--------------------------------- EAADLDGEInJ sTCYDVTEYPVQ------- 446
---------------------------------- AKKflRIÏD|NLCQQVDAGLTFNkk  7 7
--------------------------------------------------------------------d i k c i Gr v s l s g a - a f t y d p r------- 78

PARIS-1 1 0 5 -------- DAEEGI---- FEIKTPSR-------------------------VITtKÂATKQAM 130
Tiaml 3 2 1 -------- AEANAV---- C)SÎVHVKSESEG RPEERVFh|cCSSPESR 354
G r p l  6 0 ----------RKPNC----FELYNPSHKGGVIKACKTEADGRWEGNHW%R^S&PSPEEK 106
centaurin 337 ---------DRIGC-----pELVTPTR------------------------- IHl|q|d SESLC 361
F7K2.120 142- DDRK-----PYIFTATK-------------------------TLHÈRTDSITDR 165
Sbf 19 53  AKGVDEKGF-----FDLKTSKR lfNFY|^INANLA 1981
K10B4.3 781- RKSLRKA-----FEIFTADN----------------------- TSMItKi^KDEKNA 808
F31D4.5 1 5 4 --------- DKKNC---- LLIAHPQLP-----------------------SAII#a| sDHQTQ 180
nuc phosp 1592  PKTVDEKAF------FDVKTTRR-------------------------V ^ F C & Q D V P S A  1620
CGI2467 710- AST-----FEIDTGKK------------------------ V|YLT|DpHATM 73 2
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pleckstrin 307 
intgalike 1591

PARIS-1 131 
Tiam-1 355
G r p - 1  107
centaurin 362 
F7K2.120 166
Sbf 1982
K10B4.3 809
F31D4.5 181
nuc phosp 1621 
CG12467 
OxyB 
RSGl 
K06H7.4 
YHN3
KIAA0055 
pleckstrin 336 
intgalike 1625

K R A C
SecG 
RIP3 
GAB-1 
Z K 1 2 4 8 . 1 0

8 9
129
471
105
103

LYWLQQLÎQMKRWEF 144 
KDFLKSVHSILRDK 3 68
eeSx k s i k a s i s r d 120
QDgMRA#RTILAL 3 75 
AAfLQApSTKCIF 179 
QE^IEKMACLQ-- 1993 
EEpLHCpiAMAHA 822 
EMgLKAgRSATKIS 194 
QQpVDR^SCCRTP 163 4 
DDglRVfflNVQRRN 746 
Qr|v TA|ELAKAKA 183 
EDWKG0AFCNLR 576 
RSflNAISRMMAPQ 3 66 
QsivDAlÆTCFDDQ 317 
Ty|l QELQQKRWEY 95 
TEilKAiQMASRTG 3 49 
Kl|lQNLQEIIYRN 1638 
AK^IEILINERELL 102 
DsivQSIKSNIHSN 142 
RM^IQTIMKHVLPA 484 
NKWVRCICDICGFN 118 
NEWMKAi^STRKRS 116

122



PARIS-1 617 
KIAA1055 607 
C4G8.04 496
Put. GAP 97 
CG12241 154
Mdrlp 236
ZK1248.10 622 
C31E10.8 367
Msb4p 134

PARIS-1 661 
KIAA1055 656 
C4G8.04 539
Put. GAP 141 
CG12241 200
Mdrlp 281
ZK1248.10 669 
C31E10.8 415
Msb4p 185

PARIS-1 
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Figure  5.4 P A R IS -1 contains a PH domain and a TBC/Rab GAP domain, (a) A diagrammatic 

representation of the domain structure of PAR IS-1. Domains were determined by amino acid sequence 

analysis using the Pfam algorithm (Sanger Centre, Cambridgeshire, UK), (b) Alignment of the PH domain 

of PAR IS-1 with closely related PH domains, (c) Alignment of the TBC/Rab GAP domain of P A R IS -1 

with closely related TBC/Rab GAP domains. The six conserved sequence motifs identified previously
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(Neuwald, 1997) are represented by red lettering. The 11 amino acids that are found in variants 1 and 2, but 

not in PARIS-1, are italicised. Alignments in (b) and (c) were performed using Smart and BLAST (NCBI, 

Bethesda, Maryland, USA). Identical residues are highlighted in turquoise and conservative substitutions in 

yellow. Residues were only highlighted if at least half of them were conserved. Blank spaces indicate no 

homologous sequence. The proteins used in the alignments are as follows (accession numbers in brackets):

H. sapiens PARIS-1 (AY026527), M. musculus Tiam-1 (13096547), M. musculus Grp-1 (10120816), C. 

elegans  centaurin (3 lA  (CAA 10734), A. thaliana  hypothetical protein F7K2.120 (T05448), D. 

melanogaster Sbf gene product (AAF54700), C. elegans hypothetical protein K10B4.3 (AAB71008), C. 

elegans  hypothetical protein F31D4.5 (T21596), H. sapiens nuclear dual specificity phosphatase 

(AAC39675), D. melanogaster CG\2A61 gene product (AAF45555), H. sapiens oxysterol-binding protein 

(P22059), B. taurus RSGl Ras GTPase Activating Protein-1 (P09851), C. elegans hypothetical protein 

K06H7.4 (P34512), S. cerevisiae hypothetical 113.8 kDa protein YHN3 (P38713), H. sapiens KIAA1055 

(AB02978), H. sapiens pleckstrin (P08567), C. albicans integrin a  chain-like protein (P53705), D. 

discoideum KRAC, RAC family serine/threonine kinase (P54644), D. discoideum  SecG (AAB36958), M. 

musculus RIP3 (P97434), H. sapiens GAB-1 (XP_003347.4), C. elegans hypothetical protein ZK1248.10 

(T34491), S. pombe hypothetical protein C4G8.04 (Q09830), A. thaliana putative GTPase activator protein 

(AC013483), D. melanogaster C G I2241 gene product (AAF455144.1), C. elegans hypothetical protein 

C3E10.8 (T 19615), S. cerevisiae Mdrlp (NP_011614.1) and S. cerevisiae Msb4p (NP_014529.1).

5.2.4 Expression o f  X6

I next wanted to determine the tissue distribution of X6. In northern blots of keratinocyte 

RNA, a probe corresponding to the first 508 bp of X6 recognized a single band at 3.9 kb 

(figure 5.5a). A probe corresponding to the 3’ two thirds of the clone picked up a single 

band of the same size in keratinocyte and HaCat RNA (figure 5.5b). Using a multiple 

tissue northern blot, I observed expression in every tissue tested excluding thymus (figure 

5.5c). Bands of several different sizes were picked up by the X6 probe. As in 

kératinocytes, a band at 3.9 kb was found in every tissue (apart from brain and thymus). 

A band at 1.8 kb was also found in many tissues. Additional bands at 4.8 and 6.8 kb were 

also observed in heart and skeletal muscle. In brain, bands were seen at 7.6 and 9 kb. A 

single band at 3.8 kb is seen in lung and peripheral blood leukocytes. The multiple bands 

could arise through alternative splicing.
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Figure 5.5 Tissue distribution of clone X6. (a) Radiolabelled probes corresponding to the 5 ’ third of clone 

X6 and the full coding sequence of GAPDH were hybridised to northern blots of RNA from normal human 

kératinocytes, (b) Probes corresponding to the 3’ two thirds of clone X6 and the full coding sequence of 

GAPDH were hybridised to northern blots of RNA from kératinocytes (K) and HaCats (H). (c) Identical

probes to those used in (b) were hybridised to a human 12-lane multiple tissue northern blot (Clontech). 

The tissues are as follows: B, brain; H, heart; Sk, skeletal muscle; C, colon; T, thymus; Sp, spleen; K, 

kidney; L, liver; Sm, small intestine; P, placenta; Lu, lung; Pe, peripheral blood leukocyte.
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5.2.5 Antiserum against X6

As a tool for further study, I developed a rabbit antiserum to X6. 1 used a cleaved version 

of the recombinant protein generated for the in vitro binding studies as the antigen. The 

antiserum produced recognized 2 bands in keratinocyte lysates at 74 kDa and 62 kDa, 

which were not picked up by the pre-immune serum (figure 5.6a). These bands were no 

longer recognized if the antiserum was pre-absorbed to the recombinant protein used to 

generate it (figure 5.6a). Thus the two bands were specifically recognised by the 

antiserum. 1 found that the exsanguination bleed recognized two additional weaker bands 

at 116 kDa and 85 kDa (figure 5.6b). 1 have not yet determined whether these bands are 

specific.

Figure 5.6 An antiserum against clone X6. (a) Keratinocyte lysates were probed with anti-X6 antiserum 
(1), anti-X6 antiserum preabsorbed with GST-X6 fusion protein (2), anti-X6 antiserum preabsorbed with 
GST (3) or pre-immune serum (4). Size markers correspond to 158, 116, 97, 66 and 57 kDa. (b) 
Keratinocyte lystates were probed with the exsanguination bleed of the X6 antiserum. Arrows indicate 
bands at 74 and 62 kDa. Arrowheads indicate bands at 116 and 85 kDa only detected with the 
exsanguination bleed. Size markers correspond to 83 and 47.5 kDa.
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5.2.6 X6 interacts with second effector domain mutants

To obtain some clue as to the function of X6, I tested whether it interacted with the 

second effector domain mutants of Rac (Chapter 3; Braga et a l,  2000) in the yeast two- 

hybrid system, I found that X6 interacted with all 4 mutants to a similar extent as 

L61Rac (figure 5.7 and table 5.3). This does not preclude a role for X6 in disruption of 

cell-cell contacts downstream of L61Rac, since the second effector mutations may perturb 

regulation of X6 by L61Rac. It remains to be tested whether L61Rac binding does indeed 

modulate the activity of X6/PAR1S-1 and how this is effected by the second effector 

mutations.

Bait Growth on 3AT p-galatosidase assay

L61Rac 4- -H

A147A148 + +

A162A163 + +

A166A167 -f +

A170A171 + +

Table 5.3 Summary of results of yeast two hybrid assays using L61Rac C-terminal effector domain 

mutants as prey and clone X6 as bait.

PREY BAIT

RhoGAP , , -

X6 g  e f W

em pty vector

A147A148 A166A167

Figure 5.7 Interaction between clone X6 and Rac second effector domain mutants in yeast. L61Rac 

mutants A147A148 and A162A163 were used as bait and clone X6, RhoGAP (positive control) and empty 

vector (negative control) as prey. Interactions were assessed by filter lift |3-galactosidase assay.
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5.3 Discussion

5.3.1 Summary

In this chapter I report the discovery of a new Rac-interacting clone in kératinocytes. 

This may represent a novel Rac effector. Database searches show that the clone is 

identical to the 5’ half of a cDNA in the database called PARIS-1. This cDNA encodes a 

predicted protein with a PH domain and a TBC/Rab GAP domain and so may function as 

a link between the RHO and Rab families of GTPases. Preliminary data show that the 

protein encoded by PARIS-1 is overexpressed in tumours and so may play a role in 

tumour progression.

5.3.2 Clone X6 binds activated Rac

Yeast two hybrid screening using activated versions of RHO family small GTPases has 

been used to identify a variety of GTPase-binding proteins. These include protein kinase 

N (PKN), Rhophilin and Rhotekin, which bind Rho (Reid et a l ,  1996; Watanabe et a l ,  

1996), POSH and plexin-Bl (Tapon et aL, 1998; Driessens et a l ,  2000; Vikis et a l ,

2000), which bind Rac, and WASP and PAR6, which bind Cdc42 (Aspenstrom et a l ,  

1996; Joberty et a l ,  2000; Johansson et a i ,  2000). Up to now, only two screens using 

activated Rac have been performed in epithelial cells. These were done in HeLa cells and 

identified ROCK and synaptojanin 2 as Rac-binding proteins (Lamarche et aL, 1996; 

Malecz et a l ,  2000). Upon screening a normal keratinocyte library, I identified a novel 

Rac-binding clone, known for the moment as clone X6.

Binding assays suggest that X6 encodes a Rac effector, since it interacts with L61Rac but 

not NlTRac in yeast. In addition, in vitro it binds to GTP-loaded but not GDP-loaded 

Rac. The clone shows a strong interaction with Rac in yeast. However, in vitro binding 

to Rac is weak, and X6 also interacts with Cdc42 in vitro, but not in yeast. This 

difference in affinity could be due to the different constructs used for the yeast two-hybrid 

and in vitro binding assays. As explained in the results, for the in vitro experiments, a 

GST fusion protein corresponding to the first third of the yeast two-hybrid clone was 

used. A fusion protein corresponding to the full yeast two-hybrid clone may well 

demonstrate a stronger interaction in vitro and may also show differential binding to Rac 

and Cdc42. My attempts to insert the full yeast two-hybrid clone into the pGEX vector
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for expression as a fusion protein have been unsuccessful so far. It will be also important 

to test whether there is an interaction between Rac and clone X6 in mammalian cells.

5.3.3 X6 is identical to the 5 ’ end of  PARIS-1

Database searches revealed that the Rac-binding yeast two-hybrid clone is equivalent to 

PARIS-1, originally identified as an immunogenic antigen in prostate carcinoma. A 

search for interesting domains in PARIS-1, revealed that it has a PH domain at the N- 

terminus. The PH domain is a region of 100 amino acids, which is found in a variety of 

signalling and cytoskeletal proteins (Musacchio et a l ,  1993; Gibson et a l ,  1994; Shaw,

1996). Few amino acids in the PH domain are well conserved and they are characterized 

by a particular arrangement of types of amino acids rather than by specific amino acids. 

However, the PH domain is well conserved at the structural level. It consists of two 13- 

sheets and a single a-helix folded to form a compact protein module (Shaw, 1996).

The PH domain is thought to function as an interaction domain for proteins and lipids. 

The C-terminal region of the PH domain interacts with proteins containing WD40 repeats 

(e.g G(3y subunits; Shaw, 1996), whereas a region on the opposite side of the domain 

appears to bind to phospholipids such as phosphatidyl 3,4,5-triphosphate (Shaw, 1996; 

Dowler et a l ,  2000). The presence of a PH domain in PARIS-1 suggests that it could 

function as a signalling or cytoskeletal protein, since this domain is found in a number of 

proteins involved in intercellular signalling or associated with the cytoskeleton. A 

collaboration has been started with D. Alessi (University of Dundee, UK) to determine 

which phospholipids it binds to. This could give a clue as to cellular function.

5.3.4 PARlS-1 may be a Rab GAP

PARIS-1 also appears to have a TBC domain at the C-terminus. The TBC domain was 

originally identified as a region of homology between the human oncogene Tre-2, the 

fission yeast gene Bub2, and Cdcl6 in budding yeast (Richardson and Zon, 1995). 

Subsequent sequence analysis and alignments suggested a link between this domain and 

Rab GAPs (Neuwald, 1997). Rabs are small GTPases that belong to the RAS 

superfamily of GTP-binding proteins. Sequence analysis of the human genome has 

identified 60 Rabs (Bock et a l ,  2001). They play an essential role in membrane 

trafficking, and appear to operate at multiple steps including vesicle formation, targeting 

and docking, and membrane remodelling and fusion (Novick and Zerial, 1997; Segev,
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2001). Like all GTPases, Rabs cycle between an active GTP-bound form and an inactive 

GDP-bound form, and this cycle is regulated by GEFs and GAPs (Novick and Zerial,

1997). The function of GAP-stimulated GTP hydrolysis by Rabs is unclear. It has been 

suggested to be important for membrane fusion or its timing (Rybin et al ,  1996; Chavrier 

and Goud, 1999). In contrast, a GTPase-deficient Rab5 mutant stimulates endosome 

fusion, and overexpression of a constitutively active mutant of Yptl, an essential Rab in 

yeast, has no effect on cell growth, secretion or membrane traffic (Stenmark et a l ,  1994; 

Richardson et a l ,  1998). As a result it was proposed that the role of GTP hydrolysis may 

be to promote recycling of Rabs to donor membranes (Novick and Zerial, 1997; Segev,

2001). More work is needed to resolve these issues.

The six Rab GAPs identified in budding yeast all share homology in the TBC domain 

(Strom et a l ,  1993; Neuwald, 1997; Du et a l ,  1998; Albert and Gallwitz, 1999; Vollmer 

et a l ,  1999; Albert and Gallwitz, 2000; Will and Gallwitz, 2001). In mammals, three 

proteins which contain the TBC domain have been reported: GAPCenA, RN-tre and 

EP164 (Cuif et al ,  1999; Lanzetti et a l ,  2000; Reczek and Bretscher, 2001). GAPCenA 

has been shown to function as a GAP for Rabs2, 4 and 6 whereas Rab5 is the substrate for 

RN-tre (Cuif et al ,  1999; Lanzetti et al ,  2000). Recent studies have shown that the TBC 

domain is necessary for GAP activity in the yeast GAPs Gypl and Gyp7 (Albert et a l ,

1999). The crystal structure of the GAP domain in Gypl demonstrated that it consisted 

of a  helices like GAPs for other GTPases (Rak et al., 2000). In addition, a critical 

arginine residue in the TBC domain was identified, which is an appropriate position to 

function as an arginine finger in catalysis, in analogy to Ras and Cdc42 GAPs (Albert et 

al,  1999; Rak et a l ,  2000).

Since PARIS-1 has a TBC domain containing the three sequence motifs highly conserved 

among yeast GAPs including the arginine finger residue (Neuwald, 1997; Rak et a l ,

2000), it is likely to function as a human Rab GAP. In total only five mammalian Rab 

GAPs have been found to date: three with TBC domains as mentioned above and two 

non-homologous proteins, RabSGAP and tuberin (Fukui et a l ,  1997; Xiao et a l ,  1997). 

Considering that 60 Rabs have been identified in humans it is likely that there are more 

Rab GAPs to be found (Bock et a l ,  2001). It will be important to determine whether 

PARIS-1 does indeed function as a Rab GAP and which Rabs are its targets.
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5.3.5 Link between different GTPase families

The ability of the yeast two-hybrid clone to bind to Rac and the presence of a TBC 

domain in PARIS-1, suggests that PARIS-1 could function as a link between Rac and Rab 

GTPases. Evidence is accumulating for cross-talk between the different families of small 

GTPases. The most established example is of a link between RAS and RHO family 

GTPases (Bar-Sagi and Hall, 2000). For example, ruffling and transformation induced by 

oncogenic Ras is dependent on Rac activity (Ridley et a l ,  1992; Qiu et a l ,  1995). More 

recently, cross-talk between Rac and members of the ARE family has become apparent. 

Rac and ARF6 collaborate in production of membrane ruffles in fibroblasts and 

macrophages (Radhakrishna et a l ,  1999; Zhang et al ,  1999). In addition, overexpression 

of ARNO (an ARE GEE) in MDCK cells activates Rac. Cell scattering induced by 

ARNO expression is dependent on Rac activity (Santy and Casanova, 2001). PORI, 

originally identified as a Rac-binding target, was also discovered to function as an ARE6 

effector (Van Aelst et a l ,  1996; D'Souza-Schorey et a l ,  1997). In addition, p95-APPl, 

an ARE GAP, was isolated as part of a complex with GTP-bound Rac (Di Cesare et a l , 

2000).

There is also some evidence for a connection between Rac and the Rab family. A protein 

known as Eps8 can form a complex with RN-tre (a GAP for Rab5) or Sos (an exchange 

factor for Rac). Eps8 stimulates either Sos exchange activity or RN-tre GAP activity, 

thereby coordinating Rac activation and trafficking mediated by Rab5 (Lanzetti et a l ,

2000). In budding yeast, two proteins with TBC domains, MsbSp and Msp4p, colocalize 

with Cdc42 and appear to function downstream of Cdc42 in organisation of the actin 

cytoskeleton (Bi et a l ,  2000). Both Msb3p and Msb4p have been shown to function as 

GAPs for yeast Rabs (Albert and Gallwitz, 1999; Albert and Gallwitz, 2000). It is 

unclear whether the TBC domain is required for actin organization. Interestingly, the 

TBC domains of Msp4p and Msp3p are the second and third closest matches in yeast to 

the TBC of PARIS-1. This suggests that a link between Rab GAPs and RHO family 

GTPases has been conserved in evolution, and that PARIS-1 may also play a role in 

regulation of the actin cytoskeleton.

5.3.6 PARIS-1 homologue in C. elegans

Database searches using the predicted amino acid sequence of PARIS-1, revealed a clone 

in C. elegans, which shows homology in the PH and TBC domains and in the intervening
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region. This could therefore represent a orthologue of PARIS-1 and suggests 

conservation of this protein in evolution. In Drosophila and budding yeast, sequences 

were identified which only showed homology in the PH or TBC domains and not in 

intervening regions so it was not possible to identify orthologues.

5.3.7 Expression of X6

Northern blots of keratinocyte RNA using X6 probes revealed a single 3.9 kb transcript. 

This is larger than the PARIS-1 cDNA (3.2 kb) and suggests that there may be more 

sequence 5’ of the X6 clone or that the 3’ end of X6 is different from that of PARIS-1. 

Further work is required to distinguish between these possibilities. A multiple tissue 

northern reveals a wide tissue distribution of X6/PARIS-1, and also transcripts of various 

sizes. The majority of tissues have a transcript at the same size as in kératinocytes. 

However, there are additional transcripts at different sizes in many tissues. These may 

arise as a result of alternative splicing or be indicative of closely related genes. In 

agreement with alternative, there are two additional sets of clones in the database, which 

have stretches of identity with PARIS-1 but also alternative 5’ ends and deletions and 

insertions. Comparison with genomic DNA suggests that these arise by alternative 

splicing. However, the size of these clones does not match the size of any of the 

transcripts detected in the northern blots. Performing Southern blots with the X6 probes 

will determine whether there are other related genes in genome that are picked up in the 

northern blots.

The antiserum I generated against the N-terminus of the yeast two-hybrid clone 

specifically recognizes two major bands in lysates from kératinocytes at 74 kDa and 62 

kDa. Both are smaller than the size of the predicted protein encoded by the PARIS-1 

clone (approx. 101 kDa). This may arise by posttranslational processing of the protein or 

by degradation of the protein in cell lysates. An alternative possibility is that the 3’ end 

of the yeast two-hybrid clone in kératinocytes is different to the 3’ end of PARIS-1 and 

has a stop codon at a more 5’ position.

5.3.8 X6/PARIS-1 may play a role in tumorigenesis

As mentioned above PARIS-1 was originally identified as an immunogenic antigen in 

prostate carcinoma. In addition, 6 out of the 11 ESTs, which are identical to regions of 

X6/PARIS-1, were isolated from tumor tissue or cell lines. This suggests that X6/PARIS-
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1 may be involved in tumorigenesis. To investigate this further a collaboration has been 

established with Dr. David Rimm (Yale University School of Medicine, USA). Using the 

antiserum I have generated, he is screening tumour samples for upregulation of X6 

expression. In preliminary experiments, he has found that X6 is upregulated in a variety 

of tumours including breast, prostate and ovarian tumours.

There is some evidence in the literature for a role for Rabs and Rab GAPs in 

tumorigenesis. The most obvious example is that Tre-2 was isolated as an oncogene from 

Ewing’s sarcoma (Nakamura et a l ,  1988). The TBC domain was originally identified as 

a region of homology between Tre-2, Bub2 and Cdcl6 (Richardson and Zon, 1995). In 

contrast, the product of the tumour suppressor gene, TSC2, known as tuberin has also 

been shown to function as a Rab GAP (Xiao et a l ,  1997). More circumstantially, the 

region at 22qll.2 , which is deleted in malignant Rhabdoid tumours, contains the gene 

encoding Rab36 (Mori et a l ,  1999). Mss4, an exchange factor for Rabs, is overexpressed 

in pancreatic cancer, whereas Rab 11 expression is increased in low-grade dysplasia in 

Barrett’s epithelia (Miiller-Pillasch et al ,  1997; Goldenring et a l ,  1999). A recent study 

demonstrated that Rab5 expression is downregulated in prostate cancer (Dhanaskeran et 

a l ,  2001). How upregulation or downregulation of Rab expression or an alteration in 

regulation of Rab activity can promote tumour progression is not clear at present. The 

outcome is likely to depend on which particular Rabs are affected. Nevertheless there is a 

precedent for an alteration in Rab function leading to tumorigenesis.

5.3.9 Conclusion

I have identified a novel Rac-binding clone in kératinocytes, which is identical to the N- 

terminal half a PARIS-1, a novel cDNA isolated from prostate carcinoma. X6/PARIS-1 

may represent a novel Rac effector and provide a link between Rac and the Rab family of 

GTPases. X6/PARIS-1 is overexpressed in a variety of carcinomas and could play a role 

in tumour progression. Exciting times lie ahead to determine the cellular function of 

X6/PARIS-1 and whether it does indeed promote tumorigenesis.
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Chapter 6
FINAL DISCUSSION 

6.1 Discussion

6.1.1 Summary

During the course of my PhD, I have been investigating the relationship between the 

small GTPase Rac and cadherin-mediated adhesion in kératinocytes.

In chapter 3, I have shown that sustained, high levels of Rac activation can disrupt 

cadherin-mediated adhesion in kératinocytes. This Rac function is dependent on the 

second effector domain of Rac and is independent of Rac induction of lamellipodia 

formation. In addition Rac activity is required for perturbation of cell-cell contacts 

induced by oncogenic H-Ras.

The fourth chapter presents evidence that Rac is activated upon junction formation in 

kératinocytes. Rac activation depends on cadherin adhesive function and can be 

mimicked by clustering of cadherin molecules. The initial stimulation of GTP-loading on 

Rac requires EGF receptor signalling but not PI 3-kinase activity. In contrast, sustained 

Rac activation is independent of EGF receptor function.

In chapter 5, I report the identification of a novel yeast two-hybrid clone. This clone is 

identical to the 5’ half of a clone in the database, which was isolated as an antigen in 

prostate carcinoma. This clone, known as PARIS-1, has an N-terminal PH domain and a 

C-terminal TBC/Rab GAP domain. Northern analysis shows a widespread expression 

and the existence of multiple splice-variants or related family members. Preliminary 

studies suggest that it could be upregulated in a variety of tumours.

6.1.2 Complex relationship between Rac and cadherin-dependent adhesion

It is now well established from a variety of studies in Drosophila and cultured cells, that 

Rac function is required for the stability of cadherin receptors at cell-cell contacts (Braga, 

2000a). The results presented here suggest that the relationship between Rac and 

cadherin-mediated adhesion is more complex than previously appreciated: Rac can both
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promote and destabilize cadherin-dependent cell-cell contacts. Conversely, both 

cadherin-dependent cell-cell contact formation and agents that disrupt intercellular 

adhesion, can activate Rac (Gimond et a l ,  1999; Nakagawa et a l ,  2001; Santy and 

Casanova, 2001).

To reconcile these apparently conflicting results, I propose that the effect of Rac on 

intercellular junctions depends on: (i) the level of Rac activation, (ii) the localization of 

Rac in the cell and (iii) the mode of Rac activation.

(i) As discussed in section 3.3.1, the response of epithelial cells to Rac activation

may follow a bell-shaped curve: low levels of Rac activity may promote cell

cell contact formation, whereas high levels of Rac activation may inhibit 

cadherin-mediated adhesion (Braga et a l ,  2000). In agreement with this, upon 

expression of activated Rac in HaCats, staining for E-cadherin is enhanced at 

boundaries of cells at early expression times, whereas at later time-points 

junctions are disrupted.

(ii) Differential localization of activated Rac in the cell may allow access to

specific Rac effectors and thereby lead to activation of particular downstream

pathways and cell responses. This was proposed by Sander et a l  to explain 

why expression of Tiaml in Ras-transformed MDCK cells induced junction 

formation when cells were plated on fibronectin but allowed cell scattering on 

collagen (Sander et a l ,  1998).

(iii) In section 1.2.3,1 discussed the fact that GEFs for RHO family GTPases show 

rather specific functions. For example. Trio is involved in axon guidance in 

Drosophila and Ect2 is involved in cytokinesis (Tatsumoto et a l ,  1999; Liebl 

et a l ,  2000; Newsome et a l ,  2000). Thus GEFs may play a role not only in 

activating RHO GTPases, but also in determining which downstream 

pathways they couple to, and the biological outcome of their activation. 

Therefore, the effects of Rac on cadherin-mediated adhesion may be critically 

dependent on the manner in which it is activated. For example, Rac activation
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by cell-cell contact formation may cause different reponses to those caused 

upon activation by oncogenes such as Ras.

Of course, these three mechanisms are not mutually exclusive. In fact, cellular 

localization of Rac is likely to depend on its mode of activation.

That cell-cell contact formation can activate Rac is also initially confusing in light of the 

fact that Rac is necessary for stability of cadherin molecules at junctions. In the lab it has 

been found that early stages of cell-cell formation do not require Rac activity (V. Braga, 

personal communication). Thus I suggest the existence of a positive feedback loop: 

initial cell-cell contact formation activates Rac which then stabilizes cadherin-mediated 

adhesion, allowing sustained Rac activation. Rac may play additional roles in 

kératinocytes downstream of cell-cell contact formation including regulation of cell shape 

changes, localization of other adhesion receptors at contact sites and differentiation.

To put my results into a physiological context, I would suggest that under normal cellular 

conditions levels of activated Rac are unlikely to be high enough to induce breakdown of 

intercellular junctions. The degree of Rac activation achieved upon cell-cell contact 

formation is likely to promote strengthening rather then destabilization of cadherin- 

mediated adhesion. In contrast under pathogenic conditions, for example during 

tumorigenesis, Rac may be activated to sufficiently high levels to cause disruption of cell

cell contacts. Even if levels of activated Rac are not high enough to induce perturbation 

of caherin-mediated adhesion per se, they may be sufficient to cooperate with other 

signalling pathways in this process.

To conclude, Rac plays multiple roles in regulation of cadherin-mediated adhesion and a 

reciprocal relationship exists between Rac and cadherin function. However, there are 

may questions left concerning the mechanism of Rac activation by cadherin-dependent 

adhesion and how Rac regulates cadherin stability at contact sites.

6.1,3 A role fo r  X6 in regulation of cadherin-mediated adhesion?

The novel Rac-binding clone identified in kératinocytes, X6, is identical to the 5’ half of 

PARIS-1, a clone with a TBC/Rab GAP domain. I do not know yet whether X6 plays 

any role in modulation of cadherin-dependent adhesion in kératinocytes. It can bind to all
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second effector domain mutants of Rac, which are unable to cause perturbation of cell

cell contacts. However, this does not rule out an involvement in disruption of cadherin- 

mediated adhesion, since the regulation of the activity of X6 by Rac may be effected by 

the second effector domain mutations. There is some precedence for Rabs playing a role 

in modulation of cadherin-mediated adhesion. Expression of a dominant negative mutant 

of Rab5 in MDCK cells prevents TPA- and HGF/SF-mediated breakdown of cell-cell 

contacts (Imamura et a i ,  1998; Kamei et a l ,  1999). Thus, it is conceivable that X6 may 

be a Rac target involved in regulation of cadherin-mediated adhesion.

6.2 Future Experiments

6.2.1 Disruption of cadherin-dependent adhesion by Rac

I have been unable to identify the Rac effectors that mediate perturbation of cadherin- 

mediated adhesion. I tested three candidates: MLK3, PAK and the INK kinase pathway 

and not one of them seemed to be involved. The possibility exists that the inhibitors used 

were not fully blocking the function of the intended target. It should now be possible to 

test this, at least for PAK and INK kinase, since antibodies have recently been developed 

which allow detection of the activated form of PAK and JNK by immunofluorescence 

(Sells et a l ,  2000; Cell Signaling Technology). Other candidates that could be tested for 

a role in Rac regulation of cell-cell adhesion include PAR-6, which has been implicated 

in tumorigenesis and regulation of epithelial cell polarity (Joberty et a l ,  2000; Qiu et a l ,  

2000; Doe, 2001), and the novel yeast-two hybrid clone X6. To test the in vivo relevance 

of these results, it would also be interesting to investigate whether Rac levels or Rac 

activity are upregulated in invasive skin tumours.

6.2.2 Rac activation on cell-cell contact formation

There is much still to learn about the mechanism of Rac activation upon cell-cell contact 

formation in kératinocytes. Although that FGF receptor signalling is involved in initial 

Rac activation, the connection between the FGF receptor and Rac is not known. The fact 

that the FGF receptor residue Y1173 is preferentially phosphorylated upon cell-cell 

contact formation, implicates She, the major protein that binds to Y1173, in this process 

(Batzer et a l ,  1994; Okabayashi et a l ,  1994). The other residue studied, Y992, does not 

seem to be specifically phosphorylated after cadherin-mediated adhesion. This result 

suggests that PLCy, the major protein that docks on Y992, may not function in Rac
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activation (Rotin et a i ,  1992; Vega et a l ,  1992). It would be interesting to determine 

which, if any, other tyrosines are phosphorylated on the EGF receptor in response to 

junction formation.

The signal responsible for longer term Rac activation by cadherin-mediated adhesion is 

uncertain. I would predict that inhibition of any molecule that blocks longer term Rac 

activation, would perturb cadherin-mediated adhesion, so this could provide an easy 

screen for candidate molecules. Kératinocytes from fyn'̂ ' mice show abnormalities in 

cell-cell contact formation (Calautti et a i ,  1998). In addition, c-Src has been shown to 

function downstream of the PDGF receptor in Rac activation (Chiariello et a l ,  2001). 

These data suggest that Fyn or another member of the Src family may be a good 

candidate for Rac activation downstream of cadherins. Arguing against this, however, 

other results show that the blocking the catalytic activity of Src kinases promotes 

disruption of cadherin-mediated adhesion in kératinocytes in low calcium medium, 

suggesting that Src kinase activity is required to disassemble cell-cell contacts (Owens et 

al., 2000b).

Rac is presumably activated by stimulation of GEF function. Work is ongoing in the lab 

to identify the appropriate GEF(s). Since there are more than 50 predicted GEFs in the 

human genome, this will take some time (Venter et a l ,  2001). Many GEFs show tissue- 

restricted expression, so the first step is to determine which GEFs are expressed in 

kératinocytes. Dominant negatives have been made for several GEFs by mutating 

residues in the DH domain critical for catalysis (Marignani and Carpenter, 2001; Shamah 

et a l ,  2001). It should be possible to use this approach to determine which GEFs play a 

role in regulation of contact formation in kératinocytes.

6.2.3 The novel Rac binding clones X6

Work has only just started on the yeast two-hybrid clone, X6. The next step will be to 

obtain the 3’ end of the clone from kératinocytes, to see whether it is the same as the 

prostate clone, PARIS-1. It should be possible to do this by reverse transcription-PCR, 

using a 5’ primer corresponding to a region close to the end of X6, and a 3’ oligo-dT 

primer.
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In the multiple tissue northern blot, the X6 probe picked up several bands in some tissues. 

It would be interesting to determine whether this is due to the existence of related genes 

or due to alternative splicing. There is already evidence for the latter from database 

searches. These searches do not pick up any closely related genes at the nucleotide 

sequence level, but it would be good to confirm this by Southern blotting genomic DNA 

with the X6 probe.

Since the interaction of the N-terminus of X6 protein with Rac was rather weak in vitro, 

another important experiment would be to determine the interaction of the full-length 

yeast-two hybrid clone with Rac in vitro. I was unable to do this due to subcloning 

difficulties.

Assuming that the 3’ end of X6 has a TBC/Rab GAP domain as in PARIS-1, it would be 

important to determine which Rab it is a GAP for by expressing X6 as a recombinant 

protein and doing in vitro Rab GAP assays. It would also be interesting to find out 

whether the GAP activity is regulated by Rac binding.

Most important of all, will be the determination of the biological function of X6. This 

could be achieved by overexpression experiments and inhibition of its function in 

kératinocytes, perhaps by RNA interference or dominant negative approaches. In view of 

its upregulation in a variety of tumour samples, it would be interesting to investigate its 

effects on cell-cell adhesion, actin cytoskeletal organization, proliferation and 

differentiation.
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