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Abstract

Akt is a protein kinase that contains a C-terminal pleckstrin homology (PH) 

domain and an N-terminal kinase domain. The activity of Akt is regulated by 

PI3-kinases that generate 3' phosphoinositides. Akt activation requires the 

binding of 3' phosphoinositides to the pleckstrin homology (PH) domain and 

phosphorylation at residues Thr308 and Ser473. Phosphospecific antibodies 

that recognise the phosphorylated sites and green fluorescent protein (GFP) 

fusions with mutated or truncated forms of Akt were used to follow the 

activation of Akt. Confocal microscopy showed that membrane translocation 

is required for Akt phosphorylation and is dependent on the PH domain but 

not kinase activity.

A GFP fusion with the PH domain of Akt, termed GFP-AH, was 

assessed and used as a probe for sites of PI3-kinase activity in cells. GFP- 

AH was used to locate 3’ phosphoinositides in epithelial cells that were plated 

on collagen to investigate extracellular matrix induced cell survival. GFP-AH 

localised to sites of cell-cell and cell-matrix contact, distinct from focal 

adhesions. This suggests that the attachment induced, PI3-kinase mediated, 

survival signal in epithelial cells is generated not only by cell-matrix but also 

by cell-cell contact.

PI3-kinase activity was monitored during the disruption and formation 

of cell-cell junctions. Disruption of the junctions by calcium removal 

decreased PI3-kinase activity, whereas the formation of junctions preceded 

PI3-kinase activity. Akt became phosphorylated 4 h after junction formation 

was initiated and correlated with the tyrosine phosphorylation of the cell-cell 

junctional proteins y-catenin and p120 catenin. As p120 eaten in is a substrate 

of activated Src and Src family kinase inhibitors reduced the cell-cell adhesion 

induced phosphorylation of Akt, this suggests a role for Src family kinases in 

the regulation of cell-cell adhesion induced PI3-kinase activity.
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Chapter 1 

Introduction

1.1 Cell signalling pathways and their relevance to cancer research

Cancer can be caused by mutation, or altered expression, of genes whose 

products are involved in the regulation of cell growth, differentiation, survival 

and motility. Multiple genetic changes that result in the activation of growth- 

promoting oncogenes or the inactivation of tumour suppressor genes are 

necessary for tumour formation and progression. Mutagenic chemicals, 

ionising radiation and ultraviolet light are some of the factors that induce 

these genetic alterations.

The work presented in this thesis focuses on several proto-oncogenes 

that are components of a signalling pathway that starts at the cell surface, 

traverses the cytoplasm and terminates in the nucleus. Defining these 

pathways will lead to a better understanding of the oncogenic process, aiding 

the search for more selective methods for the treatment of cancers.

1.2 The phosphoinositide 3-kinase family

It is now known that lipids, located in cell membranes, play important roles in 

the transmission of extracellular stimuli across the cytoplasm (Leavers et al, 

1999). One group of enzymes responsible for these signalling events is the 

phosphoinositide 3-kinases (PI3-kinases). PI3-kinases are lipid kinases that 

phosphorylate the 3'-0H position on the inositol ring of phosphoinositides, 

producing membrane-bound second messengers that are involved in a 

diverse range of cellular events (reviewed by Vanhaesebroeck and 

Waterfield, 1999).
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1.3 Discovery of P13-kinases

Many proteins involved in signal transduction pathways such as growth factor 

receptors (erbB, kit), transducers of growth factor responses (src, ras, raf) 

and transcription factors (jun, fos) were identified as products of retroviral 

oncogenes that produced tumours in birds and rodents (reviewed by Cantley 

et al, 1991). Recently an oncogenic version of PI3-kinase was identified in the 

genome of the avian sarcoma virus 16. The viral oncoprotein has several 

mutations, including an amino-terminal deletion, and is fused to sequences 

that code viral structural (Gag) proteins (Chang et al, 1997).

Historically, however, Pl-kinase activity was first noticed in 

immunoprecipitates of the retroviral oncogenes ppBO'"®''' (Sugimoto et al,

1984) and ppSB'"'®® (Macara et al, 1984). This activity was also found in 

immunoprecipitates of the polyoma middle t-ppBO'"®'''complex (Whitman et al,

1985) and many groups showed that this association correlated well with the 

ability of the middle t-pp60‘'®'‘'complex to transform fibroblasts (Whitman et al, 

1985; Kaplan et al, 1986; Courtneidge and Heber, 1987). It was subsequently 

established that this kinase was distinct from the well-characterised PI4- 

kinases and phosphorylated the 3 ’-0H  position on phosphoinositides 

(Whitman et al, 1988).

A p85 kD phosphoprotein found in immunoprecipitates of middle t- 

ppBO'^®"''complexes (Courtneidge and Heber, 1987; Kaplan et al, 1987) and 

activated PDGF-p receptors (Kaplan et al, 1987) was initially identified as the 

PI3-kinase enzyme as its occurrence correlated well with PI3-kinase activity. 

However, only tyrosine-phosphorylated proteins were detected in these 

assays and it was later found that the p85 protein had no intrinsic PI3-kinase 

activity. The PI3-kinase catalytic activity was found to reside in a 110 kD 

protein that complexed to the p85 protein when purified from rat liver 

(Carpenter et al, 1990) and bovine brain (Otsu et al, 1991). Other studies 

revealed that the p85 protein contained a SH3 (src homology) domain and
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two SH2 domains, and associated with phosphotyrosine containing 

sequences through the SH2 domains (Ostu et al, 1991; Hu et ai, 1992; 

McGlade et al, 1992). Thus, PI3-kinase was identified as a heterodimeric 

complex composed of an 85 kD adaptor (p85) and a 110 kD catalytic subunit 

(pi 10). cDNA cloning of these subunits and sequence analysis led to the 

discovery of a large gene family encoding similar proteins. The various family 

members can be classified into three groups based on their substrate 

specificity and primary structure (reviewed by Vanhaesebroeck and 

Waterfield, 1999). All PI3-kinase family members have a homologous 

catalytic core domain and a PI kinase homology (PIK) domain whose function 

remains unknown.

1.4 Class I PiS-kinases

Class I PI3“kinases phosphorylate the 3'-0H position on the inositol ring of 

phosphatidylinositol (PI), PI(4)P and PI(4 ,5)P2 (figure 1.1). In vivo, however, 

they prefer to phosphorylate PI(4,5)Pz in response to ligand stimulation. Class 

I PI3-kinases are heterodimers composed of 110 kD catalytic subunits and 

adaptor subunits that range in size from 50 kD to 101 kD. They can be sub

divided into 2 groups according to their mode of regulation (reviewed by 

Vanhaesebroeck and Waterfield, 1999; Wymann and Pirola, 1998).

1.4.1 Class la

Class la PI3-kinase catalytic subunits include mammalian pi 10a, p ilo p  and 

p i 1 0Ô. Homologous proteins are present in Drosophila melanogaster 

(Dpi 10), Caenorhabditis. elegans  (AGE-1) and the slime mould D. 

discoideum (PI3K1-3). Unlike pi 10a and pIlOp that have ubiquitous tissue 

distributions, pi 108 is mainly found in leukocytes (Vanhaesebroeck and 

Waterfield, 1999). The catalytic subunits have many conserved domains
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Fatty acids

0=x

Glycerol moiety

OH

OH

Inositol ring

OH OH
OH

ATP
ADR

PI3-kinase

Figure 1.1 Structure of Phosphatidylinositol (PI). Phosphatidylinositol 
3-kinases (PI3-kinases) phosphorylate the 3’ position on the inositol ring of 
phosphoinositides. The structure shown above is that of PI. PI(4)P has an 
additional phosphate group at the 4’ postion on the inositol ring. PI(4 ,5)P2 
has a phosphate group at both the 4’ and 5’ positions on the inositol ring.
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including an adaptor binding region, a region for Ras association, the PIK 

domain and a kinase domain (figure 1 .2 ).

Many different forms of class la adaptor subunits have been identified 

in mammals (figure 1.3). They all contain two SH2 domains that interact with 

tyrosine phosphorylated motifs (pTyr-X-X-Met) on other proteins and an inter- 

SH2 domain that mediates binding to the catalytic subunits (reviewed by 

Vanhaesebroeck et al, 1997). The adaptor proteins are highly homologous 

and are produced by alternative splicing of three different genes. The p85a 

and p85p isoforms have molecular masses of 86  kD and 87 kD respectively 

and are encoded by different genes. In addition to their two SH2 domains, 

they have an amino-terminal SH3 domain and a BH domain that is flanked by 

proline rich motifs. The BH (Bcr homology) domain is homologous to the 

GTPase activating protein (GAP) domain of the breakpoint cluster region 

protein. The role of these additional domains is not clear, but the proline-rich 

sequences flanking the BH region has been implicated in an intramolecular 

interaction with the SH3 domain as well as in mediating intermolecular 

associations with the SH3 domains of Src family tyrosine kinases (Kapeller et 

al, 1994). Three splice variants of p85a have been identified, one has 8 extra 

amino acids in the inter-SH2 domain and the other two are truncated forms 

that lack SH3 and BH domains (p55a and p50a). A p55a splice variant has 

also been found that has 8 extra amino acids in the inter-SH2 domain. p55y is 

encoded by a different gene and is abundantly expressed in neuronal tissues. 

Interestingly, the various mammalian adaptors have no binding specificity for 

the catalytic domains. Another adaptor that contains two homologous SH2 

domains, termed p60, has been characterised in Drosophila melanogaster.

The main function of these adaptors is to link the catalytic subunits to 

appropriate signalling complexes, located at the plasma membrane. The SH2 

domains in the adaptor subunits interact with tyrosine phosphorylated motifs 

(pTyr-X-X-Met) in activated receptor tyrosine kinases and their associated 

proteins or non-receptor tyrosine kinases. The non-receptor tyrosine kinases
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Structural features of 
Class the catalytic subunits

Catalytic
subunits

Adaptor
subunits

Adaptor Ras P l-kinase Catalytic  
binding binding dom ain domain

la p110a, P, Ô p85a, P 
p55a, Y 
p50a

lb
1

p110y p101

PX and 0 2  
domains

PI3K_C2a, P, Y

Vps34p
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p150

Figure 1.2 Structural features of the catalytic subunits of mammalian 
phosphoinositide 3-kinases (PI3-kinases). All PI3-kinases have a Pl- 
kinase domain and a catalytic domain. Class I PI3-kinases have an 
additional Ras binding domain and class la PI3-kinases also have an 
adaptor binding domain. Class II PI3-kinases have C-terminal PX and C2 
domains.
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SH3 BH SH2 lnter-SH2 SH2
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p55a
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01m
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Figure 1.3 Structural features of the adaptor subunits of mammalian 
phosphoinositide 3-kinases. PI and P2 are proline rich regions that flank 
the BH domain. There are additional splice variants of p85a and p55a that 
contain 8 extra amino acids in the inter-SH2 region. The two SH2 domains 
bind to specific tyrosine phosphorylated residues on upstream regulatory 
proteins. The Ser 608 in the inter-SH2 domain is phosphorylated by the 
catalytic subunits. Adapted from Vanhaesebroeck et al, 1997.
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function downstream of some B and T cell antigen receptors, cytokine 

receptors and integrins (reviewed by Wymann and Pirola, 1998). Membrane 

recruitment leads to the activation of PI3-kinase by two mechanisms. Firstly, it 

was reported that the activity of the catalytic subunit is enhanced when the 

adaptor subunit interacts with the specific phosphotyrosine motifs (Herbst et 

al, 1994). Secondly, recruitment of PI3-kinase to the membrane enables the 

enzyme to be in close proximity to its lipid substrates.

Agonists that activate PI3-kinases are listed in figure 1.4 and a 

selection of mechanisms that induce the membrane translocation of PI3- 

kinases is shown in figure 1.5.

Platelet derived growth factor (PDGF) is a dimer and crosslinks a  and 

p PDGF receptors to create homo- or heterodimers. Receptor dimérisation 

enables the two cytoplasmic domains of the PDGF receptor to cross- 

phosphorylate (autophosphorylate) each other on multiple tyrosine residues, 

generating binding sites for downstream signalling components. Mutant 

receptors revealed that the SH2 domains of p85 interact specifically with 

tyrosines 740/751 on the cytoplasmic tail of the PDGF receptor (Panayotou et 

al, 1993).

The EGF (epidermal growth factor) ligand is a monomer and the exact 

mechanism that induces EGF receptor dimérisation and cross

phosphorylation is not well understood. One model proposes that a ligand- 

induced conformational change leads to dimérisation (Greenfield et al, 1989), 

whereas another model based on biophysical data suggests that the ligand- 

receptor complex is a tetramer of two ligands and two receptors (Lemmon et 

al, 1997). The EGFR (ErbBI) belongs to a family of 4 closely related 

receptors (ErbBI-4) and receptor dimérisation can produce homo- or hetero

dimers. The precise site of interaction between p85 and the EGF receptors 

depends on the receptor combination (reviewed by Moghal et al, 1999).

The insulin receptor becomes activated by a different mechanism 

(reviewed by Alessi and Downes, 1998). Ligand binding is thought to induce
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Agonists that activate ciass I PI3-kinases

(A) Activation by receptor tyrosine kinases

Platelet-derived growth factor 
Epidermal growth factor 
Insulin
Insulin-like growth factor 
Fibroblast growth factor 
Colony stimulating factor-1 
Human growth factor/Scatter factor

(B) Activation by non-receptor tyrosine kinases (e.g. src family)

Granulocyte/monocyte-CSF 
Interleukin 3 and 4 
CD2, CDS and GD4 
Growth hormone 
Thrombin
N-Formylmethionyl-leucyl-phenylalanine (FMLP)

(C) Activation by heterotrimeric G-proteins

FMLP
ATP
Histamine
Thrombin
Platelet-activating factor 
Leukotriene (LT) 84, D4, E4

Figure 1.4 Agonists that activate class i PiS-kinases. Ligand stimulation 
leads to the activation of intrinsic receptor tyrosine kinase activity (A), the 
recruitment of an associated tyrosine kinase (B) or the activation of hetero
trimeric G proteins (0). All three mechanisms result in the activation of PI3- 
kinases. Adapted from Hawkins et al, 1997.
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(A) PDGF (B) EGF

Immunoglobulin 
like domain ^

Tyrosine 
kinase ■ 
domain

cysteine
rich

domain

Ras
GTPp

p p85 p110
p110 p85

(C) Insulin (D) Heterotrimeric G- 
protein coupled receptors

IRS-1/
IRS-2 J p

Ras
GTP

p85 p llO
pllOy plO I

GDI

Figure 1.5 Membrane recruitment of class I PI3-kinases. Ligand 
stimulation results in either the activation of intrinsic receptor tyrosine kinase 
activity (A-C) or the activation of heterotrimeric G proteins (D). Specific 
phosphorylated tyrosine residues (pTyr-X-X-Met) on activated PDGF 
receptors (A), EGF receptors (B) or insulin receptor substrates IRS1/2 (C) 
act as docking sites for class 1a adaptor subunit SH2 domains. Translocation 
to the membrane enables PI3-kinase to gain access to its lipid substrates and 
facilitates the interaction of the catalytic subunits with GTP bound Ras, 
increasing PI3-kinase activity. In the case of heterotrimeric G proteins (D), the 
free Ga and Gpy subunits are thought to directly interact with the adaptor and 
catalytic subunits, enhancing PI3-kinase activity.
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an allosteric interaction within the tetrameric receptor, resulting in 

phosphorylation of the catalytic domain of the receptor. The activated insulin 

receptor then phosphorylates other proteins called the insulin receptor 

substrates 1 and 2 (IRS-1/IRS-2) on multiple tyrosine residues. The p85 

subunit interacts with specific tyrosine residues on IRS-1 and IRS-2, inducing 

PI3-kinase activity.

PI3-kinase activity is also induced when the catalytic subunit of class 

1A PI3-kinases interacts with the active GTP bound form of the monomeric G- 

protein Ras at the plasma membrane (reviewed by Yamamoto et al, 1999). 

Ras binds guanine nucleotides and has GTPase activity. The GDP/GTP 

exchange is regulated by guanine nucleotide exchange factors (GEFs) and 

the GTPase reaction is controlled by GTPase activating proteins (GAPs). Ras 

is known to be a downstream target of receptor tyrosine kinases such as EG F 

and PDGF receptors. Growth factor mediated activation of these receptors 

recruits the adaptor protein Grb2. Grb2 binds to tyrosine phosphorylated 

residues on the activated receptors via SH2 domains. Subsequently, the 

guanine nucleotide exchange factor Sos is recruited to the complex and 

interacts with the adaptor protein Grb2. Recruitment of Sos induces the 

GDP/GTP exchange reaction and leads to the activation of Ras. Active GTP 

bound Ras associates with the catalytic domain of PI3-kinase and induces 

PI3-kinase activity. PI3-kinase activity may be a result of an allosteric 

interaction and/or because the enzyme has access to its lipid substrates at 

the plasma membrane. Ras has other effectors such as Raf, AF-6 , Ral GDS 

and RIN1. Ras effector mutants revealed that these proteins have 

independent signalling pathways downstream of Ras.

Gene targeting studies in mice revealed that the expression of pi 10 

subunits is altered when adaptor subunits are knocked out and vice versa. 

The p85a knockout mouse was found to die a few days after birth and had 

reduced levels of all pi 10 isoforms (Fruman et al, 1999). Disruption of the 

pi 10a gene in mice caused embryonic lethality halfway through term and
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p85a was over-expressed in these embryos (Bi et al, 1999). Another study, in 

which the first exon of p85a was targeted, revealed that adaptor proteins 

have overlapping functions. Although the first exon of p85a was targeted, 

these mice were able to make the p85a splice variants p50a and p55a. 

These mice were viable but developed a B-cell immunodeficiency, suggesting 

that the splice variants compensated for some of the functions of p85a 

(Suzuki et al, 1999).

Although the major in vivo activity of class la kinases is to 

phosphorylate the 3’-0H  position on the inositol ring of phosphoinositides, 

they also have intrinsic ser/thr protein kinase activity, pi 10a and pi 10(3 

phosphorylate Ser608 within the inter-SH2 domain of p85. In addition, pi 10a 

phosphorylates IRS-1. This kinase activity is thought to act as an 

autoregulatory feedback mechanism that regulates the catalytic activity of the 

pi 10/p85 complex or the association of p85 and IRS-1 (Dhand et al, 1994). It 

has also been reported that pi 105 does not phosphorylate p85 but has an 

intrinsic autophosphorylation capacity. A phosphospecific antibody raised 

against the pi 105 autophosphorylation site revealed that this residue is also 

phosphorylated in cells, in a stimulus and wortmannin dependent manner 

(Vanhaesebroeck et al, 1999)a.

Various strategies have been developed to investigate the cellular 

functions of class la  PI3-kinases. These approaches include the use of PI3- 

kinase inhibitors wortmannin and LY294002, dominant negative mutations of 

PI3-kinase, constitutively active PI3-kinases, receptor mutants and inhibitory 

antibodies. These studies have implicated PI3-kinases in the regulation of cell 

proliferation, survival and cytoskeletal reorganisation (Vanhaesebroeck and 

Waterfield, 1999). It is now becoming clear that the involvement of the various 

PI3-kinase isoforms in these processes depends on the cell type and 

stimulus. One example of this is observed in the regulation of cell growth. 

Inhibitory antibodies to the pi 10a subunit of PI3-kinase were found to block 

DNA synthesis that normally occurs in response to PDGF and EGF, but did
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not block DNA synthesis in response to colony-stimulating factor (CSF)-1, 

bombesin or lysophosphatidic acid (LPA) (Roche et al, 1994). Another group 

showed that injection of the SH2 domains of the p85 subunit or antibodies 

against p85 could block insulin dependent DNA synthesis in fibroblasts (Jhun 

et al, 1994). The activity of p ilo p  was found to be necessary for LPA and 

insulin mediated but not PDGF mediated mitogenic responses (Roche et al,

1998). It was also reported that the CSF-1 induced DNA synthesis in 

macrophages was dependent on pi 10a but not on p IlO p or pi 108 

(Vanhaesebroeck and Waterfield, 1999).

The involvement of class la PI3-kinases in regulating the 

rearrangement of the cytoskeleton also depends on the cell type and 

stimulus. In macrophages, pIlOP and pi 108 but not pi 10a regulate the actin 

cytoskeleton and cell migration (Vanhaesebroeck et al, 1999)b.ln endothelial 

cells, pi 10a but not pIlO p controls the actin reorganisation induced by 

PDGF. The opposite is true for insulin induced actin reorganisation in 

endothelial cells where pIlOP but not pi 10a has the major role (Hooshmand- 

Rad et al, 2000). A function for pi 10a in insulin stimulated ruffling has also 

been shown in CHO cells over-expressing the insulin receptor (Siddhanta et 

al, 1998). These data clearly show that the class la  pi 10 isoforms have 

distinct functions. Although members of class la  do have isoform-specific 

functions, they all produce the same 3’ phosphoinositides.

1.4.2 Class lb

Only one class lb PI3-kinase has been identified (Vanhaesebroeck and 

Waterfield, 1999). This kinase is a heterodimer, composed of a p llO y  

catalytic subunit and a pi 01 regulatory protein, and is abundantly expressed 

in white blood cells. The pi 01 subunit is not well characterised and has no 

sequence homology to known proteins. The structure of the pi lOy catalytic 

subunit is similar to that of class la PI3-kinases. It contains a functional Ras
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binding domain, but lacks an adaptor-binding region. p110y does not interact 

with the SH2 domain containing adaptors that bind to class la PI3-kinases 

and cannot be stimulated by tyrosine phosphorylated peptides.

The p110y/p101 complex is specifically stimulated by receptors 

capable of activating heterotrimeric G proteins. Heterotrimeric G proteins are 

composed of three polypeptide chains called a, p and y The a  chain binds 

either GDP or GTP and has GTPase activity. The py chains form a tight 

complex that is anchored to the cytoplasmic face of the plasma membrane by 

a prenyl group on the y chain. Ligand binding to the G-protein-coupled 

receptor (GPCR) promotes a conformational change that is transmitted to the 

cytoplasmic side of the receptor. This induces a physical interaction between 

the receptor and the GDP bound form of the G protein. The a  subunit then 

exchanges GDP for GTP, causing the dissociation of the py complex. GTP 

bound a and the py complex are then able to initiate, independently, a variety 

of signalling pathways (figures 1.4 and 1.5).

In the case of p110y/p101, it is the py subunits that directly activate its 

lipid kinase activity. The p101 regulatory protein renders the complex more 

sensitive to activation by the py subunits (Krugmann et al, 1999; Maier et al,

1999). It has also been reported that the a subunit of heterotrimeric G 

proteins can stimulate this PI3-kinase (Murga et al, 1998). The class la PI3- 

kinase pi 10p, but not pi 10a or pi 106, can also be activated by py subunits in 

vitro but the functional significance of this in vivo remains to be determined 

(Vanhaesebroeck and Waterfield, 1999).

Like the catalytic subunits of class la PI3-kinases, pIlO y has protein 

kinase activity as well as lipid kinase activity. In addition to 

autophosphorylation, pIlOy is able to phosphorylate the p i01 adaptor protein 

and the protein kinase MEK-1 in vitro (Bondev et al, 1999).

Gene targeting studies in mice revealed that p IlO y has many 

important functions. The pIlO y knockout mice were viable but showed
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defects in thymocyte development, T cell activation, neutrophil migration and 

the oxidative burst (Hirsch et al, 2000). These data demonstrate that p110y 

activity is crucial for leukocyte function.

1.5 Class II PI3-kinases

Class II PI3-kinases include mammalian PI3K_C2a, PI3K_C2p and PI3K_C2y 

that are encoded by three separate genes (reviewed by Vanhaesebroeck and 

Waterfield, 1999). Homologous proteins are found in Drosophila (PI3K_68D) 

and C.elegans (F39B1.1). Unlike PI3K_C2y that is found mainly in liver, 

PI3K_C2a and PI3K_G2p are ubiquitously expressed. All class II PI3-kinases 

phosphorylate PI and PI(4)P in vitro. PI3K_C2a, in the presence of 

phosphatidylserine, can also phosphorylate PI(4,5)P2 to a limited extent. 

PI3K_C2a and PI3K_C2p can be distinguished by their cation specificity: 

PI3K_C2a has a preference for IVIĝ + when compared with IVIn̂ + and Câ +, 

whereas PI3K_C2p has an equivalent activity in the presence of these three 

cations. In addition, PI3K_G2p is sensitive to low nanomolar levels of the 

inhibitor wortmannin, whereas PI3K_G2a is not (Arcaro et al, 1998). It is not 

clear which 3’ phosphoinositides are produced in vivo by class II PI3-kinases.

The catalytic subunits of class II PI3-kinases range in size from 170 kD 

to 220 kD. Like other PI3-kinases, they contain a PIK domain and a kinase 

core domain. In addition, they have a G-terminal phox homology (PX) domain 

and a G2 domain (Domin et al, 2000). PX domains are often associated with 

events that involve the actin cytoskeleton, GTP-binding proteins and 

phospholipid membranes (Lock et al, 1998), but their function in class II PI3- 

kinases remains unclear. The G2 domain was first identified in protein kinase 

G (PKG), where it functions as a Gâ + sensitive phospholipid binding domain. 

G2 domains have also been implicated in mediating Ga^+ triggered 

dimérisation. The G2 domain in class II PI3-kinases binds the 

phosphoinositides in a Ga^+-independent manner (Arcaro et al, 1998). This is



29

consistent with the fact that these C2 domains lack the critical aspartate 

residue that co-ordinates Câ + in Ca^+-dependent C2 domains. Deletion of the 

C2 domain increased the lipid kinase activity of PI3K_C2p, suggesting that it 

may function as a negative regulator of the catalytic domain (Arcaro et al,

1998). It is presently not known if class II PI3-kinases are regulated by 

calcium in vivo.

The other interesting feature of class II PI3-kinases is that they have a 

large extended amino-terminal region. The function of this region is not 

known but it does contain some proline rich regions that may interact with 

SH3 domains on other proteins. No obvious adaptor binding or Ras 

association domains were found in class II PI3-kinases (Vanhaesebroeck and 

Waterfield, 1999).

Much effort has been put into establishing how these PI3-kinases are 

regulated. All work performed to date has focussed on in vitro studies using 

immunoprecipitated proteins and PI3-kinase assays. One report showed that 

PI3K_C2a is phosphorylated after insulin treatment (Brown et al, 1999). In 

addition, PI3K_C2a and PI3K_C2p are downstream targets of activated EGF 

and PDGF receptors (Arcaro et al, 2000). PI3K_C2p is also thought to 

function downstream of activated integrin receptors in platelets (Zhang et al,

1998). The mechanisms by which these activated receptors induce class II 

PI3-kinase activity are not clear. Clues about the regulation and function of 

these PI3-kinases comes from a recent study on the cellular localisation of 

PI3K_C2a. PI3K_C2a, in contrast to class lA PI3-kinases, was found to be 

constitutively associated with phospholipid membranes and co-purified with 

clathrin-coated vesicles (COVs). Dual label immunofluorescence revealed 

that PI3K_G2a resides in the trans-Golgi network (TGN) close to the AP-1 

adaptor. This suggests that PI3K_C2a may have a role in vesicle formation 

and trafficking from the TGN to endosomes (Domin et al, 2000). Although 

these findings are very interesting, it still remains to be established if class II 

PI3-kinases produce 3' phosphoinositides within cells.
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1.6 Class III PI3-kinases

Class III PI3-kinases include the yeast Vps34p and its human, Drosophila, 

soybean, Arabidopsis and Dictyostelium homologues (reviewed by 

Vanhaesebroeck and Waterfield, 1999). They phosphorylate PI at the 3’ 

position on the inositol ring, but not PI(4)P or PI(4,5)Pg. Class III PI3-kinases 

exist as heterodimers. The yeast catalytic subunit Vps34p binds to the ser/thr 

kinase VpsISp and the human Vps34p associates with a Vps15p homologue 

called p150. VpsISp recruits Vps34p to membranes of the Golgi complex, 

where it enhances the PI3-kinase activity of Vps34p. The human 

Vps34p/p150 complex behaves in a similar way.

Apart from the PIK and catalytic domains, little is known about the 

functional domains of the catalytic subunits of these PI3-kinases. The adaptor 

subunits VpsISp and p i50 have some homologous domains. They have an 

amino-terminal myristoylation site that targets these kinases to membranes, 

allowing them access to their lipid substrate PI. In addition, they contain a 

ser/thr kinase domain at their amino terminal end. Vps34p, VpsISp, human 

Vps34p and pi SO are all phosphorylated in vivo. Autophosphorylation activity 

was demonstrated in vitro for both Vps34p and VpsISp but not for their 

human homologues, suggesting that the latter may be phosphorylated by 

other kinases. The human homologues were shown to have protein kinase 

activity as they phosphorylated exogenous peptides and protein substrates in 

a IVIn̂ + dependent manner. VpsISp and pi SO have another homologous 

region that may be involved in protein-protein interactions and mediate 

binding to the catalytic subunits. The pi SO subunit, but not the VpsISp 

subunit, has WD motifs at its C-terminal end. Although these motifs are 

thought to mediate protein-protein interactions, their significance remains 

unclear.

Little is known about how these kinases are regulated. As the cellular 

levels of PI(3)P do not increase in response to external stimuli, such as
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growth factors, it is unlikely that these kinases are regulated in the same way 

as class I PI3-kinases (Hawkins et al, 19997). One interesting finding was that 

the PI3-kinase activity of the human Vps34p/p150 complex was enhanced by 

the presence of the PI transfer protein (PITP) that was previously shown to 

have a role in substrate presentation to PI4-kinases (Panaretou et al, 1997).

The cellular function of class III PI3-kinases was established in yeast 

by mutational analysis. Point mutations in Vps34p and VpsISp showed that 

they have a role in protein trafficking between the Golgi apparatus and the 

vacuole. The human Vps34p/p150 complex is thought to have an equivalent 

biological role in trafficking between the Golgi and the lysosome (Volinia et al,

1995).

The phosphoinositide PI(3,5)P2 recently identified in yeast and 

mammalian cells may mediate downstream effects of class III PI3-kinases 

(Cooke et al, 1998). Evidence for this comes from studies on the yeast Fabi 

kinase that converts PI(3)P, the product of Vps34p, into PI(3,5)Pg. The 

production of PI(3,5)P2 by Fabi does not directly affect Golgi to vacuole 

trafficking but may play an important role in the recycling/turnover of 

membranes at the vacuole (Gary et al, 1998).

1.7 The PI3-kinase lipid products

PI3-kinases generate three distinct phosphoinositides: PI(3)P, PI(3,4)P2 and 

PI(3,4,5)P3. The basal levels of PI(3,4)P2 and PI(3,4,5)P3 are low and rapidly 

increase when cells are stimulated with ligands. The basal level of PI(3)P is 

substantial and only weakly increases in response to stimulation (Hawkins et 

al, 1997). Addition of 10-100 nM of the PI3-kinase inhibitor wortmannin blocks 

the formation of PI(3,4)P2 and PI(3,4,5)P3 but only inhibits PI(3)P production 

by about 70% (Stephens et al, 1994). The incomplete inhibition of PI(3)P may 

be a result of wortmannin insensitive PI3-kinase activity such as PI3K_G2a. 

As PI(3,4)P2 can also be produced in the absence of PI(3,4,5)P3 after integrin
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engagement in platelets (Banfic et al, 1998), it suggests that these 

phosphoinositides may have distinct but overlapping functions.

The 3’ phosphoinositides, unlike PI(4,5)P2, are not substrates of the 

phospholipase C enzymes that cleave inositol phospholipids into 

diacylglycerol and inositol phosphates (Vanhaesebroeck and Waterfield, 

199). Instead, specific phosphate groups on the inositol ring are modulated by 

kinases and phosphatases. 5’ kinases such as Fabi convert PI(3)P to 

PI(3,5)P2, whereas 5’ phosphatases like SHIP (Src homology 2 containing 

inositol 5’ phosphatase) convert PI(3,4,5)P3 to PI(3,4)P2 (reviewed by Krystal 

et al, 1999). A 3’ phosphatase called PTEN that converts PI(3,4)Pg to PI(4)P 

and PI(3,4,5)P3 to PI(4,5)P2 has also been identified. Interestingly, this 

phosphatase is a tumour suppressor and is inactivated in many human 

cancers. Inactive PTEN induces constitutive PI3-kinase signalling and 

enhances cell proliferation and survival (reviewed by Vazquez and Sellers, 

2000).

1.8 Phosphoinositide binding domains

Two domains have been identified that interact with the lipid products of PI3- 

kinase activation. The FYVE domain specifically binds to PI(3)P and the PH 

domain binds to both PI(3,4)P2 and PI(3,4,5)P3 (Vanhaesebroeck and 

Waterfield, 1999). Figure 1.6 shows an overview of the proteins that contain 

these domains.



PI(3)P PI(3,4)P2 PI(3,4,5)P3

PDK1 Tec 
kinases

PKC

PLCy
GEFs GAPs

Rac Arfs Ras

p90RSK p70S6K

SGK

Figure 1.6 Summary of proteins that contain either FYVE domains or PH domains. PI(3)P, a product of PI3-klnase 
activation, binds specifically to FYVE domains. Proteins that have FYVE domains are represented hy open circles. 
PI(3,4)P2 and PI(3,4,5)P3 hind with high affinity to the PH domains of many proteins. Proteins that contain PH domains 
are represented hy open rectangles.
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1.9 The FYVE domain

The FYVE (£ab1, YOTB, V adp  and EEA1) domain co-ordinates two Zn^+ions 

via 8 cysteine/histidine residues spaced in a specific manner. This 60-80 

amino acid motif has a basic amino acid patch adjacent to the third cysteine 

residue that is critical for binding PI(3)P. Structural data shows that this 

domain can bind PI(3)P but not PI, PI(4)P or higher phosphorylated 

phosphoinositides (Stenmark and Aasland, 1999). The characterisation of this 

domain was enhanced by the availability of synthetic 3' phosphoinositides.

Most proteins that contain a FYVE domain are involved in vesicular 

trafficking (reviewed by Wurmser et al, 1999). Studies using GFP tagged 

FYVE domains showed that they localised to prevacuolar endosomes and 

that this localisation required Vps34p PI3-kinase activity. Proteins that contain 

a FYVE domain include mammalian EE1A, p235 and Mrs and their putative 

yeast homologues Vaclp, Fablp and Vps27p. EEA1, early endosomal 

autoantigen, is a key regulator of endosome traffic. It interacts with PI(3)P, via 

its FYVE domain, and the small GTPase RabS. Both Rab5 and PI3-kinase 

activity are essential for endosome fusion. Vaclp has a similar function in 

yeast. Fablp is a PI5-kinase that converts PI(3)P to PI(3,5)P2 and has been 

implicated in the formation of multivesicular endosomes that sort cell surface 

receptors. Vps27p mediates the maturation of endosomes, a process 

required for endosome fusion with the vacuole. Mrs, a hepatocyte growth 

factor regulated tyrosine kinase substrate, is thought to play a role in the 

formation of multivesicular endosomes, a process that requires PI3-kinase 

activity.

Some proteins that contain FYVE domains are not involved in vesicle 

trafficking (reviewed by Stenmark and Aasland, 1999). One example is SARA 

(Smad anchor for receptor activation) that recruits smad2 and smad3 

transcription factors to the TGFp receptor. The link between SARA and the 

PI(3)P signalling pathway is not clear, as there is no evidence that TGFp
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modulates PI(3)P formation. Another protein that contains a FYVE domain is 

FGD1. FGD1 is a guanine nucleotide exchange factor for Cdc42, a Rho 

GTPase that controls the submembraneous actin cytoskeleton.

1.10 The PH domain

The pleckstrin homology (PH) domain, composed of about 120 amino acids, 

was first identified as an internal repeat in pleckstrin (Tyers et al, 1989). The 

core of the protein module is composed of two p sheets that form a barrel like 

structure and a C-terminal a  helix that closes off one end of the barrel 

structure (Vanhaesebroeck and Waterfield, 1999). The loop regions that 

connect the p strands vary among PH domains and those located at the end 

of the barrel distal from the a helix interact with the inositol head group of the 

ligand. Certain residues found in an amino terminal K-Xg.i3-R/K-X-R-Hyd motif, 

where Hyd is a hydrophobic amino acid, are essential for high affinity binding 

to phosphoinositides. In addition to phosphoinositides, some PH domains 

interact with inositol phosphates and proteins such as the py subunits of G 

proteins (Freeh and Hammings, 1998). As both phospholipids and py subunits 

are membrane-bound species, the PH domain is thought to target proteins to 

the membrane where they undergo changes in conformation and /or activity.

Over 100 proteins are known to contain PH domains and most of them 

are involved in signal transduction. Although the lipid binding specificity of 

many of these proteins has not yet been determined, some PH domains bind 

phosphoinositides with high affinity and selectivity. The PH domains of PDK1 

and Akt preferentially bind PI(3,4)Pg and PI(3,4,5)Pa over other 

phosphoinositides (Currie et al, 1999). The PH domain of phospholipase C6-1 

binds PI(4,5)Pg with higher affinity than the 3’ phosphoinositides (Stauffer et 

al,1998). Some PH domains are highly specific for PI(3,4,5)P3 such as those 

found in GRP1, ARNO, cytohesin-1, centaurin-a and GAP1 (Vanhaesebroeck 

and Waterfield, 1999). Interestingly, no PH domains have been identified that
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show high affinity for only PI(3,4)P2 or PI(3)P. Several PI(3,4)P2 and 

PI(3,4,5)P3 effector proteins are discussed in the following sections.

1.11 Tec family kinases and PLC72

Tec kinases, such as Bruton's tyrosine kinase (Btk) and inducible T-cell 

kinase, (Itk) are non-receptor tyrosine kinases that are distinguished by the 

presence of an N-terminal PH domain (reviewed by Vanhaesebroeck et al, 

1999). Like the Src family of non-receptor tyrosine kinases. Tec kinases also 

have protein kinase, SH2 and SH3 domains. The Tec kinases lack the N- 

terminal lipid modification motif present in Src family kinases that targets 

these kinases to the membrane. The PH domain of Btk selectively binds to 

PI(3,4,5)P3 and mediates the translocation of Btk to the plasma membrane 

(Varnai et al, 1999) where it is phosphorylated on Ser and Tyr residues by 

upstream kinases such as PDK1 and Src family kinases.

Several mutations within the PH domain of Btk are associated with B- 

cell defects. One of these, the R28C substitution, is responsible for X-linked 

immunodeficiency (Xid) in mice (Rawlings et al, 1993). This mutation has also 

been shown to abolish the binding of Btk to phospholipids in vitro and is 

analogous to the R25C mutation in Akt.

Active Btk catalyses the tyrosine phosphorylation and activation of 

phospholipase Cy (PLCy) (Scharenberg and Kinet, 1998) that also has a 

PI(3,4,5)P3 specific PH domain. Thus the activity of PLCy is regulated directly 

by PI(3,4,5)P3 and indirectly via Btk. PLCy hydrolyses PI(4,5)P2 to 

diacylglycerol and inositol 1,4,5-trisphosphate and induces intracellular 

calcium release and PKC activation.
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1.12 Guanine nucleotide exchange factors and GTPase activating 

proteins

Many guanine nucleotide exchange factors (GEFs) and GTPase activating 

proteins (GAPs) contain PH domains (Vanhaesebroeck and Waterfield,

1999). These proteins regulate small GTPases that cycle between a GDP and 

GTP bound form. The GEFs catalyse the exchange of GDP for GTP, whereas 

GAPs stimulate the intrinsic GTPase activity.

PH domains are present in all GEFs specific for the Rho family of 

GTPases that includes Rho, Rac and Gdc42. Rho family GTPases regulate 

many cellular events including the organisation of the actin cytoskeleton, 

gene transcription, cell cycle progression and membrane trafficking (reviewed 

by Kjoller and Hall, 1999). The activity of Rho family GTPases is controlled by 

signals from G-protein coupled receptors, tyrosine kinase receptors, cytokine 

receptors and adhesion receptors.

The lipid binding specificity of most Rho GEFs has not been 

determined. The role of the PH domain present in the Rac GEF Vav has been 

well studied. Biochemical evidence suggests that the PH domain of Vav could 

affect allosteric regulation of the adjacent catalytic Dbl homology domain (Das 

et al, 2000). Studies using isolated fragments of Vav revealed that the PI3- 

kinase substrate PI(4,5)P2 promoted the binding of the PH domain to the Dbl 

domain, blocked the interaction with Rac and inhibited Vav GEF activity. The 

PI3-kinase product PI(3,4,5)P3 disrupted the PH/Dbl interaction, permitted 

Rac binding and stimulated Vav GEF activity. Thus PI(3,4,5)P3 can directly 

stimulate Vav GEF activity. Tyrosine phosphorylation by Src family kinases 

was also found to enhance Vav GEF activity and is thought to act co

operatively with Pl(3,4,5)p3 to achieve maximum GEF activation. PI3-kinase 

activity is required for both of these mechanisms (Das et al, 2000). There is 

evidence to suggest that PI3-kinase activity is upstream of Rac activation. 

Membrane ruffling induced by activated Rac is not inhibited by wortmannin.
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while ruffling induced by activated PI3-kinase is blocked by dominant 

negative Rac. Furthermore, PI3-kinase activation was found to increase the 

cellular levels of active GTP bound Rac. It has also been reported that the 

p85 adaptor subunit of PI3-kinase binds directly to Rac and that this 

association is increased after serum stimulation. In other systems, however, 

Rac is thought to act upstream of PI3-kinase (reviewed by Kjoller and Hall,

1999).

Another Dbl family GEF termed Sos also interacts with 

phosphoinositides via its PH domain. Like Vav, the PH domain of Sos binds 

to an adjacent Dbl domain. This intramolecular interaction is controlled by the 

binding of PI3-kinase substrates and products, which in turn, regulates Rac 

activity (Das et al, 2000).

The PH domain of Tiami, a Rac GEF, also binds PI(3,4,5)P3. The 

functional role of this is not clear, as a recent report showed that the PDGF 

induced activation of Rac involved Ca^Vcalmodulin kinase II but not 3' 

phosphoinositides (Buchanan et al, 2000).

Some GEFs that regulate the activity of Arf (ADP-ribosylation factor) 

GTPases contain PH domains that preferentially interact with PI(3,4,5)P3. Arf 

GTPases have a role in vesicular membrane trafficking at various 

membranes. Arfs 1 and 3 have a role in the recruitment of coat proteins to 

membranes of the Golgi, whereas Arf6 is localised to the plasma membrane 

where it appears to regulate the assembly of the actin cytoskeleton and 

endocytosis (Frank et al, 1998). Arf GEFs that are regulated by PI3-kinase 

include GRP1 (general receptor for phosphoinositides), ARNO (Arf nucleotide 

binding site opener) and cytohesin-1. The three proteins contain an N- 

terminal coiled-coil domain, followed by a Sec7 and a PH domain. The N- 

terminal coiled-coil domain is important for Golgi targeting (Lee and Pohajdak,

2000), the Sec7 domain functions as a guanine nucleotide exchange factor 

and the PH domain binds to membrane bound PI(3,4,5)P3. There is conflicting 

data on the in vivo subcellular localisation of these proteins. A recent report
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showed that in non-stimulated Cos-1 cells, cytohesin-1 and ARNO localised 

to the Golgi apparatus and that the N-terminal coiled-coil domain is important 

for this localisation (Lee and Pohajdak, 2000). This suggests that these GEFs 

serve as regulators of Golgi vesicle transport. Other studies using GFP 

fusions to GRP1, ARNO and cytohesin-1 revealed that they translocated to 

the plasma membrane from the cytoplasm in response to ligand stimulation, 

in a PH domain and PI3-kinase dependent manner (Venkateswarlu et al, 

1998; Venkateswarlu et al, 1999). As these GEFs can potentially couple PI3- 

kinase activity to nucleotide turnover on Arf, it suggests that the products of 

PI3-kinase might regulate membrane trafficking.

Cytohesin-1 was first identified as a regulator of T-cell adhesion and 

specifically controls the adhesion of p2 integrins to the intercellular adhesion 

molecule 1 (ICAM-1). As the membrane localisation of cytohesin-1 is 

regulated by PI3-kinase activity, this suggests that 3’ phosphoinositides are 

important components of the inside-out signalling pathway of p2 integrins 

(Nagel et al, 1998). The function of the Arf GEF activity of cytohesin-1 in 

adhesion remains to be determined.

PI3-kinase activity was found to play another role in the regulation of 

Arf activity as centaurin-a, a protein that has high sequence homology to 

yeast Arf GTPase activating proteins (GAPs), was found to specifically bind 

PI(3,4,5)P3. a  recent report showed that centaurin-al could potentially 

function as an Arf GAP, as it was able to complement a yeast strain deficient 

in the Arf-GAP Gcsl (Venkateswarlu et al, 1999).

Two other GAPs that bind PI(3,4,5)P3 are the Ras GAPs, GAPI*" and 

Ga p i 'P4bp Like the Arf GEFs, GFP tagged GAP1"" was found to translocate to 

the plasma membrane in response to ligand stimulation in a PH domain and 

PI3-kinase dependent manner. The functional significance of this membrane 

translocation is not clear, as it did not enhance the activity of GAP1"’ (Lockyer 

et al, 1999).
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1.13 PDK1 and AGC kinases

PDK1, 3' phosphoinositide-dependent kinase-1, contains an N-terminal 

kinase domain and a C-terminal PH domain that preferentially binds to 

PI(3,4)P2 and PI(3,4,5)P3. PDK1 was first identified as a kinase that 

phosphorylates Thr308 in the T  loop' of the kinase domain of Akt. It was 

called 3’ phosphoinositide dependent kinase because this reaction required 

the presence of PI(3,4)P2 or PI(3,4,5)P3. PDK1 is ubiquitously expressed in 

human tissues and homologous proteins are present in Drosophila, 

C.elegans, fission yeast and plants. The PH domains present in fission yeast 

and plant PDK1 lack the motif for high affinity PI binding and interact weakly 

with PI(3,4)P2 and PI(3,4,5)P3. Budding yeast has two PDK1 homologues, but 

they lack PH domains (reviewed by Vanhaesebroeck and Alessi, 2000).

In addition to Akt (Alessi et al 1997), PDK1 phosphorylates the 

activation or T loop of other members of the AGC (protein kinase A, G and C) 

kinase family in vitro or when over-expressed in cells. PDK1 phosphorylates 

Thr229 of p70 S6-kinase (Pullen et al, 1998), Ser227 of p90 ribosomal S6- 

kinase-2 (Jensen et al, 1999), Thr256 of serum and glucocorticoid-induced 

protein kinase (SGK) (Kobayashi et al, 1999), Thr410 of protein kinase C 

(PKC)Ç and the analogous residue of certain other PKC isoforms (Le Good et 

al, 1998). In addition, PDK1 phosphorylates Thr774 of the Rho-activated 

protein kinase N (PKN also known as PRK) (Flynn et al, 2000). The cAMP 

dependent protein kinase (PKA) is also phosphorylated by PDK1 at Thrl 97 in 

vitro (Cheng et al, 1998). Phosphorylation of these sites is required for full 

activation of the kinases. Two other AGC kinases, mitogen and stress- 

activated protein kinase-1 (MSK1) and the AMP-activated protein kinase 

(AMPK), have an equivalent T  loop’ residue but it is not clear if PDK1 

phosphorylates these kinases. A recent study using mouse embryonic stem 

(ES) cells in which both copies of the PDK1 gene were disrupted provided 

important information about the role of PDK1 in the phosphorylation and
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activation of some of these AGC kinases. Akt, p70 S6-kinase and p90 

ribosomal S6-kinase were not phosphorylated at the T  loop' site or activated 

by external stimuli in PDK1  ̂ ES cells. In contrast, PKA, MSK1 and AMPK 

were activated normally in PDK1  ̂ ES cells. Thus PDK1 regulates the 

activation of Akt, p70 S6-kinase and p90 ribosomal S6-kinase, but not the 

activation of PKA, MSK1 and AMPK in ES cells (Williams et al, 2000).

The precise involvement of PDK1 in the activation of AGC kinases is 

not well established as most of them have multistep activation mechanisms. 

In addition to phosphorylation of the T loop site, activation of these kinases 

requires phosphorylation at a serine or threonine residue located in a 

hydrophobic motif. Phosphorylation of p70 S6-kinase and SGK by PDK1 

depends on phosphorylation events occurring elsewhere in the kinases, 

including the hydrophobic motif (Alessi et al 1997; Pullen et al, 1998; 

Kobayashi et al, 1999). Growth factor induced phosphorylation at Ser386 in 

the hydrophobic motif of RSK2 creates a binding site that recruits PDK1 and 

stimulates its catalytic activity towards Ser227 in RSK2 (Frodin et al, 2000). 

The hydrophobic motifs of PRK-2 and PKCÇ also act as docking sites for 

PDK1, enabling PDK1 to phosphorylate the T loop motifs (Vanhaesebroeck 

and Alessi, 2000).

The regulation of PDK1 activity has been the focus of recent research 

and several phosphorylation sites have been identified on PDK1. PDK1 is 

phosphorylated at Ser25, Ser393, Ser396, Ser410 and at the T loop Ser241 

residue (Casamayor et al, 1999). Phosphorylation at Ser241 is critical for 

PDK1 activity and is mediated by autophosphorylation rather than upstream 

kinases. Some reports show that these sites are phosphorylated under basal 

conditions and that agonists such as IGF-1 that activate PI3-kinase fail to 

induce additional phosphorylation and activation of PDK1 (reviewed by Toker,

2000). It has also been observed that PDK1 is phosphorylated at Thr37, 

Ser231 and Ser250 by the c-Jun N-terminal (JNK) and p38 kinases, inhibiting 

PDK1 activity in vivo (Toker, 2000). A recent report showed that oxidative
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stress (H2O2) or vanadate induced tyrosine phosphorylation of PDK1 in 

various cell lines. This group also showed that PDK1 is tyrosine 

phosphorylated in vitro by c-Src and Abl tyrosine kinases and that the 

tyrosine phosphorylation induced by Abl also increased the activity of PDK1 

towards SGK and Akt. As growth factor or cytokine stimulation and 

environmental stresses such as heat shock and UV light failed to induce 

tyrosine phosphorylation of PDK1, this tyrosine phosphorylation of PDK1 may 

be specific for oxidative stress (Prasad et al, 2000). PDK1 has consensus 

phosphorylation sites for many other protein kinases including PKC, PKA, 

Calvin, GSK3 and p70S6K but it is not known if these kinases phosphorylate 

PDK1 in vivo (Prasad et al, 2000). Another interesting model involves the lipid 

sphingosine. Sphingosine has been implicated in the activation of the PI4- 

kinase and the inhibition of PKC (King et al, 2000). Sphingosine was found to 

increase PDK1 phosphorylation and activity towards in vitro and in vivo 

substrates, including the Rac substrate PAK. The precise identity of these 

phosphorylation sites is not known but they are located in a serine-rich region 

between the PH domain and the kinase domain. In this study, the cellular 

levels of sphingosine were elevated by treatment with sphingomyelinase but it 

remains to be determined whether these levels can be reached during normal 

cellular activation.

The role of 3’ phosphoinositides in the PDK1 mediated activation of 

AGC kinases is not well defined. The activation of Akt, however, has been 

extensively studied and is dependent on 3’ phosphoinositides. The 

mechanisms that lead to the activation of Akt are discussed in the following 

sections.

1.14 Discovery of Akt

Akt was discovered by several groups. One group cloned the cellular 

homologue of the v-akt oncogene from a transforming retrovirus AKT8 and
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called it c-Akt (Bellacosa et al, 1991). The AKT8 retrovirus was isolated from 

a spontaneous thymoma in AKR mice. This retrovirus transformed mink lung 

cells (CCL64) in culture and was tumorigenic in newborn mice. Two human 

homologues of the non-viral DNA transduced from the mouse genome were 

identified, by sequencing human cDNA that hybridised with v-Akt DNA. They 

were called Aktl and Akt2 (Staal, 1987).

Other groups cloned the same cDNA when searching for novel 

members of the protein kinase C (PKC) and protein kinase A (PKA) 

superfamily (Coffer et al, 1991; Jones et al, 1991). They used a degenerate 

oligonucleotide based PCR approach that targeted protein kinase catalytic 

domains and a low stringency library screen using a PKA probe. The kinase 

was called RAC (related to A and Ç kinases) or PKB. The name RAC is no 

longer used to avoid confusion with the small GTPase Rac.

1.15 The Akt family

Three main isoforms of Akt/PKB (Akt1/a, Akt2/p and Akt3/y) have been 

identified in mammals (reviewed by Kandel and Hay, 1999). They are 

encoded by three separate genes that are closely related. Aktp and Akty have 

about 82% amino acid identity with Akta. Homologous proteins have been 

identified in Drosophila (Daktl), Dictyostelium and C.elegans (AKT1 and 

AKT2). Two splice variants of human Akt2 and rat Akt3 have also been 

described. The splice variant of human Akt2 has a C-terminal insertion of 40 

amino acids and the rat Akt3 splice variant has a C-terminal deletion of 25 

amino acids including the Ser473 phosphorylation site. The biological 

significance of these splice variants is not clear.

Aktl/a, Akt2/p and Akt3/y have the same structural organisation. They 

have an N-terminal PH domain, a kinase domain and a C-terminal regulatory 

tail. Akt activation requires phosphorylation of two conserved residues. One is 

a Thr residue found in the activation or T loop of the kinase domain and the
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other is a Ser residue in the C-terminal regulatory region. In Akt1/a these 

residues are Thr308 and Ser473 (figure 1.7). Equivalent residues are present 

in p70 S6-kinase and all PKC isoforms.

The viral form, v-Akt, is a fusion between the viral gag gene and c-Akt 

(reviewed by Kandel and Hay, 1999). It is thought that v-Akt arose by 

recombination between nucleotides from the viral gag gene, 785 basepairs 

downstream from the gag ATG codon, and 60 basepairs upstream of the c- 

Akt ATG codon. Three additional bases were inserted between gag and c- 

Akt, producing a 63 basepair insert. Thus v-Akt is a fusion protein composed 

of gag-63 basepair insert-c-A/d (figure 1.7).

Aktl/a, Akt2/p and Akt3/y are ubiquitously expressed in mammals, but 

the levels of expression vary among tissues (Kandel and Hay, 1999). Aktl/a  

is the main isoform in most tissues. The highest levels of Akt2/p were 

observed in insulin responsive tissues such as skeletal muscle, heart and 

liver. The expression of Akt3/y is more restricted and high levels were 

detected in the testis and brain. Interestingly, Akt expression is upregulated 

as cells become more terminally differentiated. The level of Akt expression 

increased when the multipotent fibroblast cell line 10T1/2 was transformed 

with MyoD to induce differentiation into myocytes. It was also reported that 

3T3-L1 fibroblasts spontaneously differentiate into adipocytes when 

transfected with a constitutively active Akt.

As Akt was first identified as the cellular homologue of a retroviral 

oncogene, a panel of human tumours was screened for alterations in Akt. 

One study revealed that Akt1 was amplified 20 fold in a primary gastric 

adenocarcinoma (Staal, 1987). Other reports showed that Akt2 was amplified 

and over-expressed in ovarian and breast tumours (Bellacosa et al, 1995). 

Thus Akt may have a role in the formation of a variety of tumours.
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Figure 1.7 Structural organisation of Akt isoforms and v-Akt. All three 
Akt isoforms have an N-terminal PH domain, a kinase domain and a C- 
terminal regulatory region. Akt activation requires phosphorylation of two 
residues. One is a Thr residue found in the activation or T loop of the 
kinase domain and the other is a Ser residue in the C-terminal regulatory 
region. v-Akt is an in-frame fusion of the retroviral gag protein and Aktl. 
The amino acid positions are those of mouse Akt proteins.
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1.16 Activation of Akt

The activation of Akt requires multiple inputs. It requires the lipid products of 

PI3-kinase activation and upstream kinases that phosphorylate Akt on 

specific residues (reviewed by Coffer et al, 1998; Kandel and Hay, 1999; 

Vanhaesebroeck and Alessi, 2000). The inputs required for the activation of 

Aktl/a are discussed below. Akt2/(3 and Akt3/y have similar mechanisms of 

activation. The different isoforms, however, appear to be activated to different 

extents in different tissues and in response to different stimuli.

1.17 Activation of Akt by PI3-kinase dependent and independent 

mechanisms

Early studies using PI3-kinase inhibitors, growth factor receptor mutants, 

dominant negative PI3-kinases and constitutively active PI3-kinases revealed 

that Akt is a downstream effector of growth factor stimulated PI3-kinase 

activation (reviewed by Kandel and Hay, 1999). Activation of Akt by PI3- 

kinase is not restricted to growth factor stimulation. Akt is activated by 

integrins that stimulate PI3-kinase activity (discussed further in section 1.31). 

Akt is also downstream of the T-cell antigen receptor, the B-cell receptor 

(BCR), G-protein coupled receptors and the |i-opioid receptor. Other agents 

that activate Akt through PI3-kinase include angiotensin II and hydrogen 

peroxide. Some viral proteins such as the polyomavirus middle T antigen and 

the HIV Tat protein activate Akt through PI3-kinase. Oncogenic Ras has also 

been reported to activate Akt via PI3-kinase (reviewed by Kandel and Hay,

1999).

There is much controversy over whether Akt can be activated by PI3- 

kinase independent mechanisms. Several reports suggest that Akt can be 

activated independently of PI3-kinase. Agents that elevate cAMP such as 

forskolin, prostaglandin El and 8-bromo-cAMP were found to activate Akt in
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293 cells in a wortmannin resistant manner (Filippa et al, 1999). The 

relevance of these findings is not clear as physiological agonists that elevate 

cAMP levels also strongly activate PI3-kinase. Furthermore, another group 

failed to observe any increase in Akt activity induced by agents that increase 

cAMP levels (Vanhaesebroeck and Alessi, 2000).

It has also been reported that Akt is activated by heat shock in NIH3T3 

cells in a wortmannin resistant manner (Konishi et al, 1996). Although another 

group showed that heat shock as well as oxidative stress does activate Akt, 

they found this activation to be sensitive to both wortmannin and LY294002 

(Shaw et al, 1998).

Agonists that increase calcium levels in cells have been reported to 

induce the activation of Akt in a PI3-kinase independent manner via the 

calcium/calmodulin dependent protein kinase kinase (CaMKK) (Yano et al,

1998). Another group, however, showed that CaMKK is not able to 

phosphorylate and hence activate Akt (Pullen et al, 1998). In addition, it was 

found that agonists which increase intracellular calcium levels in neuronal, 

kidney or fibroblast cell lines were unable to activate endogenous Akt 

(Vanhaesebroeck and Alessi, 2000). A recent report showed that a-thrombin 

activates a PI3-kinase independent pathway, involving phospholipase Op and 

calcium dependent PKC subtypes a and p, that regulates Akt activity in an 

indirect manner (Kroner et al, 2000).

It was also reported that p-catenin bound to VE-cadherin acts 

synergistically with PI3-kinase to activate Akt in endothelial cells (Carmeliet et 

al, 1999). Thus it appears that PI3-kinase is the major factor regulating Akt 

activity but alternative mechanisms may also exist in certain cell types.

1.18 Role of 3’ phosphoinositides in the activation of Akt

As Akt activity can be induced in a PI3-kinase dependent manner, it 

suggested that the 3’ phosphoinositides were involved. The 3' phospholipids
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were found to bind directly to the PH domain of Akt. A mutation (R25C) in the 

PH domain of Akt that abolished lipid binding rendered it inactive (Bellacosa 

et al, 1998). The contribution of specific 3’ phosphoinositides to Akt activation 

is not clear. Some studies using synthetic phosphoinositides showed that 

PI(3,4)Pg is a good activator (Franke et al, 1997), whereas other reports 

suggested that PI(3,4,5)P3 is a better activator based on the observation that 

the 5’ lipid phosphatase SHIP that converts PI(3,4,5)P3 to PI(3,4)P2 inhibits 

Akt activity (Aman et al, 1998). A subsequent study revealed that Akt was 

activated by both PI(3,4)P2 and PI(3,4,5)P3 in platelets stimulated with 

thrombin (Banfic et al, 1998). The activation of the PI3-kinase pathway in 

thrombin stimulated platelets is biphasic. The initial phase depends on 

PI(3,4,5)P3, while the second phase depends on PI(3,4)P2 generated by the 

phosphorylation of PI(3)P by a PI4-kinase. As Akt was active during both 

phases, it suggests that both 3' phosphoinositides stimulate its activity in vivo. 

Other evidence that implicates the 3' phospholipids in the activation of Akt 

comes from reports on PTEN. PTEN is a lipid phosphatase that 

dephosphorylates 3’ phosphoinositides at the 3’ position on the inositol ring 

and thus antagonises PI3-kinase activity. Studies on tumour cell lines with 

inactive PTEN and in PTEN null fibroblasts showed that these cells had high 

basal levels of Akt activity (Sun et al, 1999). This suggests that the elevated 

Akt activity was a result of the high levels of 3' phosphoinositides present in 

these cells.

1.19 Role of phosphorylation in the activation of Akt

Phosphorylation events are also required for full Akt activity. Some residues 

such as Seri 24 and Thr450 (murine Aktl/a) are constitutively phosphorylated 

and have been predicted to make the protein responsive to subsequent 

activation events (Bellacosa et al, 1998). Thr308 and Ser473 are rapidly 

phosphorylated after growth factor stimulation. Mutagenesis of both sites to
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nonphosphorylatable residues (alanine) revealed that phosphorylation of both 

residues is critical for Akt activation. Furthermore, substitution of both 

residues with acidic residues (aspartic acid) made the kinase partially active 

and independent of agonist stimulation. Phosphatase inhibitors such as 

vanadate and okadaic acid were found to increase Akt activity, suggesting 

that Akt is negatively regulated by dephosphorylation (Andjelkovic et al,

1996). Studies using wortmannin and LY294002 revealed that the growth 

factor induced phosphorylation of Akt required PI3-kinase activity.

One kinase that phosphorylates Thr308 in a PI3-kinase dependent 

manner is PDK1 (Alessi et al, 1997). This kinase also phosphorylates 

equivalent residues in other AGO kinases as mentioned above. The 

calcium/calmodulin dependent kinase kinase (CaMKK) has also been 

reported to phosphorylate Thr308, but this is not dependent on PI3-kinase 

activity (Yano et al, 1998). Phosphorylation of Akt by CaMKK is controversial 

and most likely cell type specific (discussed above).

The identity of the kinase termed PDK2 that phosphorylates Ser473 

has remained elusive. As PDK1 did not phosphorylate Ser473 in vitro or in 

co-expression experiments (Alessi et al, 1997; Stokoe et al, 1997), it 

suggested that a distinct kinase phosphorylated Ser473. Furthermore, a 

recent study using mouse embryonic stem cells in which both copies of the 

PDK1 gene were disrupted revealed that the Ser473 residue, but not Thr308, 

was phosphorylated in the absence of PDK1 (Williams et al, 2000). One 

kinase that was reported to phosphorylate Ser473 in vitro was MAPKAP 

kinase-2 (Alessi et al, 1996), an enzyme that is regulated by the p38 MAP 

kinase pathway. MAPKAP kinase-2 is unlikely to physiologically 

phosphorylate Ser473 as agents that induce MAPKAP kinase-2 activity do 

not phosphorylate Ser473 or activate Akt (Shaw et al, 1998). It has also been 

reported that the integrin linked kinase (ILK), which is regulated by PI3-kinase 

activity, is capable of phosphorylating Ser473 in vitro and when over

expressed in cells (Delcommenne et al, 1998). Other studies, however, show
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that ILK does not directly phosphorylate Ser473 but may promote 

phosphorylation of this site by an indirect mechanism (Lynch et al, 1999). A 

recent report showed that a-thrombin activates a PI3-kinase independent 

pathway, involving phospholipase Cp and calcium dependent PKC subtypes 

a  and p, that regulates the phosphorylation of Ser473 in platelets. As the 

Ser473 site is not a typical PKC phosphorylation site and catalytically active 

PKC does not phosphorylate Akt in vitro, this regulation is likely to occur in an 

indirect way (Kroner et al, 2000).

Two other mechanisms that lead to the phosphorylation of Ser473 

have been proposed, that involve PDK1 but not a distinct PDK2 kinase. The 

first mechanism is based on the finding that PDK1 can phosphorylate both 

Thr308 and Ser473 in vitro when it interacts with a fragment of the C-terminus 

of PRK2 (Balendran et al, 1999). This PRK2 fragment has been termed the 

PDK1 interacting fragment (PIF). The same group also found that PDK1 was 

converted from a form that was not activated by 3’ phosphoinositides to a 

form that was activated by 3’ phosphoinositides when it interacted with PIF. 

Thus PDK1 may act in a complex with another protein such as PRK2 to 

phosphorylate Ser473. The physiological relevance of these findings remains 

to be determined. The other mechanism that has been proposed is that the 

phosphorylation of Thr308 by PDK1 induces autophosphorylation of Ser473 

by Akt itself (Toker and Newton, 2000). This model was based on a recent 

report where a kinase inactive version of Akt was not phosphorylated at 

Ser473. However, other studies using the same kinase inactive version of Akt 

showed that it is phosphorylated at Ser473 (Andjelkovic et al, 1997). It is also 

possible that the Ser473 in kinase inactive Akt is phosphorylated by 

endogenous Akt as there is evidence to suggest that Akt exists in a 

multimeric complex (Datta et al, 1995; Coffer and Woodgett, 1998). The 

finding that endogenous Akt is phosphorylated at Ser473 in PDKV' ES cells, 

suggests that the latter mechanisms are unlikely to occur in vivo (Williams et 

al, 2000).



51

1.20 A model for Akt activation

Although the activation of Akt is not completely understood, there is evidence 

to suggest that it is a three-step process (reviewed by Chan et al, 1999). The 

first step, which is the least understood, requires the constitutive 

phosphorylation of Akt Thr450. Although this phosphorylation is growth factor 

and PI3-kinase independent, it has been reported that it depends on the 

integrity of the PH domain (Bellacosa et al, 1998). It has been proposed that 

the PH domain of Akt interacts with a molecular chaperone complex that 

ensures the protein is folded correctly. Some unpublished data revealed that 

Akt interacts with the cdc37/Hsp90 complex which has been implicated in the 

regulation of the proper folding of other kinases such as cdk4, v-Src and Raf 

(Chan et al, 1999).

The second step involves the translocation of Akt from the cytosol to 

the plasma membrane (Andjelkovic et al, 1997). This translocation occurs in 

response to PI3-kinase activation and the subsequent production of PI(3,4)Pg 

and PI(3,4,5)P3 at the plasma membrane. The 3' phosphoinositides interact 

with the PH domain of Akt. This interaction is important for the activation of 

Akt as a PH domain mutant R25C that does not bind phosphoinositides does 

not translocate to the membrane and is functionally inactive.

The PH domain is also thought to play an important part in the third 

step that involves the phosphorylation of Akt at Thr308 and Ser473 by 

upstream kinases such as PDK1. Evidence for this comes from studies using 

a mutant form of Akt that lacks the PH domain (APH-Akt). Although APH-Akt 

does not interact with phosphoinositides, it had a slightly higher basal kinase 

activity than that of wild type Akt (Sable et al, 1998) and was phosphorylated 

by PDK1 in the absence of added phosphoinositides in vitro (Stokoe et al, 

1997). These findings suggest that the PH domain has a negative regulatory 

role and that the interaction with 3’ phosphoinositides induces a 

conformational change that makes Akt more accessible to upstream kinases.
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The translocation of Akt to the plasma membrane may be required for 

Akt to colocalise with PDK1. PDK1 also has a PH domain that targets it to the 

plasma membrane. The PH domain is important for membrane localisation as 

a PDK1 PH domain mutant R474A and PDK1 that lacks the PH domain was 

not present at the plasma membrane (Anderson et al, 1998). Whether PDK1 

translocates to the membrane in response to cell stimulation remains 

controversial. One group showed that PDK1 is constitutively located at the 

plasma membrane in 293 cells and that this localisation is agonist 

independent (Currie et al, 1999). Another group showed that PDK1 moved to 

the membrane in response to PDGF in PAE cells and that this was PI3-kinase 

dependent (Anderson et al, 1998). More recently, a third group showed that 

PDK1 translocates to the membrane in response to insulin stimulation in 

HeLa cells (Filippa et al, 2000). They also suggested that the discrepancy 

could be due to differences in the basal level of 3' phosphoinositides in these 

cells. Another report showed that the affinity of PDK1 for PI(3,4,5)P3 is 20 fold 

higher than that of Akt and may explain why PDK1 is found constitutively at 

the membrane of some cell types whereas Akt is not (Currie et al, 1999). It 

has also been proposed that the PH domain of PDK1 acts as a negative 

regulator of its enzyme activity because it was found that APH-Akt was highly 

active independent of insulin stimulation when cotransfected with PDK1 

mutants defective in their PH domain (Filippa et al, 2000). Although another 

study showed that the activity of APH-Akt was slightly increased when co

expressed with PH domain mutants of PDK1 or APH-PDK1, it also showed 

that these same mutations decreased the activity of the full length Akt protein 

(Currie et al, 1999). There is also evidence to suggest that PDK1 translocates 

jointly with Akt to the membrane as some APH-Akt co-localised with 

myristoylated PDK1. In addition, APH-Akt was found to co-immunoprecipitate 

with a PH domain mutant of PDK1 (Filippa et al, 2000). It is not clear, 

however, if wild type Akt and PDK1 behave in the same manner.
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After translocation to the plasma membrane, it has been reported that 

activated Akt translocates to the nucleus (Andjelkovic et al, 1997; Meier et al,

1997). As PH domain and kinase domain mutants were also located in the 

nucleus, it suggests that nuclear translocation of Akt is independent of the PH 

domain or kinase activity. This translocation may be required for the 

phosphorylation of nuclear substrates (discussed in the next section). 

Alternatively, Akt sequestered in the nucleus could limit its exposure to 

cytosolic substrates and upstream regulators. Consistent with this is the 

finding that PDK1 was not present in the nucleus (Anderson et al, 1998). 

Thus nuclear translocation may serve to negatively regulate Akt activity. 

Furthermore, a constitutively active version of Akt that has an added 

myristoylation signal was targeted to the membrane and failed to translocate 

to the nucleus (Andjelkovic et al, 1997).

1.21 Downstream targets of Akt

The majority of Akt substrates are implicated in cell survival, insulin signalling 

pathways or cell proliferation (summarised in figure 1.8). The sequences 

surrounding the phosphorylation sites in these substrates conform to the 

consensus motif RXRXXS/T[F or L], where X is any amino acid (reviewed by 

Vanhaesebroeck and Alessi, 2000).

1.22 Akt and cell survival

PI3-kinase and Akt are involved in regulating the survival of a variety of cells 

including haemopoietic, neuronal, epithelial and endothelial cells (reviewed by 

Datta et al, 1999). It has been reported that inhibition of PI3-kinase blocks the 

ability of survival factors to protect many cell types from programmed cell 

death or apoptosis. Furthermore, expression of activated forms of PI3-kinase 

or Akt protects cells from apoptosis induced by ultraviolet irradiation,
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Downstream targets of Akt

(A) Cell survival

Bad

Caspase 9

Forkhead transcription factors 

IkB kinases

(B) Insulin signai transduction 

GSK3

6-phosphofructo-2-kinase

GLUT1,3,4

Phosphodiesterase 3B 

TOR/FRAP

Forkhead transcription factor FKHR 

Insulin receptor substrate-1 

Ob gene product leptin 

Phosphoenolpyruvate carboxy kinase 

(0) Ceii proiiferation and cancer 

Raf-1 

E2F

Cyclin D1

Forkhead transcription factor AFX 

R ad

Endothelial NO synthase 

BRGA1

Telomerase reverse transcriptase (hTERT) subunit

Figure 1.8 Downstream targets of Akt. Akt substrates are implicated in cell 
survival pathways, insulin signalling pathways or in cell proliferation. Proteins 
modulated by Akt kinase activity are listed above.
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withdrawal of serum factors, detachment from the extracellular matrix 

(anoikis), over-expression of Myc, treatment with anti-Fas antibody and 

TGFp. Dominant negative forms of Akt have also been shown to induce 

apoptosis in a variety of cell types. The ability of Akt to promote cell survival 

may be important to its function as an oncogene in the AKT8 retrovirus and in 

cancer cells. As mentioned above, Akt is frequently over-expressed in 

pancreatic, ovarian and breast carcinomas.

Akt influences cell survival by phosphorylating proteins involved in the 

apoptotic cascade and regulating the expression of apoptotic and non- 

apoptotic genes. These include the Bcl-2 family protein Bad, human caspase 

9, forkhead transcription factors and Ik B kinases (reviewed by 

Vanhaesebroeck and Alessi, 2000).

Programmed cell death is a multistep process and involves two central 

pathways, one involving the activation of the caspase proteases and a 

second mitochondrial pathway (reviewed by Sellers and Fisher, 1999). Both 

pathways are intimately connected. An early event is the loss of mitochondrial 

integrity followed by cytochrome c release. The released cytochrome c then 

interacts with, and activates, the apoptotic protease-activating factor (Apaf-1). 

Apaf-1 then binds, cleaves and activates the initiator caspase 9, which in turn, 

induces the cleavage and activation of effector caspases such as caspase 3 

and caspase 7. These effector caspases assist the process of cell death by 

cleaving proteins such as lamin or by activating other degradation enzymes. 

Bcl-2 family members regulate both mitochondrial damage and caspase 

activation. These proteins include anti-apoptotic factors such as Bcl-2 and 

BcI-Xl and their pro-apoptotic counterparts such as Bax, Bak, Bad, Bid and 

Bik. In the presence of survival factors, the activity of anti-apoptotic Bcl-2 

family members prevails over the activity of pro-apoptotic Bcl-2 family 

members. This balance is altered when survival factors are withdrawn. In 

some cell types, a number of death pathways converge on the caspase 

cascade. These pathways begin with the activation of receptors at the plasma
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membrane such as TNF-R or Fas (CD95) that contain an intracellular death 

domain. The activated death receptors recruit adaptor proteins such as 

TRADD and FADD, which in turn, recruit and activate caspase 8. In some 

cases, caspase 8 can also be recruited directly to the death receptors. 

Caspase 8 is an initiator caspase and can activate caspase 3 directly, 

initiating apoptosis independently of cytochrome c release. In some cells, the 

activation of both pathways is required for efficient death.

There are many ways in which Akt could block apoptosis. Some 

reports show that in haemopoietic cells over-expressing activated Akt, the 

expression of Bcl-2 and BcI-Xl was increased (Skorski et al, 1997; Jones et 

al, 2000). This increase in expression, however, is unlikely to be a general 

mechanism through which Akt blocks apoptosis as it has been reported that 

Akt does not affect the expression of Bcl-2, BcI-Xl or Bax in other systems 

(Vanhaesebroeck and Alessi, 2000). Akt was also found to phosphorylate the 

Bcl-2 family member Bad at Seri 36, inducing its interaction with 14-3-3 family 

proteins and blocking its pro-apoptotic function (Datta et al, 1997). 

Unphosphorylated Bad forms a heterodimer with Bcl-2 or BcI-Xl, preventing 

them from exerting their anti-apoptotic functions. Phosphorylated Bad does 

not interact with Bcl-2 or BcI-Xl, allowing them to inhibit apoptosis. Akt can 

block apoptosis induced by over-expressed Bad but is less effective against a 

Seri 36 mutant of Bad. In addition to Akt, Bad is phosphorylated by at least 

two other anti-apoptotic kinases, ERK and PKA, but these kinases appear to 

affect different sites within Bad (reviewed by Vanhaesebroeck and Alessi,

2000). As Bad is not ubiquitously expressed, the phosphorylation of Bad is 

not likely to be the only mechanism by which Akt blocks apoptosis.

Another target of Akt is caspase 9. It has been reported that Akt can 

phosphorylate human caspase 9 at Seri 96 in vitro, reducing its protease 

activity. This phosphorylation has functional consequences as extracts from 

cell lines over-expressing Akt block cytochrome c mediated caspase 9 

activation (Cardone et al, 1998). Thus Akt promotes survival by the
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inactivation of caspase 9 downstream of cytochrome c release. It is unlikely 

that this is a general mechanism of Akt mediated regulation of apoptosis as 

the residue which Akt phosphorylates in human caspase 9 is not conserved in 

other mammalian species and mouse caspase 9 is not phosphorylated by Akt 

in vitro (Fujita et al, 1999). In addition, a report showed that Akt did not 

effectively block apoptosis after cytochrome c release (Kennedy et al, 1999).

It was also reported that Akt maintains the integrity of the mitochondrial 

membrane and prevents cytochrome c release. One proposal was that Akt 

and its downstream target GSK3, mediate these events indirectly by affecting 

cell metabolism (Kennedy et al, 1999). Another study revealed that the anti- 

apoptotic effects of Akt involved the activation of mitochondrial Raf-1 in 

haemopoietic cells and that this effect was PKC dependent (Majewski et al,

1999), demonstrating that the Akt and PKC pathways may co-operate to 

prevent apoptosis.

Akt also affects cell survival by modifying transcription factors, which in 

turn, regulate the expression of apoptotic and non-apoptotic genes. Members 

of the forkhead (FH) family of transcription factors (FKHR, FKHRL1 and AFX) 

are phosphorylated and inactivated by Akt, in a PI3-kinase dependent 

manner (reviewed by Kops and Burgering, 1999). It is thought that 

phosphorylation of FH transcription factors by Akt promotes their export from 

the nucleus to the cytosol where they interact with 14-3-3 proteins. This keeps 

FH transcription factors away from their target genes in the nucleus, blocking 

the transcription of death inducing genes such as that encoding the cytokine 

Fas ligand. There is evidence to suggest that the induction of Fas ligand is 

important in survival factor withdrawal induced apoptosis. In neurons, the Fas 

ligand gene was upregulated upon survival factor withdrawal. In addition, 

blocking Fas ligand signalling reduced survival factor withdrawal induced 

apoptosis (Le-Niculescu et al, 1999). Fas ligand mediated apoptosis, 

however, may not be relevant in other cell systems as it was reported that 

detachment induced apoptosis or anoikis of epithelial cells does not involve
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the ligand dependent activation of Fas, despite the fact that Akt activity is 

down regulated in this process (Rytomaa et al, 1999).

Another transcription factor that is regulated by Akt is CREB (cAMP 

response element binding protein) (Du et al, 1998). CREB is phosphorylated 

at Seri 33 by Akt and enhances CREB mediated transcription. One gene 

whose expression is regulated by CREB and is important for survival is that 

encoding the cytokine BDNF (Tao et al, 1998). Furthermore, a dominant 

negative CREB transgene was found to promote apoptosis of growth factor 

stimulated T-cells (Rudolph et al, 1998).

Akt may also influence cell survival by indirectly modifying the 

transcription factor NF-kB. NF-kB is inactive as a transcription factor when it 

is bound to its cytosolic inhibitor I-kB. Phosphorylation of IkB by kB-kinases 

(IKKs) induces its degradation. This enables NF-kB to translocate to the 

nucleus and activate the transcription of anti-apoptotic proteins such as 

inhibitor of apoptosis (lAP) proteins c-IAPI and C-IAP2 (Vanhaesebroeck and 

Alessi, 2000). NF-kB also regulates the transcription of a variety of survival 

factors, including proinflammatory cytokines. Although one study showed that 

Akt directly phosphorylates and activates the a form of IKKs (Romashkova et 

al, 1999), the predicted phosphorylation site does not have an optimal 

consensus sequence for Akt phosphorylation. It was also reported that Akt 

stimulates NF-kB by upregulating the transactivation potential of its p65 

subunit rather than inducing nuclear translocation via IkB degradation (Madrid 

et al, 2000). Another study showed that inhibition of PI3-kinase in HT-29 cells 

resulted in the induction of NF-kB binding activity and transactivation, which is 

independent of I-kBœ degradation (Wang et al, 2000). A recent report showed 

that NF-kB is modulated by GSK3P, which is negatively regulated by Akt, at 

the level of the transcriptional complex (Hoeflich et al, 2000). Furthermore, it 

has been reported that PI3-kinase and Akt activate an anti-apoptotic pathway
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in endothelial cells that is independent of NFkB (Madge and Pober, 2000). 

The reason for these opposing effects of Akt is not clear.

The inhibition of GSK3p by Akt may influence the activity of some other 

transcription factors. It was reported that the inactivation of GSK3p prevents 

the degradation of beta-catenin, enabling beta-catenin to translocate to the 

nucleus where it increases the activity of the T-cell factor/lymphoid enhancer 

factor (TCF/LEF) family of transcription factors (reviewed by Behrens et al,

2000). Degradation of beta-catenin was found to induce apoptosis in neuronal 

cells as well as in colon carcinoma cell lines. Thus the stabilisation of beta- 

catenin mediated by Akt may have an important role in the prevention of 

apoptosis.

Some pro-apoptotic signals promote the synthesis of ceramide by 

activating sphingomyelinase or ceramide synthase (reviewed by Perry, 1999). 

Genetic inactivation of sphingomyelinase was reported to inhibit ceramide 

generation and apoptosis in B-lymphocytes and endothelial cells. Another 

study revealed that ceramide promotes apoptosis by inhibiting Akt activation 

(Zhou et al, 1998). Other reports suggest that a ceramide induced 

phosphatase may be involved in the inactivation of Akt (Salinas et al, 2 00 0 ; 

Schubert et al, 2000).

1.23 Akt and insulin signal transduction

Studies using constitutively active Akt have revealed that Akt can mediate 

many of the cellular effects of insulin (Alessi and Downes, 1998). It was 

reported that insulin stimulated Akt activity is decreased in skeletal muscle of 

non-insulin dependent diabetes (NIDDM) patients and diabetes-prone mice 

have high levels of GSK3 activity that is negatively regulated by Akt (Krook et 

al, 1998). Thus diabetes may be helped by pharmacologically targeting Akt 

activity.
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Akt regulates several of the metabolic responses invoked by insulin 

including glycogen synthesis, glycolysis, protein synthesis and glucose 

transport by phosphorylating specific components of these pathways 

(reviewed by Alessi and Downes, 1998; Kandel and Hay, 1999). Akt 

phosphorylates and inactivates two isoforms of glycogen synthase kinase-3, 

termed GSKSa and GSKSp. These isoforms are phosphorylated in response 

to insulin at Ser23 and Ser9 respectively. The inactivation of GSK3 

contributes to the dephosphorylation and activation of glycogen synthase and 

the translation factor elF2 B, stimulating glycogen synthesis and protein 

synthesis. In some cells that lack GSK3P such as 3T3-L1 adipocytes, Akt 

does not promote glycogen synthesis. As insulin induces glycogen synthesis 

in these same cells, it suggests that both GSK3 dependent and independent 

mechanisms are involved.

Akt also phosphorylates and activates the cardiac isoform of 6 - 

phosphofructo-2 -kinase (PFK2), stimulating glycolysis in the heart (Deprez et 

al, 1997). PFK2 regulates the synthesis of fructose 2,6 bisphosphate, an 

allosteric activator of 6-phosphofructo-1-kinase which controls glycolysis.

Akt also enhances glucose transport in response to insulin by 

promoting the recruitment of GLUT4 to the plasma membrane (Kohn et al,

1996). It is also possible that Akt increases glucose transport by inducing the 

expression of GLUT1 and GLUT3 glucose transporters (Barthel et al, 1999). 

Akt may also influence glucose transport through a general increase of 

endocytosis as Akt can transduce endocytosis inducing signals by a pathway 

that includes Ras upstream and Rab5 downstream of Akt (Barbieri et al,

1998).

Another target of Akt that is involved in insulin signalling is 

phosphodiesterase 3B (PDE-3B) that regulates the cellular concentrations of 

cAMP (Wijkander et al, 1998). Akt was found to phosphorylate PDE-3B in rat 

adipocytes. The activated phosphodiesterase hydrolyses cAMP and



61

downregulates the activity of PKA. This in turn decreases the activity of the 

PKA dependent lipase, inhibiting triglyceride hydrolysis.

Akt also promotes protein synthesis by directly phosphorylating and 

activating TOR/FRAP (Scott et al, 1998), a rapamycin and wortmannin 

sensitive kinase that phosphorylates both the translation initiator factor 

inhibitor 4E-BP1 and p70 S6 -kinase. Phosphorylated 4E-BP1 dissociates 

from the initiation factor elf-4E, allowing mRNA translation to occur, whereas 

p70 8 6  kinase regulates mRNA translation by phosphorylating the 408  

ribosomal protein 8 6 .

The forkhead transcription factor FKHR that binds the insulin response 

sequence is also regulated by Akt by phosphorylation at 8er256 (Guo et al,

1999). This insulin-induced effect inhibits the activity of FKHR and 

downregulates transcription of genes such as the IGF binding protein 1 gene 

and the Fas ligand gene.

The insulin receptor substrate IR8-1 is another target of Akt. One 

group found that insulin activated Akt phosphorylated 8 er residues within the 

phosphotyrosine binding domain of IR8-1, protecting IR8-1 from the rapid 

action of tyrosine phosphatases and maintaining it in an active tyrosine 

phosphorylated conformation (Paz et al, 1999). Interestingly, another group 

showed that PDGF activated Akt negatively regulated the insulin signalling 

cascade by a rapamycin sensitive pathway (Li et al, 1999).

It has also been reported that Akt can mimic the insulin-induced 

expression of the ob gene product leptin, an adipostatic hormone that has a 

role in energy balance (Barthel et al, 1997). Another study revealed that the 

activation of Akt repressed the glucocorticoid and cAMP stimulated increase 

in phosphoenolpyruvate carboxykinase (PEPCK) gene transcription (Liao et 

al, 1998). The role of Akt in the latter process is controversial as another 

group showed that the insulin induced repression of PEPCK gene 

transcription was not prevented by a dominant negative Akt (Kotani et al,

1999).
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1.24 Akt, cell proliferation and cancer

The discovery that c-Akt was the cellular homologue of the retroviral 

oncogene v-Akt suggested that it has a role in cellular transformation and 

cancer. Consistent with this is the finding that Akt is over-expressed in breast, 

pancreatic and ovarian carcinomas (Staal, 1987; Bellacosa et al, 1995).

Oncogenesis can be enhanced either by the suppression of cell death 

or by the induction of cell proliferation. As mentioned above, Akt regulates 

many components of the apoptotic cascade and suppresses apoptosis or cell 

death. One Akt substrate that regulates both apoptosis and cell proliferation is 

Raf. Akt phosphorylates Raf at Ser259, leading to the interaction of Raf with 

14-3-3 proteins and the inhibition of the Raf-MAP kinase (mitogen activated 

protein kinase) signal transduction pathway (Zimmermann et al, 1999). Akt, 

however, does not inhibit Raf activity in all cell types. Akt does not inhibit Raf 

in undifferentiated myoblast precursor cells but does when they are 

differentiated into skeletal muscle myotubes (Rommel et al, 1999). In some 

cases, PI3-kinase and Akt may contribute to Raf activation as PI3-kinase 

inhibitors or dominant negative forms of PI3-kinase were found to reduce 

MAP kinase activity (Sutor et al, 1999; Wennstrom et al, 1999). Thus PI3- 

kinase and Akt have both positive and negative roles in the regulation of the 

MAP kinase pathway depending on the input signal and strength, the cell type 

and the differentiation state.

Cell growth is also regulated by Akt through its effects on cell cycle 

progression. In haemopoietic cells, activated Akt inhibited apoptosis and G1 

arrest induced by growth factor withdrawal. These events were linked to the 

induction of c-myc and Bcl-2 (Ahmed et al, 1997). The induction of c-myc may 

be mediated via E2 F as it was reported that activated Akt can substitute for 

IL2 signals that phosphorylate and inactivate the tumour suppressor Rb 

(Brennan et al, 1997). Phosphorylated Rb releases E2F allowing it to 

stimulate the expression of genes required for S phase entry, including c-myc.
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The phosphorylation of Rb could be a result of many events including the 

enhanced expression of G 1 cyclins and the downregulation of the cyclin 

dependent kinase inhibitor p27. It has been reported that Akt may control the 

levels of cyclin D1 by the induction of nuclear mRNA translocation and mRNA 

translation (Muise-Helmericks et al, 1998) and by increasing the protein 

stability of cyclin Dl (Diehl et al, 1998). The stability of cyclin D1 is regulated 

via phosphorylation by GSK3P, a direct target of Akt (Diehl et al, 1998). 

Phosphorylated cyclin Dl redistributes from the nucleus to the cytoplasm 

where it is degraded. As Akt negatively regulates GSK3, the stability of cyclin 

Dl may depend on the activity of Akt.

Akt phosphorylates and inactivates forkhead transcription factors and 

this may induce cell cycle progression by downregulating the levels of p27, as 

it was reported that AFX activates the transcription of p27 (Graff et al 2000). 

The ability of Akt to downregulate p27 was substantiated by the finding that 

the 3’ phosphoinositide phosphatase PTEN, which downregulates Akt activity, 

induced growth arrest by elevating the levels of p27 (Sun et al, 1999).

It has also been reported that Akt phosphorylates the small GTP 

binding protein R ad  at Ser71 (Kwon et al, 2000). This phosphorylation 

inhibits the GTP binding activity of Rac without any significant change in 

GTPase activity. R ad  has been implicated in many cellular events including 

reorganisation of the act in cytoskeleton, cell cycle progression and cell 

transformation. The physiological relevance of the Akt induced inhibition of 

GTP binding to R ad  remains to be determined.

Other evidence that suggests Akt is involved in tumour progression 

comes from the finding that Akt is activated in response to VEGF (vascular 

endothelial growth factor), which in turn, phosphorylates and activates 

endothelial NO synthase (eNOS) (Fulton et al, 1999; Dimmeler et al, 1999). 

The activation of eNOS results in the sustained production of NO by 

endothelial cells and has been implicated in gene regulation and
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angiogenesis. Thus Akt mediated NO synthesis has the potential to increase 

blood flow to tumours.

Another report showed that Akt phosphorylates the tumour suppressor 

BRCA1 (breast cancer susceptibility gene 1 product) (Altiok et al, 1999). The 

impact of this phosphorylation is not clear but may disrupt the nuclear 

translocation of BRCA1, interfering with its ability to regulate transcription and 

DMA repair.

Akt also enhances human telomerase activity through phosphorylation 

of the telomerase reverse transcriptase (hTERT) subunit (Kang et al, 1999). 

Telomerase is a RNA-directed DNA polymerase that extends telomeres of 

eukaryotic chromosomes. When telomeres become critically short, cells do 

not replicate their chromosomes and enter senescence. Telomerase activity 

is repressed in normal human somatic cells but is activated during 

development and upon neoplasia. As the activation of telomerase is involved 

in immortalisation of neoplastic cells, the Akt mediated activation of 

telomerase has potentially important implications in the progression of cancer 

(Liu et al, 1999).

1.25 Cell adhesion

Adhesion is a form of communication that enables cells to sense their 

environment through contact with other cells and the extracellular matrix. Cell 

adhesion is required for the maintenance of all body structures and the 

circulation of lymphocytes. Certain tissues undergo a phenotypic switch 

termed the epithelial-mesenchymal transition (EMT), that involves changes in 

the expression of cell adhesion molecules. Epithelial cells form layers that line 

body surfaces and have a well-defined polarity. They are tightly connected to 

each other and their basal surface interacts with the extracellular matrix. In 

addition, epithelial cells have no invasive properties when grown on three 

dimensional collagen matrices. Mesenchymal cells are usually found in 

connective tissue as individual elongated cells, surrounded by extracellular
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matrix. Unlike epithelial cells, mesenchymal cells have a pronounced ability to 

invade collagen lattices in vitro. The interconversion of tissue phenotypes is 

important during embryonal development and during the invasion and 

metastasis of tumour cells (reviewed by Thiery and Chopin, 1999).

The plasma membrane of polarised epithelial cells is composed of 

three domains that are structurally and functionally distinct (Alberts et al, 

1994). The apical domain faces the external environment (growth medium) 

and has specialised structures called microvilli that have an important role in 

the absorption of luminal fluid in vivo. The lateral domain interacts with the 

lateral domains of neighbouring cells via a variety of junctions including tight 

junctions, adherens junctions, desmosomes and gap junctions. The basal 

domain contacts the substratum and interacts with extracellular matrix 

proteins such as the collagens, laminins, vitronectin and fibronectin via a 

large family of proteins called the integrins. The basal domain has specialised 

regions of cell-matrix contact known as focal adhesions and 

hemidesmosomes. The structure, function and regulation of the cell-cell and 

cell-matrix junctions that mediate epithelial cell adhesion are discussed in the 

following sections. The junctional components are summarised in figure 1.9.

1.26 Tight junctions

Tight junctions form a belt around the apical end of epithelial cells. They 

regulate paracellular diffusion across epithelial monolayers and maintain cell 

polarity by restricting the movement of membrane lipids and proteins between 

the apical and basal-lateral domains. Tight junctions are found in raft-like 

membrane microdomains and form strand-like structures between adjacent 

cells (N us rat et al, 2000). The backbone of tight junctions is composed of 

polymers of the integral membrane proteins, called occludin and the claudins, 

that have four transmembrane domains. Occludin is exclusively localised at 

tight junctions and is heavily phosphorylated. It becomes dephosphorylated
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Cell-Cell Adhesion Junctions

Structural components and signalling proteins

Tight Junctions Occludin, Claudins, JAM, ZO-1, ZO-2, ZO-3, 
Cingulin, 7H6 antigen, Symplekin, MAGI-2, 
MAGI-3, PTEN, PKGÇ, PKCA,, ASIP, AF-6 , 
Rab3B, Rab13, Gao, Gai2, ZONAB

Adherens Junctions Cadherins, Catenins (p120, a, p, y), c-Src, 
c-Fyn, PTP1B, PTPmu, c-ErbB2, FGFR, She, 
p85, IQGAP1

Desmosomes Desmogleins, Desmocollins, Desmoplakin, 
Plakoglobin (y-catenin), Plakophilin, Plectin, 
Envoplakin, Periplakin, Pinin

Gap Junctions Connexins

Cell-Matrix Adhesion Junctions

Hemidesmosomes aeP4 integrin, HD1/Plectin, BP180, BP230, 
00151, She, Grb2 , SOS, Ras

Focal Adhesions Integrins, Talin, Vinculin, a-actinin, Filamin, 
Vav, PKN, Rail A, FAK, Src kinases, PTEN, 
PI3-kinase, p i30 Cas, Grb2 , SOS, Grb7, 
Ras, MAP kinase, GRAF, PTP1B, PLCyl, 
PYK2, EGFR, PDGFR, ILK, Hic5, p65/RelA

Figure 1.9 Components of cell adhesion junctions. The components of 
cell-cell and cell-matrix junctions include structural proteins and proteins 
involved in signal transduction pathways.
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when tight junctions are opened by prolonged calcium removal (Farshori et al,

1999). At least 16 members of the claudin family have been identified. 

Claudins 1-8 have been well characterised and are exclusively localised at 

tight junctions. The claudins have specific tissue expression patterns. Claudin 

5 for example is expressed in all tissues, whereas claudin 2 is found mainly in 

the liver and kidney (Tsukita et al, 1999). A recent report showed that protein 

kinase C may regulate the expression of claudins 1, 2 and 5 (Lippoldt et al,

2000). Another protein that localises to the tight junctions is JAM (junction- 

associated membrane protein). JAM has a single transmembrane domain and 

belongs to the immunoglobulin superfamily. JAM dimers are thought to 

regulate paracellular permeability and leukocyte transmigration (Bazzoni et al,

2000).

Several peripheral membrane proteins are associated with the tight 

junction strands. Three of these proteins (ZO-1, ZO -2 and ZO-3) are 

members of the membrane-associated guanylate kinase (MAGUK) protein 

family (reviewed by Tsukita et al, 1999). They contain three PDZ domains, 

named after the proteins in which they were first identified (PSD95, DLG and 

ZO-1). These domains bind homo- or heterotypically to neighbouring proteins 

and promote their clustering. The MAGUK proteins also contain a SH3 

domain and an inactive guanylate kinase domain. ZO-1, ZO -2 and ZO-3 link 

the tight junction transmembrane proteins, occludin and JAM, to the 

cytoskeleton or intracellular signalling proteins.

Several signalling proteins are also found at tight junctions (Tsukita et 

al, 1999). They include two atypical protein kinase C isoforms, PKC-Ç and 

PKCX, and their specific binding protein ASIP. Studies on the ASIP 

homologue PAR-3 in C. elegans suggest that the PKC-ASIP complex may 

have a role in the establishment of cell polarity.

Other signalling proteins found at tight junctions include the 

heterotrimeric G protein subunits, GOo and Gaig. These subunits are important 

for the maintenance and development of tight junctions (Saha et al, 1998).
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AF-6 , a Ras GTPase target, is also concentrated at tight junctions and 

directly binds to ZO-1. A recent study showed that AF-6 is a critical regulator 

of cell polarity during mouse development (Zhadanov et al, 1999).

The tumour suppressor PTEN is also found at tight junctions. PTEN 

has both protein and lipid phosphatase activity and its substrates include the 

focal adhesion kinase (FAK), She and the 3’ phosphoinositide PI(3 ,4 ,5 )P3. 

PTEN suppresses the activity of Akt through its action on PI(3 ,4 ,5 )P3. PTEN 

interacts directly with two MAGUKs termed MAGI-2 and 3 (membrane 

associated guanylate kinase inverted-2 and 3) that are located at tight 

junctions. A C-terminal PDZ binding motif in PTEN mediates the interaction 

with the PDZ domains of MAGI-2 and 3. Interestingly, MAGI-2 and 3 co

operate to modulate the kinase activity of Akt and thus may influence cell 

survival (Wu et al, 2000).

The Y-box transcription factor, ZONAB (ZO-1 associated nucleic acid 

binding protein), also localises to tight junctions and binds the SH3 domain of 

ZO-1. ZONAB is also found in the nucleus and binds to specific inverted 

COAAT box containing sequences found in the promoters of genes coding for 

ErbB2 and several cell cycle regulators. ZONAB and ZO-1 regulate the ErbB2 

promoter in a cell density-dependent manner. It has been proposed that 

ZONAB is a repressor and is sequestered by ZO-1 at tight junctions, resulting 

in the stimulation of ErbB2 expression. In addition to controlling gene 

expression, ZONAB and ZO-1 also control paracellular permeability (Baida et 

al, 2000 ).

Rab3B and Rab13 are also located at tight junctions. These proteins 

are important for vesicular transport and may play a role in the establishment 

of cell polarity. Three other peripheral membrane proteins, cingulin, 7H6 

antigen and symplekin, are concentrated at tight junctions. At present, it is not 

clear how these proteins are connected to the tight junction strands (Tsukita 

et al, 1999).
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Tight junction integrity is modulated by a variety of factors and can be 

assessed by transepithelial resistance (TER) measurements. Extracellular 

calcium triggers assembly and sealing of tight junctions. These events are 

modulated by many factors. Glucocorticoids, activators of heterotrimeric a  

subunits and the diacylglycerol analogue diC8 enhance the tight junction seal 

(Woo et al, 1999; Saha et al, 1998; Baida et al, 1993). Activation of 

phospholipase C and PKC also increase TER (Balda et al, 1991). Calmodulin 

plays a role in junction formation as calmodulin inhibitors prevent the 

development of TER (Balda et al, 1991). Disruption of epithelial tight junctions 

is blocked by PKA inhibitors (Klingler et al, 2000).

It has also been reported that the expression of oncogenic Raf disrupts 

tight junctions. One study showed that the expression of occludin and 

claudin-1 was downregulated and the distribution pattern of ZO-1 was altered 

in cells expressing oncogenic Raf (Li et al, 2000). Another report showed that 

down-regulation of the MAP kinase signalling pathway in Ras transformed 

cells induces the formation of tight junctions and that the tyrosine 

phosphorylation of occludin and ZO -1 may be important for tight junction 

formation (Chen et al, 2000).

1.27 Adherens junctions

The adherens junctions are located below the tight junctions on the lateral 

membrane and form a continuous adhesion belt around epithelial cells. The 

adhesion belts in adjacent cells are directly apposed and their interacting 

membranes are held together by members of a large family of calcium 

dependent cell-cell adhesion molecules called cadherins. Several tissue 

specific cadherins have been identified including epithelial (E)-cadherin, 

neuronal (N)-cadherin and vascular endothelial (VE)-cadherin (Alberts et al, 

1994).
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Cadherins are single-pass transmembrane glycoproteins (reviewed by 

Steinberg and McNutt, 1999). The extracellular domain is composed of five 

repeating regions (01-05) that interact with calcium ions and the extracellular 

domains of cadherins in adjacent cells. The 01 domain has a conserved HAV 

sequence that is important for cell-cell adhesion. The cytoplasmic domain has 

a 0-terminal region that binds p-catenin or y-catenin (plakoglobin). In addition, 

the cytoplasmic domain has a membrane-proximal region that binds members 

of the p i20 catenin family. Another catenin, termed a-catenin, interacts with 

p-catenin or y-catenin and links the cadherin complex to the actin 

cytoskeleton either directly or indirectly via actin binding proteins such as a- 

actinin, vinculin and ZO-1. Thus actin filaments in adjacent cells are 

connected via adherens junctions.

It has been reported that the cadherins require both lateral 

dimérisation and clustering to stabilise cell-cell adhesion and that the 

cytoplasmic domains may be involved with the redistribution of lateral dimers 

(Yap et al, 1997). Another study revealed that the formation of lateral dimers 

is independent of catenin, calcium and cell-cell contact. The interaction 

between lateral dimers on adjacent cells (trans dimérisation), however, 

requires catenins and calcium (Chitaev et al, 1998). Mutagenesis studies 

showed that Trp2 and AlaBO are required for the formation of trans dimers. 

Trp2 is thought to dock into an intramolecular hydrophobic pocket generated 

by Ala-80, an element of the highly conserved HAV sequence. It is thought 

that HAV peptides inhibit adhesion by blocking trans dimérisation through 

their competitive binding to Trp2 (Nose et al, 1990). A recent study showed 

that cadherin mediated cell adhesion requires calcium and actin 

polymerisation (Vasioukhin et al, 2000). In this study they found that calcium 

stimulates the production of filopodia that penetrate and embed into adjacent 

cells. E-cadherin complexes then cluster at the filopodia tips and generate a 

two-rowed zipper. Other proteins including vinculin, zyxin, VASP and Mena 

are then recruited to the adhesion zippers by a mechanism that requires a-
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catenin. The same group proposed that a VASP and/or Mena dependent 

reorganisation and polymerisation of actin provides the force to physically 

push the two rowed zipper together into a single row and seal the membranes 

into an epithelial sheet.

Cadherin mediated cell adhesion is regulated by many factors. The 

p120 catenin has been reported to modulate cell-cell adhesion (reviewed by 

Provost and Rimm, 1999). This catenin was first identified as a substrate of 

the non-receptor tyrosine kinase Src and was later found to bind to cadherins. 

It is a member of the Armadillo family of proteins, which also includes p- 

catenin and y-catenin. Unlike p-catenin and y-catenin, p i20 catenin does not 

interact with a-catenin. There are multiple isoforms of pi 20 catenin and they 

are expressed in a tissue specific manner. The pi 20 catenin has been 

described as both a positive and negative regulator of cell-cell adhesion. One 

study using a Xenopus model revealed that the pi 20 catenin binding domain 

of C-cadherin is sufficient to induce clustering of lateral dimers, suggesting 

that pi 20 catenin positively regulates adhesion (Yap et al, 1998). This is 

consistent with the finding that a mutant form of E-cadherin, which does not 

interact with p i20 catenin, failed to mediate tight adhesion (Thoreson et al,

2000). This study also revealed that cadherin bound p i20 catenin is 

phosphorylated mainly on serine residues, whereas cytoplasmic pi 20 catenin 

is almost completely unphosphorylated. In contrast, another group found that 

the membrane proximal domain negatively regulates adhesion (Ozawa et al,

1998) and p i20 catenin was also found to be a negative regulator of 

adhesion in Colo205 cells (Aono et al, 1999). These conflicting data may be 

due to cell-type differences. Despite these discrepancies, it is clear that the 

membrane proximal domain and pi 20  catenin play an important role in 

regulating cell-cell adhesion. Other proteins have been identified that bind to 

the m em brane proximal domain and these include Ô- 

catenin/NPRAP/neurojungin and ARVCF. 5-catenin/NPRAP/neurojungin is 

expressed only in neuronal cells, whereas ARVCF is ubiquitously expressed



72

at low levels (Noren et al, 2000). In addition to its role in cell-cell adhesion, 

p120 catenin may also regulate transcriptional activity as it interacts with the 

transcription factor Kaiso (Daniel et al, 1999).

Over-expression of p 120 catenin in fibroblasts induces a 

morphological change characterised by long dendritic processes and 

filopodial extensions (Reynolds et al, 1996). Recently, it was shown that the 

activities of R ad  and Cdc42 are stimulated but that of RhoA is reduced in 

cells over-expressing p i20 catenin. The guanine nucleotide exchange factor 

Vav2 is required for the pi 20 catenin induced cytoskeletal changes. This 

group also proposed that p i20 catenin is either bound to cadherins where it is 

unable to affect the structure of the actin cytoskeleton, or in a cytoplasmic 

pool where it can interact with Vav2 (Noren et al, 2000). Cytoplasmic pi 20 

catenin can influence cell motility by upregulating cell migration through 

activating R ad  and Cdc42 and/or by inhibiting the formation of stress fibres 

and focal adhesions by downregulating RhoA activity (Noren et al, 2000).

Tyrosine phosphorylation of p-catenin, y-catenin and E-cadherin is also 

implicated in the regulation of the stability of adherens junctions (Provost and 

Rimm, 1999). One report showed that treating K562 cells with the tyrosine 

phosphatase inhibitor pervanadate, increases the tyrosine phosphorylation of 

these proteins and decreases cell-cell adhesion. At the same time a-catenin 

dissociates from the cadherin-catenin complex. As a-catenin is not tyrosine 

phosphorylated, it was proposed that the tyrosine phosphorylation of p- 

catenin and y-catenin induced a conformational change that causes a-catenin 

to dissociate from the complex (Ozawa et al, 1998). Thus a-catenin may have 

an important role in maintaining junctional integrity. Another study revealed 

that the protein tyrosine phosphatase PTP1B, that binds the cytoplasmic 

domain of N-cadherin and dephosphorylates p-catenin, prevents loss of N- 

cadherin mediated adhesion (Balsamo et al, 1998). Several direct interactions 

between cadherins and PTPmu have been reported (Brady-Kalnay, 1998). 

Non-receptor tyrosine kinases such as c-Src and related proteins are also
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found at adherens junctions. Activation of the v-Src kinase leads to disruption 

of cell-cell adhesion (Matsuyoshi et al, 1992) and this is also observed when 

receptor tyrosine kinases such as c-Met or the EG F receptor are activated by 

their ligands (Potempa et al, 1998; Hazan and Norton, 1998). 

Phosphorylation mediated by c-Src has opposing effects on the affinities of (3- 

catenin and p i20 catenin for E-cadherin. Tyrosine phosphorylated p-catenin 

has a decreased affinity for E-cadherin, whereas tyrosine phosphorylated 

p i20 catenin has an increased affinity for E-cadherin (Roura et al, 1999). The 

tyrosine kinase c-erbB2 binds the C-terminal arm repeats of p-catenin and 

interference with this association suppresses invasion and metastasis of 

gastric cancer cells (Shibata et al, 1996). It has also been postulated that the 

FGF receptor and N-cadherin interact via their HAV domains (Doherty et al,

1996). The p85 regulatory subunit of PI3-kinase also interacts with E- 

cadherin in response to cell-cell contact formation. In addition, this interaction 

coincided with the activation of Akt (Pece et al, 1999). Other reports showed 

that increasing the level of p-catenin tyrosine phosphorylation induces the 

dissociation of p-catenin from the cadherin complex and increases the 

cytoplasmic pool of p-catenin (Muller et al, 1999). Together these studies 

suggest that tyrosine kinases are negative regulators of cell adhesion and 

that oncogenic versions of these kinases contribute to the invasion and 

metastasis of tumour cells (Behrens et al, 1993).

Other work indicates that tyrosine phosphorylated p-catenin, y-catenin 

and pi 20  catenin are positive regulators of cadherin mediated adhesion 

(Calautti et al, 1998). In kératinocytes, the tyrosine phosphorylation of the 

catenins increased during cell-cell contact formation. Src family kinases are 

implicated in the regulation of this phosphorylation, as the catenins in 

kératinocytes derived from mice lacking c-Src and c-Fyn are not tyrosine 

phosphorylated during the formation of cell-cell contacts. In addition, cell-cell 

adhesion was reduced in these cells.
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One possible explanation for these discrepancies is that normal 

physiological levels of tyrosine phosphorylation support the formation of 

cadherin based cell contacts, whereas increased levels from oncogenically 

activated kinases have the opposite effect. An alternative explanation came 

from a recent study on the kinase activity of c-Src in kératinocytes, where 

they found that inhibiting Src kinase activity promoted the stability of cell-cell 

contacts in low calcium. They proposed that as Src is a multidomain protein, 

the activities of Src other than its kinase activity may be required for the 

assembly of epithelial cell-cell junctions whereas the kinase activity triggers 

the disassembly of cadherin-catenin complexes (Owens et al, 2000).

Serine/threonine kinases have also been implicated in modifying the 

strength of cell-cell adhesion. One report showed that okadaic acid disrupts 

cell-cell contacts and induces the hyperphosphorylation of p-catenin (Serres 

et al, 1997). A recent study revealed that E-cadherin is phosphorylated within 

a cluster of serine residues by casein kinase II and GSK3p. This 

phosphorylation enhances the interaction between E-cadherin and p-catenin 

(Lickert et al, 2000).

In addition to cadherin complexes, p-catenin also binds to other 

proteins including the tumour suppressor gene product ARC, the LEF-1/TGF 

transcription factors and the RGS domain proteins axin and conductin 

(reviewed by Behrens et al, 1999). These interactions play crucial roles in the 

wnt signalling pathway that regulates gene expression during development 

and tumorigenesis. In the absence of wnt, GSK3p phosphorylates p-catenin, 

ARC and axin/conductin. Rhosphorylated p-catenin is ubiquitinated and 

degraded in the cytoplasm. Binding of wnt to the frizzled family of receptors 

leads to the inactivation of GSK3p and stabilisation of p-catenin, enabling p- 

catenin to translocate to the nucleus where it interacts with the LEF-1/TCF 

transcription factors and regulates gene transcription. The signalling function 

of p-catenin is activated in tumours by mutations of p-catenin or of ARC 

(Behrens et al, 1999). p-catenin also interacts with the Alzheimer’s disease
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protein presenilin (Murayama et al, 1998), the actin bundling protein fascin 

(Tao et al, 1996), the transmembrane glycoprotein Muc-1 (Yamamoto et al, 

1997) and the TATA box binding protein pontin52 (Bauer et al, 1998). The 

functional relevance of these associations is not clear.

Members of the Rho family of GTPases, that regulate the actin 

cytoskeleton, also modulate cadherin mediated cell adhesion. One report 

showed that microinjection of dominant negative R ad (Racl'̂ ®"̂ )̂ or treatment 

with the Rho inhibitor botulinum toxin C3, reduces the accumulation of E- 

cadherin at cell-cell contacts when kératinocytes are transferred from low 

calcium to standard calcium medium (Braga et al, 1997). Another study 

revealed that the amount of E-cadherin, p-catenin and actin filaments at cell

cell contacts was decreased in MDCK cells expressing Racl̂ ®"̂  ̂ (Takaishi et 

al, 1997). Cdc42 as well as R ad  are required for the regulation of cell-cell 

adhesion in MDCK cells, as microinjection of dominant active Cdc42 or R ad  

reverses the inhibitory action of Rho GDI on cell-cell adhesion (Kuroda et al, 

1997). The effects of R ad  and Rho on the localisation of cadherin are cell- 

type dependent, as R ad  and Rho are not required for the localisation of VE- 

cadherin in endothelial cells (Braga et al, 1999). In addition, activated Rac or 

its exchange factor Tiami induces the invasion of T lymphoma cells but 

suppresses the invasion of epithelial cells, induced by HGF or activated Ras, 

by increasing their adhesive properties (Hordijk et al, 1997). Furthermore, it 

has been reported that cell-cell adhesion induced by Tiami depends on PI3- 

kinase activity (Sander et al, 1998). In contrast, another study showed that 

activated Rac decreases the levels of the components of adherens junctions, 

while dominant negative Rac stabilises them in primary BRK cells (Quinlan,

1999).

The Cdc42 and R ad  effector, IQGAP1, is found at cell-cell contacts 

(Kuroda et al, 1998). A recent study revealed that IQGAP1 inhibits the 

binding of a-catenin to p-catenin, causing a-catenin to dissociate from the 

cadherin-catenin complex which in turn reduces cadherin mediated adhesion.
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Cdc42 and R ad  were found to negatively regulate IQGAP1 by inhibiting the 

interaction of IQGAP1 with p-catenin, leading to stabilisation of the cadherin- 

catenin complex. Thus Cdc42 and R ad  positively regulate cadherin- 

mediated adhesion by suppressing the activity of IQGAP1 (Fukata et al,

1999). It has also been reported that calmodulin which binds to IQGAP1 can 

modulate the association between IQGAP1 and E-cadherin. Calmodulin 

antagonists were found to enhance the association of IQGAP1 and the 

cadherin-catenin complex, decreasing cadherin mediated cell-cell adhesion 

(Li et al, 1999).

The Ras GTPase has also been implicated in the regulation of 

cadherin mediated cell-cell adhesion. Ras activation induces the 

destabilisation of E-cadherin-catenin complexes in MDCK cells by 

mechanisms involving both PI3-kinase and the MAP kinase pathway 

(Potempa et al, 1998). In the same study it was observed that the tight 

junctions and desmosomes are not disrupted by activated Ras, suggesting 

that these junctions are regulated separately from the adherens junctions. 

Another study revealed that the activation of H-Ras induces the relocalisation 

and cytoplasmic stabilisation of p-catenin through its interaction with the p85 

regulatory subunit of PI3-kinase (Espada et al, 1999). It has also been 

reported that dominant negative Ras reduces the amount of y-catenin 

associated with the adherens junctions in endothelial cells (Hegland et al,

1999). Furthermore, the adaptor protein She that mediates the membrane 

recruitment of the Grb2/Sos complex and leads to the activation of Ras was 

found to interact with E-cadherin (Xu et al, 1997). A recent report revealed 

that oncogenic Ras downregulates Rac activity and upregulates Rho activity, 

leading to EMT. Oncogenic Ras was found to decrease Rac activity through 

sustained Raf/MAP kinase signalling, which induces transcriptional 

downregulation of Tiam i, an activator of Rac. Thus oncogenic Ras can 

induce an EMT by interfering with the balance between Rac and Rho activity 

(Zondag et al, 2000).
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Recently a novel immunoglobulin-like cell adhesion molecule, termed 

nectin, was found at adherens junctions (Kikyo et al, 2000). Nectin is a 

calcium independent hemophilic cell adhesion molecule that belongs to a 

family of at least nectin-1 , -2 and -3. Each member has two or three splice 

variants that have identical extracellular regions but different transmembrane 

and cytoplasmic domains. The cytoplasmic domain of some isoforms 

interacts with afadin, an actin filament binding protein that connects nectin to 

the actin cytoskeleton. Afadin has been implicated in the organisation of 

adherens junctions and tight junctions. Nectin-25 is tyrosine phosphorylated in 

response to cell-cell adhesion via a mechanism that requires E-cadherin and 

Src family kinases (Kikyo et al, 2000).

1.28 Desmosomes

Desmosomes are punctate adhesive intercellular junctions that link the 

intermediate filament cytoskeletons of adjacent cells and are thus involved in 

maintaining the structural integrity of tissues. Their importance is reflected by 

the existence of severe skin blistering diseases such as the autoimmune 

pemphigus disorders that target the desmosomal cadherins (Amagai, 1999) 

and by inherited disorders caused by mutations in desmosomal genes 

(McGrath, 1999).

Desmosomes contain two transmembrane proteins of the cadherin 

superfamily, the desmogleins and desmocollins. Three different desmoglein 

and desmocollin genes have been identified and they are differentially 

expressed (Schmidt et al, 1994). The expression patterns of the various 

isoforms overlap and some desmosomes contain more than one isoform 

(North et al, 1996). Clustering of desmosomal cadherins, probably via 

heterophilic interactions, is important for desmosomal adhesion (Chitaev et al, 

1997).
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Desmosomal cadherins bind to a number of cytoplasmic plaque 

proteins including plakoglobin, desmoplakin and the plakophilin family of 

proteins. Desmoplakin and the plakophilins (1-3) bind directly to keratin 

filaments. Plakoglobin and the plakophilins belong to the armadillo family and 

contain many arm repeats. The head domain of plakophilin 1 is important for 

desmosome assembly, whereas the arm repeat region may be involved in 

regulating the dynamics of the actin cytoskeleton (Hatzfeld et al, 2000). Other 

peripherally associated desmosomal proteins such as plectin, envoplakin, 

periplakin and pinin interact either directly or indirectly with keratin filaments 

(North et al, 1999). Plakophilins 1-3 and pinin are also found in the nucleus, 

suggesting that these proteins may be involved in signalling pathways (Bonne 

et al, 1999; Shi et al, 2000).

Many studies revealed that the establishment of adherens junctions is 

a prerequisite for the formation of desmosomes, as functional inhibition of 

adherens junction cadherins impairs the adherens junctions aswell as 

desmosomes (Hanakawa et al, 2000). A recent report suggested that 

desmocollin may be important for initiating desmosome formation after the 

establishment of adherens junctions, as a dominant negative version of 

desmocollin was found to affect both the desmosomes and adherens 

junctions. In addition, desmocollin was found to bind to p-catenin which is not 

found in desmosomes (Hanakawa et al, 2000). It has also been reported that 

E-cadherin dimerises with desmoglein and desmocollin upon depletion of 

extracellular calcium, suggesting another possible connection between these 

two junctions (Troyanovsky et al, 1999). As plakoglobin (y-catenin) is found at 

both desmosomes and adherens junctions, this protein may also provide a 

communication link between these junctions.

There is evidence to suggest that the assembly of desmosomes is 

independent of adherens junctions. One study showed that mouse 

blastocysts lacking E-cadherin form desmosomal junctions (Riethmacher et 

al, 1995). Another report revealed that desmosomes are regulated separately
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from adherens junctions because, unlike adherens junctions, desmosomes 

are not disrupted by the expression of constitutively active Ras (Potempa et 

ai, 1998).

Many reports show that desmosomal adhesion changes from a 

calcium dependent state to a calcium independent state in confluent epithelial 

sheets (Wallis et al, 2000). A recent study revealed that this change is rapidly 

reversed when epithelial cell sheets are wounded. They also found that PKCa 

participates in the signalling pathway that modulates desmosomal adhesion 

in response to wounding (Wallis et al, 2000). PKC activation upon short 

exposure to TPA was found to reduce intercellular contacts and induce 

desmosomal splitting and internalisation. One way by which PKC is thought to 

mediate the disassembly of desmosomes is through phosphorylation of 

desmoplakin (Amar et al, 1999). TPA treatment also induces the secretion of 

urokinase-type plasminogen activator (uPA) and expression of its receptor 

(uPAR), which activates plasminogen to plasmin and may digest the 

extracellular domains of desmosomes (Kitajima et al, 1999). Thus PKC may 

play a role in the turnover of desmosomes.

1.29 Gap junctions

Gap junctions are plasma membrane channels that directly connect 

neighbouring cells. The channels provide a pathway for the diffusion of small 

molecules including ions, amino acids, nucleotides and second messengers 

(calcium, cAMP, cGMP and I P 3 ) .  Gap junctions are thought to affect cell 

growth control, embryonic development, transmission of electrical signals and 

tumorigenesis. A reduction in gap junctional communication (GJC) is 

associated with tumorigenesis (DeoCampo et al, 2000).

The gap junction channels are composed of connexins (reviewed by 

Paul, 1995). The connexins have intracellular amino and carboxy termini and 

four membrane spanning regions that form two extracellular loops and one
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intracellular loop. The connexins are assembled into hexamers or connexons 

in the trans Golgi network before they are inserted into the plasma 

membrane. Connexons in one cell interact with connexons in neighbouring 

cells via their extracellular loops, forming an aqueous pore or channel. At 

least 15 different connexin isoforms have been identified. Although the 

connexins are highly conserved, they have different expression patterns and 

channel permeabilities. The differences in channel permeability are based on 

size, charge and/or conformation and could permit discrimination between 

second messengers such as the cyclic nucleotides and I P 3 .

Many physiological effectors regulate gap junctions. This regulation is 

thought to represent a cell survival mechanism, as closure of the channels in 

response to cell injury or apoptosis effectively isolates the cell and prevents 

damage from spreading to adjacent cells. There is evidence that an increase 

in calcium or H+ levels can disrupt gap junction communication (Spray et al, 

1994), whereas a rise in cAMP can upregulate junctional communication 

(Goodenough and Musil, 1993). cAMP was also reported to enhance the 

expression of connexin 43, inducing the formation of gap junctions (Abudara 

et al, 2000). Transjunctional voltage has also been implicated in the gating of 

gap junction channels (Paul, 1995). A recent study showed that calmodulin 

associates with connexin 32 and directly modulates chemical gating 

(Peracchia et al, 2000). Protein kinases, external stimuli and oncogene 

products also influence gap junctional permeability. Expression of the Ras 

oncogene product was found to reduce gap junctional communication 

(Hayashi et al, 1998). Prolonged activation of PKC leads to the 

phosphorylation of connexin 43 on serine 368 and decreases GJC (Lampe et 

al, 2000). Tyrosine phosphorylation on connexin 43 has also been associated 

with decreased GJC in cells transformed with the v-Src oncogene (Filson et 

al, 1990). EGF inhibits GJC in some cell types and stimulates serine 

phosphorylation of connexin 43, mediated by MAP kinase (Warn-Cramer et 

al, 1998). G-protein-coupled receptors, activated by LPA, were found to use a
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Src tyrosine kinase pathway to transiently inhibit connexin 43 based GJC 

(Postma et al, 1998). PI3-kinase has also been implicated in the PDGF 

induced inhibition of GJC (Yao et al, 2000). Thus multiple signalling 

molecules participate in the regulation of gap junctional communication.

Cell density may also modulate gap junction communication. 

Synchronous calcium oscillations and high levels of connexin 43 were 

observed in subconfluent MDCK epithelial cells, whereas GJC and the levels 

of connexin 43 were reduced after confluence (Berthoud et al, 1992; 

Rottingen et al, 1997).

1.30 Hemidesmosomes

Hemidesmosomes link keratin intermediate filaments to the extracellular 

matrix (reviewed by Jones et al, 1998). One of the transmembrane 

components of these complexes is the integrin heterodimer This integrin 

is a receptor for various laminin isoforms, including laminin-5, and is essential 

for the organisation and maintenance of epithelial architecture. The 

cytoplasmic domain of P4 is important for ŒbPa mediated adhesion. This 

domain has two pairs of type III fibronectin repeats (FNIII) which are 

separated by a connecting segment that contains a tyrosine activation motif. 

Sequences within the second FNIII repeat and the connecting segments are 

critical for the localisation of this integrin at hemidesmosomes (Niessen et al, 

1997). The p4 integrin interacts with and regulates the localisation of the 

cytoplasmic hemidesmosomal plaque protein HDI/plectin (Niessen et al,

1997). HDI/plectin mediates the attachment of keratin to the basal plasma 

membrane. The p4 integrin also binds to the hemidesmosomal protein bullous 

pemphigoid antigen 180 (BP180), involving sequences within the connecting 

segment and the third FNIII repeat (Schaapveld et al, 1998). B R I80 is a 

transmembrane protein whose extracellular region is composed mainly of 

collagen-like repeats and may function as a cell-matrix receptor. It has also
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been proposed that BP180 interacts with the ae integrin and this may 

enhance the stability of hemidesmosomes (Hopkinson et al, 1995). The 

cytoplasmic domain of BP180 binds to BP230, which connects directly to 

keratin filaments. BP180 and BP230 have been identified as autoantigens in 

autoimmune bullous skin diseases (Zillikens et al, 1999).

A recent study showed that G D I51, a member of the tetraspan 

superfamily, is recruited to hemidesmosomes by the a6p4 integrin (Sterk et al,

2000). G D I51 has four membrane-spanning domains, one small and large 

extracellular loop, and short cytoplasmic carboxy and amino terminal 

domains. The large extracellular loop interacts with a  integrins. As GDI 51 is 

also found at focal adhesions, it may functionally link these two structures. 

HD1/Plectin is also located at both hemidesmosomes and focal adhesions.

In addition to its role in maintaining the structure of hemidesmosomes, 

the « 6̂ 4 integrin is also involved in the transduction of signals induced by the 

extracellular matrix. These signalling pathways modulate a diverse range of 

cellular events including cell proliferation, apoptosis and migration (Mainiero 

et al, 1997). The phosphorylation-state of both ae and p4 is crucial to their 

ability to participate in these events. Upon ligand binding, ae is 

dephosphorylated at serine 1041 in the cytoplasmic domain. This 

dephosphorylation correlates with the reorganisation of the keratin 

cytoskeleton and association of the keratin filaments with hemidesmosomes 

(Baker et al, 1997). The p4 integrin, however, is tyrosine phosphorylated upon 

ligand binding. This tyrosine phosphorylation is a critical component in the 

formation of hemidesmosomes (Payne et al, 2000). The kinases and 

phosphatases that mediate these events have not been identified (Nievers et 

al, 1999).

The tyrosine phosphorylated p4 integrin interacts with the adaptor 

protein She (Mainiero et al, 1995). She also becomes phosphorylated and 

recruits the adaptor protein Grb2, which in turn, activates the Ras GTPase 

and stimulates the Erk and Jnk MAP kinases. The stimulation of Erk is
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dependent on She, Ras and RhoA whereas the stimulation of Jnk is 

dependent on Ras, R ad  and PI3-kinase. Adhesion mediated by the aep4 

integrin also induces transcription from the Fos serum response element and 

promotes cell cycle progression in response to mitogens (Mainiero et al,

1997). Thus ligation of the aep4 integrin regulates cell proliferation.

EGF suppresses the association of the aeP4 integrin with She and the 

cytoskeletal elements of hemidesmosomes (Mainiero et al, 1996). EGF also 

upregulates cell migration towards laminins and induces tyrosine 

phosphorylation of the p4 integrin (Nievers et al, 1999). As this 

phosphorylation does not result in the interaction of She, it implies that EGF 

induces phosphorylation of tyrosine residues other than those phosphorylated 

upon integrin clustering. Another study showed that the aep4 integrin 

redistributes from hemidesmosomes to actin rich cell protrusions in response 

to EGF, by a mechanism that involves the activation of PKC and 

phosphorylation of the p4 integrin on serine residues (Rabinovitz et al, 1999). 

Thus the phosphorylation state of the ocgp̂  integrin determines whether it 

mediates the formation and stabilisation of hemidesmosomes or stimulates 

cell migration. It has also been reported that the ŒgP̂  integrin stimulates 

carcinoma migration and invasion and that this requires the activation of PI3- 

kinase and cAMP-specific phosphodiesterase (Rabinovitz et al, 1999). Little is 

known about whether other hemidesmosomal components are involved in 

signalling. HDI/plectin is phosphorylated during M-phase of the cell cycle by 

p34cdc2 (Malecz et al, 1996).

1.31 Focal adhesions

Focal adhesions are large protein aggregates that form when cells come into 

contact with extracellular matrix proteins such as fibronectin, collagen and 

vitronectin. They are composed of transmembrane integrin receptors.
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cytoplasmic cytoskeletal proteins that link the integrin receptors to the actin 

cytoskeleton and signal transduction proteins (Alberts et al, 1994).

The integrin receptors are heterodimers composed of a  and p 

subunits. Each subunit is a glycoprotein with a large globular extracellular 

region, a transmembrane region and a cytoplasmic tail. Many subunits have 

been identified that heterodimerise in various combinations. Twelve different 

receptors have been identified in vivo (Boudreau and Jones, 1999). The 

integrin receptors have considerable overlap in their ligand binding 

specificities and many recognise the RGD sequence in their matrix ligands 

(Kumar et al, 1998). Some integrins are expressed in a cell type specific 

manner and have specialised signalling functions (Kumar et al, 1998).

Integrin receptor engagement induces the recruitment of actin 

filaments to focal adhesions. This recruitment is mediated by a complex of 

cytoskeletal proteins that include talin, vinculin, a-actinin and filamin 

(Critchley, 2000). These actin-binding proteins interact directly with specific 

integrin p subunits (P,, pg or %) and couple integrins to the cytoskeleton.

Some reports show that the interaction of integrins with the 

extracellular matrix is not sufficient to induce integrin clustering and focal 

adhesion assembly. Cytoskeletal organisation, mediated by the Rho family 

members, has also been implicated in focal adhesion formation upon integrin 

engagement (Hotchin et al, 1995). Recent studies showed that the Rho 

effectors Dial and the Rho-dependent kinase ROCK induce focal adhesion 

formation by increasing myosin contractility and stress fibre bundling 

(Chrzanowska-Wodnicka and Burridge, 1996; Watanabe et al, 1999). Thus 

both adhesive interactions and cytoskeletal organisation influence the 

assembly and function of focal adhesions.

Some of the cytoskeletal proteins located at focal adhesions interact 

with proteins that regulate the activity of Rho family members or are Rho 

effector proteins (reviewed by Critchley, 2000). a-actinin interacts with the 

guanine nucleotide exchange factor Vav via Zyxin. Vav is also constitutively
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associated with talin and vinculin in T cells. Vav is a Rac guanine nucleotide 

exchange factor and has been implicated in linking adhesive interactions to 

changes in the cytoskeleton, as it is tyrosine phosphorylated in a pi integrin 

dependent manner. The Rho effector PKN binds a-actinin, and the Cdc42 

effector Rail A interacts with filamin. It has also been reported that the RhoA 

dependent increase in PI(4,5)P2 levels observed after integrin engagement 

may influence focal adhesion assembly, as PI(4,5)P2 was found to enhance 

the interaction between vinculin and talin (Gilmore and Burridge, 1996).

A complex relationship exists between Rho, Rac and Cdc42. In some 

cases, the activation of Cdc42 or Rac stimulates RhoA activity. However, the 

functions of Rac and Cdc42 seem antagonistic to the actions of RhoA 

(Schoenwaelder and Burridge, 1999). Cdc42 and Rac promote cell extension, 

whereas RhoA promotes contractility. Rho is essential for the formation of 

focal adhesions and microfilament bundling. Rac controls growth factor 

stimulated membrane ruffling and formation of lamellipodia. Cdc42 activation 

triggers the extension of filopodia. These processes are tightly regulated by 

kinases and phosphatases that act on Rho family GEFs and GAPs 

(Schoenwaelder and Burridge, 1999). Rho GTPases also regulate the 

stability of cadherin mediated cell-cell adhesion junctions and co-ordinate the 

functions of both integrins and cadherins (Gimond et al 1999).

Focal adhesions are dynamic structures and are constantly being 

assembled and disassembled as cells move. A recent report showed that 

although prolonged integrin engagement can stimulate RhoA activity, initially 

it inactivates RhoA activity via c-Src and pi 90 RhoGAP. This transient 

suppression of RhoA activity by integrins may relieve contractile forces that 

might hinder protrusion at the leading edge of migrating cells (Arthur et al,

2000). The PI3-kinase product PI(3,4,5)P3 has also been implicated in the 

restructuring of focal adhesions by disrupting the association of a-actinin and 

p integrins (Greenwood et al, 2000). The focal adhesion kinase (FAK) also 

regulates focal adhesions during cell migration (Gilmore and Romer, 1996).
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In addition to Rho family proteins, other signalling components are 

important for integrin triggering and these include G protein coupled 

receptors, tyrosine kinases, protein kinase C, R-Ras and PI3-kinases 

(Coppolino and Dedhar, 2000). The ability of signalling mechanisms within 

cells to regulate the ligand binding activities of integrins on the cell surface is 

often referred to as ‘inside-out’ signalling. The precise molecular mechanisms 

that modulate integrin activity are unclear. In some systems, phosphorylation 

events correlate with increased integrin avidity. Conformational changes 

propagated from the integrin cytoplasmic domain to the extracellular domain 

have also been proposed to convert integrins from a low affinity state to a 

high affinity state (Coppolino and Dedhar, 2000). Activated Ras and Raf 

inhibit high affinity binding of several integrins in transformed cells (Hughes et 

al, 1997).

The role of FAK in linking integrin receptors to intracellular signalling 

pathways has been extensively studied (reviewed by Kumar, 1998). FAK is a 

non-receptor tyrosine kinase that lacks SH2 and SH3 domains. It contains a 

C-terminal focal adhesion targeting (FAT) domain and two proline rich 

sequences that bind the SH3 domains of the adaptor protein pi 30 Cas (Crk 

associated substrate) and the Rac/Cdc42 GAP, GRAF. Aggregation of FAK 

with p integrins and cytoskeletal proteins such as talin is thought to induce a 

conformational change that leads to FAK activation and autophosphorylation 

at tyrosine 397. A recent study showed that tyrosines 783 and 795 within the 

cytoplasmic tail of the pi* integrin are critical mediators of FAK activation 

(Wennerberg et al, 2000). Autophosphorylation at tyrosine 397 provides a 

binding site for the SH2 domains of Src family kinases such as Src and Fyn 

(Schaller et al, 1994). These kinases then phosphorylate a number of FAK 

associated proteins including paxillin, tensin and pi 30 Cas (Vuori et al, 1996). 

p i30 Cas is thought to enhance cell migration by activating Rac via Crk and 

DOCK180 (Kiyokawa et al, 1998). p i30 Cas also interacts with, and is 

dephosphorylated by, the protein tyrosine phosphatase PTP1B (Liu et al.
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1996). Interestingly, p i30 Cas binds to both the SH2 and SH3 domains of c- 

Src and this association is thought to enhance Src activity (Burnham et al,

2000). Src can also phosphorylate FAK at tyrosine 925, creating a docking 

site for the Grb2 -Sos complex (Schlaepfer et al, 1997). The p85 regulatory 

subunit of PI3-kinase was also found to bind to the tyrosine 397 

autophosphorylation site (Chen et al, 1996). The tumour suppressor 

phosphatase PTEN interacts with tyrosine 397 and dephosphorylates FAK 

when cells are placed in suspension (Tamura et al, 1999). The SH2 domain- 

containing adaptor protein Grb7 also binds FAK via tyrosine 397 (Han et al,

1999). Grb 7 is a physiological substrate of FAK and its tyrosine 

phosphorylation by FAK is important in the regulation of cell migration (Han et 

al, 2000). Phospholipase C-yl also interacts with phosphorylated tyrosine 

397, promoting its activation (Zhang et al, 1999). Phospholipase C-y1 

catalyses the hydrolysis of PI(4 ,5)P2 to diacylglycerol which activates PKC, 

and inositol 1,4,5-trisphosphate which mobilises intracellular calcium. Thus 

FAK is linked to many signalling proteins, which in turn, are able to activate 

downstream signalling mediators.

Adhesion to the matrix leads to the activation of the MAP kinase 

pathway. It has been reported that the activation of MAP kinase in response 

to integrin ligation requires Ras (Schlaepfer and Hunter, 1997). One potential 

route to the Ras/MAP kinase pathway is via pi 30 Cas, c-Crk and Sos (Hanks 

and Polte, 1997). The association of FAK and the Grb2-Sos complex may 

also activate MAP kinase via Ras. Other evidence, however, suggests that 

integrin activation of MAP kinase may be independent of FAK (Sieg et al,

1998). FAK related proteins such as the calcium and PKC regulated kinase, 

PYK2, are thought to link integrins to the Ras/MAP kinase pathway (Luttrell et 

al, 1999). PYK2, like FAK, becomes autophosphorylated upon cell adhesion 

and associates with Src, p i30 Cas and Graf. This similarity may explain the 

ability of PYK2 to compensate for some of FAK's functions in FAK-null cells 

(Hie et al, 1995). In addition, some integrins interact with the adaptor protein
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She that recruits the Grb2-Sos complex, inducing the activation of the 

Ras/MAP kinase pathway (Wary et al, 1996). It has been reported that the 

interaction between the integrins and She is mediated by caveolin-1 and the 

Src kinase Fyn (Wary et al, 1998). These caveolin/integrin complexes are 

stabilised by the urokinase receptor (uPAR) (Wei et al, 1999). Activation of 

uPAR stimulates MAP kinase by a mechanism that requires FAK, Src and 

She (Nguyen et al, 2000). A pathway leading to MAP kinase stimulation that 

may be independent of Ras is one mediated by the Ras like GTPase Rapl. 

Recently it was shown that FAK and Rapl are part of a Ras-independent 

MAP kinase signalling pathway that mediates cell-contact dependent 

transcriptional regulation of VEGF (Sheta et al, 2000). PI3-kinase has also 

been implicated in the activation of MAP kinase in response to integrin 

engagement (King et al, 1997). PTEN inhibits integrin mediated MAP kinase 

signalling pathways by dephosphorylating FAK and She (Gu et al, 1999). 

Although the engagement of most integrins leads to the activation of the MAP 

kinase pathway, a recent report showed that the pi integrin splice variant pic 

can selectively inhibit the Ras/MAP kinase pathway (Fornaro et al, 2000). 

Thus different integrins can regulate the same signalling pathway in different 

ways.

The MAP kinase pathway leads to the activation of transcription factors 

such as SRF and c-myc that are involved in regulating cell proliferation. 

Mutant versions of FAK have revealed that FAK autophosphorylation is 

important for integrin mediated cell proliferation (Schlaepfer et al, 1994). Cell 

cycle progression is dependent on cell adhesion. Expression of cyclin D1, 

activation of cyclin E-cdk2 kinase activity, hyperphosphorylation of Rb and 

downregulation of the p27 inhibitor are among some of the events induced by 

cell adhesion that promote cell cycle progression (Zhu et al, 1996). MAP 

kinase activation has also been implicated in growth arrest and differentiation 

(Kumar, 1998). The aep4 integrin was found to inhibit cell growth and induce 

the cyclin kinase inhibitor p21 in colon carcinoma cells (Clarke et al, 1995). It
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has also been observed that MAP kinase dependent differentiation is 

accompanied by the upregulation of integrin receptors (Boudreau and Jones, 

1999). MAP kinase also regulates the transcription of genes that code for 

extracellular matrix degrading proteases including urokinase plasminogen 

activator, collagenase and stromelysin (Boudreau and Jones, 1999). It has 

also been reported that active MAP kinase can influence cell motility by 

phosphorylating and enhancing the activity of myosin light chain kinase 

(MLCK) (Klemke et al, 1997). Consistent with its role in regulating the 

dynamic nature of focal adhesions, active MAP kinase was found to 

translocate to newly forming focal adhesions after integrin engagement in a 

myosin dependent manner (Fincham et al, 2000)b.

Integrin mediated adhesion also stimulates PI3-kinase activity (Khwaja 

et al, 1997). It has been reported that the FAK-PI3-kinase interaction 

activates the survival factor Akt (King et al, 1997). A role for FAK in cell 

survival has been established as constitutively active FAK suppresses 

apoptosis (Frisch et al, 1996). One study showed that the integrin-mediated 

activation of Akt is Cdc42 dependent, but does not require Rho or Rac activity 

(Clark et al, 1998). Another mechanism by which PI3-kinase becomes 

activated in response to integrin engagement is via pi 20 Cbl that associates 

with the Src family kinases Fgr and Lyn (Meng et al, 1998). pi 20 Cbl interacts 

with the p85 subunit of PI3-kinase and recruits it to the plasma membrane. 

The tyrosine phosphatase Shp-2 is thought to enhance this association 

(Hakak et al, 2000).

Many factors that are not directly involved in adhesion activate FAK, 

MAP kinase, PI3-kinase and Akt. These include growth factors, 

neuropeptides and cytokines (Rodriguez-Fernandez, 1999). Recently, it was 

reported that FAK can interact, at least indirectly, with the EGF and PDGF 

receptors (Sieg et al, 2000). Another study showed that integrins induce EGF 

receptor phosphorylation and activation, via c-Src (More et al, 1998). In 

addition, the â pa integrin was found to bind to the insulin receptor substrate- 1
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(Vuori et al, 1994). Thus integrin signalling is integrated with other signalling 

pathways.

FAK is also activated by oncogenic transformation by v-Src. FAK 

phosphorylation by integrins during focal adhesion assembly, however, is 

different to that induced by v-Src which is associated with focal adhesion 

turnover and transformation. v-Src was found to phosphorylate FAK, but not 

at the tyrosine 397 autophosphorylation site (McLean et al, 2000). It was also 

reported that the translocation of v-Src to focal adhesions requires myosin 

and PI3 -kinase activity (Fincham et al, 2000). Thus FAK co-ordinates signals 

from multiple inputs and represents a point of convergence in the action of 

integrins, growth factors and oncogenes.

Many other proteins regulate integrin function. These include the k  

integrin binding protein cytohesin-1. The PH domain of cytohesin-1 mediates 

its recruitment to the plasma membrane, following PI3-kinase activation. Thus 

cytohesin-1 might play a role in the PI3-kinase dependent activation of pg 

integrins (Nagel et al, 1998). pg-endonexin specifically associates with Pa 

integrins and enhances their ligand-binding affinity (Kashiwagi et al, 1997). 

ICAP-1 (integrin cytoplasmic domain associated protein-1) binds directly and 

specifically to p̂  integrins and is phosphorylated after integrin engagement 

(Chang et al, 1997). The chaperon proteins calnexin and calreticulin also 

interact with integrins (Hemler et al, 1998).

Integrins interact with some members of the immunoglobulin 

superfamily of proteins such as lAP (integrin-associated protein). lAP 

contains an amino terminal immunoglobulin domain, five transmembrane 

domains and a short cytoplasmic tail. lAP has been implicated in integrin 

mediated calcium influx during endothelial cell attachment to fibronectin 

(Coppolino and Dedhar, 2000).

Integrins also associate with proteins in the transmembrane-4 

superfamily (TM4SF or tetraspans). The p, integrin-CD151 complex was 

found to constitutively interact with PI4-kinase via CD151 (Hemler et al.
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1998). The lipid products of PI4-kinase are regulators of the actin 

cytoskeleton and are PI3-kinase substrates. Activated PKC is also recruited 

to integrin-TM4SF complexes. This may enable PKC to phosphorylate the 

cytoplasmic tails of specific a  integrins (Hemler et al, 1998).

Integrins also interact with the transmembrane heparan sulphate 

proteoglycan, syndecan-4. The external glycosaminoglycan chains of 

syndecan-4 bind extracellular matrix ligands. Some integrins require 

syndecan-4 as a co-receptor and together they are sufficient to drive focal 

adhesion assembly. The cytoplasmic domains of syndecan-4 interact with 

PI(4,5)Pg and activated PKC (Couchman and Woods, 1999). The 

metalloprotease ADAM 12 that binds syndecan-4 is also important for cell 

adhesion (Iba et al, 2000).

The integrin linked kinase (ILK) binds p integrin subunits (Hannigan et 

al, 1996). Okadaic acid treatment increases p, phosphorylation and 

decreases the amount of ILK associated with pi integrins. In the same study, 

the phosphatase PP2A was found to bind p, integrins, suggesting that this 

phosphatase may regulate the phosphorylation state of pi integrins and their 

interaction with ILK (Mulrooney et al, 2000). ILK is a serine-threonine protein 

kinase, containing ankyrin repeats and phosphoinositide binding motifs. It 

binds PINCH, an intracellular protein containing LIM protein binding motifs, 

through the N-terminal ankyrin repeat domain. PINCH binding is important for 

focal adhesion localisation and also connects ILK to the adaptor protein Nck- 

2 that interacts with components of growth factor signalling pathways (Wu et 

al, 1999). ILK is transiently activated by plating cells on fibronectin and in 

response to growth factor stimulation. Both activation mechanisms are 

dependent on the activity of PI3-kinase (Delcommenne et al, 1998). The 

PTEN phosphatase inhibits ILK activity (Morimoto et al, 2000). ILK activity 

leads to the phosphorylation and activation of Akt and the phosphorylation 

and inactivation of GSK3. It has been proposed that ILK stimulates Akt 

indirectly by recruiting another kinase (Lynch et al, 1999). ILK is implicated in
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cell survival, proliferation and differentiation (Dedhar et al, 1999). Cells over

expressing ILK undergo anchorage-independent growth, have increased 

levels of cyclin D1, increased cyclin E-cdk2 activity, reduced E-cadherin 

expression and increased tumorigenicity (Coppolino and Dedhar, 2000). 

Over-expression of ILK in epithelial cells also induces the upregulation of 

integrin mediated fibronectin matrix assembly and the suppression of integrin 

mediated adhesion (Coppolino and Dedhar, 2000).

Some focal adhesion proteins also regulate gene transcription. Hic-5 

(hydrogen peroxide-inducible clone 5) is a focal adhesion protein and has a 

role in steroid receptor mediated transcriptional activation (Yang et al, 2000). 

The p65/RelA subunit of the NFkB transcription factor is also concentrated at 

focal contacts and binds to filamentous actin (Are et al, 2000).

Thus the organisation and function of integrin mediated adhesion sites 

and actin based cytoskeletal assemblies involves an interplay of multiple 

proteins that include Rho and Ras family GTPases, proteins that bind directly 

to integrins, cytoskeletal proteins and components of the actin-myosin 

contractile machinery.

1.32 Non-junctional adhesion molecules

Some adhesion molecules are not located at junctional adhesion sites. Many 

of these molecules can diffuse in the plane of the plasma membrane and co

operate with junctional adhesion proteins to promote cell-cell and cell-matrix 

adhesion.

CD44 is a ubiquitous adhesion molecule that is involved in cell-matrix 

and cell-cell adhesion interactions (reviewed by Naot et al, 1997). CD44 is the 

principal surface receptor for the extracellular matrix glycosaminoglycan 

hyaluronan. In some cases, CD44 does not bind hyaluronan unless it is 

stimulated by phorbol esters, activated by anti-CD44 antibodies or
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deglycosylated. Other GD44 ligands include collagen, laminin, fibronectin and 

osteopontin.

At least twenty CD44 isoforms have been identified (Naot et al, 1997). 

They differ in the central extracellular domain. The ten variant exons encoded 

in this region may be completely absent or included in various combinations 

by alternative splicing. In addition some isoforms undergo cell type specific 

addition of glycosaminoglycan and carbohydrate moieties. The smallest CD44 

isoform (CD44s or CD44H) is expressed mainly in haemopoietic cells and is 

composed of a distal extracellular domain, a proximal extracellular domain, a 

transmembrane region and a cytoplasmic tail. CD44E is preferentially 

expressed in epithelial cells and contains the last three exons products of the 

variable region. In MDCK epithelial cells, CD44 is restricted to the lateral 

domain (Neame et al, 1993).

The CD44-hyaluronan mediated cell adhesion is important for many 

processes including the metastatic spread of cancer cells. Some cancer cell 

lines, such as colorectal cancer cells, express high levels of CD44. In these 

cells, stimulation of CD44 by fragmented hyaluronan upregulates the 

expression of LFA-1 and augments LFA-1 mediated adhesion to endothelial 

cells. This facilitates transendothelial migration, a critical process for cancer 

metastasis (Fujisaki et al, 1999). By contrast, loss of CD44 expression seems 

to accompany transformation of neuroblastoma and prostate cancer cells 

(Herrlich et al, 2000). Another study revealed that CD44 expressed in lung 

cancer cells is proteolytically cleaved by membrane anchored 

metalloproteases and this cleavage is important for cancer cell migration. 

Oncogenic Ras was found to induce CD44 cleavage by a PI3-kinase, Cdc42, 

R ad  dependent mechanism (Kawano et al, 2000). The various roles of CD44 

in tumour progression may be a result of different cell types expressing 

different CD44 isoforms.

In inflammatory disease states, hyaluronic acid is fragmented and 

found at elevated concentrations. These fragments arise by reactive oxygen
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species induced depolymerisation, enzymatic cleavage and de novo 

biosynthesis (Fitzgerald et al, 2000). The fragments induce the expression of 

proinflammatory chemokines and macrophage metalloelastase via a CD44 

dependent mechanism. In addition the fragments induce the expression of 

genes such as that of the inducible NO synthase and the adhesion molecule 

ICAM-1, in a CD44 and NF-kB dependent manner. A recent study established 

that Ras and PKCÇ are required for the CD44 mediated activation of NFkB 

(Fitzgerald et al, 2000). At present it is not clear how Ras is activated by 

CD44. CD44 also interacts with receptor tyrosine kinases such as ErbB2 

(Bourguignon et al, 1997) and c-Met (van der Voort et al, 1999) and 

associates with the Src family kinases Lck, Fyn, Lyn and Hck (llangumaran et 

al, 1999). Thus, in addition to its role in cell adhesion, CD44 also functions as 

a signalling receptor in many cell types.

CD44 is connected to the actin cytoskeleton via the ERM (ezrin- 

radixin-moesin) proteins. ERM proteins are necessary for cell-cell and cell- 

matrix adhesions and the small GTPase Rho regulates their translocation to 

the plasma membrane (Kotani et al, 1997). The Rho kinase was found to 

directly phosphorylate C-terminal threonine residues on the ERM proteins. 

ERM proteins are also regulated by tyrosine phosphorylation in response to 

growth factors such as EGF, PDGF and HGF. It was also reported that ezrin 

provides a cell survival signal through the PI3-kinase/Akt pathway in epithelial 

cells (Gautreau et al, 1999).

In addition to CD44, ERM proteins also interact with the intercellular 

adhesion molecules ICAM-1, ICAM-2 and ICAM-3. ICAMs belong to the 

immunoglobulin superfamily of proteins that have extracellular 

immunoglobulin-like domains and mediate calcium independent cell-cell 

adhesion. They are expressed in activated endothelial cells where they bind 

to integrins on the surface of white blood cells, trapping blood cells at sites of 

inflammation (Alberts et al, 1994).
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Other members of the immunoglobulin family are implicated in signal 

transduction. N-CAM is expressed in nerve cells and binds cells together by 

hemophilic interactions. It is also involved in the neurite outgrowth response 

that is initiated when N-CAM interacts with FGF receptors. This leads to the 

production of arachidonic acid via a phospholipase 0  and diacylglycerol 

lipase dependent mechanism. Arachidonic acid then stimulates a calcium 

influx though N and L type calcium channels, leading to the activation of the 

calcium-calmodulin-dependent protein kinase. This kinase then 

phosphorylates several cytoskeletal proteins that control neurite outgrowth 

(Doherty et al, 1995).

Another immunoglobulin superfamily member called CEACAM1 (also 

called C-CAM or CD66a) is involved in signal transduction and is expressed 

in a variety of cell types. It interacts with c-Src (Brummer et al, 1995) and 

tyrosine phosphatases SHP1 and SHP2 (Huber, 1999). In addition, tyrosine 

phosphorylated CEACAM1 was found to have a role in the activation of R a d , 

PAK and Jun kinase in activated neutrophils (Hauck et al, 1998). Thus many 

proteins that mediate cell adhesion also participate in signal transduction.

1.33 Cell adhesion and survival

Many cells are dependent on adhesion to the extracellular matrix for their 

survival. Endothelial and epithelial cells undergo apoptosis when detached 

from the matrix (reviewed by Frisch and Ruoslahti, 1997). This phenomenon 

is called anoikis and it ensures that cells displaced from their natural 

environment are eliminated. Anoikis is an important regulatory event during 

embryogenesis, endocrine-dependent tissue atrophy and normal tissue 

turnover. Disregulation of anoikis contributes to the pathogenesis of several 

diseases including cancers. Tumour cells are resistant to anoikis and are 

characterised by their ability to grow in the absence of contacts with the 

extracellular matrix.
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As integrins are the major extracellular matrix receptors, it implies that 

integrin signalling provides the necessary survival signals. Specific integrins 

differ in their ability to rescue cells from anoikis. For example, ectopic 

expression of agpi integrin but not was found to support survival of CHO 

cells plated on fibronectin in the absence of serum (Zhang et al, 1995). It is 

also apparent that a given integrin can provide a survival signal in one cell 

type but not in another. For example, blocking the function of the p, integrin 

induces apoptosis in mammary epithelium but not in angiogenic endothelial 

cells (Kumar, 1998). This integrin selective survival may have a physiological 

significance, as attachment through the wrong integrin would induce 

apoptosis and prevent cells from attaching to inappropriate places.

The role of cell shape and spreading in anoikis has been examined. 

The importance of cell spreading was demonstrated using microfabricated 

surfaces composed of islands of adhesive surface found at various distances 

from one another. Round cells were susceptible to apoptosis, whereas 

extended cells survived (Chen et al, 1997). Thus cell survival requires the co

operation of integrin signalling and cytoskeletal changes.

Various signalling pathways downstream of integrin engagement have 

been implicated in mediating anchorage dependent survival. There is much 

evidence to suggest that the focal adhesion kinase (FAK) is involved in 

promoting cell survival. Blocking FAK activity with antibodies or peptides 

induces apoptosis in fibroblasts (Hungerford et al, 1996). Treatment of tumour 

cells with FAK antisense oligonucleotides also induces apoptosis (Xu et al,

1996) and over-expression of constitutively active FAK prevents anoikis 

(Frisch et al, 1996). In addition, FAK is cleaved during apoptosis by a 

caspase dependent mechanism (van de Water et al, 1999). FAK 

déphosphorylation and redistribution from focal adhesions precedes cleavage 

of FAK by caspases during chemically induced apoptosis (van de Water et al, 

1999). Recently, it was demonstrated that the anoikis induced by the 

disruption of FAK function involves the FADD and caspase 8 apoptotic
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pathway, suggesting that a death receptor mediated apoptotic pathway is 

involved (Xu et al, 2000). Another report showed that although FADD and 

caspase 8 are required for anoikis, the ligand dependent activation of the 

death receptors CD95, DR4 and DR5 are not involved (Rytomaa et al, 1999).

Cell detachment induced anoikis does not occur in cells expressing 

activated Ras or Src oncogenes (Frisch and Ruoslahti, 1997). Thus these 

oncogenes must provide constitutive survival signals that normally originate 

from integrin receptors. PI3-kinase and Akt provide survival signals 

downstream of activated Ras when epithelial cells are detached from the 

matrix. Activated forms of PI3-kinase or Akt can rescue MDCK epithelial cells 

from anoikis (Khwaja et al, 1997). PI3-kinase is activated downstream of 

integrin signalling by many mechanisms as discussed in section 1.31. One 

mechanism may be through FAK as FAK interacts with the p85 regulatory 

subunit of PI3-kinase (Chen et al, 1996). Another mechanism may be through 

She and Ras (Mainiero et al, 1995). It is also possible that PI3-kinase is 

activated downstream of Src kinases and p i20 Cbl (Meng et al, 1998). PI3- 

kinase activation leads to the activation of Akt (Marte et al, 1997). Akt may 

also be activated via the integrin linked kinase (ILK) in a PI3-kinase 

dependent manner (Lynch et al, 1999). Like FAK, over-expressed ILK 

suppresses anoikis and induces anchorage-independent cell survival 

(Radeva et al, 1997). Activated Akt regulates many components of the 

apoptotic machinery (discussed in section 1.22). Recently, it was 

demonstrated that over-expressed FAK activates the PI3-kinase/Akt survival 

pathway, leading to the activation of NFkB and the induction of inhibitor of 

apoptosis proteins (IAP-1, IAP-2 and IAP-3). The lAPs ultimately inhibit 

apoptosis by inhibiting the caspase 3 cascade (Sonoda et al, 2000). The 

PTEN phosphatase that downregulates both Akt and FAK activity induces 

anoikis, confirming a role for these kinases in cell survival (Lu et al, 1999).

Although over-expressed FAK suppresses anoikis, a FAK related 

protein PYK2 induces apoptosis when over-expressed in both fibroblastic and
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epithelial cell lines. Thus despite these kinases having similar structures and 

binding partners, they mediate different signalling responses (Xiong et al,

1997).

Another important regulator of apoptosis is MAP kinase. Growth 

factors and integrins activate MAP kinase. Growth factor withdrawal inhibits 

MAP kinase activity and induces apoptosis. MAP kinase has been indirectly 

implicated in integrin mediated cell survival as integrin engagement activates 

MAP kinase via She, and She has an important role in integrin mediated cell 

survival (Wary et al, 1996). A recent study showed that MAP kinase activity is 

not sufficient to prevent anoikis but does contribute to the survival of attached 

cells (Danilkovitch et al, 2000). This implies that cell adhesion generates an 

additional signal that is essential for MAP kinase to protect cells from 

apoptosis.

The Jun amino terminal kinases (JNKs) are a family of MAP kinase 

related proteins that respond to stress signals such as UV, ceramide and 

TNF-a (Frisch and Ruoslahti, 1997). In some cell systems, the activation of 

JNK is associated with apoptosis. Dominant-negative JNK was found to 

partially inhibit anoikis, suggesting that JNK activity may induce apoptosis 

(Frisch et al, 1996). It has also been reported that JNK activity increases 

when cells are detached from the extracellular matrix. Other studies show that 

JNK activation requires caspase activity that cleaves and stimulates the 

upstream kinase MEKK-1 (Cardone et al, 1997). Increased intracellular levels 

of reactive oxygen species (RGS), induced when cells are detached from the 

matrix, modulates the activities of both JNK and caspases (Li et al, 1999). 

The JNK substrate c-jun may mediate anoikis as it induces apoptosis when 

over-expressed (Bossy-Wetzel et al, 1997). Despite reports that show JNK 

activity induces anoikis, other reports indicate that JNKs do not have a direct 

role in detachment-induced apoptosis (Khwaja et al, 1997; Krestow et al,

1999). In other systems, JNK activity provides a survival signal. JNK is 

activated when rabbit synovial fibroblasts are plated on fibronectin via a
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FAK/p130 Cas/Ras/Rac1/Pak1/MAP kinase kinase 4 pathway. Interrupting 

this JNK pathway by expressing dominant negative intermediates triggers 

high levels of apoptosis in the absence of serum, suggesting that JNK activity 

provides a survival signal in this system (Almeida et al, 2000). The adaptor 

protein HEF1 (human enhancer of filamentation 1) stimulates JNK activity by 

a similar pathway. HEF1 binds to FAK and is phosphorylated by FAK and Src 

kinases after integrin engagement. Phosphorylated HEF1 recruits the adaptor 

protein Crk and this stimulates the Ras/Raf/JNK signalling cascade. HEF1 

promotes apoptosis when expressed in MCF-7 or HeLa cells. During 

apoptosis, HEF1 is cleaved into 65, 55 and 28 kDa fragments and the death 

promoting activity is associated with the 28 kDa fragment. Interestingly, p130 

Cas is also cleaved to produce a 28 kDa fragment following HEF1 over

expression (Law et al, 2000).

Bcl-2 promotes cell survival and is upregulated by signalling through 

the ttspi integrin (Zhang et al, 1995). It has also been reported that the 

expression of the Bcl-2 homolog BcI-Xl is downregulated when cells are 

detached from the matrix (Rosen et al, 2000). Bcl-2 levels decrease when 

MDCK cells become confluent, suggesting that Bcl-2 might be regulated by 

cell-cell interactions (Frisch et al, 1996). A recent report showed that high 

levels of plakoglobin (y-catenin) induce the expression of Bcl-2 and inhibit 

caspase 3 activation. These effects are mediated by untethered and 

cadherin-independent plakoglobin (Hakimelahi et al, 2000). Thus in confluent 

cultures, Bcl-2 levels may be low because plakoglobin is tethered to cadherin 

at cell-cell contacts. Another report showed that expressing E-cadherin in 

cells that lack E-cadherin causes p-catenin to redistribute from the 

cytoskeletal/nuclear fraction to the cytoplasmic/membrane fraction. The 

expression of E-cadherin also resulted in an increase in etoposide induced 

apoptosis and a loss of Bcl-2 expression (Sasaki et al, 2000). Interestingly, 

both plakoglobin and p-catenin are cleaved by caspase 3 during apoptosis 

(Brancolini et al, 1997). Cleavage of p-catenin during apoptosis results in the
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removal of its transcription activation domains and prevents its transcriptional 

activation potential (Steinhusen et al, 2000). Over-expression of p-catenin in 

normal epithelial cells enables the cells to survive in suspension (Orford et al,

1999).

Cell-cell adhesion has been implicated in anoikis. One study showed 

that cells which lack intercellular adhesions are resistant to anoikis (Frisch 

and Francis, 1994). Thus breakdown of cell-cell contacts might contribute to 

neoplasia by conferring anoikis resistance. Loss of E-cadherin expression 

has been associated with tumorigenesis (Gayther et al, 1998).

An alternative view is that cell-cell adhesion provides a survival signal. 

Colon carcinoma cells undergo apoptosis when cell-cell aggregations are 

disrupted (Bates et al, 1994). Another report showed that the formation of 

tight junctions and desmosomes protects cells against hyperthermic killing 

(Ning et al, 1994). Adenoma cultures survive in suspension if cell-cell 

contacts are maintained (Hague et al, 1997). It has also been reported that 

promoting cell-cell adhesion of bronchial epithelial cells reduces apoptosis 

(Aoshiba et al, 1997). Another study showed that apoptosis is reduced in 

aggregated granulosa cells expressing N-cadherin compared to single cells 

(Makrigiannakis et al, 1999). E-cadherin was also found to enhance the 

survival of human squamous carcinoma cells in suspension (Kantak et al,

1998). Furthermore, the engagement of E-cadherin promotes a PI3-kinase 

dependent activation of Akt and E-cadherin associates with PI3-kinase in 

response to cell-cell contact formation (Pece et al, 1999). Thus E-cadherin 

may initiate an outside-in signalling pathway that activates pro-survival factors 

such as Akt. Interestingly, E-cadherin becomes truncated to a form that can 

no longer bind p-catenin before epithelial apoptosis. It was proposed that the 

truncated form of E-cadherin can signal apoptosis (Vallorosi et al, 2000). 

Thus E-cadherin can co-ordinate intercellular adhesion dependent survival 

and apoptosis.
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Cell-cell adhesion is also important for the survival of endothelial cells. 

Single endothelial cells seeded in suspension are not responsive to survival 

factors and undergo apoptosis. When these cells are allowed to establish 

cell-cell contacts, they become responsive to survival factors (Korff and 

Augustin, 1998). The inability of endothelial cells to respond to survival 

signals is also observed in endothelial cells deficient in, or expressing a 

truncated form that lacks the p-catenin binding domain of, VE-cadherin. It was 

reported that p-catenin, PI3-kinase and the VEGF receptor did not form a 

complex in these cells. This suggests that VE-cadherin/p eaten in controls cell 

survival by clustering growth factor receptors and signalling molecules 

involved in cell survival (Carmeliet et al, 1999). Thus just as integrins mediate 

anchorage dependent survival, the cadherin-catenin complex regulates 

intercellular adhesion dependent survival.
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Chapter 2 

Materials and Methods

2.1 Materials

2.1.1 Reagents

A G I478, EGF, Herbimycin A, PD168393 and PP2 were purchased from 

Calbiochem. C2 -ceramide and LY294002 came from Biomol. Insulin and 

Wortmannin came from Sigma. PDGF-BB came from Amersham. Unless 

otherwise stated, all other reagents came from Sigma.

2.1.2 Peptides

The peptide HFPQFSYSASS was used to produce the PW56 polyclonal 

antibody. This sequence flanks the serine 473 phosphorylation site in Akt.

The phosphopeptide HFPQFSYSASS was used to generate the PW66  

polyclonal antibody. The underlined serine is the phosphorylated amino acid 

and this sequence flanks the serine 473 phosphorylation site in Akt.

The peptide GATMKIFCGTP was used to generate the PW64 polyclonal 

antibody. The underlined threonine is the phosphorylated amino acid and this 

sequence flanks the threonine 308 phosphorylation site in Akt.

HAV peptide, AHAVSE, binds to an extracellular region of cadherin family 

members.
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Src substrate peptide, KVEKIGEGTYGVVKK, is an efficient substrate for Src- 

famiiy kinases.

2.1.3 Antibodies

PW56, PW64 and PW66 polyclonal antibodies were produced and purified as 

described in section 2.2.4. The GPP, EE, 9E10 and 12CA5 monoclonal 

antibodies were made by the IGRF Monoclonal Antibody Laboratory. 

Commercial antibodies: p-catenin, c-Cbl, E-cadherin, y-catenin, pi 20  catenin 

and MAP kinase antibodies came from Transduction Laboratories. 

Desmoplakin antibody came from Boehringer Mannheim. ZO-1 antibody 

came from Zymed. Phospho-Akt (ThrSOS) antibody came from New England 

Biolabs. DEGMA-1 and Vinculin antibodies came from Sigma. Src, p85 and 

4G10 phosphotyrosine antibodies came from Upstate Biotechnology. FAK 

and EGF receptor antibodies came from Santa Gruz. Phospho-MAP kinase 

antibody came from Promega. Texas red-phalloidin came from Molecular 

Probes.

2.1.4 Constructs

pMT2-PI3K_G2a-EE: Gift from J. Domin. 

pcDNA3-PI3K_G2p-EE: Gift from A. Arcaro. 

pMT2-PI3K_G2p-myc: Gift from S. Volinia. 

pcDNA3-p110a-myc: Gift from P. Rodriguez-Viciana. 

pcDNA3-p1 lOa-caax: Gift from S.Wennstrom.
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pCMV6 -HA-Akt, pCMV6-HA-AH and pCMV6-HA-Akt(K179M): Gifts from T. 

Franke.

GFP-Akt, GFP-AH and GFP-Akt(K179M) were made by subcloning 

Hindlll/BamHI fragments of pCMV6 -HA-Akt, pCMV6-HA-AH and pCMV6 -HA- 

Akt(K179M) into pEGFP-C1 (Clontech). The GFP fusion constructs were then 

digested with BsrG1 and Sail to insert the glycine linker between the GFP 

and Akt proteins. The glycine linker was formed by annealing 2 

complementary oligos that encode 6 glycine residues and create BsrG1 and 

Sail overhangs.

Glycine linker oligo 1: gtacaagggtggaggtggaggaggcg 

Glycine linker oligo 2: tcgacgcctcctccacctccaccctt

GFP-Akt(R25G) and GFP-AH(R25C) were made using the Unique Site 

Elimination Mutagenesis kit (Pharmacia).

Selection primer, ccaaactcatcaatgtatcttaagtactaaattgtaagcg, converted a 

Mlu1 site on the parental DNA to a Seal site.

Target mutagenic primer, ggaatatattaaaacctggaggccttgctacttcctcc, converted 

an arginine (cgc) on the parental DNA to a cysteine (tgc) and also created a 

Stu1 site by silent mutagenesis to aid selection.

2.2 Methods

2.2.1 Cell Culture

2.2.1.1 Cell stocks

NIH3T3 cells (passage number 127) were obtained from the American Type 

Culture Collection, MDCK cells came from W. Birchmeier and C0S7 cells
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came from the ICRF Cell Production Laboratory. All cell stocks were stored in 

liquid nitrogen, thawed in a 37°C water bath and centrifuged at 2000g for 3 

min. The cell pellets were resuspended in 10 ml fresh medium and plated on 

9 cm tissue culture dishes.

2 .2 .1.2 Cell culture

All cells were grown in a 5% COg atmosphere at 37°C. NIH3T3 cells were 

maintained in Dulbecco’s modified Eagle medium (DMEM) containing 10% 

donor calf serum (GIBCO BRL). C0S7 and MDCK cells were grown in DMEM 

supplemented with 10% foetal bovine serum (Autogen Bioclear). All cells 

were passaged before they reached confluence by removing the medium and 

incubating the cells with 1:4 (v/v) trypsin/versene until they detached from the 

dish. The cells were collected by centrifugation, washed with medium 

containing 10% serum, diluted 1:10 in fresh medium and transferred to new 

tissue culture dishes. The cells were kept in culture for no longer than 8 

weeks.

2.2.1.3 Storage of cell lines

10® cells were resuspended in 0.7 ml medium, 0.2 ml serum and 0.1 ml 

dimethyl sulphoxide (DMSO). Multiple 1 ml aliquots were dispensed into 

cryotubes, incubated on ice for 5 min and placed in a polystyrene box at - 

70°C overnight. The vials were then transferred to liquid nitrogen for long 

term storage.

2.2.1.4 Preparation of collagen coated dishes and coverslips

Collagen coated dishes and coverslips were prepared by covering their 

surface with 50 pg/ml type I collagen (Vitrogen 100, Collagen Corporation) in
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PBSA (136 mM NaCI, 3 mM KCI, 10 mM Na^HPO^, 2 mM KH^PO  ̂ pH 7.2) 

containing 1 mM CaClg and 1 mM MgCIg. The plates were left at 4°C 

overnight, excess collagen was removed by washing twice with PBSA and 

non-specific binding sites were blocked with heat denatured 0.5% BSA for 1 

h. The collagen coated dishes and coverslips were washed twice with PBSA 

prior to use.

2.2.1.5 Plating cells on collagen coated dishes

48 h after transfection, MDCK cells were detached with 1:4 (v/v) 

trypsin/versene and washed once with 10 ml DMEM containing 10% serum. 

The cells were either resuspended in DMEM containing no serum or 10% 

serum and plated on collagen coated dishes or coverslips.

2.2.1.6 Growing cells on permeable filters

1.5 X 10® MDCK cells were seeded on permeable filter inserts (Falcon) in 

DMEM containing 10% serum. The medium, below and above the filter insert, 

was changed every day and the cells were grown until confluency was 

reached (3 days).

2.2.2 Molecular Biology

2 .2 .2 .1 Competent E.coli ceWs

Competent DH5a E.coli ceWs were generated by inoculating a single bacterial 

colony into 50 ml LB medium (10 g/l bacto-tryptone, 5 g/l yeast extract, 10 g/l 

NaCI pH 7) and incubating the culture overnight in a 37°C shaker. 25 ml of 

the overnight culture were inoculated into 475 ml LB medium containing 16
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mM MgS04 10 mM KCI and 1 mM KOH. The culture was grown in a 37°C 

shaker to an ODgoonm of 0.4-0.5, chilled on ice for 5 min, centrifuged at 2300g 

for 15 min at 4°C and resuspended in 150 ml ice cold TFBI buffer (30 mM 

KAc, 50 mM MnClg 100 mM RbClg and 19% (w/v) glycerol, pH 5.8). After a 10 

min incubation on ice, the cells were centrifuged at 2300g for 15 min at 4°C 

and resuspended in 20 ml TFBII buffer (10 mM MOPS, 55 mM CaCL 10 mM 

RbClg and 19% (w/v) glycerol, pH 7). 50 pi aliquots were snap frozen on dry 

ice and stored at -70°C.

22.2.2 Transformation of competent DH5a E.coli

50 pi competent cells were thawed on ice, combined with 1 pi of plasmid DNA 

(20 ng) and incubated on ice for 30 min. The bacteria were heat shocked at 

42°G for 75 sec, placed on ice and mixed with 1 ml LB. The cells were 

incubated in a 37°C shaker for 60 min and either 1/10 or 9/10 of the mixture 

was spread on LB plates (10 g/l bacto-tryptone, 5 g/l yeast extract, 10 g/l 

NaCI and 15 g/l agar pH 7) containing appropriate selective antibiotics 

(ampicillin 100 pg/ml or kanamycin 50 pg/ml). The plates were air-dried and 

incubated at 37°C overnight.

2.2.2.3 Purification of plasmid DNA

Single bacterial colonies picked from freshly streaked plates were inoculated 

into 500 ml LB medium and incubated overnight in a 37°C shaker. Plasmid 

DNA was purified using QIAGEN maxi kits, according to the vendor's 

protocol. The DNA was dissolved in water and its concentration determined 

by measuring the ODgeonm (50 pg/ml DNA has an ODaeonm value of 1). The 

concentration of each plasmid DNA solution was adjusted to 1 mg/ml and the 

purity of each preparation checked by calculating the ODaeonm/ODgsonm ratio 

which should be 1.8 for pure DNA.
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2.2.2.4 Agarose gel electrophoresis

Agarose gels containing a final concentration of 0.5 pg/ml ethidium bromide 

were prepared as described by Sambrook et al, 1989. Electrophoresis was 

performed at 100 V using 1 x TAE running buffer (0.04 M Tris-acetate, 1 mM 

EDTA pH 8).

2.2.2.5 Enzyme digestions

Enzyme digestions were performed according to the manufacturer's protocol 

(New England Biolabs) and DNA fragments were excised from agarose gels 

using the QIAquick Gel Extraction kit (QIAGEN).

2.2.2.6 Ligations

DNA ligations were carried out overnight at 16°C in a total reaction volume of 

20 pi using T4 DNA ligase, according to the manufacturer’s protocol (New 

England Biolabs).

2.2 .21  Mutagenesis

Single point DNA mutations were made using the Unique Site Elimination 

Mutagenesis kit (Pharmacia). The primers were designed and the selection 

procedure performed as recommended by the manufacturer. The selection 

primer was designed to mutate a unique non-essential restriction site in the 

plasmid DNA. The target mutagenic primer, which is complementary to the 

gene of interest and has the mutation, was designed to create a novel 

restriction site by silent mutagenesis to further aid the selection of positive 

clones. All constructs were sequenced (ABI sequencing, ICRF Equipment 

Park) and checked by restriction digest analysis.
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2 .2 .2.8  Construction of the glycine linker

The glycine linker was generated by combining 50 pM glycine linker oligo 1 

(section 2.1.4) with 50 |jM glycine linker oligo 2 in 250 mM Tris pH 8, 100 mM 

MgClg in a total reaction volume of 50 pi. The mixture was incubated at 95°C 

for 5 min and slowly cooled to room temperature to anneal the oligos. The 

glycine linker was then diluted 1/50 or 1/1000 in water and inserted into the 

GFP fusion proteins using standard ligation procedures.

2.2.3 Expression of exogenous proteins in mammalian cells

2.2.3.1 Transient transfections

1.5 X 10® NIH3T3 cells, 2x10® COST or 2 x 10® MDCK cells were seeded on 

35  mm dishes one day before transfection. Cells were transfected with 1 pg 

total plasmid DNA and 7 pi lipofectamine (Life Technologies) according to the 

manufacturer’s protocol. The liposome mix was removed after 5 h and 2 ml of 

medium containing 10% serum were added to each dish.

2.2.3.2 Generation of stable cell lines expressing GFP fusion proteins

The transfections were performed as described above and the cells were 

treated with 0.7 mg/ml G418 for 1-2 weeks. 10® cells were pelleted, 

resuspended in 4 ml of medium and analysed under sterile conditions with a 

Fluorescence Activated Cell Sorter (Becton Dickinson FACS Vantage, ICRF 

FACS Laboratory). 5x10^ cells expressing high levels of GFP were selected 

and replated on 35 mm tissue culture dishes.



110

2.2.4 Production and purification of antibodies

The peptides used to generate the polyclonal antibodies PW56, PW64 and 

PW66 (section 2.1.2) were made in the Peptide Synthesis Laboratory, ICRF 

and their purity determined by high performance liquid chromatography. 

Antiserum was raised in rabbits at the ICRF Animal Service Laboratory.

The antiserum was affinity purified on peptide coupled Affi-Gel 10 

beads (Bio-rad). 2 ml of a 1:1 mixture of Affi-Gel 10 beads in 50 mM 

KH2PO4/K2HPO4 pH 7.5 were combined with 1 ml of peptide (1 mg/ml in 

phosphate buffer) and tumbled overnight at 4°C. The beads were then 

transferred to disposable 1 ml columns and washed with 10 ml 10 mM Tris pH

7.5, 10 ml 100 mM glycine pH 2.5, 10 ml 10 mM Tris pH 8 .8 , 10 ml 100 mM 

triethylamine pH 11.5 and 10 mM Tris pH 7.5 until the final pH was 7.5.

The antisera was diluted 1:10 in 10 mM Tris pH 7.5 and passed over 

the columns two times. The columns were washed with 20 ml 10 mM Tris pH

7.5, 20 ml 500 mM NaCI and 10 mM Tris pH 7.5. The antibodies were eluted 

with 5 ml 100 mM glycine pH 2.5, 5 ml 100 mM triethylamine pH 11.5 and 

were collected in 1 ml 1 M Tris pH 8 . The antibodies were dialysed overnight 

at 4°C against PBSA with 0.02% NaNg and their concentrations determined 

by the Bio-rad protein assay. If necessary, the antibody solutions were 

concentrated using Microcon spin columns (Amicon). The antibodies were 

either snap-frozen and stored at -70°C or combined with 50% glycerol and 

stored at -20°C.

2.2.5 SDS polyacrylamide gel electrophoresis

SDS polyacrylamide gels were prepared as described by Sambrook et al, 

1989. Electrophoresis was performed at 40 mA in running buffer (25 mM Tris 

base, 192 mM glycine, 0.1% SDS). Samples were boiled for 5 min in sample 

buffer (50 mM Tris pH 6 .8 , 100 mM DTT, 10% glycerol, 2% (w/v) SDS,
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0.025% (w/v) bromophenol blue) and run alongside molecular weight markers 

(Rainbow Markers, Amersham).

2.2.6 Western blotting and peptide competition

Proteins were transferred to Protran nitrocellulose membranes (Schleicher 

and Schuell) using a Bio-Rad wet transfer apparatus. The transfer was 

carried out at 25 V for 2 h in transfer buffer (25 mM Tris base, 192 mM 

glycine). The membranes were blocked for 1 h in PBSA containing 3% BSA 

(v/v) (Sigma) and incubated overnight at 4°C with appropriate primary 

antibodies diluted 1:1000 in PBSA containing 1% (v/v) BSA. The membranes 

were washed twice with PBSA containing 1% milk (Marvel, Cadbury’s, UK), 

0.1% Tween 20 for 2 x 15 min at room temperature on a shaker. Horseradish 

peroxidase coupled secondary antibodies (Amersham) were diluted 1:5000 in 

PBSA containing 1% milk, 0.1% Tween 20 and incubated with the 

membranes for 45 min at room temperature on a shaker. The membranes 

were washed twice with PBSA containing 1% milk, 0.1% Tween 20 for 2 x 1 5  

min at room temperature on a shaker. Proteins were detected using the 

enhanced chemiluminescence detection system (Amersham), as described 

by the vendor.

Peptide competition was performed by incubating the antibodies of 

interest with 100 ng/ml peptide for 10 min at room temperature prior to, and 

during the primary antibody incubation step.

2.2.7 Preparation of cell lysates and immunoprécipitations

Cells were lysed in either ice cold standard lysis buffer (1% Triton X-100, 50 

mM Tris, 100 mM NaCI, 1 mM EDTA, 1 mM EGTA, 20 mM NaF, 1 mM 

NagVO ,̂ 1 mM PMSF, 10 pg/ml aprotinin, 10 pg/ml leupeptin, 10 mM
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benzamidine) or ice cold sucrose lysis buffer (50 mM NaCI, 10 mM PIPES pH 

6 .8 , 3 mM MgClg, 0.5% TX100, 300 mM sucrose, 1.2 mM PMSF, 10 pg/ml 

leupeptin, 10 pg/ml aprotinin, 10 pg/ml trypsin inhibitor, 10 pg/ml pepstatin A, 

1 mM NagVO ,̂ 10 mM benzamidine, 10 mM NafgO?).

The lysates were precleared and incubated with appropriate antibodies 

for 90 min (1 pg antibody /1  mg of total protein in lysate). The lysates were 

then tumbled with 30 pi of protein G-sepharose beads (1:1 slurry in PBSA, 

Sigma) for 45 min. The beads were washed 3 times with lysis buffer and once 

with PBSA. The beads were then drained using a Hamiliton syringe and 

resuspended in either sample buffer for immunoblot analysis or kinase buffer 

for kinase assays.

2.2.8 P13-kinase assays

2.2.8.1 In vitro PI3-kinase assay 

Preparation of liposomes

Lipids (Lipid Products,UK) stored in chloroform/methanol (1:1) (v/v) were 

dried and resuspended in 300 pi 50 mM Tris-HCI pH 7.4 to generate 

physiological lipid mixtures of phosphatidylserine (1.5 mM), 

phosphatidylethanolamine (1.6 mM), phosphatidylcholine (0.7 mM), 

sphingomyelin (150 pM) and either PI (1.6 mM), PI(4)P (150 pM) or PI(4,5)Pg 

(150 pM). Liposomes were produced by sonicating the lipid mixtures in a 

water-bath sonicator for 10 min.

PI3-kinase assay

PI3-kinases were immunoprecipitated with either 9E10 (myc-tag) or EE-tag 

antibodies (ICRF Monoclonal Antibody Laboratory) as described above. The
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immunoprecipitates were washed three times with ice cold lysis buffer and 

twice with PI3-kinase buffer (40 mM Tris-HCI pH 7.4, 200 mM NaCI, 2 mM 

DTT). The beads were drained with a Hamiliton syringe, resuspended in 25 |il 

PI3-kinase buffer and incubated with 10 pi of the liposome mixture at room 

temperature for 5 min. The kinase assays were started by adding 40 pM ATP,

3.5 mM MgClgand 10 pCi [y-^^P]ATP (3000 Ci/mmol, Amersham). The total 

reaction volume was 50 pi and had final concentrations of 300 pM 

phosphatidylserine, 320 pM phosphatidylethanolamine, 140 pM 

phosphatidylcholine, 30 pM sphingomyelin, 320 pM PI, 30 pM PI(4)P and 30 

pM PI(4,5)Pz. The reaction was stopped after 15 min by the addition of 100 pi 

1 M HCI and 200 pi chloroformimethanol (1:1) (v/v). The mixture was 

vortexed and centrifuged at 15,000g for 5 min to separate the organic and 

aqueous phases. The lower organic phase was collected and washed once 

with 40 pi methanohl M HCI (1:1) (v/v). The organic phase was extracted, 

vacuum dried, resuspended in 20  pi chloroform and spotted onto 1% 

potassium oxalate pre-treated Silica gel 60 thin layer chromatography plates 

(Whatman). The plates were developed in chloroform:acetone:methanol: 

acetic acid:water (40:15:13:12:7) and the radiolabelled phospholipids 

detected by autoradiography or a Phosphorlmager (Molecular Dynamics).

2.2.8.2 PI3-kinase activity in intact cells

C 0S 7 cells were seeded on 6 cm dishes and grown until 80% confluency 

was reached. The cells were washed twice with phosphate free DMEM, 

incubated for 1 h in 5 ml phosphate free DMEM and labelled with 400 pCi 

orthophosphate (10 mCi/ml, Amersham) in 2 ml phosphate free DMEM for 1.5 

h at 37°C. The cells were washed once with ice cold PBSA and lysed in 0.5 

ml of cold 1 M HCI , 5 mM tetrabutylammonium hydrogen sulphate (Sigma). 

The cells were scraped from the dishes and combined with 2 ml cold 

methanokchloroform (1:2 ) containing 10 pg/ml phosphoinositides (Sigma).
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The samples were vortexed and centrifuged for 5 min at 3000 rpm to 

separate the phases. The lower chloroform phase was transferred to a clean 

tube and the upper aqueous phase re-extracted twice with 1 ml chloroform. 

The chloroform phases were combined, vacuum dried and stored at -20°C 

overnight. The dried lipids were deacylated by resuspending them in 200 pi 

methylamine and incubating them at 53°C for 30 min. The lipids were then 

air-dried, resuspended in 0.5 ml water, combined with 0.6 ml 

butanokpetroleum etheriethyl formate (20:4:1), vortexed and centrifuged to 

separate the phases. The lower aqueous phase was transferred to a clean 

tube and the upper organic phase re-extracted with 0.5 ml water. The 

aqueous phases containing deacylated phospholipids were analysed on a 

Partisphere SAX high performance liquid chromatography (HPLC) column 

(Whatman). A gradient of 0 to 25% B over 60 min followed by 25 to 70% B 

over 30 min (A: water, B: 1 M (NH4)2HP04 pH 3.8) was used. Radioactive 

peaks were monitored using a continuous flow scintillation counter (Reeve 

Analytical, Glasgow, UK). The retention times of the samples were compared 

with that of a glycero-PI(3)P standard produced in an in vitro PI kinase assay 

using purified recombinant bovine pI l Oa and of a glycero-PI(4)P standard 

produced by an in vitro PI kinase assay using purified membrane 

preparations of A431 cells in the presence of 0.5% (w/v) Nonidet P-40.

2.2.9 Akt kinase assays

HA-Akt was immunoprecipitated as described above using the HA-tag 

antibody 12CA5 (ICRF Monoclonal Antibody Laboratory). The beads were 

washed twice with standard lysis buffer (section 2.2.7), once with high salt 

buffer (0.5 M LiCI, 0.1 M Tris pH 8 , 1 mM EDTA pH 8 ) and once with kinase 

buffer (50 mM Tris pH 7.5, 10 mM MgClg, 1 mM DTT). The beads were 

drained with a Hamiliton syringe and resuspended in 25 pi kinase buffer 

containing 2.5 pg histone 2B (Boehringer Mannheim), 1 pM protein kinase
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inhibitor (Sigma), 50 pM cold ATP and 3 pCi [y-^^P]ATP (3000 Ci/mmol, 

Amersham). The assays were performed at room temperature in a shaker 

and stopped after 30 min by the addition of sample buffer. The samples were 

run on SDS-polyacrylamide gels and radiolabelled histone 2B was detected 

by autoradiography or a Phosphorlmager (Molecular Dynamics).

2.2.10 Src kinase assays

Src was immunoprecipitated as described above using a Src antibody 

(Upstate Biotechnology). The beads were washed twice with ice cold sucrose 

lysis buffer (section 2.2.7), once with PBSA and once with Src kinase buffer 

(100 mM Tris pH 7.2, 125 mM MgCL 25 mM MnCL 2 mM EGTA, 0.25 mM 

NagVO ,̂ 2 mM DTT). The beads were drained with a Hamiliton syringe and 

resuspended in Src kinase buffer containing 150 pM substrate peptide 

(Upstate Biotechnology) and 5 pCi [y-^^PJATP (3000 Ci/mmol, Amersham). 

The total reaction volume was 40 pi. The reactions were performed at 30°C in 

a shaker and stopped after 10 min by the addition of 20 pi 40% ice cold 

trichloroacetic acid. The samples were incubated on ice for 5 min, centrifuged 

at 12,000g for 2 min and 25 pi were spotted on P81 phosphocellulose paper 

squares. The P81 paper squares were washed 3 x 10 min with 0.75%  

phosphoric acid, once with acetone and air-dried. The radioactivity bound to 

the peptides was quantified by scintillation counting.

2.2.11 Confocal Microscopy

2.2.11.1 Immunostaining and examination of fixed samples

Cells grown on glass coverslips or permeable filter inserts were washed once 

with PBSA and fixed with either 4% MeOH free formaldehyde (TAAB 

Laboratories) for 15 min at room temperature or ice cold methanol at -20°C
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for 3 min. Cells fixed with formaldehyde were permeabilised with 0.1% TX100 

for 2 min and washed with PBSA for 2 x 5 min. The samples were blocked 

with PBSA containing 1% BSA (v/v) for 1 h at room temperature, incubated 

with primary antibodies diluted 1:100 in PBSA containing 1% BSA (v/v) for 20 

min at room temperature and washed with PBSA containing 1% BSA (v/v) for 

3 x 5  min. The cells were then incubated with either an Alexa conjugated anti

mouse secondary antibody (Molecular Probes) diluted 1:200 in PBSA 

containing 1% BSA or a Cy3 conjugated anti-rabbit secondary antibody 

(Amersham) diluted 1:1000 in PBSA containing 1% BSA for 20 min at room 

temperature. The samples were washed 5 x 5  min with PBSA, once with 

water and mounted on microscope slides using mowiol (Calbiochem). The 

specimens were examined using a LSM 510 confocal laser scanning 

microscope (Carl Zeiss, Germany).

Peptide competition was performed by incubating the antibodies with 

100 ng/ml peptide for 10 min prior to, and during, the immunostaining step.

2.2.11.2 Live cell confocal microscopy

Cells expressing GFP fusion proteins were grown on 35 mm glass bottomed 

dishes (MatTek Corporation) and viewed using an Axiovert 100M inverted 

confocal microscope (Carl Zeiss, Germany). During examination, the cells 

were maintained in 30 mM HEPES buffered DMEM lacking phenol red at 

37°C.
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Chapter 3 

Growth Factor Regulation and Cellular Localisation of Akt

3.1 Introduction

c-Akt is the cellular homologue of the retroviral oncogene v-Akt and is 

amplified in pancreatic, ovarian and breast carcinomas. The Akt protein (also 

termed protein kinase B or Rac) has been implicated in many cellular 

processes including cell survival, insulin signalling pathways and cell 

proliferation (reviewed by Vanhaesebroeck and Alessi, 2000). Three isoforms 

(Akt1/a, Akt2/p and Akt3/y) have been identified in mammals. Each isoform 

contains an N-terminal PH domain, a catalytic domain and a C-terminal 

regulatory domain. The work described in this thesis, focuses on the Akt1/a 

isoform.

Prior to this study, several groups showed that Akt is a downstream 

target of PI3-kinase activation. This was demonstrated with growth factor 

receptor mutants, dominant negative PI3-kinases, constitutively active PI3- 

kinases and PI3-kinase inhibitors. Furthermore, the PH domain of Akt was 

found to interact with the 3' phosphorylated lipid products of PI3-kinase 

activation. Although some reports suggest that the 3’ phosphoinositides 

directly activate Akt, others show that Akt activation also requires 

phosphorylation at Thr308 and Ser473 by upstream kinases (reviewed by 

Vanhaesebroeck and Alessi, 2000).

All previous work on the PI3-kinase/Akt pathway focussed on the class 

I PI3-kinase, p110a. One aim of the work presented here is to determine if 

class II PI3-kinases also regulate Akt activity. As class II PI3-kinases do not 

make PI(3,4,5)Ps (Vanhaesebroeck and Waterfield, 1999), the role of this 3 ’ 

phosphoinositide in the activation of Akt was addressed. Two class II PI3-
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kinases, termed PI3K_C2a and PI3K_C2p, were included in the study. These 

kinases have different sensitivities towards the PI3-kinase inhibitor 

wortmannin; PI3K_C2p is highly sensitive to wortmannin treatment, whereas 

PI3K_C2a is resistant to low nanomolar levels of wortmannin.

As the cellular location of Akt after growth factor stimulation may 

provide important insights into how it becomes activated, cells were 

immunostained with Akt phosphospecific antibodies and examined by 

confocal microscopy. To investigate the cellular location of Akt further, GFP- 

Akt fusion proteins were made. In addition, mutant and truncated versions of 

Akt were examined to determine the importance of the PH and kinase 

domains in the activation of Akt.

The work presented here shows that class I and class II PI3-kinases 

differ in their ability to activate Akt. The phosphospecific antibodies revealed 

that endogenous Akt is phosphorylated 5 min after growth factor stimulation 

and is found at the plasma membrane. The GFP-Akt fusion protein mutants 

showed that membrane translocation is required for Akt phosphorylation and 

activation. In addition, the mutant proteins showed that these events are 

dependent on the PH domain but not Akt kinase activity.
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Results

3.2 Comparison of class I and class II PI3-klnases as upstream 

regulators of Akt activity

3.2.1 In vitro activities of the class I and class II PI3-kinases

To verify that the PI3-kinases used in this study were active kinases, COST 

cells were transiently transfected with the expression vector pCDNA3, 

PI3K_C2a-EE, PI3K_C2p-EE or pllOa-myc. The cells were lysed 48 h after 

transfection and the kinases immunoprecipitated with antibodies raised 

against the epitope tags. The kinases were presented with PI (320 pM), 

PI(4)P (30 pM) and PI(4,5)P2 (30 pM) as substrates in the presence of a 

physiological mixture of lipids containing phosphatidylserine (300 pM), 

phosphatidylethanolamine (320 pM), phosphatidylcholine (140 pM) and 

sphingomyelin (30 pM). Multiple assays were performed for each kinase. The 

lipid products were extracted, analysed by thin layer chromatography and 

visualised by autoradiography.

PI3K_G2a, PI3K_C2p and pi 10a were found to phosphorylate PI and 

PI(4)P to produce PI(3)P and PI(3,4)Pg (figure 3.1 A). In addition, pi 10a 

phosphorylated PI(4,5)P2 to produce PI(3,4,5)P3. PI3K_C2a also 

phosphorylated PI(4,5)P2 to a limited extent, whereas PI3K_C2p did not 

produce PI(3,4,5)P3.

In parallel, COST cells were transfected with the vector pCDNA3, 

PI3K_C2a-EE or PI3K_C2p-EE and the expressed proteins were analysed by 

Western blotting using an antibody raised against the EE tag (figure 3.1 B).
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Figure 3.1 In vitro activities of class i and class II PiS-kinases. A. C0S7 
cells were transfected with the expression vector pCDNA3, PI3K_C2p-EE, 
PI3K_C2a-EE or p110a-myc. The expressed proteins were immuno
precipitated with antibodies raised against the epitope tags and assayed for 
in vitro kinase activity using 320 \xW\ PI, 30 \iW\ PI(4)P or 30 pilVI PI(4,5)P2 as 
substrates. The lipid products were extracted, analysed by thin layer 
chromatography and visualised by autoradiography. The radiolabelled 3' 
phosphoinositide products PI3P, PI(3,4)P2 and PI(3,4,5)P3 are shown. 
Multiple assays were performed for each kinase. B. In parallel, COS7 cells 
were transfected with the vector pCDNA3, PI3K_C2p-EE or PI3K_C2a-EE 
and the expressed proteins analysed by Western blotting using an antibody 
raised against the EE tag.
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3.2.2 Effect of class I and class II PI3-kinases on Akt activity

As Akt is a downstream target of p110a activation, kinase assays were 

performed to determine if Akt is activated by PI3K_C2a and PI3K_C2p. HA- 

tagged Akt was transiently expressed in C 0S7 cells in the absence or 

presence of the PI3-kinases, immunoprecipitated and assayed for its ability to 

phosphorylate histone 2B. Two different epitope tagged PI3K_C2p kinases, 

PI3K_C2p-myc and PI3K_C2p-EE, were used. The amount of Akt present in 

the immunoprecipitates was checked by Western blotting using the polyclonal 

antibody PW56 that was generated and purified as described in section 2.2.4.

Figure 3.2A shows that over-expressing either PI3K_C2a or PI3K_C2p 

in C 0S7 cells did not significantly increase Akt activity. In contrast, over

expressing p110a in C0S7 cells increased Akt activity. As equal amounts of 

Akt were found in the immunoprecipitates (figure 3.2B), it appears that class I 

and class II PI3-kinases differ in their ability to activate Akt.

3.2.3 In vivo activities of the class I and class II PI3-kinases

Although the PI3-kinases used in this study were active in vitro, the levels of 

3’ phosphoinositides in C 0S7 cells over-expressing the kinases were 

examined to evaluate their activities in vivo. In addition, the PI3-kinases were 

co-expressed with constitutively active Has (V12Ras) to determine if the class 

II PI3-kinases, like p110a, are regulated by the Ras GTPase. C 0S7 cells, 

transiently expressing the PI3-kinases and V12Ras, were labelled with 

orthophosphate for 1.5 h. The lipids were extracted in acidified 

chloroform:methanol, converted to water soluble deacylated derivatives and 

analysed by high performance liquid chromatography.

The results (figure 3.3) show that over-expressed PI3K_C2a and 

PI3K_C2p failed to increase the cellular levels of 3’ phosphoinositides and 

this was not altered by the presence of V12Ras. In contrast, over-expressed
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Figure 3.2 Effect of class I and class II PI3-klnases on Akt activity. A.
C0S7 cells were co-transfected with 0.5 pig HA-Akt and either 0.5 pig 
expression vector pCDNAS, PI3K_C2p-myc, PI3K_C2p-EE, PI3K_C2a- 
EE or p110a-myc. HA-Akt was immunoprecipitated using an antibody 
raised against the HA tag and the kinase activities were assayed using 
histone 2B as a substrate. The proteins were separated on a SDS- 
polyacrylamide gel and the radiolabelled histone 2B was detected by 
autoradiography. B. Akt in the immunoprecipitates was detected by 
Western blotting using an antibody raised against the C-terminal region 
of Akt (PW56).
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Figure 3.3 In vivo activities of class I and class II PI3-kinases. C0S7 
cells were transfected with 0.5 \ig expression vector pCDNAS, PI3K_C2p 
-EE, PI3K_C2a-EE and p110a-myc in the absence and presence of 0.5 
îg constitutively active Ras (V12Ras). The cells were labelled with 32p 

orthophosphate for 1.5 h. The lipids were extracted in acidified chloroform: 
methanol, converted to water soluble deacylated derivatives and analysed 
by high performance liquid chromatography. The amounts of PI(3)P, 
PI(3,4)P2 and PI(3,4,5)P3 were calculated as percentages of the cellular 
levels of PI(4,5)P2.
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p110a increased the cellular levels of PI(3)P, PI(3,4)P2 and PI(3,4,5)P3 and 

this was enhanced by the presence of V12Ras. Thus, unlike p110a, 

PI3K_C2a and PI3K_C2p are not regulated by Ras and appear to have no 

measurable in vivo kinase activity when transiently over-expressed in C0S7  

cells.

3.3 Cellular localisation and activation of Akt

3.3.1 Characterisation of Akt phosphospecific antibodies

To monitor Akt phosphorylation at residues Thr308 and Ser473, 

phosphospecific antibodies were produced and purified as described in 

section 2.2.4. The polyclonal antibodies were raised against sequences that 

flanked either the Thr308 or Ser473 phosphorylation sites.

The phospho-Thr308 antibody (PW64) failed to recognise 

phosphorylated Akt by Western blot analysis and was not used in this study. 

A commercially available phospho-Thr308 antibody (New England Biolabs) 

was used instead.

Western blot analysis of NIH3T3 cell lysates revealed that the 

phospho-Ser473 antibody (PW66) detected full-length Akt. The antibody 

recognised a single band at 57 kD and its specificity was verified by 

phosphopeptide competition (figure 3.4B). Figure 3.4A shows that serum- 

starved NIH3T3 cells have very low levels of Akt that is phosphorylated at 

Ser473, whereas cells stimulated with PDGF (platelet-derived growth factor) 

for 5 min have high levels of phosphorylated Akt. This suggests that Akt 

phosphorylation is dependent on growth factor receptor activation.
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Figure 3.4 Characterisation of the phospho-Ser473 (PW66) antibody.
A. NIH3T3 cells were serum-starved overnight or serum-starved overnight 
and then stimulated with 50 ng/ml PDGF for 5 min. The cell lysates were 
analysed by Western blotting using an antibody raised against the Ser473 
phosphorylation site of Akt (PW66). B. The specificity of the antibody was 
verified by peptide competition, using 100 ng/ml phosphopeptide.
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3.3.2 Localisation of endogenous Akt

The observation that PDGF stimulation increases the amount of 

phosphorylated Akt was confirmed by analysing NIH3T3 cells stained with the 

phospho-Ser473 antibody. Figure 3.5A shows that serum-starved NIH3T3 

cells contain very low levels of phosphorylated Akt. In contrast, Akt was 

phosphorylated and found abundantly at plasma membrane ruffles in NIH3T3 

cells that were stimulated with PDGF for 5 min (figure 3.5B). Thus, PDGF 

receptor activation in NIH3T3 cells is required for Akt phosphorylation at 

Ser473 and recruits Akt to the plasma membrane.

3.3.3 Construction of the GFP-Akt fusion proteins

To investigate further the membrane translocation event that results in the 

phosphorylation and activation of Akt, various mutant and truncated forms of 

Akt were fused to the green fluorescent protein (GFP). Mutations used were 

R25C, which blocks the binding of 3’ phosphoinositides to the PH domain of 

Akt, and K179M, which ablates Akt kinase activity. The mutants were made 

using the unique site elimination mutagenesis method as described in section 

2.2.2.7. GFP was also fused to a truncated protein termed AH, which contains 

the Akt N-terminal regulatory region and spans the PH domain.

The GFP fusion proteins were generated by linking GFP via a stretch 

of 6 glycine residues (G-linker) to the N-terminus of full-length, mutant and 

truncated forms of Akt (figure 3.6). The glycine linker was inserted between 

the proteins to minimise steric constraints on domain folding. The glycine 

linker also enabled amino acids, such as serine and arginine, encoded by the 

multiple cloning site located between GFP and Akt to be replaced with the 

more simple amino acid glycine.
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Figure 3.5 Cellular localisation of endogenous Akt. NIH3T3 cells were 
serum-starved overnight (A) or serum-starved overnight and stimulated 
with 50 ng/ml PDGF, 5 min (B and C). After fixation and permeabilisation, 
the cells were stained with the phospho-Ser473 antibody in the absence 
(A and B) or presence (C) of 100 ng/ml phosphopeptide and examined 
by confocal microscopy.
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Figure 3.6 Schematic representation of the GFP fusion proteins. The GFP
fusion proteins were generated by linking GFP, via a stretch of 6 glycine 
residues (G-linker) to the N-terminus of full-length, mutant and truncated forms 
of Akt. Mutations used were R25C, which blocks the binding of 3' phospho
inositides to the PH domain of Akt, and K179M which ablates Akt kinase activity. 
The truncated protein termed AH contains the Akt N-terminal regulatory region 
and spans the PH domain. Asterisks indicate the positions of the mutated residues.
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3.3.4 Expression and activity of the GFP-Akt fusion proteins

The GFP-Akt fusion proteins were expressed in C0S7 cells and analysed by 

Western blotting using an antibody raised against GFP. Figure 3.7A shows 

that GFP-Akt, GFP-Akt(R25G) and GFP-Akt(K179M) are approximately 85 

kD, GFP-AH and GFP-AH(R25C) are approximately 45 kD and GFP is 30 kD. 

As no cleavage products were observed, this shows that the fusion proteins 

were intact when expressed in C0S7 cells.

The kinase activities of the fusion proteins were assessed by 

transfecting them into C0S7 cells in the presence or absence of p110caax. 

pHOcaax is a constitutively active form of the catalytic subunit of p110a and 

is a potent activator of Akt. The cells were serum-starved overnight to reduce 

the basal level of kinase activity and the expressed proteins were 

immunoprecipitated with a GFP antibody. The kinase activities were 

determined by monitoring their ability to phosphorylate histone 2B. GFP-Akt 

was able to phosphorylate histone 2B when co-expressed with pHOcaax and 

was approximately 5 times more active than GFP-Akt(K179M) or GFP- 

Akt(R25C), as shown in figure 3.7B. The truncated forms of Akt that lack 

kinase domains, GFP-AH and GFP-AH(R25C), did not have any kinase 

activity.

Thus, linking GFP to Akt did not interfere with its kinase activity. The 

other main observation is that Akt is unable to be activated unless it has 

functionally active PH and kinase domains.

3.3.5 Phosphorylation of the GFP-Akt fusion proteins

The phosphorylation states of the GFP-Akt fusion proteins were also 

examined by co-expressing the fusion proteins with pHOcaax in C0S7 cells, 

serum-starving the cells overnight and analysing the cell lysates by Western 

blotting using phospho-Thr308 and Ser473 antibodies. Figures 3.8A and B
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Figure 3.7 Expression and activity of the GFP-Akt fusion proteins. A.
C0S7 cells were transfected with 1 pig GFP vector, GFP-Akt, GFP-Akt- 
(R25C), GFP-AH, GFP-AH(R25C) and GFP-Akt(K179M). The expressed 
proteins were analysed by Western blotting using an antibody raised against 
GFP. B. C0S7 cells were transfected with 0.5 pig of each GFP fusion protein 
and 0.5 pig constitutively active p110a, termed p110caax. The cells were 
serum-starved overnight. The GFP fusion proteins were immunoprecipitated 
with a GFP antibody and assayed for kinase activity using histone 2B as a 
substrate. The proteins were separated on a SDS polyacrylamide gel and 
the radiolabelled histone 2B was detected by autoradiography.
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Figure 3.8 Phosphorylation of the GFP-Akt fusion proteins. C0S7 cells 
were co-transfected with either 0.5 |ig GFP vector, GFP-Akt, GFP-Akt- 
(R25C), GFP-AH, GFP-AH(R25C) or GFP-Akt(K179M) and 0.5 \ig of a 
constitutively active form of p110a termed pHOcaax. The cells were serum 
starved overnight and the expressed proteins analysed by Western blotting 
using either a phospho-ThrSOB antibody (New England Biolabs) (A), a 
phospho-Ser473 antibody (B) or a GFP antibody (0 and D).
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show that only the full-length GFP-Akt and kinase dead GFP-Akt(K179M) 

fusion proteins were phosphorylated at Thr308 and Ser473. As GFP- 

Akt(K179M) was phosphorylated, it suggests that this phosphorylation was 

not a result of autophosphorylation because the protein lacks kinase activity. 

The PH domain mutant protein, GFP-Akt(R25C), was not phosphorylated 

when co-expressed with activated p110a. As the R25C mutation prevents Akt 

from binding to 3' phosphoinositides at the plasma membrane, this implies 

that Akt is phosphorylated after it translocates to the plasma membrane and 

interacts with 3' phosphoinositides. Neither of the truncated versions, GFP- 

AH or GFP-AH(R25C), have the phosphorylation sites so as expected they 

were not phosphorylated. Figures 3.80 and D show the amount of fusion 

protein present in each cell lysate, detected by the GFP antibody.

3.3.6 Cellular localisation of the GFP-Akt fusion proteins

To determine the effect of PDGF on the cellular location of the various GFP 

fusion proteins, NIH3T3 cells were transiently transfected with the constructs 

and serum-starved for 8 h. The cells were maintained in 30 mM HEPES 

buffered DMEM at 37°C and examined by live cell confocal microscopy. 

Confocal images were taken before and at various times after stimulation with 

30 ng/ml PDGF. Figure 3.9B shows that the GFP-Akt protein was found in the 

cytoplasm and nucleus of serum-starved NIH3T3 cells but when the cells 

were stimulated with PDGF, GFP-Akt translocated to the plasma membrane 

from the cytoplasm and nucleus. Most GFP-Akt was at the plasma membrane 

8 min after stimulation and some was still there 30 min later. GFP-AH and 

GFP-Akt(K179M) were also found at the plasma membrane after PDGF 

treatment (figures 3.9D and F). Figures 3.9A, C and E show that GFP- 

Akt(R25C), GFP-AH(R25C) and the uncoupled GFP protein were not 

recruited to the membrane in response to PDGF stimulation. These results
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Figure 3.9 Cellular localisation of the GFP-Akt fusion proteins. NIH3T3 cells were 
transfected with 1 GFP vector (A), GFP-Akt (B), GFP-Akt(R25C) (C), GFP-AH (D), 
G FP-AH(R25C) (E) or GFP-Akt(K179M) (F) and starved for 8 h prior to analysis by confocal 
microscopy. Confocal images were taken of unstimulated cells and cells stimulated with 
30 ng/ml PDGF for 2 min, 8 min and 30 min. The cells were maintained in 30 mM HEPES  
buffered phenol red free DMEM at 37T).
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suggest that the PH domain of Akt is important for membrane translocation, 

whereas kinase activity is not essential.

3.3.7 Comparison of GFP fusion proteins with or without glycine linkers

To establish if the glycine linker enhanced the fluorescence or activity of the 

GFP fusion proteins, fusion proteins that lacked glycine linkers were 

examined. Figures 3.10 and 3.11 show that the expression, activity and 

localisation of GFP-Akt*, GFP-Akt(R25G)* and GFP-Akt(K179M)* that lack 

glycine linkers were similar to that of their counterparts which contain glycine 

linkers. The asterisks indicate that these proteins lack glycine linkers. Thus, 

inserting a glycine linker between the GFP and Akt proteins did not enhance 

their activity or fluorescence.
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Figure 3.10 Expression and activity of GFP-Akt fusion proteins that 
lack glycine linkers. A. C0S7 cells were transfected with 1 GFP-Akt*, 
GFP-Akt(R25C)* or GFP-Akt(K179M)* that lack G-linkers. The expressed 
proteins were analysed by Western blotting using an antibody raised 
against GFP. B. C0S7 cells were transfected with 0.5 pig of each GFP 
fusion protein and 0.5 pig of a constitutively active form of p110a, termed 
pHOcaax. The cells were serum-starved overnight. The GFP fusion 
proteins were immunoprecipitated with a GFP antibody and assayed for 
kinase activity using histone 2B as a substrate. The proteins were 
separated on a SDS-polyacrylamide gel and the radiolabelled histone 2B 
was detected by autoradiography.
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Figure 3.11 Cellular localisation of GFP-Akt fusion proteins that lack 
glycine linkers. NIH3T3 cells were transfected with 1 GFP-Akt* (A), 
GFP-Akt(R25C)* (B) or GFP-Akt(K179M)* (0) and starved for 8 h prior to 
analysis by confocal microscopy. Confocal images were taken of 
unstimulated cells and cells stimulated with 30 ng/ml PDGF for 2 min, 8 
min and 30 min. The cells were maintained in 30 mM FIEPES buffered 
phenol red free DMEM at 37^0.
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3.4 Discussion

3.4.1 Comparison of class I and class II PI3-klnases as upstream regulators 

of Akt

PI3-klnases are llpid kinases that phosphorylate the 3' position on the Inositol 

ring of phosphoinositides. PI3-klnases have been classified Into three groups 

based on their in vitro substrate specificities (Vanhaesebroeck and Waterfleld,

1999). Class I PI3-klnases are heterodimers composed of 110 kD catalytic 

subunits and adaptor subunits that range In size from 50-101 kD. They 

phosphorylate PI, PI(4)P and PI(4,5)P2 in vitro, but prefer PI(4,5)P2 in vivo. 

Class II PI3-klnases contain a C-termlnal C2 domain and phosphorylate PI 

and PI(4)P in vitro. Class III PI3-klnases also form heterodimers with adaptor 

proteins but are only able to phosphorylate PI in vitro. As the production of 

PI(3)P In cells Is not regulated by external signals, class III PI3-klnases were 

not Included In this study.

Class I PI3-klnases have been well characterised and several groups 

have reported that the prototype class I kinase, pi 10a, Is regulated by 

activated growth factor receptors and the small GTPase Ras. In addition, Akt 

was found to be a downstream target of pi 10a activation (Vanhaesebroeck 

and Waterfleld, 1999). At the time this work was done, relatively little was 

known about the regulation of class II PI3-klnases or their downstream 

targets. The work presented here focuses on two class II PI3-klnases whose 

amino acid sequences are very similar but have different sensitivities towards 

the PI3-klnase Inhibitor wortmannln. PI3K_C2a and PI3K_C2p have in vitro 

kinase activity and phosphorylate PI and PI(4)P to produce PI(3)P and 

PI(3,4)P2. Unlike pi 10a, over-expressed PI3K_C2a and PI3K_C2p do not 

enhance Akt activity. As class II PI3-klnases do not produce PI(3,4,5)P3, It Is 

tempting to speculate that this 3 ’ phospholnosltlde Is Important for Akt 

activation. A study on the 5’ phosphatase SHIP that converts PI(3,4,5)P3 to
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PI(4,5)P2 also suggested that PI(3,4,5)P3 is important for Akt activation in B- 

cells (Astoul et al, 1999). As neither PI3K_C2a nor PI3K_C2p increased the 

cellular levels of 3' phosphoinositides in vivo, it is more likely that this is the 

reason why the class II PI3-kinases do not regulate Akt activity. A 

constitutively active form of Ras also failed to induce the in vivo activity of 

these kinases. This suggests that, unlike pIlO a, class II PI3-kinases are not 

downstream targets of Ras.

Since this work was performed, there have been some new reports on 

the regulation of these kinases. PI3K_C2a and PI3K_C2P were found to be 

downstream targets of activated EGF and PDGF receptors (Arcaro et al, 

2000). Others showed that PI3K_C2a was phosphorylated after insulin 

treatment (Brown et al, 1999) and that PI3K_C2p was activated in response 

to stimulation of the integrin a„bp3 by fibrinogen (Zhang et al, 1998). In 

addition, it was reported that the class II kinases failed to interact with the p85 

regulatory subunit of pi 10a and the GTP bound form of Ras (Aroaro et al,

1998). All this work was based on in vitro assays and the relevance of these 

findings in vivo still remains to be determined.

3.4.2 Cellular localisation and activation of Akt

Akt is a downstream target of PI3-kinase activation. The 3' phosphoinositide 

products of PI3-kinase activation bind to the PH domain of Akt. Some reports 

suggest that the interaction with 3' phosphoinositides activates Akt, others 

showed that Akt activation also requires phosphorylation at Thr308 and 

Ser473 by upstream kinases (reviewed by Vanhaesebroeck and Alessi, 

2000).

A phosphospecific antibody raised against the Ser473 phosphorylation 

site revealed that endogenous Akt is phosphorylated and located at the 

plasma membrane 5 min after PDGF treatment in NIH3T3 cells. Akt 

recruitment to the plasma membrane was confirmed in living cells using a
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GFP-Akt fusion protein. The advantage of using living cells is that it avoids 

cell fixation and permeabilisation that may result in the loss of some 

membranous and cytoplasmic material.

The cellular localisation of mutant forms of Akt fused to GFP provided 

additional insights into the mechanism of Akt activation. The GFP-Akt(R25C) 

mutant, that cannot interact with 3’ phosphoinositides, showed that the 

interaction between the PH domain of Akt and the 3' phosphoinositides is 

important for the membrane translocation, phosphorylation and activation of 

Akt. The GFP-Akt(K179M) mutant revealed that Akt kinase activity is not 

required for its recruitment to the plasma membrane or its phosphorylation. 

The truncated version of Akt that lacks the kinase domain and contains only 

the PH domain, GFP-AH, showed that the PH domain is sufficient for 

membrane translocation. These data are consistent with studies performed 

on fixed cells using HA tagged Akt (Andjelkovic et al, 1997; Meier et al, 1997) 

and demonstrate that Akt translocates to the plasma membrane after mitogen 

treatment where it becomes phosphorylated and subsequently activated. It 

has also been reported that the basal activity of Akt is increased when the 

entire PH domain is removed (Vanhaesebroeck and Alessi, 2000). As APH- 

Akt was phosphorylated by upstream kinases, it was proposed that the PH 

domain may act as a negative regulator of Akt and that the interaction with 

the 3' phosphoinositides induces a conformational change that makes Akt 

more accessible to upstream kinases.

Little evidence could be seen for the rapid mitogen induced 

accumulation of Akt in the nucleus, that was reported to happen 20-30 min 

after REF-52 fibroblasts were stimulated with serum (Andjelkovic et al, 1997; 

Meier et al, 1997). Although a minor fraction of GFP-Akt could behave in this 

manner, its movement to the nucleus appeared to be more gradual in NIH3T3 

cells stimulated with PDGF. The nuclear localisation of Akt may be explained 

by the fact that some Akt effectors such as the forkhead transcription factors 

are found there. It is interesting to note that the truncated form of GFP-Akt,
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GFP-AH, is found in the nucleus of serum-starved cells. This could be 

because GFP-AH is small enough to passively diffuse into the nucleus from 

the cytoplasm. Alternatively, GFP-AH could bind to nuclear 3' 

phosphoinositides, via its PH domain, like the P I P 3  binding protein ( P I P 3 B P )  

(Tanaka et al, 1999).

Another interesting finding was that the kinase inactive form of Akt, 

GFP-Akt(K179M), was phosphorylated after growth factor stimulation. This 

suggests that the phosphorylation of residues ThrSOS and Ser473 is mediated 

by other kinases and not by autophosphorylation. It does not rule out the 

possibility that endogenous Akt could transphosphorylate the kinase inactive 

form. As GFP-Akt(K179M) was located at the plasma membrane after PDGF 

treatment, this suggests that the kinases responsible for Akt phosphorylation 

are also found at the plasma membrane.

Since this work was performed, much effort has been put into 

identifying the upstream kinases that phosphorylate Akt. Several groups 

isolated a kinase that phosphorylates Akt at residue Thr308 (Alessi et al, 

1997; Stokoe et al, 1997). This kinase was termed phosphoinositide 

dependent protein kinase-1 (PDK1). Another study showed that the Thr308 

residue in Akt is phosphorylated by the calcium/calmodulin-dependent protein 

kinase kinase (CaMKK) (Yano et al, 1998). Phosphorylation of Akt by CaMKK 

is controversial and most likely cell type specific (Vanhaesebroeck and Alessi,

2000).

The identity of the kinase that phosphorylates Ser473 has remained 

elusive. MAPKAP kinase 2 was found to phosphorylate Ser473 in vitro but 

does not appear to be the in vivo Akt kinase (Shaw et al, 1998). Another 

report suggested that the integrin linked kinase (ILK) phosphorylates the 

Ser473 residue in Akt (Delcommenne et al, 1998). However, another group 

reported that ILK activates Akt through an indirect mechanism (Lynch et al,

1999). It has also been proposed that the kinase responsible for 

phosphorylation at Ser473 is a modified form of PDK1 (Balendran et al.
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1999). This modified form being a complex of PDK1 with another protein that 

may be related to, or a proteolytic fragment of, PRK2. However, the 

physiological relevance of this remains to be confirmed. Furthermore, the 

finding that endogenous Akt is phosphorylated at Ser473 in PDKV^ ES cells, 

suggests that the latter mechanism is unlikely to occur in vivo (Williams et al,

2000).

Finally, a recent report claimed that Akt is autophosphorylated at 

Ser473 (Toker et al, 2000). They showed that the kinase inactive Akt(K179M) 

was phosphorylated at Thr308 but not at Ser473 following IGF-1 or PDGF 

stimulation in HepG2 cells. This clearly contradicts the work presented here 

as GFP-Akt(K179M) was phosphorylated at both Thr308 and Ser473 when 

co-expressed with constitutively active PI3-kinase in C 0S7 cells. Another 

group agreed with the results presented here as they found that a kinase 

inactive, membrane targeted form of Akt was phosphorylated at Thr308 and 

Ser473 in response to IGF-1 stimulation in HEK293 cells (Andjelkovic et al, 

1997). Perhaps cell type variations account for these differences.

Despite the discrepancy over the kinases that phosphorylate Akt, most 

reports agree on the model that mitogen stimulation induces Akt to 

translocate to the plasma membrane where it subsequently becomes 

phosphorylated and activated.
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Chapter 4 

Characterisation and use of GFP-AH as a probe 

for sites of Pi3-kinase activity in iiving ceiis

4.1 introduction

GFP-AH is a fusion of the green fluorescent protein (GFP) and the Akt amino- 

terminal regulatory region (amino acids 1-147) that spans a pleckstrin 

homology (PH) domain. The PH domain, composed of approximately 120 

amino acids, was first identified as an internal repeat in pleckstrin (Tyers et al, 

1989). Over 100 proteins are known to have PH domains and most of them 

are involved in signal transduction. The PH domain targets these proteins to 

the membrane, where they interact with specific phosphoinositides. For some 

proteins, the PH domain also mediates protein-protein interactions 

(Vanhaesebroeck and Waterfield, 1999).

In the previous chapter it was demonstrated that the PH domain of Akt 

is required for the membrane translocation and subsequent activation of Akt. 

The PH domain of Akt binds directly to the 3’ phosphoinositide products of 

PI3-kinase activation and this interaction can be blocked by a mutation that 

converts arginine at position 25 to a cysteine. One aim of this report is to 

further characterise GFP-AH to assess its use as a probe for sites of PI3- 

kinase activity within living cells. PI3-kinase inhibitors, constitutively active 

pi 10a and a R25C mutant form of the PH domain were used to determine if 

the cellular localisation of GFP-AH reflects the position of PI(3,4)Pg and 

PI(3,4,5)P3 within cells.

The cellular localisation of GFP-AH and GFP-Akt was also observed in 

the Madin-Darby canine kidney (MDCK) epithelial cell line. MDCK cells, when 

grown in a monolayer in the presence of serum, form compact sheets of
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polarised cells (Wang et al, 1990). The plasma membrane of polarised cells is 

composed of three domains that are structurally and functionally distinct 

(Alberts et al, 1994). The apical domain faces the external environment 

(growth medium) and has specialised structures called microvilli that have an 

important role in the absorption of luminal fluid in vivo. The lateral domain 

interacts with the lateral domains of neighbouring cells and cell-cell adhesion 

is mediated by a variety of junctions including tight junctions, adherens 

junctions, desmosomes and gap junctions. The basal domain contacts the 

substratum and interacts with extracellular matrix proteins such as the 

collagens, laminins, vitronectin and fibronectin via a large family of proteins 

called the integrins. Attachment to the matrix activates a variety of 

intracellular signalling events mediated by the integrins. The basal domain 

also has specialised regions of cell-matrix contact known as 

hemidesmosomes and focal adhesions.

In this study, the cellular localisation of GFP-AH and GFP-Akt was 

examined by live cell microscopy in polarised MDCK cells. In addition, co

localisation studies using antibodies raised against various cell-cell junctional 

proteins were also performed to further define the location of GFP-AH and 

GFP-Akt in polarised epithelial cells.

Previously, it was reported that epithelial cells undergo programmed 

cell death when they become detached from the extracellular matrix (Frisch 

and Francis, 1994). This detachment induced apoptosis, coined anoikis, is 

preceded by a rapid decrease in the cellular levels of 3' phosphoinositides 

and Akt activity (Khwaja et al, 1997). Reattachment to the matrix increases 

the cellular levels of 3' phosphoinositides and Akt activity, suggesting that 

matrix attachment maintains the basal level of PI3-kinase and Akt activity 

required for cell survival. As the precise mechanism by which this occurs is 

not known, GFP-AH was used to monitor the sites of PI3-kinase activity in 

epithelial cells that were freshly plated on a collagen matrix.



144

The work presented in this chapter shows that the cellular location of 

GFP-AH is likely to represent the sites of PI(3,4)P2 and PI(3,4,5)P3 production 

in living cells. In polarised MDCK epithelial cells, GFP-AH was found along 

the entire basal and lateral membranes in the absence of serum. GFP-Akt, 

however, was located in the cytoplasm, nucleus and at the plasma membrane 

near the apical end of the lateral surface. In epithelial cells, newly plated onto 

collagen from suspension, GFP-AH localised strongly to sites of cell-cell 

contact as well as to discrete sites of cell-matrix interaction that are distinct 

from focal adhesions. This suggests that the attachment induced, PI3-kinase 

mediated, survival signal in epithelial cells is generated not only by cell-matrix 

interaction but also by cell-cell interaction.
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Results

4.2 Characterisation of GFP-AH as a probe for sites of PI3-kinase 

activity in iiving ceils

4.2.1 Effect of various mitogenic stimuli and inhibitors on the cellular 

localisation of GFP-AH

To determine if GFP-AH localises to sites of PI3-kinase activity within cells, 

NIH3T3 cells were transfected with GFP-AH, serum-starved overnight and 

then stimulated with a range of mitogenic stimuli known to activate PI3- 

kinase. The cells were maintained in HEPES buffered phenol red-free DMEM 

at 37°C and observed by live cell confocal microscopy. Figure 4.1 shows that 

GFP-AH moved from the cytoplasm and nucleus to the plasma membrane 

after stimulation with PDGF (B), EGF(C), insulin (D) and 0.5% serum (E). 5 

min after PDGF, insulin and 0.5% serum stimulation, GFP-AH was found at 

the membrane and remained there for at least 30 min. EGF treatment 

produced a more transient effect, GFP-AH was present at the membrane 1 

min after stimulation and reappeared 5 min later in the cytoplasm and 

nucleus.

To verify that this translocation is PI3-kinase dependent, cells 

stimulated with 0.5% serum (figure 4 .IE ) were treated with a PI3-kinase 

inhibitor, LY294002. Figure 4.1 F shows that GFP-AH reappeared in the 

cytoplasm and nucleus and was no longer present at the plasma membrane, 

after a 5 min treatment with LY294002. This suggests that the interaction 

between GFP-AH and the plasma membrane required PI3-kinase activity.

As a previous report showed that 02-ceramide inhibited the activation 

of Akt (Zhou et al, 1998), the effect of C2-ceramide on the cellular localisation 

of GFP-AH was also examined. Treating cells with C2-ceramide for 1 h prior 

to stimulation with PDGF blocked the membrane translocation of GFP-AH



No treatment PDGF EGF

insulin 0.5% serum
0.5%serum
+LY294002

C2 ceramide 
+PDGF

Figure 4.1 Effect of mitogenic stimuli and inhibitors on the cellular 
localisation of GFP-AH. NIH3T3 cells were transfected with V g  GFP-AH 
and serum-starved for 8 h. The cells were maintained in HEPES buffered 
DMEM at 37°C and confocal images were taken of unstimulated cells (A), 
cells stimulated with 30 ng/ml PDGF for 5 min (B), 50 ng/ml EGF for 2 min 
(C), 10 ng/ml insulin for 5 min (D), 0.5% serum for 5 min (E), 0.5% serum 
for 5 min followed by a 10 min incubation with 20 fiM LY294002 (F), 30 
ng/ml PDGF for 8 min after a 1 h pretreatment with 30 nM C2-ceramide (G).
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(figure 4.1 G), suggesting that C2-ceramide may either inhibit PI3-kinase 

activation or the ability of 3' phosphoinositides to interact with the PH domain.

4.2.2 Effect of mitogenic stimuli and inhibitors on the cellular localisation of 

GFP-Akt

The effect of PI3-kinase inhibitors and C2-ceramide on the PDGF induced 

membrane translocation of GFP-Akt was also examined. Figures 4.2 C and D 

show that the PI3-kinase inhibitors, LY294002 and wortmannin, blocked the 

movement of GFP-Akt to the membrane. Thus, like GFP-AH, full length Akt 

requires PI3-kinase activity for its recruitment to the membrane. C2-ceramide 

blocked the PDGF induced membrane translocation of GFP-Akt (figure 4.2E) 

and this may explain why C2-ceramide was previously found to inhibit Akt 

activity.

4.2.3 Effect of a constitutively active PI3-kinase on the cellular localisation of 

GFP-AH and GFP-Akt

To investigate whether PI3-kinase activation is sufficient, as well as 

necessary, to cause the translocation of GFP-AH and GFP-Akt to the 

membrane, NIH3T3 cells were transfected with these constructs together with 

a constitutively active PI3-kinase (pllOcaax) and serum-starved overnight. 

Figures 4.3C and D show that the GFP fusion proteins were located at the 

plasma membrane of cells expressing pllOcaax. This suggests that PI3- 

kinase activation is sufficient for the membrane translocation of GFP-AH and 

GFP-Akt.



No treatment

LY294002 
+ PDGF

Wortmannin 
+ PDGF

C2-ceramide 
+ PDGF

Figure 4.2 Effect of mitogenic stimuli and inhibitors on the cellular 
localisation of GFP-Akt. NIH3T3 cells were transfected with 1 GFP 
-Akt and serum-starved for 8 h. The cells were maintained in HEPES 
buffered DMEM at 37®C and confocal images were taken of unstimulated 
cells (A), cells stimulated with 30 ng/ml PDGF for 5 min (B), 30 ng/ml 
PDGF for 5 min after a 20 min pretreatment with either 20 |iM LY294002 
(0) or 100 nM wortmannin (D), 30 ng/ml PDGF for 5 min after a 1 h 
pretreatment with 30 jiM C2-ceramide (E).



GFP-AH GFP-Akt

GFP-AH+
pHOcaax

GFP-Akt+
pHOcaax

Figure 4.3 Effect of a constitutively active PI3-kinase on the cellular 
localisation of GFP-AH and GFP-Akt. NIH3T3 cells were transfected 
with 1 îg GFP-AH (A), 1 GFP-Akt (B), 0.5 |xg constitutively active 
PI3-kinase termed pHOcaax and either 0.5 jxg GFP-AH (0) or 0.5 \xg 
GFP-Akt (D) and serum-starved overnight. The cells were maintained in 
HEPES buffered DMEM at 37®C and examined by confocal microscopy.
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4.3 Cellular localisation of GFP-AH and GFP-Akt in polarised MDCK ceiis

4.3.1 Cellular localisation of GFP-AH in polarised MDCK cells

The localisation of GFP-AH in polarised MDCK epithelial cells was examined. 

MDCK cells, stably expressing GFP-AH, were grown in 10% serum on 

permeable filters until confluency was reached. The cells were then serum- 

starved overnight, mounted on microscope slides using phenol red-free 

DMEM and viewed by confocal microscopy. Figure 4.4A shows that GFP-AH 

was found at the lateral plasma membranes of polarised MDCK cells. As the 

cells were serum-starved overnight, it suggests that MDCK cells have 

significant basal levels of PI3-kinase activity. Figure 4.4B shows that GFP- 

AH(R25C) was not found at the lateral plasma membranes. As the R25C 

mutation disrupts the interaction between the PH domain and 3' 

phosphoinositides, the membrane localisation of GFP-AH is likely to 

represent the cellular location of 3’ phosphoinositides.

The cellular localisation of GFP-AH was also examined in polarised 

MDCK cells transiently expressing the protein. Despite the higher level of 

expression, figure 4.5A shows that GFP-AH displayed the same localisation 

pattern as that found in the stable cell line. The vertical image in figure 4.5A 

shows that GFP-AH was found along the entire length of the lateral 

membrane as well as the basal membrane. The phase contrast image in 

figure 4.5B confirmed that the cell expressing GFP-AH is in contact with other 

cells. To verify that the interaction between GFP-AH and the plasma 

membrane required PI3-kinase activity, MDCK cells transiently expressing 

GFP-AH were starved overnight (figure 4.5C) and incubated with 20 pM 

LY294002 for 10 min (figure 4.5D). As the PI3-kinase inhibitor caused GFP- 

AH to move from the membrane to the cytoplasm, it demonstrated that the 

membrane localisation of GFP-AH in polarised MDCK cells is dependent on 

PI3-kinase activity.



GFP-AH

GFP-AH(R25C)
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Figure 4.4 Cellular localisation of GFP-AH and GFP-AH(R25C) in 
polarised MDCK epithelial cells. MDCK cells stably expressing the GFP 
fusion proteins were grown on permeable filters until confluency was 
reached. They were serum-starved overnight and observed by confocal 
microscopy. Images were taken of cells expressing GFP-AH (A) and 
GFP-AH(R25C) (B).
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Figure 4.5 Effect of a PI3-klnase inhibitor on the cellular localisation 
of GFP-AH in polarised MDCK cells. MDCK cells transiently expressing 
GFP-AH were grown on permeable filters until confluency was reached. 
They were serum-starved overnight and observed by confocal microscopy. 
Fluorescent (A) and phase contrast (B) images were taken. Confocal 
images were also taken of MDCK cells transiently expressing GFP-AH 
before (C) and after (D) a 10 min incubation with the PI3-kinase inhibitor 
LY294002.



153

4.3.2 Cellular localisation of GFP-Akt in polarised MDCK cells

GFP-Akt was found in the cytoplasm, nucleus and at the apical end of lateral 

membranes in polarised MDCK cells (figure 4.6A). The localisation of GFP- 

Akt was different to that of GFP-AH, suggesting that the localisation of full 

length Akt may also be influenced by sequences outside the PH domain. 

GFP-Akt(R25C) was only found in the cytoplasm and nucleus (figure 4.6B), 

suggesting that the membrane localisation of GFP-Akt was dependent on S' 

phosphoinositides.

The localisation of GFP-Akt in polarised MDCK cells was further 

investigated by fixing, permeabilising and staining the cells for various cell-cell 

junctional proteins. Horizontal confocal images are shown in figure 4.7 and 

the corresponding vertical sections are shown in figure 4.8. The blue lines in 

figure 4.8 show the positions of the horizontal sections in figure 4.7. They also 

represent the region where GFP-Akt is concentrated at the lateral 

membranes.

ZO-1 is a component of tight junctions and is located at the most apical 

end of the lateral membrane. Figures 4.7A and 4.8A show that the 

localisation of GFP-Akt overlapped with that of ZO-1. E-cadherin, beta- 

catenin and act in are found abundantly at adherens junctions that are 

positioned just below the tight junctions. Figures 4.7B-D and 4.8B-D show 

that GFP-Akt was also present at the adherens junctions. Desmoplakin is a 

component of the desmosome complex that is located below the adherens 

junctions. Figures 4.7E and 4.8E show that some GFP-Akt was also found at 

desmosomal complexes. These data show that GFP-Akt is found abundantly 

at adherens junctions and, to a lesser extent, at the tight junctions and 

desmosomes. This suggests that upstream regulatory proteins or 

downstream targets of Akt may be located at these cell-cell junctions.
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Figure 4.6 Cellular localisation of GFP-Akt and GFP-Akt(R25C) in 
polarised MDCK epithelial cells. MDCK cells stably expressing the GFP 
fusion proteins were grown on permeable filters until confluency was 
reached. They were serum-starved overnight and observed by confocal 
microscopy. Images were taken of MDCK cells expressing GFP-Akt (A) 
and GFP-Akt(R25C) (B).
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Figure 4.7 Horizontal confocal images of MDCK cells stably expressing 
GFP-Akt and immunostained for various cell-cell junctional proteins.
MDCK cells stably expressing GFP-Akt were polarised on permeable filters, 
fixed with 4% formaldehyde, permeabilised with 0.1% triton X-100 and 
immunostained for various proteins: ZO-1 (A), E-cadherin (B), Beta-catenin 
(0), Actin (D) and Desmoplakin (E). The merged confocal images are shown 
on the right.
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Figure 4.8 Vertical confocal images of polarised MDCK cells expressing 
GFP-Akt and immunostained for various cell-cell junctional proteins.
MDCK cells stably expressing GFP-Akt were polarised on permeable 
filters, fixed with 4% formaldehyde, permeabilised with 0.1% triton X-100 
and immunostained for various proteins: ZO-1 (A), E-cadherin (B), Beta- 
catenin (0), Actin (D) and Desmoplakin (E).The horizontal blue lines 
show the positions of the horizontal confocal images shown in figure 4.7.
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4.4 Cellular localisation of GFP-AH in MDCK cells freshly plated on a 

collagen matrix

The localisation of GFP-AH was examined in MDCK cells shortly after they 

were plated on collagen to investigate the previously reported, extracellular 

matrix induced, PI3-kinase and Akt survival signals (Khwaja et al, 1997). 

MDCK cells, stably expressing the GFP fusion proteins, were detached from 

their dishes by a brief incubation with a mixture of trypsin and EDTA, washed 

once with 10% serum and resuspended in either DMEM or DMEM containing 

10% serum. The suspension cells were plated onto dishes that were coated 

with collagen and examined by confocal microscopy. The vertical and 

horizontal confocal images show that GFP-AH localised strongly to cell-cell 

contacts 1 h (figure 4.9A-C) and 3 h (figure 4.9D-F) after the cells were plated 

on collagen in the presence of serum. GFP-AH did not localise to regions of 

the plasma membrane where the cell was not in contact with another cell or 

with the matrix. In addition, GFP-AH was found at discrete sites on the basal 

surface of newly plated cells (figure 4.9A and D). This localisation also 

occurred in the absence of serum (figure 4.9G), consistent with the fact that 

matrix induction of PI3-kinase activity is not dependent on serum factors. The 

basal structures appeared rapidly on adhesion and then progressed over a 

few hours to the more even basal staining seen in long term attached cells 

(figure 4.5A). The localisation of GFP-AH to both cell-cell contacts and the 

basal structures was dependent on its ability to bind 3’ phosphoinositides, as 

GFP-AH(R25C) remained distributed throughout the cytoplasm and nucleus 

(figure 4.9J-L). These data suggest that the attachment-induced PI3-kinase 

mediated survival signal in epithelial cells is generated not only by cell-matrix 

interaction but also by cell-cell interaction.

The sites of cell-matrix contact where GFP-AH was found shortly after 

MDCK cells were plated on collagen were further analysed by confocal 

immunofluorescence microscopy. To establish if these sites were focal



Basal Lateral Apical

Figure 4.9 Cellular localisation of GFP-AH and GFP-AH(R25C) in MDCK 
cells freshly plated on a collagen matrix. MDCK cells stably expressing 
GFP-AH were examined by confocal microscopy 1 h (A-C, G-l) and 3 h 
(D-F) after they were plated on collagen in the presence (A-F) or absence 
(G-l) of serum. In parallel, confocal images were taken of MDCK cells 
expressing GFP-AH(R25C) 1 h after they were plated on collagen (J-L). 
Confocal images were taken at the basal, lateral and apical regions of the 
cells. The blue lines in the lower panels show the cellular positions of the 
confocal sections.
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adhesions, the cells were immunostained for the focal adhesion protein 

vinculin. Figure 4.1 OA shows that GFP-AH did not co-localise with vinculin, 

implying that the sites are not focal adhesions. These sites also appeared to 

have lower levels of tyrosine kinase activity, compared to that observed at 

focal adhesions (figure 4.1 OB). Figures 4.100 and D show that the sites are 

rich in actin and beta-catenin.

These data suggest that proteins located at focal adhesions are 

unlikely to have major roles in the collagen-induced activation of PI3-kinase in 

MDCK epithelial cells. Interestingly, beta-catenin co-localised with GFP-AH at 

these cell-matrix contacts, suggesting it might be involved in transducing the 

PI3-kinase survival signal.



B
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Figure 4.10 Localisation of GFP-AH at the basal region of MDCK 
cells plated on collagen. MDCK cells stably expressing GFP-AH 
were plated on collagen for 1 h, fixed with 4% formaldehyde, 
permeabilised with 0.1% triton X-100 and immunostained for various 
proteins: Vinculin (A), proteins that are tyrosine phosphorylated (B), 
Actin (0) and Beta-catenin (D).The merged horizontal confocal images 
are shown on the right.
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4.5 Discussion

4.5.1 Characterisation of GFP-AH as a probe for sites of PI3-kinase activity in 
living cells

It has been reported that the PH domain of Akt binds directly to the 3' 

phosphoinositide products of PI3-kinase activation and that this interaction 

can be blocked by a mutation that converts arginine at position 25 to a 

cysteine (Franke et al, 1997). The work presented in chapter 3 demonstrated 

that the PH domain is important for the membrane translocation and 

subsequent activation of Akt. Here, the amino-terminal regulatory region of 

Akt that spans the PH domain was fused to the green fluorescent protein 

(GFP) to assess its use as a probe for sites of 3’ phosphoinositide production 

within cells. The main advantage of using GFP as a reporter to monitor the 

turnover of 3’ phosphoinositides is that this dynamic process can be followed 

in living cells by time lapse confocal microscopy.

The mitogenic stimuli used in this study are well characterised. They 

induce PI3-kinase activation and elevate the cellular levels of 3 ’ 

phosphoinositides (Hawkins et al, 1997). GFP-AH moved from the cytoplasm 

and nucleus to the plasma membrane after the cells were stimulated with 

these reagents, suggesting that the 3' phosphoinositides were produced 

mainly at the plasma membrane. Interestingly, the time course of this 

membrane translocation depended on the mitogenic stimuli used. EGF 

produced a transient effect. Most GFP-AH was at the membrane 1 min after 

EGF stimulation and rapidly distributed to the cytoplasm and nucleus 5 min 

later. Insulin, PDGF and serum produced a slower but more sustained effect. 

GFP-AH was found at the membrane 5 min after PDGF, insulin and serum 

stimulation and remained there for at least 30 min. The different time courses 

of membrane translocation could be due to the fact that these receptors 

activate PI3-kinase by different mechanisms. The transient effect produced by 

EGF may be a result of receptor down-regulation as these receptors are
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endocytosed and degraded in lysosomes along with the EGF ligand (Alberts 

et al, 1994). In addition, NIH3T3 cells have a low concentration of EGF 

receptors on their surface. PDGF receptors are also endocytosed and 

degraded but there are many PDGF receptors present on the surface of 

NIH3T3 cells. Insulin receptors, however, are endocytosed and then recycled 

back to the membrane enhancing the duration of PI3-kinase activity (Corvera 

and Czech, 1998).

The GFP-AH protein was used, in parallel, to investigate PI3-kinase 

activation mediated by the B cell antigen receptor (BCR) (Astoul et al, 1999). 

Membrane recruitment of GFP-AH occurred 10 seconds after the BCR was 

stimulated with the F(ab’)2fragment of anti-mouse IgG. This data further 

demonstrates that the time course of membrane recruitment of GFP-AH 

depends on the specific receptor being activated.

A number of findings suggest that the cellular localisation of the PH 

domain of Akt reflects the position of PI(3,4)Pg and PI(3,4,5)P3 within cells. 

Firstly, PI3-kinase inhibitory drugs block the membrane translocation of GFP- 

AH, whereas expression of activated PI3-kinase induces its membrane 

translocation. Secondly, mutation of a single residue in the PH domain 

essential for PI(3,4)Pg and PI(3,4,5)P3 binding totally eliminates membrane 

localisation. Thirdly, the time course of the induction of membrane 

translocation is similar to that of the accumulation of PI(3,4)Pg and PI(3,4,5)P3 

within cells (Gray et al, 1999). Interestingly, the interaction between GFP-AH 

and the plasma membrane is more sustained than the cellular levels of 3’ 

phosphoinositides after growth factor stimulation. This could be due to the PH 

domain protecting the 3’ phosphoinositides, once they have formed, from the 

action of phosphatases. One report suggests that the AH domain of Akt has a 

dominant negative function when over-expressed in cells (Datta et al, 1995). 

One possible explanation is that the 3' phosphoinositides become 

sequestered by AH and remain bound for some time, reducing the number of 

possible interactions with full-length Akt.



163

This study shows that GFP-AH is a useful tool for detecting 3’ 

phosphoinositides within cells after PI3-kinase activation. This work, however, 

does not illustrate which PI3-kinases are involved. Class la PI3-kinases are 

the most likely candidates as they are regulated by activated growth factor 

receptors and generate PI(3,4,5)P3./n wVo. Class II PI3-kinases may also 

contribute but their activity in vivo remains elusive (chapter 3). In addition, this 

work does not show which 3' phosphoinositides bind to the PH domain of Akt. 

A recent report showed that the PH domain of Akt is able to bind both 

PI(3,4)P2 and PI(3,4,5)Pa in vivo (Gray et al, 1999). They examined the lipid 

binding specificity of the PH domain of Akt in Swiss 3T3 cells that were 

exposed to an oxidative stress. This oxidative stress induced a transient 

increase in PI(3,4,5)P3 levels and a sustained increase in PI(3,4)P2 levels. A 

GFP fusion protein containing the PH domain of Akt, but not the PH domain 

of GRP1 that interacts specifically with PI(3,4,5)P3, was located at the 

membrane after PI(3,4,5)P3 could no longer be detected. This indicates that 

the PH domain of Akt can interact with both PI(3,4)P2 and PI(3,4,5)P3 in vivo.

Other PH domains such as that found in phospholipase CÔ-1 (Stauffer 

et al, 1998) and ARNO (Venkateswarlu et al, 1998) have been fused with 

GFP and used to detect PI(4,5)P2 and PI(3,4,5)P3, respectively, within cells. 

Thus, tagging different PH domains with GFP enables the signalling roles of 

various phosphoinositides to be distinguished in living cells.

Another interesting finding presented here is that a cell permeable form 

of ceramide blocked the membrane translocation of both GFP-Akt and GFP- 

AH induced by PDGF. Previously, it was reported that C2-ceramide induces 

apoptosis and reduces Akt activity (Zhou et al, 1998). The fact that the 

membrane recruitment of GFP-AH was blocked by C2-ceramide suggests 

that ceramide either inhibits the ability of PI3-kinase products to interact with 

the PH domain of Akt or inhibits PI3-kinase activation. The latter is unlikely as 

a recent report showed that another cell-permeable ceramide analog, C6- 

ceramide, did not affect the cellular levels of PI(3,4)P2 and PI(3,4,5)P3
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(Schubert et al, 2000). They also observed that CO-ceramide reduced the 

amount of phosphorylation at Ser473 on Akt. This may be explained by the 

observation that C2-ceramide blocked the membrane translocation of Akt 

thus preventing its phosphorylation by upstream kinases located at the 

plasma membrane. Interestingly, another report showed that the integrin 

linked kinase (ILK), that regulates phosphorylation at Ser473, inhibits C2- 

ceramide induced apoptosis (Lynch et al, 1999). Recently, it was suggested 

that the inhibition of Akt by C2-ceramide involved the activation of the 

ceramide activated protein phosphatase (Salinas et al, 2000). This group also 

claimed that C2-ceramide did not block the NGF induced membrane 

translocation of HA tagged Akt in C0S7 cells transiently expressing the TrkA 

receptor. The NGF induced translocation of Akt in these cells, however, was 

difficult to see in their fluorescent images. Cell type variations, including the 

fact that 0 0 8 7  cells do not have endogenous NGF receptors, may account 

for the observed differences in the effect of ceramide on the membrane 

translocation of Akt.

4.5.2 Use of GFP-AH as a probe for sites of PI3-kinase activity in living cells

Having established that the cellular localisation of GFP-AH is likely to reflect 

the sites of 3’ phosphoinositide production within NIH3T3 cells, GFP-AH was 

then used to investigate extracellular matrix induced cell survival. Many cells 

require attachment to the extracellular matrix for their survival. Endothelial 

and epithelial cells undergo programmed cell death, coined anoikis, when 

they are detached from the extracellular matrix (Frisch and Francis, 1994). 

Fibroblasts, however, become quiescent and do not undergo anoikis 

(Folkman and Moscona, 1978). As fibroblasts are not subjected to anoikis, 

the Madin-Darby canine kidney (MDCK) epithelial cell line was used in this 

study. MDCK cells were chosen because their epithelial cell morphology is
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well characterised (Wang et al, 1990) and they readily undergo anoikis 

(Frisch and Francis, 1994; Khwaja et al, 1997).

4.5.3 Cellular localisation of GFP-AH and GFP-Akt in polarised MDCK cells

GFP-AH localised to the basal and lateral membranes of polarised MDCK 

cells, implying that the 3' phosphoinositides are found along the entire 

basolateral surface but not the apical surface. Studies using the GFP- 

AH(R25C) mutant protein and the PI3-kinase inhibitor LY294002 confirmed 

that this localisation was dependent on the interaction with 3' 

phosphoinositides. As these cells were serum-starved overnight, it implies 

that MDCK cells have significant basal levels of PI3-kinase activity. A 

previous report showed that MDCK cells have significant levels of PI(3,4)Pg 

and PI(3,4,5)Pa in the absence of serum (Khwaja et al, 1997). This elevated 

PI3-kinase activity could be a result of integrin signalling, although the 

production of autocrine growth factors could also contribute.

Fluorescence at the lateral as well as the basal surface suggests that 

cell-cell contact, as well as cell-matrix contact is able to signal PI3-kinase 

activation. This is the first report of cell-cell contact induced PI3-kinase 

activation. As various signalling proteins such as receptor and non-receptor 

tyrosine kinases and various phosphatases are located at cell-cell junctions, it 

is possible that some of these proteins are involved in cell-cell contact 

induced PI3-kinase activation. Another possibility is that the PI3-kinase 

activation is a result of integrin signalling along the lateral surface, as it has 

been reported that Pi, pg and pg integrins are found not only on the basal 

surface but also on the lateral surface of MDCK cells (Schoenenberger et al, 

1994). In addition, it has been reported that integrins participate in cell-cell 

interactions in kératinocytes (Larjava et al, 1990; Symington et al, 1993). 

Another proposal is that integrins on the lateral surface interact with small 

matrix fragments located between cells (Schoenenberger et al, 1994).
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There have been some reports on the involvement of cell-cell 

interactions in anoikis. Some groups suggest that cell-cell interactions 

sensitise cells towards programmed cell death (Frisch and Francis, 1994; 

Sasaki et al, 2000), whereas others show that cell-cell interactions promote 

survival (Bates et al, 1994; Hague et al, 1997; Kantak et al, 1998). This work 

will be discussed in Chapter 5 that focuses on cell-cell contact mediated PI3- 

kinase activation.

The data presented here does not rule out the possibility that the 3’ 

phosphoinositides diffuse freely throughout the basal and lateral membranes 

and that the tight junctions prevent their movement to the apical membrane. 

As LY294002 rapidly abolished the membrane localisation of GFP-AH within 

1 min, it is unlikely that the lipids diffuse freely along the membrane but 

instead are located near sites of PI3-kinase activity.

GFP-Akt has a different cellular location to that of GFP-AH in polarised 

MDCK cells. GFP-Akt was found in the cytoplasm, nucleus and at the apical 

end of the lateral membranes. This suggests that the localisation of full length 

Akt may be influenced by sequences outside the PH domain, which target Akt 

to its downstream substrates or upstream regulatory proteins. The 

immunofluorescence data showed that GFP-Akt is present at the adherens 

junctions, tight junctions and desmosomes. Some proteins that regulate the 

activity of Akt have been localised to these junctions. For example, the PTEN 

phosphatase that negatively regulates Akt activity was found at tight junctions 

(Wu et al, 2000). In addition, the tyrosine kinase c-Src was found at adherens 

junctions and activated Src has been implicated in the activation of Akt (Datta 

et al, 1996). The role of Akt at cell-cell contacts is examined further in chapter 

5.

Although the fluorescence images provided a good indication of the 

localisation of GFP-Akt, more highly resolving techniques such as immuno- 

electron microscopy will be needed to confirm the exact localisation. Attempts 

were made to examine the location of GFP-AH and GFP-Akt in MDCK cells
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by immunogold labelling and electron microscopy. Both cryofixation and 

chemical fixation were used in these studies. The lipid-protein interaction, 

however, was disrupted during the preparation of the specimens and no 

immunogold labelling was observed by electron microscopy.

4.5.4 Cellular localisation of GFP-AH in MDCK cells freshly plated on a 

collagen matrix

The mechanism by which the extracellular matrix induces cell survival is not 

well defined but appears to be mediated by the integrins. One report showed 

that detaching MDCK cells from the matrix reduces the levels of 3' 

phosphoinositides and Akt activity, while replating them on collagen increases 

the levels of 3' phosphoinositides and Akt activity (Khwaja et al, 1997). This 

suggests that a basal level of PI3-kinase and Akt activity, maintained by 

matrix attachment, is essential to prevent programmed cell death. One 

mechanism by which integrin engagement leads to PI3-kinase activation may 

be through the focal adhesion kinase (FAK) as this has been shown to 

interact with the p85 regulatory subunit of PI3-kinase (Chen et al, 1996). It 

has also been reported that FAK interacts, at least indirectly, with the EGF 

and PDGF receptors (Sieg et al, 2000). Alternatively, PI3-kinase could be 

activated by Ras, via the adaptor protein She (Mainiero et al, 1995). It is also 

possible that PI3-kinase is activated downstream of Src kinases and pi 20 

Cbl, as the p85 subunit of PI3-kinase interacts with c-Cbl (Meng et al, 1998). 

Interestingly, FAK and She have been reported to be substrates of the protein 

tyrosine phosphatase PTEN that also dephosphorylates PI(3,4,5)P3 and 

downregulates Akt activity (Gu et al, 1999).

The aim of the work presented here is to determine the cellular location 

of the sites of PI3-kinase activity in MDCK cells freshly plated on collagen. 

The data show that GFP-AH was found at discrete sites on the basal 

membrane 1 h after the cells were plated on collagen. This localisation
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occurred either in the presence or absence of serum, consistent with the fact 

that matrix induction of PI3-kinase activity is not dependent on serum factors. 

The basal structures appeared rapidly on adhesion to the matrix and then 

progressed over a few hours to the more even basal membrane staining seen 

in long-term attached cells.

Confocal immunofluorescence microscopy revealed that GFP-AH, 

located at discrete sites on the basal surface, did not co-localise with the focal 

adhesion protein vinculin. The sites are therefore unlikely to be focal 

adhesions, suggesting that FAK may not have a major role in the collagen- 

induced PI3-kinase activation in MDCK epithelial cells.

Another protein with potential to signal to PI3-kinase downstream of 

integrin engagement is She. She is only activated by certain integrins. The 

« 6̂ 4 integrin, that is a receptor for various laminins, was reported to mediate 

the recruitment of She and Grb2 to hemidesmosomes in kératinocytes 

(Mainiero, 1995). It has also been reported that MDCK cells do not form 

hemidesmosomes and that the «6p4 integrin is unevenly distributed over the 

basal surface and along the lateral surfaces of these cells (Schoenenberger 

et al, 1994). In addition, it was reported that the agp4 integrin is not a laminin 

receptor in MDCK cells (Schoenenberger et al, 1994). An attempt was made 

to immunostain the freshly plated MDCK cells for She but no obvious 

fluorescent signal was observed (data not shown). This could be due to the 

antibody not recognising its epitope or because a collagen matrix rather than 

a laminin matrix was used in these studies. It would be interesting to examine 

the localisation of GFP-AH in MDCK cells plated on different matrices such as 

laminin and vitronectin.

GFP-AH co-localised with beta-catenin at these sites. It is tempting to 

speculate that the Akt substrate glycogen synthase kinase 3, that controls the 

stability of beta-catenin (Waltzer and Bienz, 1999), may be involved in 

transducing the PI3-kinase survival signal within the cell. Interestingly, a 

previous report showed that beta-catenin interacts directly with the p85
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regulatory subunit of PI3-kinase (Espada et al, 1999). It has also been 

reported that activated Src phosphorylates beta-catenin (Roura et al, 1999), 

suggesting another potential link between beta-catenin and the integrins. The 

level of tyrosine phosphorylation at these sites, however, is much lower than 

that observed at focal adhesions. Beta-catenin interacts with many proteins, 

including the cadherins and the transcription factors LEF-1/XTcf-3 (Waltzer 

and Bienz, 1999). It's role at cell-matrix contacts remains to be determined 

and will be an exciting challenge for the future.
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Chapter 5 

Cell-cell adhesion Induced activation of Pi3-kinase and Akt

5.1 Introduction

Work presented in the previous chapter demonstrated that the 3' 

phosphoinositide products of PI3-kinase activation, detected by a fusion 

protein of GFP and the PH domain of Akt, are found at the lateral surfaces of 

polarised MDCK epithelial cells. The main aim of the work presented in this 

chapter is to determine whether PI3-kinase and its downstream target Akt are 

activated in response to cell-cell adhesion.

Several junctions along the lateral surfaces of epithelial cells mediate 

cell-cell adhesion (Alberts et al, 1999). These junctions include tight junctions, 

adherens junctions, desmosomal complexes and gap junctions. As Akt was 

found at the apical end of the lateral membranes (chapter 4), the work in this 

chapter focuses on the tight junctions, adherens junctions and the 

desmosomal complexes.

It has been well documented that the removal of extracellular calcium 

disrupts adherens junctions and leads to an opening of tight junctions and 

desmosomes in MDCK cells (Staddon et al, 1995). The calcium sensitive 

components of the adherens junctions are the cadherins. They mediate cell

cell adhesion in a calcium dependent hemophilic manner via their 

extracellular domains. Calcium chelators such as EGTA have been used to 

disrupt cell-cell junctions (Pece et al, 1999). In this study, the junctions were 

disassembled by incubating the cells in medium that lacked calcium. Cell-cell 

junctions were reassembled when the cells were placed in standard medium 

containing 1.8 mM calcium. This is often referred to as the ‘calcium-switch’ 

(Denisenko et al, 1994).
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The localisation of the 3' phosphoinositides, Akt and selected cell-cell 

junctional proteins were followed during the calcium-switch. In addition, 

phosphospecific antibodies monitored the phosphorylation-state of Akt. As it 

has been reported that tyrosine phosphorylation of the catenins regulates 

cell-cell adhesion (Kinch et al, 1995; Staddon et al, 1995), phosphotyrosine 

antibodies were used to follow the tyrosine phosphorylation of several 

junctional proteins during the calcium-switch. The effect of Src family kinase 

inhibitors on the phosphorylation of Akt during the calcium-switch was also 

examined because other studies revealed that Src kinases influence cell-cell 

adhesion (Calautti et al, 1998; Owens et al, 2000). Furthermore, activated 

forms of c-Src (v-Src and SrcY527F) were found to activate Akt in a PI3- 

kinase dependent manner (Datta et al, 1996). EGF receptor inhibitors were 

also used in this study as Akt is stimulated in response to EGF receptor 

activation and it has been reported that growth-factor receptors co-operate 

with cell-cell adhesion proteins to regulate intracellular signalling pathways 

(Carmeliet et al, 1999). In addition, it has been shown that p-catenin directly 

binds to the EGF receptor and the related c-ErbB2 receptor (Hoschuetzky et 

al, 1994; Ochiai et al, 1994).

The work presented in this chapter shows that the removal of 

extracellular calcium disrupts cell-cell contacts and downregulates PI3-kinase 

activity. PI3-kinase activity, monitored by the phosphorylation of Akt, was 

apparent 4 h and 6 h after the initiation of cell-cell contact formation. PI3- 

kinase and Src family kinase inhibitors, but not a selective EGF receptor 

inhibitor blocked the induced PI3-kinase activity. In addition, y-catenin and 

p i20 catenin, but not p-catenin were tyrosine phosphorylated 4 h and 6 h 

after the initiation of junction formation. As p i20 catenin is a Src substrate 

and a Src family kinase inhibitor blocked the induced PI3-kinase activity, this 

suggests a role for Src family kinases in the regulation of cell-cell contact 

induced PI3-kinase activity.
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Results

5.2 Localisation of GFP-AH, GFP-Akt and junctional proteins during the 

disruption and formation of cell-cell junctions

5.2.1 Localisation of GFP-AH and GFP-Akt during the disruption and 

formation of cell-cell junctions

Confluent, serum-starved, MDCK epithelial cells stably expressing either 

GFP-AH or GFP-Akt were washed four times with DMEM medium lacking 

calcium. The cells were left in this medium for 45 min until all the cell-cell 

junctions were disassembled. The medium lacking calcium was replaced with 

medium containing calcium and the cells were examined at various times by 

confocal microscopy. The confocal images were taken at the apical end of the 

lateral membranes, in the region where most adhesion junctions are located. 

Figure 5.1 A shows that GFP-AH, which binds to the 3’ phosphoinositide 

products of PI3-kinase activation, is found at the plasma membrane of 

confluent serum-starved MDCK cells. Removal of calcium causes the MDCK 

cells to round up and separate from one another. At the same time, GFP-AH 

redistributes to the cytoplasm and nucleus (figure 5.1 B). Addition of calcium 

induces cell spreading and the formation of cell-cell contacts. After 1h, some 

GFP-AH was found in vesicle-like structures near the plasma membrane 

(figure 5.1 D). After 2 h, a small amount of GFP-AH was located at the plasma 

membrane (figure 5.1 E). Most GFP-AH was found at the plasma membrane 4 

h and 6 h after the addition of calcium (figures 5.1 F and G). Figure 5.2 shows 

that some GFP-Akt is located at the apical end of the lateral membranes 4 h 

and 6 h after the addition of calcium.

In the previous chapter it was shown that GFP-AH is located along the 

entire length of the lateral membranes (figure 4.5). Although the images in 

figure 5.1 indicate that some GFP-AH is located at the apical end of the
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Figure 5.1 Localisation of GFP-AH before, during and after the calcium 
-switch. Confluent serum-starved MDCK cells stably expressing GFP-AH
(A) were washed with medium lacking calcium and left in this medium for 45 
min (B).The medium lacking calcium was replaced with medium containing 
calcium and confocal images were taken after 30 min (C), 1 h (D), 2 h (E),
4 h (F) and 6 h (G).



Starved o/n 30 min + calciumLow calcium

4 h + calcium2 h + calcium

6 h + calcium

Figure 5.2 Localisation of GFP-Akt before, during and after the calcium 
switch. Confluent serum-starved MDCK cells expressing GFP-Akt (A) were 
washed with medium lacking calcium and left in this medium for 45 min (B). 
This medium was replaced with medium containing calcium and confocal 
images were taken after 30 min (0), 1 h (D), 2 h (E), 4 h (F) and 6 h (G).
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lateral membranes 2 h after the addition of calcium, GFP-AH was only found 

along the entire length of the lateral membranes 4 h and 6 h after the 

calcium-switch (data not shown). Figure 5.3 shows horizontal and vertical 

images of MDCK cells stained for E-cadherin 2 h after the calcium-switch. 

The images illustrate that cell-cell contacts are formed at the apical end but 

not at the basal end of the lateral membranes 2 h after the calcium-switch.

5.2.2 Localisation of junctional proteins during the disruption and formation of 

cell-cell junctions

Confluent, serum-starved, MDCK cells stably expressing either GFP-AH or 

GFP-Akt were washed with medium lacking calcium as described above. The 

cells were fixed with methanol at various times before, during and after the 

calcium-switch. The fixed cells were stained for cell-cell junctional proteins. 

Figures 5.4A and B show confocal images of cells expressing GFP-Akt. 

Similar staining patterns were observed in wild-type MDCK cells and in cells 

expressing GFP-AH (data not shown). Thus the expressed GFP fusion 

proteins did not alter the disruption or formation of the cell-cell junctions.

ZO-1 is a peripheral membrane protein that is found at tight junctions. 

Some ZO-1 appeared at regions of cell-cell contact 30 min - 1 h after the 

addition of calcium. Most ZO-1 was at the plasma membrane 2 h after the 

addition of calcium and a continuous ring of ZO-1 staining was observed at 6 

h. E-cadherin is a component of the adherens junctions and is linked to the 

actin cytoskeleton via the catenins. p-catenin, y-catenin and pi 20 catenin 

bind to the cytoplasmic tail of E-cadherin. p-catenin and y-catenin bind to a- 

catenin, which in turn, associates with actin filaments. Figures 5.4A and B 

show that the staining patterns of E-cadherin, p-catenin, y-catenin, p i20 

catenin and actin before, during and after the calcium-switch are very similar. 

These proteins were found at regions of cell-cell contact 30 min after the 

addition of calcium and a continuous ring of staining was observed at 2 h.
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Figure 5.3 Localisation of E-cadherin 2 h after the calcium-switch.
Confluent serum-starved MDCK cells expressing GFP-Akt were washed 
with medium lacking calcium and left in this medium for 45 min. The 
medium was replaced with medium containing calcium and the cells were 
fixed 2 h later with 4% formaldehyde and stained for E-cadherin.
Horizontal and vertical confocal images were taken in the apical region (A), 
lateral region (B) and basal region (C).
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Figure 5.4A Localisation of junctional proteins before, during and after 
the calcium-switch. Confluent serum-starved MDCK cells expressing GFP- 
Akt (A) were washed with medium lacking calcium and left in this medium 
for 45 min (B). The medium was replaced with medium containing calcium 
and the cells were fixed after 30 min (C), 1 h (D), 2 h (E) and 6 h (F) and 
stained for ZO-1, E-cadherin, Actin and Desmoplakin.
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Figure 5.4B Localisation of junctional proteins before, during and after 
the calcium-switch. Confluent se rum-starved MDCK cells expressing GFP- 
Akt (A) were washed with medium lacking calcium and left in this medium for 
45 min (B).The medium was replaced with medium containing calcium and 
the cells were fixed after 30 min (C), 1 h (D), 2 h (E) and 6 h (F) and stained 
for Beta-catenin, Gamma-catenin, p120 catenin and tyrosine phosphorylated 
proteins.
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The desmosomal protein desmoplakin was found at the plasma membrane 1 

h after the addition of calcium and a ring of desmoplakin staining was 

observed at 2 h (figure 5.4A). Figure 5.4B also shows that tyrosine 

phosphorylated proteins are present at regions of cell-cell contact in confluent 

MDCK cells. Very little phosphotyrosine staining was seen after the removal 

of calcium. Some tyrosine phosphorylated proteins reappeared at regions of 

cell-cell contact 1-2 h after the addition of calcium.

This set of data, together with that shown in figures 5.1 and 5.2, 

indicate that the junctional components are found at the lateral plasma 

membranes before PI3-kinase is activated.

5.3 Phosphorylation of Akt before, during and after the caicium-switch

5.3.1 Comparison of short-term and long-term calcium removal

Confluent, serum-starved, MDCK epithelial cells expressing GFP-Akt were 

washed with medium lacking calcium as described above. At various times, 

the cells were lysed in sample buffer and the proteins analysed by Western 

blotting. Phosphospecific antibodies were used to monitor the 

phosphorylation of Akt at Ser473 and Thr308. Figures 5.5A and B show that 

Akt is phosphorylated at Ser473 and Thr308 in confluent serum-starved 

MDCK cells. Akt is dephosphorylated at both sites when extracellular calcium 

is removed and is re-phosphorylated 4 h and 6 h after the calcium-switch. 

The lower panels in figures 5.5A and B show that an equal amount of GFP- 

Akt, detected by a GFP antibody, is present at each time point.

The phosphorylation of Akt was also examined after long-term calcium 

removal. Confluent MDCK cells stably expressing GFP-Akt were washed 

twice with medium lacking calcium. The cells were then left in the same 

medium for 16 h. Although some cells survived this long-term calcium
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Figure 5.5 Phosphorylation of Akt before, during and after the calcium 
-switch. Confluent serum-starved MDCK cells expressing GFP-Akt were 
washed with medium lacking calcium and left in the same medium for 45 
min. The medium was replaced with medium containing calcium and the 
cells were lysed after 0.5, 1, 2, 4 and 6 h. The proteins were analysed by 
Western blotting using phosphospecific antibodies against Ser473 (A) and 
Thr308 (B) on Akt. The lower panels show the amount of GFP-Akt present 
at each time point, detected by a GFP antibody.
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removal, many cells died. The floating or dead cells were removed and the 

attached cells were washed once with medium lacking calcium. Unlike the 

short-term calcium removal where the cells rounded-up, the attached cells 

after long-term calcium removal were flat and fibroblast-like (not shown). The 

cells were lysed in sample buffer before and at various times after the 

addition of calcium. Figures 5.6A and B show that Akt is dephosphorylated at 

both Ser473 and Thr308 after long-term calcium removal and is 

phosphorylated 4 h and 6 h after the addition of calcium. Thus, cells that 

survived the long-term calcium removal behaved similarly to those that had 

undergone the short-term calcium removal. Akt in both situations was 

phosphorylated 4 h and 6 h after the calcium-switch.

The phosphorylation of Akt observed 4 h and 6 h after the calcium- 

switch was further examined to determine if it is associated with calcium 

induced cell-cell contact formation. Confluent serum-starved MDCK cells 

were washed four times with medium lacking calcium and left in the same 

medium for 6 h. The cells were lysed at various times and the proteins 

analysed by Western blotting. Figure 5.7A shows that Akt is not heavily 

phosphorylated at Ser473 when the cells are maintained in the absence of 

calcium, but a little phosphorylation is observed at 4 and 6 h. Confocal 

images were also taken of cells stained for p-catenin 6 h after the removal of 

calcium. Figure 5.7B shows that although no regions of cell-cell contact are 

observed in the apical region in the absence of calcium, a few points of cell

cell contact are seen in the basal region. These small areas of cell-cell 

contact, which may result from cell spreading, could explain why a very small 

amount of phosphorylated Akt is observed 4 h and 6 h after the removal of 

calcium.

Thus the phosphorylation of Akt induced by the calcium-switch appears to be 

mainly dependent on the presence of calcium. This data also suggests that 

the phosphorylation of Akt is unlikely to be a result of the production of 

soluble autocrine growth factors. It does not rule out the
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Figure 5.6 Phosphorylation of Akt after long-term calcium removal 
and the calcium-switch. Confluent serum-starved MDCK cells expressing 
GFP-Akt were washed with medium lacking calcium and left in the same 
medium for 16 h. The medium was replaced with medium containing 
calcium and the cells were lysed after 0.5, 1,2 ,4 and 6 h. The proteins 
were analysed by Western blotting using phosphospecific antibodies 
against Ser473 (A) and Thr308 (B) on Akt. The lower panels show the 
amount of GFP-Akt present at each time point, detected by a GFP antibody.
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Figure 5.7 Phosphorylation of Akt and localisation of Beta-catenin in 
ceils maintained in the absence of calcium. Confluent serum-starved 
MDCK cells expressing GFP-Akt were washed with medium lacking 
calcium and left in the same medium for 6 h. The cells were lysed at the 
indicated times and the proteins analysed by Western blotting using the 
Akt phosphospecific Ser473 antibody (A). The amount of GFP-Akt present 
at each time point was detected by a GFP antibody (A). Cells were also 
fixed after 6 h and stained for Beta-catenin. Confocal images were taken 
at the basal and apical regions of the cells (B).
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possibility that altering extracellular calcium levels activates Akt independently 

of cell-cell junction formation. To investigate this further, attempts were made 

to specifically inhibit the formation of cell-cell contacts using antibodies and 

peptides that block the function of E-cadherin. Figures 5.8A and B show that 

the phosphorylation of Akt induced by the calcium-switch is not prevented by 

the presence of the DECMA antibody or the HAV peptide. The DECMA 

antibody and the HAV peptide were previously found to block the function of 

E-cadherin (Pece et al, 1999; llvesaro et al, 1998). Confocal microscopy, 

however, revealed that neither DECMA nor the HAV peptide blocked the 

formation of E-cadherin mediated cell-cell junctions in the MDCK cells used in 

this study (not shown).

Other attempts were made to disrupt E-cadherin mediated junctions 

using a dominant-negative form of E-cadherin that lacked the extracellular 

domain (Zhu and Watt, 1996). Although cell-cell contacts were disrupted at 

sub-confluence, cell-cell junctions appeared normal in confluent MDCK 

epithelial cells expressing dominant-negative E-cadherin (not shown). Thus 

many attempts were made to disrupt the function of E-cadherin in these cells, 

all of which failed to block the formation of cell-cell contacts. It is therefore 

difficult to prove conclusively that the phosphorylation of Akt is dependent on 

the formation of E-cadherin mediated cell-cell junctions, rather than the 

effects of manipulating extracellular calcium levels.

5.3.2 Effect of the PI3-kinase inhibitor LY294002 on the phosphorylation of 

Akt

To determine if the phosphorylation of Akt induced by the calcium-switch 

requires PI3-kinase activity, the PI3-kinase inhibitor LY294002 was added to 

the medium containing calcium. Figure 5.9 shows that 20 pM LY294002 is 

sufficient to block the phosphorylation of Akt. This implies that the induced 

phosphorylation of Akt is dependent on PI3-kinase activity. The lower panel in
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Figure 5.8 Effects of an E-cadherin function biocking antibody and 
peptide on the phosphoryiation of Akt induced by the caicium-switch.
Confluent serum-starved MDCK cells were washed with medium lacking 
cdcium and left in the same medium for 45 min. The medium was replaced 
wi:h medium containing calcium and either Decma antibody (1/10 dilution)
(A) or 1 mg/ml HAV peptide (B). The cells were lysed at the indicated times 
ard the proteins analysed by Western blotting using the phosphospecific 
Ser473 Akt antibody. The lower panels show the amount of GFP-Akt 
present at each time point, detected by a GFP antibody.
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Figure 5.9 Effect of the PI3-klnase Inhibitor LY294002 on the 
phosphorylation of Akt Induced by the calcium-switch. Confluent 
serum-starved MDCK cells expressing GFP-Akt were washed with 
medium lacking calcium and left in the same medium for 45 min. The 
medium was replaced with medium containing calcium and 20 fxM 
LY294002. The cells were lysed at the indicated times and the proteins 
analysed by Western blotting using the phosphospecific Ser473 Akt 
antibody. The lower panel shows the amount of GFP-Akt present at 
each time point, detected by a GFP antibody.
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figure 5.9 shows that an equal amount of GFP-Akt is present at each time 

point.

5.3.3 Effect of Sro family kinase inhibitors on the phosphorylation of Akt

As various studies have implicated Sro family kinases in the regulation of cell

cell adhesion (Calautti et al, 1998; Owens et al, 2000), the effects of Sro 

family kinase inhibitors on the phosphorylation of Akt were examined. Figure 

5.10A shows that 1 |iM Herbimycin A, a broad-range tyrosine kinase inhibitor 

that also blocks the activity of c-Src (Yoneda et al, 1993), prevents the 

phosphorylation of Akt induced by the calcium-switch. Figure 5.1 OB shows 

that 500 nM PP2, a more specific Src family kinase inhibitor (Hanke et al, 

1996), reduces the level of phosphorylated Akt induced by the calcium- 

switch. This implies that the activity of Src family kinases may be required for 

the phosphorylation of Akt induced by the calcium-switch.

5.3.4 Effect of EG F receptor inhibitors on the phosphorylation of Akt

It has been reported that growth-factor receptors co-operate with cell-cell 

adhesion proteins to regulate intracellular signalling pathways (Carmeliet et 

al, 1999). Another study showed that the activation of the EGF receptor 

induces tyrosine phosphorylation of p-catenin and y-catenin and correlates 

with increased cell dissociation and migration (Hoschuetzky et al, 1994). 

Furthermore, it has been reported that p-catenin directly binds to the EGF 

receptor and the related c-ErbB2 receptor (Hoschuetzky et al, 1994; Ochiai et 

al, 1994). To investigate if the EGF receptor plays a role in the calcium-switch 

induced phosphorylation of Akt, two different EGF receptor inhibitors were 

added to the medium containing calcium. Figures 5.11A and B show that two 

different concentrations, 30 and 300 nM, of the A G I478 inhibitor that 

selectively blocks the activity of the EGF receptor (Levitzki and Gazit, 1995)
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Figure 5.10 Effects of Herbimycin A and PP2 on the phosphoryiation 
of Akt induced by the caicium-switch. Confluent serum-starved MDCK 
cells expressing GFP-Akt were washed with medium lacking calcium and 
left in the same medium for 45 min. The medium was replaced with 
medium containing calcium and either 1 piM Herbimycin A, a broad-range 
tyrosine kinase inhibitor (A) or 500 nM PP2, a Src family kinase inhibitor
(B). The cells were lysed at the indicated times and the proteins analysed 
by Western blotting using the phosphospecific Ser473 Akt antibody. The 
lower panels show the amount of GFP-Akt present at each time point, 
detected by a GFP antibody.
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Figure 5.11 Effect of the EGF receptor inhibitor AGI 478 on the 
phosphorylation of Akt induced by the caicium-switch. Confluent 
serum-starved MDCK cells were washed with medium lacking calcium 
and left in the same medium for 45 min. The medium was replaced with 
medium containing calcium and either 30 nM (A) or 300 nM (B) AG 1478. 
The cells were lysed at the indicated times and the proteins analysed by 
Western blotting using the phosphospecific Ser473 Akt antibody. The 
lower panels show the amount of GFP-Akt present at each time point, 
detected by the GFP antibody.
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does not prevent the phosphorylation of Akt induced by the calcium-switch. 

Figure 5.12A shows that 7 nM of the PD168393 inhibitor that blocks the 

activity of the EGF receptor as well as c-ErbB2 (Fry et al, 1998), does not 

block the phosphorylation of Akt. Increasing the concentration of this inhibitor 

to 70 nM delays and slightly reduces the amount of phosphorylated Akt 

(figure 5.12B).

To verify that the EGF receptor inhibitors were functional at the 

concentrations used in these experiments, MDCK cells were treated with the 

indicated amounts of inhibitor for 6 h, stimulated with EGF for 4 min and the 

proteins analysed by Western blotting. Figure 5.120 shows that the higher 

concentrations of both EGF receptor inhibitors effectively block the EGF 

induced phosphorylation of MAP kinase, suggesting that the inhibitors are 

functional at these concentrations.

The inhibitors differ in their ability to block the phosphorylation of Akt 

induced by the calcium-switch. As 300 nM AG 1478 does not block the 

phosphorylation of Akt, it implies that the EGF receptor is not involved in the 

pathway. On the other hand, 70 nM PD168393 delays and reduces the 

phosphorylation of Akt. As PD168393 also blocks the activity of the EGF 

receptor related protein c-ErbB2, it is tempting to speculate that this receptor 

may have a role in the calcium-switch induced phosphorylation of Akt. It is 

also possible, however, that the PD168393 inhibitor acts non-specifically at 

higher concentrations and blocks the activity of other kinases required for the 

phosphorylation of Akt.

These discrepancies make it difficult to evaluate the role of the EGF 

receptor in this pathway. However, based on the data obtained with the 

A G I478 inhibitor it is unlikely that the EGF receptor plays a role in the 

calcium-switch induced phosphorylation of Akt. The possible involvement of 

the ErbB2 receptor remains to be confirmed.
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Figure 5.12 Effect of the EGF receptor inhibitor RDI 68393 on the 
phosphoryiation of Akt induced by the calcium-switch. Confluent serum 
-starved MDCK cells expressing GFP-Akt were washed with medium lacking 
calcium and left in the same medium for 45 min. The medium was replaced 
with medium containing calcium and either 7 nM (A) or 70 nM (B) RDI 68393. 
The cells were lysed at the indicated times and the proteins analysed by 
Western blotting using the phosphospecific Ser473 Akt antibody. The lower 
panels show the amount of GFP-Akt present at each time point, detected by 
a GFP antibody. The effects of AG I478 and PD168393 on the EGF induced 
phosphorylation of MAP kinase are also shown (C).
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5.4 Tyrosine phosphorylation of various junctional proteins before, 

during and after the calcium-switch

As tyrosine phosphorylation of the catenins is implicated in the regulation of 

cell-cell adhesion (Kinch et al, 1995; Staddon et al, 1995), the tyrosine 

phosphorylation of p-catenin, y-catenin, pi 20 catenin and E-cadherin were 

examined before, during and after the calcium-switch. The cells were lysed at 

various times with a PIPES/sucrose lysis buffer. The proteins were 

immunoprecipitated and analysed by Western blotting using the 

phosphotyrosine 4G10 antibody. Figure 5.13 shows that y-catenin and pi 20 

catenin, but not p-catenin and E-cadherin, are tyrosine phosphorylated in 

confluent serum-starved MDCK epithelial cells. Both y-catenin and p i20 

catenin are dephosphorylated when cell-cell contacts are disrupted by the 

removal of extracellular calcium. The tyrosine phosphorylation of both y- 

catenin and p i20 catenin gradually reappears after the addition of calcium, 

with the maximum level of tyrosine phosphorylation occurring 4 h and 6 h 

after the calcium-switch. It should be noted that the tyrosine phosphorylated 

protein observed in the E-cadherin immunoprecipitates does not represent E- 

cadherin, as it has the wrong molecular mass. Figure 5.ISA shows that this 

protein is y-catenin. To verify that the immunoprecipitates contained equal 

quantities of protein, the Western blots probed with the phosphotyrosine 

antibody were stripped and reprobed with the appropriate antibody (lower 

panels in figures 5.ISA, B, 0  and D).

As the tyrosine phosphorylation of y-catenin and pi 20 catenin 

coincided with the activation of PI3-kinase and the phosphorylation of Akt, the 

tyrosine phosphorylation of some signalling proteins was also examined. 

Figure 5.14A shows that the EGF receptor is tyrosine phosphorylated in 

confluent serum-starved MDCK cells and is dephosphorylated when 

extracellular calcium is removed. The EGF receptor is rephosphorylated 4 h 

and 6 h after the addition of calcium. The tyrosine phosphorylation of the p85
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Figure 5.13 Tyrosine phosphorylation of various junctional proteins 
before, during and after the calcium-switch. Confluent serum-starved 
MDCK cells expressing GFP-Akt were washed with medium lacking 
calcium and left in the same medium for 45 min. The medium was 
replaced with medium containing calcium and the cells were lysed at the 
indicated times, p-catenin (A), y-catenin (B), p120 catenin (C) and 
E-cadherin (D) were immunoprecipitated and analysed by Western 
blotting using the phosphotyrosine 4G10 antibody. The lower panels show 
the amount of protein present in the immunoprecipitates, detected by the 
indicated antibodies.
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Figure 5.14 Tyrosine phosphorylation of various proteins t>efore, 
during and after the caicium-switch. Confluent serum-starved MDCK 
cells expressing GFP-Akt were washed with medium lacking calcium and 
left in the same medium for 45 min. The medium was replaced with medium 
containing calcium and the cells were lysed at the indicated times. EGF 
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precipitated and analysed by Western blotting using the phosphotyrosine 
4G10 antibody. The lower panels show the amount of protein present in the 
immunoprecipitates, detected by the indicated antibodies.
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Figure 5.15 Identification of the tyrosine phosphorylated proteins that 
co-immunoprecipitate with E-cadherin and p85 6 h after the caicium- 
switch. Confluent serum-starved MDCK cells expressing GFP-Akt were 
washed with medium lacking calcium and left in the same medium for 45 
min. The medium was replaced with medium containing calcium and the 
cells were lysed after 6 h. E-cadherin (A) and the p85 subunit of PI3-kinase
(B) and (C) were immunoprecipitated and analysed by Western blotting 
using the indicated antibodies. Whole cell lysates were run along-side the 
immunoprecipitates to verify that p120 catenin (B) and c-Cbl (C) were 
detected by the antibodies.



196

regulatory subunit of PI3-kinase was also investigated before, during and 

after the calcium-switch. Figure 5.14B shows that p85 itself is not tyrosine 

phosphorylated at any stage of the calcium-switch. The tyrosine 

phosphorylated protein found in the p85 immunoprecipitates is not p85, as it 

does not have the correct molecular mass. In fact, there appears to be 

several tyrosine phosphorylated proteins that co-immunoprecipitate with p85 

that range in size from 105 kD to 120 kD. Interestingly, these proteins 

become tyrosine phosphorylated 4 h and 6 h after the calcium-switch and this 

coincides with the activation of PI3-kinase and the phosphorylation of Akt.

Several attempts were made to identify these proteins. The p85 

immunoprecipitates were examined for the presence of pi 20 catenin. There 

are many reasons for exploring the possibility that p i20 catenin is the 

tyrosine phosphorylated protein that co-immunoprecipitates with p85. Firstly, 

this protein has multiple isoforms that range in size from 105-120 kD. 

Secondly, it is tyrosine phosphorylated 4 h and 6 h after the calcium-switch 

(figure 5.13C). Thirdly, it is related to p-catenin that was previously found to 

interact with p85 (Espada et al, 1999). Figure 5.15B shows that p i20 catenin 

is not the tyrosine phosphorylated protein that co-immunoprecipitates with 

p85.

The p85 immunoprecipitates were also examined for the presence of 

c-Cbl because it is tyrosine phosphorylated 4 h and 6 h after the calcium- 

switch (figure 5.140) and has a molecular mass of 120 kD. In addition, it has 

been reported that c-Cbl interacts with p85 and facilitates the activation of 

PI3-kinase (Hartley et al, 1995). Figure 5.15C shows that c-Cbl did not co- 

immunoprecipitate with p85 under these experimental conditions. The 

identities of the tyrosine phosphorylated proteins that co-immunoprecipitate 

with p85 4 h and 6 h after the calcium-switch remain unknown.
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5.5 Activity of c-Src before, during and after the calcium-switch

The activity of c-Src was monitored before, during and after the calcium- 

switch for many reasons. Firstly, activated forms of c-Src (v-Src and 

SrcY527F) were found to activate Akt in a PI3-kinase dependent manner 

(Datta et al, 1996). Secondly, Src family kinases are located at adherens 

junctions. Thirdly, it was reported that Src kinases influence cell-cell adhesion 

(Calautti et al, 1998; Owens et al, 2000). Fourthly, the Src substrate p i20 

catenin is tyrosine phosphorylated at the same time Akt is phosphorylated 

after the calcium-switch (figure 5.130). Finally, figure 5.1 OB shows that the 

Src family kinase inhibitor PP2 reduces the amount of phosphorylated Akt 

induced by the calcium-switch.

Confluent serum-starved MDCK cells were washed four times with 

medium lacking calcium and left for 45 min in the same medium. The medium 

was then replaced with medium containing calcium and the cells were lysed 

at various times in a PIPES/sucrose lysis buffer. Antibodies raised against c- 

Src were used to immunoprecipitate c-Src. Figure 5.ISA shows that c-Src is 

tyrosine phosphorylated and that this does not alter during or after the 

calcium-switch. The activity of immunoprecipitated c-Src was assessed using 

a peptide based kinase assay (Cheng et al, 1992), as described in the 

methods chapter (section 2.2.10). Figure 5.168 shows that the activity of c- 

Src does not alter when extracellular calcium is removed but slightly 

increases 4 h and 6 h after the addition of calcium. At present it is not clear if 

this slight increase in c-Src kinase activity is significant or if it required for the 

activation of PI3-kinase and Akt.
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Figure 5.16 Tyrosine phosphorylation and activity of c-Src t)efore, 
during and after the calcium-switch. Confluent serum-starved MDCK 
cells expressing GFP-Akt were washed with medium lacking calcium and 
left in the same medium for 45 min. The medium was replaced with 
medium containing calcium and the cells were lysed at the indicated times. 
c-Src was immunoprecipitated and analysed by Western blotting using the 
phosphotyrosine 4G10 antibody (A). The lower panel shows the amount of 
protein present in the immunoprecipitates, detected by a c-Src antibody. 
The activity of c-Src in the immunoprecipitates was assessed by a peptide 
based kinase assay. Mean values are shown +/- S.D. (B).
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5.6 Discussion

5.6.1 Localisation of GFP-AH, GFP-Akt and junctional proteins during the 

disruption and formation of cell-cell junctions

Work presented in the previous chapter showed that the 3’ phosphoinositide 

products of PI3-kinase activation are found at the lateral membranes of 

polarised MOCK epithelial cells, suggesting that cell-cell adhesion may induce 

PI3-kinase activation. Consistent with this model, another study showed that 

confluent serum-starved MDOK cells have significant basal levels of P13- 

kinase activity (Khwaja et al, 1997). To determine whether PI3-kinase and its 

downstream target Akt are activated in response to cell-cell adhesion, the 

localisation of GFP-AH that binds to 3’ phosphoinositides, GFP-Akt and 

several junctional proteins were examined during the disruption and formation 

of cell-cell junctions.

Removal of extracellular calcium induced the disruption of cell-cell 

contacts. At the same time components of the tight junctions, adherens 

junctions and desmosomes, GFP-AH and GFP-Akt translocated from the 

lateral plasma membranes to the cytoplasm. This suggests that PI3-kinase 

activity is downregulated when cell-cell junctions are disrupted. Addition of 

calcium induced the gradual redistribution of junctional components to 

regions of cell-cell contact. Although the junctional proteins were found at 

some regions of cell-cell contact 30 min - 1 h after the addition of calcium, a 

continuous ring was only observed 2 h later. This is consistent with other work 

performed using MDOK cells (Denisenko et al, 1994; Mattey et al, 1990). The 

results also show that the junctional components are found at the lateral 

membranes before GFP-AH and GFP-Akt, suggesting that PI3-kinase /s 

activated after cell-cell junction formation.

The formation of cell-cell junctions was assessed by the presence of 

junctional proteins at the lateral plasma membranes. However, this gives no



200

indication of the adhesive strength of the junctions. Transepithelial resistance 

(TER) measurements give a good indication of adhesive strength. In MDCK 

cells, it was reported that 2 h after the calcium-switch only 50% of the TER 

was measured, where 100% TER is the value given to a confluent culture 

maintained in standard calcium. The TER values increased dramatically to 

values over 100% TER, 4 h and 6 h after the calcium-switch (Denisenko et al, 

1994). Interestingly, GFP-AH and GFP-Akt redistributed to the lateral plasma 

membranes 4 h and 6 h after the calcium-switch in this study. It is tempting to 

speculate that the activation of PI3-kinase in MDCK cells correlates with high 

TER values and enhanced cell-cell adhesion, rather than the initial 

redistribution of junctional components to the lateral plasma membranes. This 

remains to be verified as TER measurements were not taken in this study and 

variations may exist between different clones of MDCK cells. Consistent with 

this model, a recent study showed that Ras and PI3-kinase are required for 

the glucocorticoid induction of tight junction sealing (Woo et al, 1999).

5.6.2 Phosphorylation of Akt before, during and after the calcium-switch

Akt, a downstream target of PI3-kinase activity, is phosphorylated on both 

Ser473 and Thr308 4 h and 6 h after the calcium-switch. This coincides with 

the localisation of GFP-AH and GFP-Akt at the lateral plasma membranes 

and indicates that PI3-kinase is activated 4 h and 6 h after the calcium-switch.

These findings differ from the results presented by another group 

(Pece et al, 1999). They found that in MDCK cells, Akt is transiently activated 

30 min after the addition of calcium. The different time course of Akt activation 

may be due to the fact that they used EGTA to chelate calcium from the 

extracellular medium, whereas in this study a less harsh method of calcium 

removal was employed. Another explanation may be that the MDCK cell 

clones used in these studies have different adhesive properties. There is 

some evidence to suggest that the cells used in this study may form stronger
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adhesive junctions than those used by Pece et al. In this study, the E- 

cadherin blocking antibody DECMA did not prevent the assembly of adherens 

junctions, whereas in the other report DECMA blocked the formation of cell

cell contacts. It should be noted that immunostaining and confocal 

microscopy confirmed that the DECMA antibody used in this study did 

recognise and bind to E-cadherin at cell-cell contacts. Furthermore, the work 

presented here shows that both the HAV peptide, which blocks the function of 

E-cadherin, and dominant-negative E-cadherin failed to prevent the formation 

of adherens junctions in these cells. This suggests that the adherens 

junctions in these MDCK cells differ from those in the cells used by Pece et 

al. Furthermore, they showed that confluent serum-starved MDCK cells have 

low levels of PI3-kinase and Akt activity, whereas the cells used here have 

significant levels of PI3-kinase and Akt activity.

Work presented in this chapter also shows that the activation of PI3- 

kinase induced by the calcium-switch is dependent on the presence of 

calcium, suggesting that the formation of junctions may be required for this 

activation. However, this remains to be verified, as the methods used to block 

the function of E-cadherin were ineffective. It is possible that the activation of 

PI3-kinase and Akt is induced by altering cellular calcium levels and is 

independent of cell-cell junction formation. There is some evidence to 

suggest that this is unlikely as it has been reported that increasing 

intracellular calcium levels using ionomycin or thapsigargin does not influence 

the activation of Akt (Conus et al, 1998). One way in which calcium could 

affect the activation of Akt is through the calcium-calmodulin dependent 

protein kinase kinase that was reported to activate and phosphorylate Akt at 

Thr308 (Yano et al, 1998). This is controversial and may be cell type specific 

(Vanhaesebroeck and Alessi, 2000). Although it is unlikely that altering 

calcium levels activates Akt independently of cell-cell junction formation, the 

data presented in this study cannot rule out this possibility. Consistent with 

the hypothesis that cell-cell interactions induce the activation of PI3-kinase,
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Pece et al showed that blocking the function of E-cadherin prevents the 

activation of PI3-kinase and Akt (Pece et al, 1999).

In this study it was observed that the long-term removal of calcium 

induces much cell death. Some MDCK cells survived this long-term calcium 

removal. Thus, these cells must have undergone changes that override the 

apoptotic pathway. Interestingly, the cells lacked cell-cell contacts but were 

extended and had a fibroblast-like morphology. Cell spreading and the 

associated cytoskeletal changes have previously been implicated in survival 

(Chen et al, 1997). This was demonstrated using microfabricated surfaces 

composed of islands of adhesive surface found at various distances from one 

another. The report showed that round cells were susceptible to apoptosis, 

whereas extended cells survived. It is unlikely that Akt is involved in the 

survival of the cells maintained in the absence of calcium for 16 h, as it is not 

phosphorylated under these conditions.

It is not clear why the removal of extracellular calcium induces much 

cell death. It is tempting to speculate that the disruption of cell-cell junctions 

may contribute to this death, as many reports have implicated intercellular 

adhesion in cell survival. Colon carcinoma cells undergo apoptosis when cell

cell aggregations are disrupted (Bates et al, 1994). Another report showed 

that the formation of tight junctions and desmosomes protects cells against 

hyperthermic killing (Ning et al, 1994). Adenoma cultures survive in 

suspension if cell-cell contacts are maintained (Hague et al, 1997). It has also 

been reported that promoting cell-cell adhesion of bronchial epithelial cells 

reduces apoptosis (Aoshiba et al, 1997). Another study showed that 

apoptosis is reduced in aggregated granulosa cells expressing N-cadherin 

compared to single cells (Makrigiannakis et al, 1999). E-cadherin was also 

found to enhance the survival of human squamous carcinoma cells in 

suspension (Kantak et al, 1998). Furthermore, work presented here shows 

that confluent serum-starved cells have significant levels of PI3-kinase activity 

which may be induced by cell-cell adhesion and thus provide a survival signal
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(Watton and Downward, 1999). Despite these multiple reports that suggest 

cell-cell adhesion provides a survival signal, a few studies also show that cell

cell adhesion sensitises cells towards apoptosis (Frisch et al, 1994; Sasaki et 

al, 2000). It is also possible that cell death is induced independently of the 

lack of cell-cell adhesion and may result from manipulating the level of 

intracellular calcium that normally regulates cellular processes such as 

metabolism. Investigating the role of cell-cell adhesion in survival is an 

interesting topic to pursue in the future.

Cells undergo rapid shape changes during the calcium-switch. 

Removal of calcium causes cells to round up and the addition of calcium 

induces cell compaction. Compaction consists of a mechanical stretching and 

compression between adjacent cells and requires active contraction of the 

actin cytoskeleton tethered to the cadherin intercellular contacts. Compaction 

proceeds during the final stages of intercellular adhesion and has been 

implicated in the survival of anchorage-deprived cells (Kantak et al, 1998). In 

the future, it would be interesting to examine the relationship between PI3- 

kinase, Akt, Rho family GTPases and actin polymerisation during compaction. 

The Rho family GTPases Cdc42 and Rac regulate the actin cytoskeleton and 

have been implicated in modulating adherens junction stability (Braga et al, 

1997; Takaishi et al, 1997). It was also reported that Cdc42 and R ad  

positively regulate cadherin-mediated adhesion by suppressing the activity of 

IQGAP1 (Fukata et al, 1999). This, however, may be cell type specific (Braga 

et al, 1999). It was reported that activated Rac or its exchange factor Tiami 

induces the invasion of T lymphoma cells but suppresses the invasion of 

epithelial cells, induced by HGF or activated Ras, by increasing their adhesive 

properties (Hordijk et al, 1997). Furthermore, it has been reported that cell

cell adhesion induced by Tiami depends on PI3-kinase activity (Sander et al, 

1998). Thus the activation of PI3-kinase induced by the calcium-switch may 

have a role in organising the actin cytoskeleton during compaction.
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5.6.3 Effects of various inhibitors on the phosphorylation of Akt induced by 

the calcium-switch

Several inhibitors were used to establish the mechanism by which Akt is 

phosphorylated after the calcium-switch. In this study, the PI3-kinase inhibitor 

LY294002 showed that the activation of Akt induced by the calcium-switch is 

PI3-kinase dependent. Interestingly, it was reported that the p85 regulatory 

subunit of PI3-kinase interacts with E-cadherin complexes in response to cell

cell contact formation (Pece et al, 1999). Another report showed that the p85 

regulatory subunit of PI3-kinase interacts with p-catenin (Espada et al, 1999).

Src family kinase inhibitors were used in this study, as Src family 

kinases are located at adherens junctions and have been implicated in 

regulating cell-cell adhesion. Cell-cell adhesion was reduced in kératinocytes 

derived from mice lacking c-Src and c-Fyn, suggesting that Src kinases 

positively regulate cell adhesion (Calautti et al, 1998). In contrast, another 

report showed that inhibiting c-Src kinase activity promoted the stability of 

cell-cell contacts in low calcium, suggesting that Src kinase activity is a 

negative regulator of cell-cell adhesion. This group also proposed that as Src 

is a multidomain protein, the activities of Src other than its kinase activity may 

be required for the assembly of cell-cell junctions, whereas its kinase activity 

triggers the disassembly of cadherin-catenin complexes (Owens et al, 2000). 

Work presented here shows that the Src family kinase inhibitor PP2 reduces 

the amount of Akt phosphorylation induced by the calcium-switch. The broad- 

range protein tyrosine kinase inhibitor, Herbimycin A, that also blocks the 

activity of c-Src, completely abolished the phosphorylation of Akt induced by 

the calcium-switch. This suggests that Src family kinases may have a role in 

the phosphorylation of Akt induced by the calcium-switch.

The activity of c-Src was monitored before, during and after the 

calcium-switch because it was previously reported that activated forms of c- 

Src (v-Src and SrcY527F) activate Akt in a PI3-kinase dependent manner
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(Datta et al, 1996). The activity of c-Src did not alter when cell-cell contacts 

were disrupted by calcium removal. Thus the activity of c-Src remains the 

same even though Akt was dephosphorylated upon calcium removal. As c- 

Src activity is not downregulated, it is tempting to speculate that the 

dephosphorylation of Akt is mediated by a phosphatase. Interestingly, 4 h and 

6 h after the calcium-switch the activity of c-Src increased slightly. This small 

increase in activity coincides with the activation of PI3-kinase and Akt. At 

present, however, it is not clear whether this small increase is significant or if 

it plays a role in the activation of Akt. A previous report also suggests that the 

activity of c-Src increases when cells become confluent (Mukhopadhyay et al, 

1998). Interestingly, no significant changes in the level of Src tyrosine 

phosphorylation were observed after the calcium-switch. Further work using 

mutant forms of c-Src and phosphospecific antibodies will need to be 

performed to evaluate the involvement of c-Src in this pathway. In addition, as 

the PP2 inhibitor blocks the activity of other Src family kinases it is possible 

that some of these kinases such as Fyn and Yes could also be involved in the 

activation of Akt induced by the calcium-switch. It has been reported that Fyn 

is activated several hours after kératinocytes are exposed to calcium (Calautti 

et al, 1995). A specific involvement of Fyn in regulating cell-cell adhesion 

was shown by the fact that the tyrosine phosphorylation of catenins is 

reduced in cultured kératinocytes with a disruption of the fyn but not the yes 

or src kinase genes (Calautti et al, 1998). Furthermore, Fyn binds to and 

stimulates the SH2 domain containing tyrosine phosphatase SHP-2 that has 

been implicated in the activation of Akt by stabilising the interaction between 

PI3-kinase and c-Cbl (Tang et al, 1999; Hakak et al, 2000). Investigating the 

role of different Src family kinases in the activation of Akt is an interesting 

challenge for the future.

EGF receptor inhibitors were also used in this study, as some 

members of the EGF receptor family physically couple with cadherin-catenin 

complexes. It has been reported that p-catenin directly binds to the EGF
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receptor and the related c-ErbB2 receptor (Hoschuetzky et al, 1994; Ochiai et 

al, 1994). It has also been shown that growth-factor receptors co-operate with 

cell-cell adhesion proteins to regulate intracellular signalling pathways 

(Carmeliet et al, 1999). They showed that the VE-cadherin/p catenin complex, 

interacts with PI3-kinase and the VEGF receptor, and regulates cell survival. 

Another study revealed that the activation of the EGF receptor induces 

tyrosine phosphorylation of p-catenin and y-catenin and correlates with 

increased cell dissociation and migration (Hoschuetzky et al, 1994). 

Furthermore, Akt is activated in response to EGF receptor activation.

in this study, the inhibitor A G I478 that selectively inhibits the activity of 

the EGF receptor did not block the phosphorylation of Akt induced by the 

calcium-switch. The PD168393 inhibitor that irreversibly blocks the activity of 

both the EGF receptor and the related family member c-ErbB2 (Fry et al,

1998), delayed and slightly reduced the phosphorylation of Akt induced by the 

calcium-switch. The latter effect could imply that c-ErbB2, but not the EGF 

receptor, plays a role in the phosphorylation of Akt induced by the calcium- 

switch. It is also possible that PD168393 non-specifically blocks the activity of 

another kinase that is important for the activation of PI3-kinase and Akt.

One interesting observation was that the EGF receptor is tyrosine 

phosphorylated 4 h and 6 h after the calcium-switch and this correlates with 

the activation of Akt. Tyrosine phosphorylation of the EGF receptor is 

generally associated with its activation, but the data using the AG 1478 

inhibitor suggests that the activity of the EGF receptor is not required for the 

activation of Akt induced by the calcium-switch. This tyrosine phosphorylation 

was observed in EGF receptor immunoprecipitates. It is possible that other 

EGF receptor family members that might contribute to the activation of Akt 

were present in the immunoprecipitates. This, however, remains to be 

verified.

Another potential pathway that could lead to the activation of Akt 

downstream of the cadherin-catenin complex involves the adaptor protein
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She that associates with E-cadherin (Xu et al, 1997). She induces the 

activation of Ras by recruiting the Grb2/S0S complex. It has been reported 

that Ras can activate PI3-kinase, which in turn stimulates Akt activity (Marte 

et al, 1997). This pathway was not explored in this report and is an interesting 

study for the future. Ras has been implicated in the maintenance of normal 

enothelial cell-cell interactions as dominant-negative Ras was found to 

decrease the amount of y-catenin associated with the adherens junctions 

(Hegland et al, 1999). Another study showed that Ras and PI3-kinase are 

required for the glucocorticoid induction of tight junction sealing (Woo et al,

1999). It has been reported, however, that oncogenic Ras destabilises 

adherens junctions by mechanisms involving both PI3-kinase and MAP 

kinase (Potempa et al, 1998). It is difficult to assign a role for Ras in 

intercellular adhesion using these Ras transformed cells, as transformed cells 

accumulate multiple genetic alterations during culture.

5.6.4 Tyrosine phosphorylation of various junctional proteins before, during 

and after the calcium-switch

Phosphorylation of the catenins on tyrosine residues strongly correlates with 

the modulation of cell-cell adhesion. Increased tyrosine phosphorylation of p- 

catenin, y-catenin and p i20 catenin correlates with decreased cell adhesion 

that occurs upon cell transformation by v-Src (Matsuyoshi et al, 1992; 

Behrens et al, 1993; Hamaguchi et al, 1993) or Ras (Kinch et al, 1995). Other 

evidence shows that the loosening of cell contacts in v-Src transformed cells 

cannot be explained by the phosphorylation of p-catenin and y-catenin, but 

may involve the tyrosine phosphorylation of other junctional proteins such as 

ZO-1 and E-cadherin (Takeda et al, 1995; Calautti et al, 1998). Mitogenic 

stimulation with EGF or HGF/scatter factor also induces tyrosine 

phosphorylation of p-catenin and y-catenin and correlates with increased cell 

dissociation and migration (Hoschuetzky et al, 1994; Shibamoto et al, 1994).
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A recent report, however, showed that the tyrosine phosphorylation of 

catenins is dispensable for the modulation of cell adhesion by some receptor 

tyrosine kinases (Cozzolino et al, 2000). In the same report it was observed 

that the activation of the NGF receptor increases intercellular adhesion in 

embryonal carcinoma P19 cells and this correlates with increased tyrosine 

phosphorylation of the catenins. Thus activation of receptor tyrosine kinases 

can differentially regulate adhesiveness. It has also been reported that cell

cell adhesion correlates with the tyrosine phosphorylation of p-catenin, y- 

catenin and p120 catenin in non-transformed kératinocytes (Calautti et al, 

1998). They also showed that blocking tyrosine phosphorylation significantly 

reduces the cohesive strength of confluent kératinocytes, as revealed by a 

dispase-based assay. Thus the role of tyrosine phosphorylated catenins in 

cell-cell adhesion is controversial. These differences may be due to different 

cellular levels of kinase and phosphatase activity or the developmental and 

malignant status of the cells.

In this study the tyrosine phosphorylation of the catenins was 

monitored in MDCK cells before, during and after the calcium-switch. One 

striking observation was that y-catenin and p i20 catenin, but not p-catenin or 

E-cadherin, are tyrosine phosphorylated 4 h and 6 h after the calcium-switch. 

Interestingly, this correlates with the activation of PI3-kinase and Akt. The 

induction of tyrosine phosphorylation of y-catenin and pi 20 catenin after the 

calcium-switch is similar to that observed when kératinocytes are induced to 

differentiate by calcium (Calautti et al, 1998). Calautti et al also showed that 

E-cadherin is not tyrosine phosphorylated after calcium treatment. However, 

they found that p-catenin is tyrosine phosphorylated when kératinocytes are 

exposed to calcium, whereas no significant level of p-catenin tyrosine 

phosphorylation was observed in MDCK cells after the calcium-switch. The 

reason for this discrepancy is not clear but may be due to cell-type 

differences.
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Src family kinases are implicated in the regulation of the tyrosine 

phosphorylation of the catenins in kératinocytes (Calautti et al, 1998). It has 

been reported that the phosphorylation mediated by c-Src has opposing 

effects on the affinities of p-catenin and pi 20 catenin for E-cadherin. Tyrosine 

phosphorylated p-catenin has a decreased affinity for E-cadherin, whereas 

tyrosine phosphorylated pi 20 catenin has an increased affinity for E-cadherin 

(Roura et al, 1999). The work presented here shows that p-catenin is not 

tyrosine phosphorylated, suggesting that it may interact with E-cadherin in 

these cells. As pi 20 catenin is tyrosine phosphorylated, it suggests that it 

may also interact with E-cadherin in confluent MDCK cells. However, tyrosine 

phosphorylated p i20 catenin was not observed in the E-cadherin 

immunoprecipitates 4 h and 6 h after the calcium-switch. These E-cadherin 

immunoprécipitations, however, were performed under standard stringency 

conditions which were previously found to be too harsh to detect the 

interaction between E-cadherin and p i20 catenin (Calautti et al, 1998). 

Tyrosine phosphorylated y-catenin, on the other hand, was found to co- 

immunoprecipitate with E-cadherin in confluent MDCK cells. It is not clear 

why y-catenin and p i20 catenin become tyrosine phosphorylated 4 h and 6 h 

after the calcium-switch or if these events modulate cell-cell adhesion in 

MDCK cells, y-catenin is found at both adherens junctions and at 

desmosomes and may influence the stability of both junctions. It has been 

reported that tyrosine phosphorylated y-catenin associates with cadherins 

(Shibata et al, 1994). Previous studies reveal conflicting roles for p i20 

catenin in cell adhesion. Phosphorylated p i20 catenin was found to 

negatively regulate cell-cell adhesion, whereas the membrane proximal 

domain of E-cadherin that binds pi 20 catenin promotes cell-cell adhesion 

(Thoreson et al, 2000).

The disruption of cell-cell adhesion by calcium removal, results in a 

rapid tyrosine dephosphorylation of both y-catenin and p i20 catenin. As a 

number of tyrosine phosphatases are located at the adherens junctions it is
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possible that they may mediate this dephosphorylation. Recent reports show 

that tyrosine phosphorylated p120 catenin is dephosphorylated by the 

receptor protein tyrosine phosphatase RPTPp (Zondag et al, 2000) and the 

protein tyrosine phosphatase SHP-1 (Keilhack et al, 2000). It has also been 

reported that RPTPk and LAR-PTP associate with y-catenin (Zondag et al,

2000).

Although it is not clear why y-catenin and p120 catenin become 

tyrosine phosphorylated 4 h and 6 h after the calcium-switch, this 

phosphorylation clearly correlates with the formation of strong cell-cell 

junctions and the activation of PI3-kinase and Akt. As p120 catenin was first 

identified as a substrate of activated Src (Kanner et al, 1990), it is tempting to 

speculate that Src kinase activity is upregulated 4 h and 6 h after the calcium- 

switch and that this may also be responsible for the induction of PI3-kinase 

activity at these time points. This, however, remains to be verified.

The tyrosine phosphorylated proteins that co-immunoprecipitate with 

p85 4 h and 6 h after the calcium-switch remain to be identified and these 

proteins may be involved in the regulation of Akt. Two potential candidates, 

pi 20 catenin and c-Cbl, were investigated. There are many reasons why 

pi 20 catenin was examined. Firstly, pi 20 catenin has multiple isoforms that 

range in size from 105-120 kD and are of a similar size to the tyrosine 

phosphorylated proteins observed in the p85 immunoprecipitates. Secondly, 

pi 20 catenin is tyrosine phosphorylated 4 h and 6 h after the calcium-switch. 

Thirdly, it is related to p-catenin that was previously found to interact with p85 

(Espada et al, 1999). The p85 immunoprecipitates were also examined for 

the presence of c-Cbl because it is tyrosine phosphorylated 4 h and 6 h after 

the calcium-switch and a previous report showed that c-Cbl interacts with p85 

and facilitates the activation of PI3-kinase (Hartley et al, 1995). Furthermore, 

Src family kinases such as Src and Fyn bind to c-Cbl and are believed to be 

responsible for c-Cbl tyrosine phosphorylation (Meng et al, 1998). Both p i20 

catenin and c-Cbl were not found in the p85 immunoprecipitates. Thus the
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identities of the tyrosine phosphorylated proteins that co-immunoprecipitate 

with p85, 4 h and 6 h after the calcium-switch, remain unknown.

Although the work presented in this chapter shows that PI3-kinase and 

Akt may be activated in response to cell-cell adhesion, much remains to be 

understood about the precise mechanisms involved.
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Chapter 6 

Conclusions

PI3-kinases belong to a large group of lipid kinases that phosphorylate the 3’ 

position on the inositol ring of phosphoinositides. The kinases are classified 

into three different groups. Class I PI3-kinases include the prototype kinase 

p110a and generate 3 distinct lipid products PI(3)P, PI(3,4)P2 and PI(3,4,5)P3 

in vitro, but prefentially produce PI(3,4,5)P3 in vivo. They are regulated by 

multiple pathways that require the activation of receptors located at the 

plasma membrane, that include growth factor receptors, G-protein coupled 

receptors and integrin receptors. In addition, the small GTPase Ras also 

regulates the activity of class I PI3-kinases. Class II PI3-kinases generate 

PI(3)P and PI(3,4)Pg in vitro. The upstream regulation of class II PI3-kinases 

is less well defined. Growth factor and integrin receptors, but not Ras, may be 

involved in their activation. At present, there are no reports on the in vivo 

kinase activity of class II PI3-kinases or its involvement in regulating 

downstream signalling pathways. Class III PI3-kinases only generate PI(3)P 

in vitro and have been implicated in vesicle trafficking.

The cellular levels of the 3’ phosphoinositide products PI(3,4)P2 and 

PI(3,4,5)P3 increase transiently in response to PI3-kinase activation and have 

been implicated in regulating many intracellular events. The timing of this 

response varies and depends on the upstream receptor mediating the 

activation. Both PI(3,4)P2 and PI(3,4,5)P3are required for the activation of the 

serine/threonine protein kinase Akt. Akt translocates to the plasma membrane 

in response to PI3-kinase activation and its PH domain interacts with the 3' 

phosphoinositides. Akt membrane translocation is dependent on a 

functionally active PH domain that binds 3' phosphoinositides but does not 

require Akt kinase activity. Upon recruitment to the plasma membrane, Akt
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becomes phosphorylated at Ser473 and Thr308. These phosphorylation 

events are required for the full activation of Akt. PDK1 is one kinase that 

phosphorylates Thr308 and its activity is also dependent on 3' 

phosphoinositides. Many kinases phosphorylate Akt at Ser473 in vitro but the 

kinases that phosphorylate this site in vivo remain elusive.

Several useful tools enabled the activation of PI3-kinase and the 

localisation of Akt to be monitored. They include phosphospecific antibodies 

that specifically recognise Akt phosphorylated at either Ser473 or Thr308. 

Another useful tool was the fusion protein of the green fluorescent protein 

(GFP) and the PH domain of Akt that monitored the cellular localisation of the 

3' phosphoinositides. Various fusion proteins of GFP and mutant or truncated 

forms of Akt also provided useful insights into the mechanism of Akt 

activation. These tools can be used to follow any cellular event that involves 

the activation of PI3-kinase and Akt.

Active Akt is implicated in many processes including cell metabolism 

and survival. The tools, mentioned above, were used to monitor the 

extracellular matrix mediated cell survival pathway in epithelial cells. 

Detachment of epithelial cells from the extracellular matrix induces apoptosis 

or anoikis and is preceded by a rapid decrease in the cellular levels of 3’ 

phosphoinositides and Akt activity. Reattachment to the matrix increases the 

cellular levels of 3' phosphoinositides and Akt activity. Integrin engagement, 

Ras, PI3-kinase and Akt are implicated in the extracellular matrix mediated 

cell survival pathway. In addition, the focal adhesion kinase (FAK) provides 

an integrin dependent survival signal in some cell types. FAK, however, may 

not be involved in the attachment induced survival pathway in MDCK cells 

plated on collagen, as the major sites of PI3-kinase activity and 3 ’ 

phosphoinositide production are found at specific regions of cell-matrix 

contact that are distinct from focal adhesions.

The 3’ phosphoinositides are also located at the lateral plasma 

membranes of polarised MDCK cells, suggesting that PI3-kinase activity may
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also be induced by cell-cell contact as well as cell-matrix contact. Disruption 

of cell-cell junctions by the removal of extracellular calcium induces a rapid 

decrease the amount of 3 ’ phosphoinositides present at the plasma 

membrane and in the phosphorylation of Akt. Formation of cell-cell junctions, 

induced by calcium, precedes the production of 3’ phosphoinositides at lateral 

plasma membranes and the rephosphorylation of Akt. The phosphorylation of 

Akt and the production of 3’ phosphoinositides occurs 4 h after the initiation of 

cell-cell junction formation and correlates with the localisation of Akt at cell

cell junctions. It also correlates with the tyrosine phosphorylation of the cell

cell junctional proteins y-catenin and p120 catenin. y-catenin interacts with 

cadherins at both the adherens junctions and desmosomes, whereas p120 

catenin is only found at adherens junctions. Src family kinases are implicated 

in the tyrosine phosphorylation of these catenins and may also be involved in 

the activation of PI3-kinase and the phosphorylation of Akt that follows the 

calcium induced formation of cell-cell contacts.

Although the tools used in this study have provided important insights 

into the activation of PI3-kinase induced by cell-matrix and cell-cell adhesion 

many issues remain to be addressed. Firstly, the sites of cell-matrix contact 

where the 3’ phosphoinositides are found after MDCK cells attach to collagen 

need to be fully characterised. In particular, it would be interesting to 

determine if these sites are also present in MDCK cells plated on other 

matrices such as fibronectin and if they are present in other cell types. 

Secondly, it remains to be confirmed that cell-cell adhesion, rather than 

alterations in intracellular calcium levels, activates PI3-kinase and Akt. In 

addition, the adhesion molecules involved in the activation of PI3-kinase need 

to be identified. The E-cadherin-catenin complex was examined in this study 

but it is also possible that other junctional complexes and non-junctional 

adhesion proteins such as CD44 are involved in the adhesion induced 

activation of PI3-kinase and Akt. Thirdly, the precise involvement of Src family 

kinases in the activation of PI3-kinase remains to be established. Fourthly,
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the effects of the tyrosine phosphorylated catenins on cell-cell adhesion and 

their role in the activation of PI3-kinase need to be examined. Finally, it 

remains to be investigated whether cell-cell adhesion can provide a survival 

signal that involves both PI3-kinase and Akt. These unresolved issues are 

interesting challenges for the future.
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