
UNIVERSITY OF SOUTHAMPTON 

DESIGN AND DEVELOPMENT OF SPECIFIC 
ANTISENSE PROBES AGAmST THE MAJOR 

PROTEIN KINASE B ISOFORMS. 

By Neil P. Jones. 

A thesis submitted fbr the degree of 
DOCTOR OF PHILOSOPHY 

Department of Biochemistry 

Faculty of Science 

September 2000 



UMVERSfTY OF SOUTHAMPTON 

ABSTRACT 

FACULTY OF SCIENCE 

BrOCBEMlSTRY 

Doctor of Philosophy 

DESIGN AND DEVELOPMENT OF SPECIFIC ANTISENSE PROBES 

AGAINST THE MAJOR PROTEIN KINASE B ISOFORMS. 

By Neil P. Jones. 

TTie study of cell signalling is important in elucidating the roles of many proteins in cellular 
functions. Signalling factors such as insulin act via receptor mediated transduction cascades to 
bring about a variety of effects including controlling translation, metabolic regulation and the cell 
cycle. Most of these effects are mediated by phosphorylation of serine, threonine or tyrosine 
residues of proteins and hence protein kinases have a crucial role to play in regulation 

One such important signal transduction protein is the serine/threonine kinase; protein kinase B 
(PKB) which is also referred to as Akt. PKB was discovered in 1990 and is a 60kDa cytosolic 
protein with 3 known isofbrms (a, p, y). PKB has been shown to be activated in response to a 
variety of &ctars including insulin, EGF and PDGF, and this activation has been shown to 
involve PI 3 kinase and the recently discovered kinase, PDKl. 

To date PKB has been proposed to be involved in the regulation of many cellular processes 
including: apoptosis, protein synthesis and insulin stimulated glucose/glycogen metabolism. 
Possible roles for PKB include the translocation of GLUT4 transporters to the plasma 
membrane, inhibition of glycogen synthase kinase-3 (GSK-3) and activation of S6 kinase. PKB 
has also been proposed to act as a survival factor. Direct evidence for these and other roles for 
PKB is still lacking and is now urgently sought. 

Towards this objective I have developed, 2 eSective antisense oligcmucleotides speciGc for eidier 
the a or p isofbrms of PKB, which have been shown to d ^ Ids the levels of that iso&rm by over 
90% in 3T3-L1 fibroblasts and adipoctyes. Optimum conditions (time/concentration) have now 
beei laid down for these 2 probes and by using various ccmtrol oligonucleotides (sense, random 
and mismatch) I have shown these probes to be both speciSc and very effective inhibitors of each 
target PKB isofbrm. 

Using these probes 1 have already established a critical role for PKBa in the differaitiation of 
cells (3T3-L1 fibroblasts to adipocytes). Use of these probes also suggests that PKBd and PKBP 
are not involved in the growth factor induced phosphorylation and activation of S6 kinase in the 
cell lines tested. A suitable peptide based assay for analysing the activation of GSK-3 was 
developed and preliminary studies into the position of GSK-3 in signalling pathways undertaken. 
A specific PKBy antisense probe has also been devised and is currently under test. 

As the developed antisense probes are the first inhibitors against PKB available, it is hoped they 
can be used not only to establish the roles of PKB in various complex cell processes, but also aid 
understanding of certain diseases which this cascade mav be involved in. 
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L I I k t t r o d u c d o n t o C e H S B g n a H m g . 

1.1.] General Intrcxiuctioo to Signalling 

This projccl is an invcsugalion into ccll signalling with particular refercnoc lo Ihc roles of insulin in 

signal transduction and the use of antiscnsc tcchniqucs to investigate these functions. The research group 

I am working in, is or has been involved in studies into various signalling pathways particularly the 

proteins involved in the mitogen activated protein kinase (MAPK) cascadc and how groMh factors and 

in particular insulin afket this Proteins investigated by the group to date include; the insulin receptor 

(Asamoah cf a/. 1995), the insulin receptor serine kinase (Carter e/ a/. 1995), MAPK (Sale a/. 1995), 

ribosomal S6 kinases, and protein tyrosine phosphatases (PTPa) (Amott (i-/ a/. 1999) all of wiiich have 

roles in insulin signalling and/or MAP kinase pathways. 

The project is mainly concerned with the signalling protein. Protein kinase B (PKB) (reviewed in Coffer 

1998, Kandel a/. 1999) which has been found to be insuhn (and otjher growth factors) sensitive 

and so likely to be important in cellular communication (see section 1.2). In order to investigate this 

protein, a variety of techniques are being employed including cell culture work, antisense studies, kinase 

assays and Western blotting, wiA the goal of the research being to establish the position, roles and 

importance of these proteins in signal transduction in response to insulin and other factors. The initial 

aims were to develc^ isofbrm specific antisense probes against die m^or PKB isofbrms and thai to use 

these probes to investigate the roles of PKB in cell signalhng. The overall aims are hence to tiy to further 

the knowledge and understanding of growth factor signalhng (especially insulin) and the cellular proteins 

involved in mediating the desired respcwises. 

Before discussing PKB in some detail it is Grstly important to give a brief overv iew of cell signalling 

with particular referaicc to the roles of insulin in signalhng. 

1.1.2 Overview of Cell signalling 

The Held of cell signalhng is an ever changing, growing area of research. Roles for proteins witliin a 

cascadc are constantly being updated or redefined as more inlbrmation on their functions and regulation 

is established. Also, new isofbrms of these proteins or novel proteins arc frequently identified as 

techniques used for their study and determination are improved. Signalling pathways are very important 

2 



(or communicalion between cclls and also within the cell The signalling pathways detailed here are 

connectcd to the activation of intracellular cascades, by external (actors binding to individual or speciHc 

receptors expressed at the cell surface. 

Most, if not all, recGptw-mediated signal transduction appears to occur via one of lour basic mechanisms 

(reviewed in Devlin 1995, reviewed in Malarktyg/aA 1995); 

Inositol phosphate s)'stems (e.g. Inositol 1,3,5 trisphosphate). 

Ion channel systems (e.g. Na' channels in neurones). 

Cyclic nucleotide s)stems (e.g. G-Protein mediated S} stems). 

Tyrosine and serine/threonine kinase systems (e.g. MAP Kinase cascadc). 

In general, all these systems act to transduce the message from an external signal, jfbr example a growth 

fiactor, via a receptor-mediated system to bring about specific effects on the cell. In these systems the 

external signalling factor or stimulus, binds to a membrane associated receptor via an extracellular ligand 

binding domain. This binding causes a speciGc alt(Taticm in the recq)tors properties usually at a 

conformational and/or activity level. These changes are also apparent on the intracellular face of the cell 

in the intracellular or cytoplasmic domain of the receptor, wiiich acts to transduce these external factor 

induced changes to downstream cytoplasmic factors whidi ultimately result in the desired biological 

effects. 

The inositol phosphate signalling system results in the release of intracellular calcium stores which 

subsequently act on a variety of downstream cellular factors including protein kinase C and calmodulin. 

Ion channel systems are mainly used in the nervous system for the propagation of the nerve impulse by 

altaing membrane potaitial, but also have roles in changing the intracellular environment in a cell 

resulting in changes in specific downstream targets. Cyclic nucleotide systems result in changes in the 

activity or properties of downstream targets and are mainly mediated by GTP exchange-proteins, which 

bind to specific factors to alta" their functioning. Protein kinase systems and phosphatase systems act to 

transduce signals through the cell, by altering the phosphorylation state and haice the properties of 

downstream factors resulting in a variet)" of biological effects (reviewed in Rhoades g/ a/. 1989). 

The possibility of cross-talk between these systems exists in order to bring about co-ordinated cellular 

responses, lor example some G-protein systems and tyrosine kinase systems share similar downstream 

effectors and can oflcn be activated by the same external factor and/or reccptor. Fw example, inositol 

phosphate systems and kinase systems can both be activated by EGF in some ccll types, with both these 

systems capable of activating PKC by distinct pathways. Cross talk can occur to various degrees between 



systems and can be syncrgisiic (as in PKC activalion) or acting in opposition (reviewed in Malaitcy c/ 

g/. 1995). 

o r these complex signalling systems, the one that has been studied in this prqjcct is the receptor tyrosine 

kinase systans and the downstream protein kinases and phosphatases these activate This signalling 

S)'Stem has been researched because this is the main method by which insulin and other factors signal 

and the system with which PK.B is believed to associate with in its activation profile (reviewed in 

Malarkc)^ oA 1995). Therefore, it is Grst important to briefly consider the importance of 

phosphorylation and dqihosphory lation in the control of cellular processes. 

Many critical cellular processes have been sho%n to be tightly regulated by phosphorylation and 

dephosphoiylation reactions (sec Table 1.2) estabhshing an essential role for protein kinases and 

phosphatases in cellular regulation (reviewed in Tonks ef aZ. 1995, Hunter or/ 1995). The 

phosphorylation state of a particular intracellular factor can drasticaUy^ and specifically affcct its 

prcqKrdes; including the factors structure, activity, binding parameters and cellular localisation, or could 

result in changes in any combination of these important characteristics. Phosphorylation is also 

important in regulating ceUular function of hpids (i.e. Phosphatidylinositol lipids - see section 1.3) and 

DNA/RNA emphasising the importance of this key method of cellular control. Stimuli driven 

phosphorylation is probably the major form of post-translational modification of key proteins. 

Controlling the phosphorylation state of key cellular proteins is the major route by which upstream 

kinases and phosphatases exert their cellular roles and transduce the signalling messages of external 

factors via receptor mediated cascades. In phosphorylation-based control it is important that the 

phosphorylation reactions are dynamic and reversible, so that the changes phosphorylation modifications 

generate can be removed once the desired response has beiai completed. For this level of control of 

protein function to be effectively regulated a variety of speciSc kinases and phosphatases are required so 

cmly the desired targets are modified in response to the stimulus. Therefore, most cell types contain a 

variety of distinct kinases and phosphatases in an approximately equal balance to provide the tightly 

regulated control required (reviewed in Pawson 1995, Denu gf a/. 1996). 

In most cells, the balance between the levels and activities of kinases and phosphatases is tightly 

regulated to maintain unstimulated cclls in a fairly stable state. However, upon stimulation various 

components of these patliways are massively upregulated in a factor specific fashion to generate the 

desired response The specific activation of certain kinases or phosphatases, which may have different 

substrate affinities and cellular localisations, combine to bring about the specific targeted response. 



Table One Summary of the Cellular Effects and Targets of Insulin: 

PROci:ss EFFECT TISSUE SITE OF REGULATION 

Glucose Transport Increase Fat, Muscle GLUT4 transporter 

Glycogen Synthesis Increase Liver, Fat, Muscle Glycogen synthase 

Glycogen Breakdown Decrease* Liver, Fat, Muscle Phosphor) lase kinase 

Gluconeogenesis Decrease* Liver Fructosc 2,6 bisphosphatc kinase 

Glycolysis Increase* Liver Pyruvate kinase / PFK-2 

Triacylglyceride Breakdo^-n Decrease* Fat Triac}'lglyccrol lipase 

Pyruvate => Fatty Acids Increase Liver, Fat PDH/ Acetyl CoA carboxylase 

Protein Synthesis Increase Liver, Fat, Muscle Translation initiation 

Specific mRNA Synthesis Increase/ Liver, Fat, Muscle Transcription 

Decrease 

* EGlecl of insulin only apparail if another hormone elevates cAMP (Adapted from Denton 1995). 

Table Two - Metabolic Proteins Which Exhibit Phosphoryladoo Changes in Response to Insulin 

PHOSPHORYLATION PROTEINS AFFECTED 

Decrease 

Glycogen synthase 

Phosphoiylase kinase 

Phosphorylase 

Pyruvate dehydrogenase 

Triacylglycerol lipase * 

Pyruvate kinase (Liver) 

ATP citrate lyase 

G-Subunit of protein phosphatase-1 

Increase cAMP phosphodiesterase 

S6 ribosomal protein 

Acelyl-CoA carboxylase 

* Eflcct of insulin only apparcni if another hormone elevates cAMP (Adapted from Denton 1995). 



In mosl cclls, ihc mzyohly of phosphonlalion reactions are mcdiaicd by scrinc/lhrconinc kinases and 

phosphatases, with 99% of cellular phosphoiylation targeting these residues. Thcrefbrc less than I % of 

cellular phosphorylation targets tyrosine residues. However protein twosinc kinases and phosphatases 

arc V8y important in cell signalling, particularly because most receptor mediated signal transduction 

cascades are initiated upon ligand binding, by activating the receptors intrinsic tyrosine kinase activit) 

(reviewed in Tonks 1995, renewed in Pawson 1995). 

Having established the beneHts of phosphorylation in the regulation of cellular processes and hence the 

importance of protein kinases and phosphatases, it is important to detail the individual pathways which 

utihse these essential regulator proteins. Before consi(kring the main pathways used by insulin and other 

growth factors in cell signalling and also at the roles of PKB, it is first advisable to consider why the 

study of insulin and other growth factor signalling pathways is so important in cellular research. 

1.1.3 Introduction to Insulin 

Insulin is one of the most important hormones and acts via tyrosine kinase systems after binding to a 

speciGc cell manbrane receptor (reviewed in Proud 1994, reviewed in White aZ. 1994). Insulin is a 

5.8kDa hormone, which primarily signals the ''fed state". This honnone is manufactured in the P-cells in 

the islets of Langerhans, which are found scattered throughout the pancreas. Insulin is released in 

response to high blood levels of glucose and other factors such as amino acids, fatty acids and neural 

factors (reviewed in Rhoades or/. 1989). Insulin ehcits a wide variety of ceUular eOects (see table 1.1 

and table 1.2) including ino^sing glycog^ synthesis, via increased glycogen synthase activity and 

increasing glucose transport, via the recruitment of the GLUT4 transporta^ to the cell manbrane 

(reviewed in Proud 1994, reviewed in Denton ef a/. 1995). 

Many of the proteins or processes aflected by insulin signalhng have been shown to be mediated by or 

regulated due to phosphorylation and dephosphor^ lation reactiais (Cohen 1993, Marshall 1995, Krebs 

and Fischer 1993, Hunter 1995). For example, insuhn has been shown to stimulate glycogen synthesis 

by a pathway which dephosphorylates and activates glycogen synthase (Proud 1994). Conversely insulin 

pathways act to stimulate acetyl CoA carboxylase by increased phosphorylation of this crL^yme (Table 

1.2) Therefore it is clear that kinase and phosphatase patliways must be ver)̂  important in insulin 

signalling 

I he study of insulin signalling is important in establishing how insulin brings about its cellular eflccts 
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and Ihc pathways it employs to bring about these responses. In order to Tuily understand cell signalling it 

is nccessary to identify the roles and importance of cach oF these pathways and the individual 

components of them (i.e. PKB). Other factors, including epidermal growth factor (EGF). have also been 

found to share common downstream targets and use some of the same pathways as insulin. Therefore, 

research into these pathway's can lead to an improved picture of cell signalling in general. 

This research may also have medical implications as defecis in components of these pathways have been 

implicated in the palholog}' of a variety of diseases including cancers, metabolic disorders and 

neurological problems. A better understanding of this field ma\' therefore lead to improved diagnosis, 

treatment or pre\ ention of this and possibly other as yet unrelated conditions. 

1.1.4 The Insulin Signalling Disease, INabetes Mellitus 

One of the main disorders associated with the hormone insulin is diabetes mellitus, of which there are 

two ft*ms. These disorders affect more than 1% of the population of the industrial world, so are one of 

the most prevalent diseases and of serious concern to world health (Rhoades gf (z/. 1989). The less 

common form of diabetes melhtus is known as juvenile onset insulin-depoident diabetes mellitus and 

probably accounts for less than 20% of all cases. This form of the diabetes mellitus is caused by a defect 

in the production of insulin in the pancreatic p-cells and can be treated by daily insulin injections and 

dietary control (reviewed in Devlin 1993). The majorit>- of diabetics, however, are classified as suffering 

&CMn late onset or non-insulin dependent diabetes melhtus. In this disorder, insulin is produced normally, 

but the individual appears to have a resistance to the effects of insulin probably due to defects in the 

insulin signalling pathway. The cause of this disorder is as yet unknown, although links to obesity and 

possibly a genetic component have been implemented. This form of diabetes can be treated by oral 

hypoglycaemics and dietary control. 

Both forms of diabetes if unchecked lead to h)'perglycaemic episodes which can cause diabetic coma and 

even death. Weight problems, polyuria and fatigue are regularly seen with these disorders. Diabetes is 

also often associated with a number of secondaiy comphcations including artcr}' thickening, retinopathy, 

neuropathy and kidney problems. It is thcrefbre hoped that by studying insulin signalling that a better 

understanding of diabetes and other signalling disorders may be obtained, which will hopefully lead to 

improved treatments w evai cures for these serious diseases (reviewed in Devlin 1993). 



1.1.5 [nsulin Signalling Pathway 

Mosl, ir not all, oF insulin's action on cclls an: mediated \aa a rcccplor mediated signal transduction 

cascadc The insulin receptor which is present in vinually all vertebrate tissues is a l85kDa 

transmembrane glycoprotein and is encoded for on chromostmie >9 36-37 (short arm of chromosome 19) 

(reviewed in White o/. 1994). These proteins comprise of two a and two P subunits which are 

covalently linked by disulphide bonds and hence has ihe helerotclrameric structure ogPz The two a 

subunits are located entirely outside the cell and possess the hgand binding activity of the receptor. The 

p subunits, conversely', traverse the cell membrane wth the m^ority of these subunits being intracellular 

and possessing the insulin regulated tvTosine kinase acli\ ity, which is inhibited by the a, subunits when 

the receptw is unoccupied (re\'iewed in Whitehead gf a/. 2000). 

The binding of insulin to this receptor causes the receptor to become phosphorylated on specific tyrosine 

residues within the cytoplasmic domain. This autophosphorylation e\'ent appears to occur via a 

mechanism in which the binding of insulin to the (% subunit of one oj) dima" stimulates the lyTOsine 

phosphcxylation of the covalently linked p subunit of the otha- oip dimer (reviewed in White o/. 

1994). These phosphorylation events occur at tyrosine residues throughout the P subunits intracellular 

domain and act to enhance the receptors kinase activity about 20 fold. These phosphorylations also 

create target motiis for proteins known as the insulin receptor substrates (IRS), which bind to the insulin 

receptor and are then themselves tyrosine phosphorylated (reviewed in Yenush et al. 1996, 1997, 1998) 

and link the insulin receptor to downstream targets (see below) (reviewed in Whitehead et al. 2000). 

The insulin receptor is also subjected to serine and threonine phosphorylation which appears to modulate 

the receptcf's tyrosine kinase activity and/or activation time, possibly by the feedback action of 

dovmstream kinases. To date the kinases which act on this receptor and the roles the}̂  have, are yet to be 

determined, although the possible involvement of a novel receptor associated insuhn receptor serine 

kinase has been postulated (Carter a/1996) 

To date lour IRS proteins have been identified and are referred to as IRS-1, lRS-2, lRS-3 and IRS-4 

respectively (White 1998, Zhou ef a/. 1999). All four isoibrms possess a conserx'ed domain structure 

which includes, amino terminal pleckstrin homology (PH) and phosphotyrosine binding (PTB) domains, 

both of which are involved in coupling of these proteins to the insulin receptor allowing (or the fast and 

efficient phosphorylation of key residues within the IRS proteins (Yenush e-/ o/. 1996 and 1997, Withers 

gf o/. 1999). The phosphorylation of these key tyTosine residues within suitable highly conserved motifs. 



crcalcs unique docking silcs for Src-homolog\ 2 (SH2) domain containing proleins such as 

Phospha(id} linosilol-3 kinase (PGK) (sec scclion 1.3.3), Grb2 and SH2 containing phosphatase (SHP-2 

or Sy-p) (While 1998, Zhou gf a/. 1999). These (actors subsequently bind to the insulin 

stimulaled/tyTOsine phosphorylated IRS proteins. This binding modulates the activity of the SH2 domain 

proteins thereby eliciting the required downstream responses which bring about the actions of insulin 

(reviewed in White gf a/. 1994, reviewed in Whitehead g/ o/. 2000, reviewed in Yenush a/. 1997). 

IRS-1 is a 131kDa protein and has around 21 potential tyrosine phosphoiylation sites. The 

phosphorylation of some of these sites creates the specific binding motils for a variety of proteins which 

contain SH2 domains (O'Neill (f/ o/. 1994). The role of the IRS-1 protein is therefore to recruit SH2 

proteins to the insulin signalling cascade and bring about modulation of their activity. Proteins known to 

bind to IRS-1 and be activated by this route include, the protein tyrosine phosphatase; SHP-2, Nek (an 

adapter molecule), Grb-2 (MAP kinase cascade adapter), PLCy and the pR5 subunit of PI 3-kinasc 

(which is likely to activate PKB) (Myers gf o/. 1994, Pawson o/. 1993). In the presence of insulin, 

IRS-1 has been shown to be phosphoiylated on at least 8 tyTosines and to bind and activate several of the 

factors previously mentioned including P13K and Grb2 linking, IRS-1 to the PKB and MAPK cascades. 

IRS-1 is therefore, a k^/ mediator of the actions of insulin within cells, acting to transduce the signals 

from binding of insulin to its receptor to a variety of diiferenl signalling cascades which bring about the 

metabolic actions of insulin (reviewed in Yaiush a/. 1997, reviewed in Whitehead ef oA 2000). 

A necessary role IRS-1 in insulin action is indicated with IRS-1 negative mice (homozygous IRS -/-) 

which show growth retardation and nuld insulin resistance, which is more maited in muscle cells and 

adipocytes (reviewed in Ogwaa ef a/. 2000, Tamemoto g/ aZ. 1994). However, despite this, aU the IRS-1 

negative mice aU survive with only minor defects. In these mice httle or no eflect was noticeable on 

insulin stimulation of the MAPK pathway indicating the essential involvement of other IRS proteins in 

insulin signalling. Also, in these mice, lRS-1 was found to be an essential component of insulin induccd 

mitogenesis confirming a role Ibr IRS-1 in this branch of signalling (Lamothc 6%/. 1998, reviewed in 

Yenush g/ a/. 1997 reviewed in Whitehead a/. 2000). 

The insulin responsive protein IRS-2 shows considerable structural and functional homology to IRS-1. 

In IRS-1 delicient mice (IRS-1 -/-) the acti\dty of IRS-2 increased. This increase could partially rescue 

insulin signalling to the PI3K cascadc and was sufficient to fully activate the MAPK cascade in response 

to insulin. This indicates that IRS-2 may be the major isofbrm involved in insulin signalling to these 

pathways. Homozygous lRS-2 negative micc (lRS-2 -/-), in contrast to the IRS-1 deOcient breed, had 

more marked diflerences, with the micc being much smaller and suflering from sc\'crc diabetes which 
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little or no compensation from the IRS-1 isolbrm (Lamolhc c/ a/. reviewed in Yenush cf a/. 1997 

reviewed in Whitehead gf oA 2000). 

Il seems apparent that both IRS-1 and lRS-2 are necessary for insulin signalling to a variety oC protein 

kinases and phosphatases and both isoibrms arc essential for normal/maximal insulin action. The 

apparent generaVcross over and isolbrm specific roles of these two proteins in response to insulin can be 

shown by the potential tyTosine phosphorylation motifs each isoform contains. lRS-1 has been shown to 

possess 7 unique lyTOsine motils and share 13 common tyzosine phosphoiylation motifs with IRS-2, 

which itself contains 9 unique ty rosine motUs site, setting up the opportunity lor the binding of identical 

and diflerent downstream components. It may be that there are isolbrm-spccific expression diderences in 

diflerent cell t^'pes or individual subcellular locations betweai these two isofbnns which may account for 

their occasional signalling differences/responses to insulin (reviewed in Yenush o/. 1997, Whitehead 

gf a/. 2000). 

The roles of the other two known IRS proteins within insuhn signalling are currently unclear, although it 

is beheved (hat they play a fairly minor role compared to the two m^cf isofbrms, lRS-1 and more 

critically IRS-2. Although overexpression of either IRS-3 or IRS^ in adipocytes has been shown to 

mimic some of the actions of insuhn in these cells, IRS-4 is normally undetectable in adipocytes or 

muscle indicating that it does not play a role these insulin responsive cells. Insulin stimulated/tyrosine 

phosphorylated IRS-3 does not significantly bind or activate PI3K in these cells in response to insulin. 

Further evidence for a limited ftinctioning of these minor isofbrms in insulin signalling is confirmed by 

the fact that IRS-3 -/- and IRS-4 mice exhibit nonnal glucose tolerance (Lamothe g/ a/. 1998, 

reviewed in Yenush ef a/. 1997, reviewed in Whitehead et al. 2000). However, as both these IRS 

proteins are expressed and can be t)TOsine phosphor^lated in response to insulin in many cells, it is 

possible they have some role in insulin signalling. 

The IRS signalling pathway of modulating the ligand activation of a speciHc recqitor to suitable 

dowTistream targets may also be utilised by other signalhng (actors. The main factor that is likely to use 

this route is Insulin like growth (actor (IGF). IGF mimics several of the metabolic effects of insuhn, as 

well as being a more potent survival factor than insulin (reviewed in Yenush 1997). This (actor 

binds to and activates a unique receptor which shares structural and functional homology to the insulin 

receptor. The activation of the IGF receptor is again b\ autophosphorylation of key tyrosine residues in 

the receptors intracellular region, by the receptors intrinsic tyrosine kinase activity (reviewed in Malaiicey 

c! a/. 1995). This phosphorylation leads to the recruitment of IRS proteins to the IGF receptor complex, 

where these IRS proteins are phosphoiylated and activated and can therefore themselves recruit and 
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modulate specific downslrcam largds. Il has also been shown thai inlcrIcukin-4 (IL-4) which also 

signals via a unique rcccptor may utilise the IRS pathway as one means of propagating its signalling 

(reviewed in Yenush o/. 1997). 

Receptor-mediated insulin signalling may also occur via direct insulin receptor interaction with 

downstream elector molecules, as is the ease with other growth factor mediated signal transduction 

pathways (i.e. EGF, PDGF) or possibly by interactions mediated via other factors. For example, the 

insulin receptor has been shown to interact with and directly modulate several ke\ proteins including the 

a-coUagen homologue SHC and Gabl. However, it is clear from the current knowledge of insulin 

signalling lhat fRS proteins mediate the majorit) of insulin signalling and that downstream kinase and 

phosphatase pathways aflected by these modulatws fbr example P13K and Grb2 (MAPK pathway 

activator) are vay important in mediating the effects of insulin in cells (reviewed in Proud 1994, 

Whitdiead g/ o/. 2000). 

1.1.6 Receptor Mediated Signal Transduction Cascades Mediated by Other Growth Factors 

Having estabhshed how in the insulin signalling cascade, downstream factors such PI3K and Grb-2 can 

be recruited to TRS-1 proteins and subsequently activated, it is important to establish how these and 

other factws can be activated in response to other external factors which act via distinct receptors, but 

not IRS proteins, to modulate downstream targets. In order to detail these activation routes I shall look at 

the proGles for epidermal growth factor (EGF) and platelet derived growth factor (PDGF) which are 

fairly similar (reviewed in Malarke\' ef a/. 1995). 

The PDGF receptor comprises of an extracellular ligand binding domain, linked to a single 

transmembrane domain which traverses the cell membrane and a carboxyl terminal intracellular 

cytoplasmic domain which possesses an intrinsic tyrosine kinase catalytic activity (reviewed in van der 

Geer g/ o/ 1994). Upon ligand binding, the receptor oligomerizies, which results in autophosphorylation 

between the ac^acent tyrosine kinase domains Oligomeri/ation and subsequent phosphorylation are 

essential fbr maximum activation of the t\TosinG kinase function and also fbr substrate recognition and 

modiOcation (reviewed in Heldin 1995) A similar dimerisation and autophosphorylation mechanism is 

utilised by EGF, via its unique reccpior. w hich again possesses a receptor t\Tosine kinase activity and is 

therelbre grouped in the same rccepior superfamily as PDGF, along with the tlbroblast growth factor 

(FGF) and TrkA (ner̂ ê growth lactor) (reviewed in Malarkey d/ a/. 1995, Van cd Geer a/. 1993). 



The intracellular domain tyrosine aulophosphorylalion sites oC these RTK can be catcgorised into two 

subclasses oC sites Firstl), a subgroup of these tyrosine sites lies within the catal^'tie region of the 

intracellular subunit and are involved in the control of the kinase activity. Phosphorylation of these sites 

enhances the kinase activity many fold. The second subset of tyrosine residues are located outside of the 

kinase domain. Autophosphoiylation of these residues acts as a molecular '"switch" to induce the rapid 

recruitment of other proteins to the receptor, forming stable multi-protein complexes, which the receptors 

intrinsic tyrosine kinase can act on and hence modify (Pawson cf o/. 1993, reviewed in Heldin 1995). 

The protein-protein into-actions between the autophosphwylaled RTlCs and the recruited docking 

proteins uUlise the specific interaction motif the SH2 domain. SH2 domains are regions of amino acids 

around 100 residues in length, based cm the homology to the protein Src. Thi^ have been shown to bind 

specific phosphotyrosine containing sequences within proteins. The autophosphorylation sites within 

RTK provide specific docking motifs for SH-2 containing proteins, with the flanking residues around the 

phosphorylated tyrosines of the RTK, dictating which individual SH-2 containing protein will bind this 

site. For example, the PDGF receptor has been shown to recruit phospholipase Cy. SHP-2, the p85 

subunit of PI3K, Grb2 (growth factor receptor binding protein -2) and the GTPase activating protein 

Ras-GTP (reviewed in Malarkey ef oA 1995). 

There is also some evidence that diflerent SH-2 domain containing proteins bind to the same target 

motif of an RTK. This lead to the suggesticm of a hierarchical binding pattern, in which the binding of a 

particular SH-2 domain protein to the RTK may depend on its individual affinity for this site and its 

relative cellular expression over a potential competing binder. For example, Grb2 and the SH-2 domain 

adapter protein SHC appear to compete for the same binding site on the EGF receptor. Some RTK 

meditated interactions with downstream SH-2 targets also appear to involve SH-2 domain adapter 

proteins to assist their recruitment. For example, Grb-2 binds indirectly to the EGF receptw via SHC and 

to the PDGFP receptor via SHP-2, in addition to its direct binding to these receptors. In general whatever 

the methods involved, the net result of RTK phosphoiylation/activation by their respective hgands and 

(he subsequent recruitmait and modification of SH-2 domain proteins is the propagation of a variety of 

downstream signals which elicit the desired biological responses. 

A greater understanding of the functions of RTK pathways is ver} important in furthering our 

understanding of the roles these factors play in cellular signalling, it is also very useful in unravelling the 

complexity of various disease states since this may involve aberrant function of some of these RTKs or 

their downstream components. For example. o\crcxprcssion or over-activation of EGF and/or the EGF 

receptor has been implicated in the progression and invasiveness of several mfyor cancers. 



1.1.7 Cellular Signalling Downstream of Growth Factor Receptors 

The main advantage of signal transduction cascades is one of ampliGcaiion: one grov.'th factor can bind 

to and activate one receptor and then dissociate &om this receptor and move to activate a second receptor 

and so on. These receptws then activate several copies of each of their downstream targets which then 

themselves acts on multiple copies of their respective downstream targets and so on until the end point 

targets of each cascade are reached and the desired biological responses elicited. In this way, a small 

quantit} of ligand or a low expression of receptors can still activate a large number of dowiistream 

targets and generate signiGcant biological responses. 

From the previous information on gro^ '̂th factor induced activation, it is apparent that insulin and other 

growth factors result ultimately in the activation of a variety of protein cascades including PI3K and 

M APK kinase signalling transduction pathways, via a series of downstream modulators to ampli^ the 

initial signal and result in the maximal activation of downstream targets, for example, the MAPK 

cascade can be ampliGed 10,000 fold A-om the initial signal (reviewed in Davis 1993). 

The first of these two pathways is the MAP kinase cascade which at present is believed to manly act in 

the regulation of nuclear substrates (Johnson aZ. 1994, Davis 1993). The activation of this pathway' by 

insulin is believed to occur via the SH-2 domain containing adapter molecule Grb-2 binding to the 

tyrosine phosphoiylated IRS-1 or IRS-2. As well as binding IRS-1/2, Grb-2 is also bound via its SH-3 

domain to the polyproline motif of (son of sevenless) which is a guanine nucleotide exchange factw. 

The binding of aof to Grb-2 results in the recruitment of sos to the plasma membrane, where it can 

activate membrane associated Ras. Ras is a GTPase which is activated in a permanent complex by the 

guanine nucleotide exchange activity of (GTP for GDP) and then has a pivotal role in the activation 

of the MAPK isofbrms Eit 1/2 (extracellular signal regulated kinases) and other signalling cascades, 

possibly including the PI3K cascade (reviewed in Davis 1993, reviewed in Denton gf (y/. 1995, 

Rodriguez-Viciana g/ gl. 1996). Ras-GTP then in turn activates the serine/threonine kinase Raf-I 

(probably with a second kinase also involved) which then initiates the activation of the 

threonine/tyrosine dual speciEcity kinase: MAP kinase kinase (MEK). The activated MEK in turn, 

tyTOsine and threonine phosphon lates and therefore activates the MAP kinase isoSxms Erk-1 and Erk-2. 

These Erk kinases can then act to phosphorylate a variety of potential substrates leading to a modulation 

of their activity and ultimately various biological responses (Denton cf a/. 1995). 



The aclivalion oClhis cascade by olhcr groWh faclors. i.e. EGF or PDGF^ follows a similar dowrslream 

activalion proGJe lo lhal of insulin, apart from the fact thai instead of binding to an IRS adapter module, 

in these growth (actor signalling events, Grb-2 binds directly to the tyrosine phosphorylated RTK 

(reviewed in Malarkc^- gf a/. 1995). AAer the binding of Grb-2 to RTKL Grb-2 recruits jo.v to the 

complex, which results in the activation of Ras and ultimately the activalion of Erk 1/2 via Raf-I and 

MEK. Other factors may also feed into the activation pathway of Erk, including PKC and P13K which 

enhance Erk activit}', or PKA which appears lo inhibit this activation (While a/. 1994). 

Eit 1/2 are believed to be the m^or downstream modulators of this caseadc as ibey have a wide range of 

substrate speciGcities M compared lo the upstream kinases Raf-1 and MEK which have more 

restricted potential targets. Putative substrates include other kinases i.e. MAP kinase activated protein 

kinase (MAPKAP Kinase 1 and 2), p90S6 kinases result in a continuation of the kinase cascade, 

phosphohpase A2 and cytoskeletal proteins (Proud 1994, Sale a/. 1995). A variety of nuclear 

substrates also exist which are phosphorylated and activated by nuclear translocation of activated Erk. 

These substrates may include the transcription factors, Elk-1, Sap-l c-ibs, c-Jun and c-mye, with nuclear 

substrate r^ulation believed to be one of the m^or roles for the MAP kinase cascade based on current 

knowledge (Daiton ef a/_ 1995, Sale gf o/. 1999). 

The Erk 1/2 isokrms have also been implemented in a variety of gena-al cellular roles in difkrent cell 

types, including potential regulatory roles in transcription, translation, proliferation, differentiation and 

possibly apoptosis. Potential involvement of this cascade in metabolic roles including general protein 

synthesis, apoptosis, glycogen synthesis and glucose uptake is also suggested. However, to dale many, of 

these putative roles are still not fiilly deSned or the exact importance of the Erk cascade in these 

functions estabhshed (reviewed in Daiton ef oA 1995). 

Another m^or insulin and growth factor sensitive protein kinase cascade is the phosphatidylinositol 3-

kinase (Pf3K) cascade which activates PKB and other ke} protein kinases including S6K (reviewed in 

Shepherd ef oA 1998, reviewed in Vanhaesebroeck gf a/. 2000, reviewed in Kandel ef o/. 1999). The 

cascade begins with the insulin or growth factor stimulated activation of phosphatidylinositol 3-kinase 

(PI3K) by recruitment of the p85 regulatory subunit of P13K, either to the activated receptor or to IRJS-

1/2 (reviewed in Vanhaesebroeck g/ 1997 & 2000, reviewed in Alessi ef 199&a). This subunit 

binds via its SH-2 domain to phosphol}TOsinc motifs of the receptor or IRS protein. This interaction 

brings the catalytic pi 10 subunit of P13K into close proximity where it becomcs activated. The activated 

P13K is then free to activate downstream components including PKB, S6K via its lipid or protein kinase 

activity The lipid products of this kinase directly lead to the activation of PKB, which then may act on a 
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varicl} of possible substrates, including GSK-3 and S6K (reviewed in Hcmmings 1997. Kandel cf o/ 

1999, Vanhacsebrocck (f/ 1999 & 2000). A lull Ireatmenl of the activation of PKB b\ PI3K and the 

subsequent possible downslrcan] consequences of PKB activation are discussed in great detail in 

subsequent sections (1.21 onwards) 

The e\ddence lor this palhwa\- and its ceUular function are as yet, fairly limited, which makes il an ideal 

target for investigation, particularly using antisense techniques to knock out components of the cascadc 

and then analyse the effects of this on downstream proteins and hence the roles of this pathway. 

1.2 Protein Kinase B - An Introduction 

1.2.1 General Overview of PKB 

Protein Kinase B was first discovered and sequenced in 1991 as a 57kDa cytoplasmic protein in rat 

brain. It was originally idaitified by 3 separate groups using cither; i) degena-ate oHgcmucleotide PGR 

(Coffer et al 1991), ii) low stringencj' library screening using a cAMP-dependent kinase probe (Jones et 

a/. 1991a and b) or iii) sequaicing of human cDNA hybridising to v-Akt DNA (BeUacosa gf oA 1991). It 

has beai found to have 75% homology to the catalytic domain of PKC and 65% homology to the same 

domain in PKA, hence the name PKB i.e. between kinases' A and C. This kinase has been also been 

referred to as RAC Kinase which stands for related to A and C kinases, however this name is used less 

frequently now due to the existence of a rho-related GTPase also known as rac (Coffer cf aZ. 1991). 

Subsequently PKB was also found to be the cellular homologue of v-Akt a protein from an acute 

transforming retero\'irus, in the spontaneous thymoma AKT (AKT8) and so is also known as c-Akt 

(Bellacosa ef a/. 1991, reviewed in Coffer o/. 1998, reviewed in Kandel e-iT a/. 1999). 

Homologucs of PKB have been found in mammals (human, mouse, cow) birds, insects, nematodes, slime 

mould and yeast which contain a high degree oC homology' to each other (see figure 1.1) (reviewed in 

Kandel ef a/. 1999). For example, (Konishi gf a/. 1995a) and C.e/cggm.v (Watcrston c; g/. 

1992) PKB shows X5% identit) to the pre\iousl\ cloned rat and human PKB. 
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Figure 1.1 - Protein sequence alignment for PKBa homologues The amino add sequences 
of known PKBa homologues were aligned using the ChistalW alignment program. A 
similarity score individual sequences and the mouse PKBa amino acid sequence is recorded as 
% homology. Total identity between aU sequences is indicated with an 

Aligning.. ..Similarity to Mouse PKBa 

Sequences (3:1) Aligned. Score: 96% 
Sequences (3:2) Aligned. Score: 98% 
Sequences (3:4) Aligned. Score: 99% 
Sequences (3:5) Aligned. Score: 95% 
Sequences (3:6) Aligned. Score: 100% 
Sequences (3:7) Aligned. Score: 62% 
Sequences (3:8) Aligned. Score: 57% 

sequence 

Mouse Mm)VAIVKE(3naKRGEYIKTWRPRYFI,LKMDGTFIGYK 39 
vAkt AREETLIIIPGLPLSI/aTDTMm)VAIVI(EGmLHKRGEYIKTWRPRYF]LÎ ^ 60 
Rat MMDVAIVKEGKLHKRGEYIKTWRPRYKLLKNDGTFIGYK 39 
Human MSDVAIVKEGm,HKRGEYIKTWRPRY?IjLKNDGTFIGYK 39 
Bovine MMDVArVKEGW]LHKRGEYIKTWRPRYFI,IrKMDGTFIGYK 39 
Chicken MNEVJUVKEGWiaKRGEYIKTKRPRYFIjLKHDGTFIGYK 39 
Drosophilia -MSIMITFDLSSPSVTSGHAI,ISQTQVVKEGm.MKRGEHIKmmQRYFVIJISDGRlMGYR 59 
C. MSMTSLSTKSRRQEDVVIEGWiaKKGEHIKHWRPRYFMIETmGAllGFR 49 

Mouse ERPQDVDQR—ESPI,MHFSVA.QCQ]LMKTERPRPMTFIIRCIjQWTTVIERTFHVETPEERE 97 
vAkt ERPQDVDQR—ESPiaNFSVAQCQnLMKTERPRPMTFIIRCLQWTTVIERTFHVETPEERE 118 
Rat ERPQDVEQR—ESPINNFSVAQCQÎ QCTERPRPNTFIIRCIQWTWIERTFHVETPEERE 97 
Human ERPQDVDQR—EAPIJmFSVA0CQ]LMKTERPRPNTFIIRCI,(2WrTVIERTFHVETPEERE 97 
Bovine SRPQDLEQR—ESPIjimFSVA.QCQ]LMKTSRPRPNTFIIRCLQWTTVIERTFHVETPEERE 97 
Chicken ERPQDVDQR—ESPIJmFSVAOCQI.MKTERPKPHTFIIRCLQWTTVIERTFHVETPEERE 97 
Drosophilia SKPADSA5TPSDFI.]L]mFTVRCX:QIMTVDRPKPFTFIIRGI,Qm'TVIERIFAVESEL 119 
C. AKPKEGQPFP—EP]LHDFMIimAATMLFEKPRP]»IFMVRCI,QWTTVlERTFYAESAEVRQ 107 

" * * * * - + ' * *- m* *********** *» * 

Mouse EWAIAIQIVADGI.KRQEEETMDFR SGS 124 
vAkt EWATAIQTVADGIKRQEEEZMDFR SGS 145 
Rat EWTTAIQTVADGIjKRQEEETMDFR SGS 124 
Human EWTTAIQTVADGLKKQEEEEMDFR SGS 124 
Bovine EWTIAIQTVADGLKRQEEETMDFR SGS 124 
Chicken EWTKAIQTVADSI.KKQEEEMMDFR SGS 124 
Drosophilia EWTEAIRNVSSRI.IDVGEVAMTPSEQTDMT DVDMA.IIAED 159 
C. RmHAIESISKKYKGIMANPQEELMETMQQPKIDEDSEFAGAAHAIMGOPSSGHGDIfCSI 167 

Mouse 
vAkt 
Rat 
Human 
Bovine 
Chicken 
Drosophilia 
C. 

PSDMSGAEEMEVSIJU<PKimV13mEFEYLKLÎ KGIFGKVILVKEKAIGRYYAMm 184 
PSDNSGAEEMEV3IJU(PKHRVIMMEFEY]LKLLGKGTFGKV%LVKEKAIGRYYAMKÎ  205 
PSDNSGAEEMEVAIJU(PKHRV™MEFEYI.KLIX;KGIFGKV%LVKEKAIGR̂  184 
PSDNSGAEEMEVSIJUtPKHRVTMNEFEYlKIjlGKGIFGKVILVKEKATGRYYAMKIIjKKB 184 
PGEHSGAEEMEVSIJU(PKHRVTMHEFEYVKLI/;KGIFGK\n:LVKEKATAAYYAMK̂  184 
PSDMSGAEEMEVSMTKrKm(\rrMNEFEYLKI.LGKGTFGKV%LVKEKATGRYYAMKIl 18 4 
ELSEOFSVQGTTC]«SSGVKK\n?IjEHFEFI,KVl,GKGIFGKVi:i/:REKAIAKL 219 
DFRA5MIS lADT S EAAKRDKI TMEDFDFI,KVLGKGT FGKVILCKEKRIQKLYAIKI IjKKD 227 * ""*#"-*#«-*-*********** »** * **'*****" 

Mouse VIVAimSVAHTLTENRVIX3NSRHPFLTA]LKYSFQTHDR]LCFVMEYAMGGELFFH]LS 240 
vAkt VIVAKDEVAHTlTEimVLQWSRm)FLTAI.KYSFQTHDRIjCFVMEYANGGEI,FFHI.S 2 61 
Rat VIVAKDEVTUn'LTEmtVIXaMSRHPFLTAI.KYSFQTHDRIjCFYMEYANGGEIiFFHI.S 240 
Human VIVAKDEVAHTLTEHRVLGNSRHPFLTAI.KYSFQTm)R]:CFVMEYANGGELFFHI.S 240 
Bovine VIVAimEVAHTLTEimVIXaNSRHPSLTA]:KYSFQTHDRI.CFVMEYANGGEIjFFKLS 240 
Chicken VIVAIWEVAHTLTEHRVLQHSRHPFLTAIKYSFQTHDRLCFVMEYANGGELFFHLS 240 
Drosophilia VIIQKDEV7UiTLTESRVIJ(STmiPFLI5I,KYSFQTm)RI,CFVMQYVTfGGELFWHLS 275 
C. VIIAREEVAHTLTEKRVLQRCKHrFLTEIjKYSFQTimRLCFVMEFAIGGDLYYHlLbrR̂  287 

* * » » ********* * * * . * * * *******"*******' » **"*»»** 
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There arc ccrlain diHcrcnccs between ihcsc species homolqgucs which may a Med ihcir (unclion For 

example, ihe yeasl homologuc ^'pkl docs not possess (he pleckslrin homology (PH) domain which is 

found in PKB from other spccies and is involved in regulation of function (Chen c/ a/. 1993, Casamayor 

o/. 1999). A mammalian homologue which is ver\' similar to ypkl has rcccnily been discovered. This 

protein, serum and glucocorticoid induced kinase (SGK) shares a high degree of homology to the 

classical PKB's, except for the fact that like yeast ypk's, this PKB subfamily member does not possess 

the regulator}' PH domain (Kobayashi ef o/. 1999, Park 6̂ / a/. 1999). The Gnding that PKB or similar 

subfbrms exist in many difTerent spccies suggests an evolutionary conser\rai,ioQ of the protein at a basic 

strudnral level. This conser\'alion perhaps indicates a critical role for PKB in the fimdioning of both 

simple and complex organisms (re\ iewcd in Vanhaesebroeck g/ o/. 2000, Kandel ef a/. 1999). 

To date there are 3 main isofbrms of PKB namely PKBcc (BeUacosa g/ a/. 1991, Jones cf o/. 1991a), 

PK Bp (Jones g/ or/. 1991 b, Altomare gf aZ. 1995) and PKBy (Nakatani e/ a/. 1999, Brodbeck ef 1999, 

Konishi oA 1995a). PKBa is encoded for on chromosome 14q32 in a region which is proximal to the 

immunoglobulin heavy chain locus (Staal a/. 1998), part of an area which is frequently affeded b\ 

mutations. In humans, the mRNA sequence is 2610 base pairs with the translated region between bases 

199 and 1641 encoding for a 480 amino acid protein. The gene for PKBp is found on chromosome 

19ql3 (Brodbeck aZ. 1999) and is 1741 base pairs long with the translated region falling between 

bases 88 and 1513 and giving rise to a 481 amino acid protein. In the gene sequences, the a and P 

isoforms show around 60% identity which rises to 82% identity for the protein. It was also found that m 

humans the p isoform has an earboxyl-terminal extended splice variant protein of 521 amino acids which 

to date has an unknown function or importance (Jones oZ. 1991b). 

The Y isofbrm is the most recently discovered PKB. In humans it contains 479 amino acids encoded for 

by a 1760 base pair mRNA (translated region betweai base 37 and 1476) and found to be located on 

chromosome lq44 in humans (Brodbeck gf a/. 1999, Nakatani gf a/. 1999, Masure ef oZ. 1999, Murthy 

ef aZ. 2000). This isofbrm shows 83% identity' to the cc and 78% idaitity to the P forms at the protein 

level, with only 40% identity to these isoforms at the gene level (IVIasure gf aZ. 1999). In rat and mouse 

similar homologues of PKBy have been identiGcd and shown to be of identical laigth and verv' similar 

structure/sequence at the protein le\el (Brodbeck cf aZ. 1999, Nakatani 1999, Murthy cf (zZ. 2000). 

In rats a truncated PKBy subisoform is also present. In this subisofbrm, the PKBy sequaice is 21 amino 

acids shorter and the protein is only 52kDa (Konishi (f/ aZ 1996). This results from the truncation of the 

protein at the C-terminal caused by a shorter mRNA of only 1548 base pairs (translation frame 47 lo 

1411), with this truncation probably aMccling the function and regulation of this variant (reviewed in 



Coflcr g/. IWS, Konishi c/ a/. 1991). However ihc expression and hence importance of Ihis 

subisofbrm has nol yd been determined. 

The three isolbrms idenlified so far show a large degree of homology to cach other with this identity 

being particularly strong in the main central catalytic domain, which conlers substrate spcciGcity and is 

also heavily involved in regulation. The apparent similarity in these domains coupled with key conserved 

residues in otha^ sections initially suggests that the three PKB isolbrms wouJd share similar substrate 

specificities and be regulated in a similar f^hion. Therefore it is important to establish what if any 

isofbrm diOerences (here are in the regulation of (he individual isofbrms, substrate specificity, or perhaps 

in the ceU or tissue expression and subcellular distribution of each isofbrm (reviewed in CofTbr ef o/. 

1998, reviewed in Kandel o/. 1999). 

Of these isofbrms the a isofbrm is by far the most predominant, expressed widely in a variety of tissues, 

with especially high levels fbund in heart, lung, brain testis and thymus (Jones ef g/. 1991a CofTer o/. 

1991). This isofbrm has a low (o moderate expression in the kidney, liver and spleen perhaps indicating a 

less important role for (his isofbrm in these tissues. The P isoform is (he second most common PKB 

showing a high expression level in most of the same tissues as the a form (Bellacosa g/ c/. 1993) 

including the brain and heart. The P isofbrm is also very highly expressed in Puridnje cells (cerebellum), 

skeletal muscle and brown fat, perhaps indicating a critical role fbr this isofbrm in insuhn responsive 

tissues (Altmnare ef a/. 1998). However the PKBp expression is lower in (he kidney, spleai, testis, hver 

and smooth muscle. The PKBy isoform shows a much lower general tissue distribution and expression. 

However, high levels of this isofbrm are seen in (he testis and brain, with lower levels present in the 

spleen, heart, kidney, lungs, liver and skeletal muscle (Konishi et al. 1996, Brodbeck et al. 1999, 

reviewed in Kandel et al. 1999, reviewed in Chen et al. 1999) 

It is, interesting to note that in rat liver although the a and p forms are present in similarly low levels, 

PKBo, is 4 time more active (Walker o/. 1998) perhaps indicating some isofbrm speciGc differences in 

activation profiles. This situation appears to be reversed in rat adipocytes with the PKBp fbrm being 

twice as active than PKBa in these cells (Walker e/ o/. 1998). The PKBp isofbrm is also highly 

expressed and up regulated in developing embnos (Altomare g/ (7/ 1998) whilst (he a isofbrm is up 

regulated in regenerating neurones (Owada o/. 1997) perhaps indicating isofbrm specific roles The 

PKBy isoform is also highly responsive to insulin in L6 myocytes compared to the other isofbrms, again 

suggesting that despite the apparent identity between the isofbrms there may be differences in (heir 

regulation, responsiveness and cellular roles (Walker c/ a/. 1998). 
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Mosl cvidcncc suggests PKB has a ubiquitous expression and il appears that all cells contain al least one 

isofbrm of PKB with mosl cells containing two or even all ihree forms. This suggests ihal individual 

isofbrms ma)' have distinct roles in certain cells as well as general roles which any isofbrm can perform 

(reviewed in Kandel g/ aA 1999, reviewed in Chen gf g/. 1999). Little is currently known about ihe 

regulation of the expression of PKB: however, it appears PKB translation is upregulated in cells 

becoming taminally diflcrentiated. Fw example, PKB expression is low in the multipotent fibroblast ceU 

line lOTI/2 but PKB protein levels are dramatically increased as these cells are induced to diflerentiate 

into myocytes by transformation (Altomare g/ iz/. 1995). Whilst the expression of PKBp is fairly 

low in the 3T3-L1 fibroblast cell line, its expression appears to be markedly up regulated when this cell 

hne is diflerentiated into 3T3-LI adipocytes (Hill gf a/. 1999). The situation with the a, isofbrm is 

apparently reversed in these cell lines with PKBa having a high expression in the Hbroblasts but a lower 

expression in the diBerentiated adipocytes (Hill g/ a/. 1999). The PKBy isofbrm in contrast to the a and 

p isofbrms docs apparently not change its expression during the differentiation of the fibroblasts into the 

adipocytes but is instead expressed at a similar fairly low level in both 3T3-LI cell types (Barthel o/. 

1998). 

PKB was found to be the cellular homologue of Ihe viral oncogene v-Akt which encodes fbr a 

constitutively active protein kinase involved in transfbrmation. This viral gene is a fusion betweai PKB 

and a truncated tripartite viral group gag (pl2, pl5, dp30) (Ahmed ef o/_ 1993). The two dcmnains are 

spliced togetha^ by a 21 amino acid region encoded fbr by the 5'-untranslated region of PKB plus 3 other 

nucleotides (Ahmed ef 1993, re\ iewal in Coffisr gf oZ, 1998). The encoded viral protein h<xnologue 

was fbund to be a myristoylated fbrm of PKB and is therefbre directly targeted to the plasma membrane 

and constitutively activated thereby suggesting a route for the oncogenic activation of this viral protein 

(Ahmed e/ aZ. 1993). Normal cellular PKB has a primarily cytoplasmic location with around 90% of this 

isofbrm fbund in the cytosol. In comparison, the constitutively active viral PKB due to the presence of 

the myristoylation motif is dispersed among various cellular components with 40% localised at the 

plasma membrane, 30% having a nuclear location and only 30% residing in the cytoplasm (Ahmed g/ a/ 

1993, reviewed in Cofiler a/. 1998). 

Although this indicates that under normal conditions, the vast majority of PKB is a cytoplasmic protein 

pri<x to activation, there is some e\-idence fbr isoform specific subcellular localisation. For example, 

whilst PKBo, appears to be mainly a cytoplasmic protein, PKBp may have a more membranous location 

including the possible presence of this isofbrm in microsomes also containing the glucose transporter. 

GLUT4, which PKB has been implicated in regulating (Calera cf a/. 1998). There is also some evidence 
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or Ihc nuclcar iranslocallon oF PKBcc and PKBp isofbrms usually aRcr ihcir aclivation again indicating 

possible isofbrm specific subcellular localisation differences which may aflect their biological roles 

(Meier g/ g/. ]997 Andjelkovic ef a/_ 1997 and 1998). 

As the constitutively active viral PKB has a transfmrning or oncogoiic potential, cellular PKB is 

classiGed as a proto-oncogene (Aoki a/. 1998). Therefore, mutations in the PKB gene sequence at a 

particular point could lead to the expression of a constitutively active kinase which may also have 

transforming properties and thus be implicated in certain cancers (reviewed in Coffer g/ a/. 1998). PKBa 

has been shown to be overexpressed in the breast canco" epithelial cell line MCF7 (Jones gf a/. 1991a) 

and has been found to be have a 20 fold amphfication in primary gastric adenocarcinoma. PKBa is also 

hkely to be overexpressed in other cancers due to its chromosomal location which is in a region prone to 

mutation and already implicated in a variety of tumours including T-cell leukaemia/lymphoma and 

mixed-lineage childhood leukaemia (Bertness ef a/. 1990). 

PKBp has also been shown to be overe)q)ressed in a number of cancers Including glioblastoma and 

ovarian or pancreatic cancers (Jones ef o/. 1991). Large PKBP ampliScations often more than 5 fold are 

seen in 12.1% of ovarian and 2.8% of breast carcinomas (Bellacosa ef a/. 1995, Liu gf oA 1998). A 

recent study has indicated an even more signiScant tumourogemic role for PKBp by showing this isofbrm 

to be overexpressed/upregulated 3 fold in 36% of ovarian cancers studied (91 test subjects) (Yuan 

C/.2000). PKBp is also frequently overexpressed in undifferentiated tumours indicating a possible role 

for this kinase in tumour aggressiveness (Cheng g/ a/. 1992, 1996). 

The PKB isofbrm, PKBy, has recently been imphcated in tumour progression and carcinogenesis. The 

isofbrm has been shown to be upregulated in several prostrate cancer types and also in certain t}'pes of 

oestrogen resistance breast cancers. It is apparent that PKB has roles in cellular transGarmation and could 

possibly be one major route by which cancer cells form, surv ive and metastasise. The possible roles of 

PKB in these processes will be discussed later (section 1.5) 

As all isofbrms of PKB are insulin responsive, it has been suggested that PKB may be linked to the 

insulin resistance disease, diabetes mcllitus (reviewed in Kandel ef o/. 1999). To date no mutations or 

alterations in any of the PKB genes have been seen in patients suffering from diabetes Lndicaiing this 

protein is not likely to be the cause of the insulin resistance seen in this disease (Hansen o/. 1999). 

However, changes in PKB activit}' have been seen in some patients suffering from non-insulin dependent 

diabetes mellitus, possibly indicating that modification of PKB function or activity as a consequence of 



ihc insulin rcsislancc may contribute to the different responses and complications seen wilh this disorder 

(Krook cf a/. 1998, Rondinone gf o/. 1999). Therefore it is important to understand more about PKB's 

structure, activation and fimction, as this may be important in improving the knowledge of this signalling 

pathway and afso may help wth many potentially life threatening disorders. 

f .2.2 Structure of PKB 

PKB consists of three distinct domains (figure 12), a regulator) N-lerminal 147 amino acid picckstrin 

homology (PH) domain, which is includes a short glycine rich linker region at the carboxyl terminal end 

of this domain. This short linker is linked to the central kinase domain of around 250 amino acids which 

contains the main functional activity of the protein. The final subunit is the C-terminal regulatory 

domain which is around 80 amino acids and has a controlling role in the kinase activity and functioning 

(reviewed in Cofler g/ g/. 1998, reviewed in Kandel er/ oA 1999, reviewed in Chen ef a/. 1999). 

The first PKB region, the pleckstrin homology (PH) domain is so called due to its similarity to a known 

domain in the protein pleckstrin which is the m^or PKC substrate in platelets (reviewed in Downward 

1995, Alessi gf o/. 1998a and b). PH domains are usually around 100 to 120 amino acids long and can be 

found in mwe than 100 other proteins, whae they are believed to be involved in mediating either 

protein-lipid interactions, protein-protein interactions or sometimes both. Other proteins containing a 

pleckstrin homology domain include (^amin, phospholipase D and P-spectrin (reviewed in Fruman gf 

a/. 1999). 

Althougii the sequence similarity within this domain between PH domain containing proteins is low or 

not conserved, the general globular peptide structure of the domain is highly conser\'ed. The basic 

structure of this region consists of seven antiparallel P-strands which form 2 cmthogonal P-sheets (one of 

4 strands and one of 3) with an N to C terminal amphipathic oc-helix (Mayer a/. 1993, Gibson g/ a/. 

1994). This structure forms a curved barrel motif, which contains a hydrophobic binding pocket. It is 

interesting to note that all PH domains also contain an invariant single tryptophan residue in the C-

terminal cc-helix, which appears to be important in ligand binding (reviewed in Chen g/ cr/. 1999). 

The hydrophobic pocket and other kcA residues within tlie PH domain have been found to generate a 

distinct positive electrostatic polarisation patch around the ligand binding site which has been shown to 

interact with both proteins and the head groups of certain phospholipids (IsakofTcf 7̂/. 1998, reviewed in 

Chen g/ o/. 1999), Several PH domain containing proteins have been shown to bind phospholipids with 



Ihc alTinily and spGciHcily oC lipids bound varying greatly between PH domain proteins. For example, 

dynamin and pleckstrin bind to phosphatidylinositol 4-pbospbale (PI4P) and pbospbatidylinositol 4,5-

bisphosphate (PM^SP )̂ but not phosphatidylinositol 3,4,5-trisphosphate (PI3,4,5P3), Wiere as PKB has 

been shown to bind only PI3,4P2 and PI3,4,5P3. The residues which eonfcr high afSnily and specifiG 

phosphatidyhnositol (PI) binding have recently been elucidated and found to occur at the N-terminus in a 

KXy.isR/KXRHyd, where X is any amino acid and Hyd is a hydrophobic amino acid. PH domains which 

lack this motiC or have key difYerences within this area bind Phosphatidy linositol (PI) lipids with a 

greatly reduced aHinity if at all (Fruman et al.l999, IsakofTef a/. 1998, reviewed in Chen o/. 1999, 

reviewed in Vanhaesebroeck cf o/. 2000). 

The PH domain is widely distributed amongst signalling proteins suggesting it impwlance in signalling 

networks. The hpid binding properties of this domain may be involved in membrane targeting of PH 

domain proteins possibly resulting in the activation and/or nuclear / mitochondrial translocation of the 

protein in question (reviewed in Chen a/. 1999). Many signalling molecules have been shown to 

associate with various PH domains, for example, some PKC subspecies, the Py subunits of GTP-binding 

regulatory subunits and many inositol based lipids (i_e_ phosphatidylinositol 3,4,5 bisphosphate and 

inositol 1,4,5-thphosphate) all associate with the PH domain of PKB in (Konishi e/ o/ 1995, 

Harlan ef oA 1994, Freeh g/. 1997, Feng ef aZ. 1994). The impwtance of the PH donwin in PKB 

activation and function is discussed in subsequent sections (see 1.3 3,1.3.4) 

The lipid binding PH domain of PKB is followed by a catalytic domain which contains the kinase activity 

of PKB. This domain which is around 250 amino acids contains not only the catalytic site but also an 

invariant ATP nucleotide binding hsine residue (K179 in PKBoc), activation/phosphorylation 

serine/threonine sites and substrate recognition residues. 

This domain shows the maximum amount of identity between the three PKB isoibrms with more than 

90% identity in this region perhaps indicating similar substrate recognition and function between these 

isolbrms. This central kinase domain is also highly conserxed in many serine/threonine kinases vyith 

PKB s catalytic dcmnain having a high degree of homology to the same domain in both PKA and PKC 

(reviewed in Cofler e/ o/. 1998. reviewed in Peterson tf/ a/. 1999, nsviewed in Toker 2000). 

This kinase domain is followed by the last section, which is a short regulator^ region. This C-tenninal 

domain which is found in PKB and several other kinases (e.g. S6 kinase and several PKC isofbrms) 

contains a further regulatory serine or tlireoninc phosphorylation site involved in kinase activation and 

also a hydrophobic proline rich subdomain (reviewed in Peterson a/. 1999, Toker a/. 2000). 



Figure 1.2 - PKB Isoforms 
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The basic domain siruclurc of PKB is conscncd in all ihe PKB isolbnns and also throughout evolution 

w ith the \ -Akt, and C. homologucs all consisting of similar regions. In the main ihc 

onh dilTerences between these is in the length of the domains and some of the amino acids present in 

each, although this is not believed to aHecl the lunctional activity of the protein (reviewed in Co8er tr/ 

a/. 1998). The general structure of PKB is also very similar to many other protein kinases not only in the 

central catalytic domain but also wthin regulator} regions and sometimes the PH domain as well. Due to 

its particular structural similarity to the kinases; PKA, PKC, PKG, and S6K. these and other kinases 

have been grouped together as a kinase super-family knovLii as the AGC Kinases (reviewed in Chen g/ 

a/. 1999, Peterson tfr o/. 1999). 

1.2^ Acdvation of PKB 

PKB has been shown to be activated within one minute in response to a variety of growth factors in 

diOerent cell types including insulin, EGF, IGF-1, PDGF and basic FGF (Alessi g/ a/. 1996a/b, Franke 

o/. 1995, Burgering e/ a/. 1995). PKB has been shown to be activated by vanadate treatment in 

adipocytes, activated in T-cells in response to treatment with intErleukin-2 (Wijkandcr ef aA 1997, Reif 

ef a/. 1997) and the treatment of epididymal fat cells with P-adrenergic agonists e.g. isoproterenol also 

results in PKB activation (Moule ef or/. 1997). PKB can also be activated by various cellular stresses in 

certain cell types including heat shock in CHO cells, hydrogen peroxide (oxidative stress) in C0S7 cells 

and hypa-Qsmolarit}' in NIH 3T3 cells (Konishi g/ a/, 1996 & 1997 Bae ef aA 1999). 

Insulin has been found to lead to rapid and signiEcant activation of PKB in many cell types. For 

example, insulin treatment of L6 myotubes or rat adipocytes results in around a 12 fold activation of 

PKB with an activation half time of about I minute and a sustained kinase activity lasting more than an 

hour (Alessi g/ g/. 1996b, Cross gf oA 1997, Hurel gf a/. 1996). Conversely, in similar cell types EGF 

only leads to 3 Ibid increase in PKB activity which returns to basal levels in about 10-20 minutes (Cross 

a/. 1997). The activation of PKB by the factors IL-2 and isoproterenol is found to lead to diScrent 

levels and times for PKB activi^' in various ceUs (Moule oA 1997). It therefore appears that the 

activation profile for PKB varies greatly between different factors and in diffo-ent cell types with 

activation oflen rapid and/or transient but sometimes slower or more sustained. It may be that these 

factors act through several diHerent pathways depending on the factor used and the cell type examined. 

Alternatively these factors may activate the same upstream activators of PKB by dilTering amounts 

resulting in diflering PKB activation profiles (reviewed in Kandel cv a/. 1999). Generally, PKB 

activation appears to be cell and factor type specilic. However, there ma\ be differences in the activation 



orspcciHc isofbrms of PKB by ccrlain growlh Taciors (Fujio o/. 1999) 

In general most expcnmcnls concerning ihc acbvalion profile (or PKB in response lo a variety of factors, 

study the a isolbrm of PKB. However, it is assumed that most of these findings also relate to the other 

two known PKB isofbrms. Both the P and y isolbnns of PKB c<mtain the same key residues implicated in 

the activation of PKBa suggesting a similar activation route for all three isofbrms. There is also some 

experimental evidence showing that the activation of PKBp and y involves phosphorylation of the same 

residues shown to be essential lor the activation of PKBa and detailed below (Walker gf c/. 1998). For 

the general activation profile of PKB only the route/factor activation of the PKBa isofbrm will be 

discussed. 

Analysis of PKBa has revealed 4 phosphorylation sites. Serine 124, Threonine 308, Threonine 450 and 

Serine 473, which arc all found to be phosphorylatcd when this protein is activated following growth 

factor stimulation (Alessi ef (z/. 1996a/b). Two of the sites S124 and T450 were subsequently found to 

be phosphorylated in the basal state, as well upon growth factor stimulation, indicating that a change in 

the phosphorylation state of these residues does not occur with growth factor stimulation and hence is 

not directly responsible for altering PKB activity (Bellacosa ef oZ. 1998). Despite these phosphorylation 

events being independent of cell stimulation there is some evidence that prior phosphorylation of these 

residues may be necessary/required for the correct folding/orientation of PKBa yielding maximal PKBa 

activation. The proposed priming role of these sites was fiirther emphasised using the double mutant 

PKBa, S124A/T450A which whai transacted into NIH3T3 cells is activated with reduced eSiciency by 

PDGF (Bellacosa gf o/ 1998). Both these residues which when phosphorylated serve as potential 

maximal activation primers have been found to be conserved in the other PKJB isofbrms and sevo-al PKB 

homologues further emphasising a likely regulatory role fbr these sites which are evolutionarily 

conserved (Bellacosa ef a/. 1998, reviewed in Chen g/ o/. 1999). 

When PKBa is activated by many growth factors, fbr example, insulin and IGF-1 it is found to be only 

phosphorylatcd over basal levels on the other two distinct residues namely; threonine 308 and serine 

473, which appear to act s^Tiergistically to bring about maximal PKB activity (Alessi a/. 1996a). Both 

these k^: activation residues have been fbund to be ccmserved in PKBP suggesting both the a and P 

isofbrms arc regulated in a similar fashion (Meier o/. 1997). Recently the human and mouse forms of 

PKBy have also been found to contain the equivalent of these two phosphorylation sites suggesting a 

similar activation routc/prolllc tor this isofbrm (Brodbcck g/ a/. 1999). It is also interesting to note that 

these two activation site residues arc conscr\'cd in evolution (i.e. present in and C.Ig/cggM )̂ 
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and so Ihc pathways involved in Ihc activation of PKB and its homologucs arc also likely to be similar 

(reviewed in Coffer gf o/. 1998, reviewed in Chen cf a/. 1999). 

However, in the truncated variant of rat PKBy only the equivalent of the threonine 308 is present in this 

subisoibrm. This subisofbrm lacks the Gnal 23 C-taminal residues and so the regulatory serine 473 is 

missing (Konishi a/. 1996). As yet it is unknown as to how important this deletion variant is but it has 

been suggested (hat in rats this form of PKBy may have a different method of regulation or only use 

some of the pathways the other two isofbrms use (Alessi a'A 1996a/b, Walker aA 1998). 

Alternatively the serine 473 (or equivalent) site may act as a ' turbo charger'" to obtain a higher activation 

level in the isolbrms/species it is present in (reviewed in Coffer g/ o/. I ̂ )98). Further study of activation 

and possible roles of this truncated variant and its corresponding full length PKBy in a variety of cells 

and/or species will hopefully establish the importance of this subisofbrm of PKB. The other splice 

variant of PKB, (he human PKBP2 subisoform, which has an additional 40 amino acids at its C-terminus 

contains all the serine and threonine regulator) phosphory lation sites and appears to fbllow normal PKB 

activation (Jones aZ 1991b). However as with the species speciOc rat PKBy subisoibrm, any unique 

roles fbr this species speciGc PKBP subisofbrm are currently unknown and need further study. 

Mutation analysis of PKBa has revealed that phosphorylation of both the serine 473 and threonine 308 

is required fbr maximal activation of the kinase (Ahmed ef o/. 1997). Mutation of either of these residues 

to alanine greatly reduced the ability of IGF-1 or insulin to stimulate PKB which an 85% reduction in 

insulin stimulated activity seen in the T308A mutant (Alessi ef oA 1996b). However, mutation of either 

residue to alanine does not prevent the other residue from becoming phosphoiylated in response to 

grov/th factor stimulation suggesting that phosphorylation of each site occurs independently, with 

phosphcwylation at both sites acting s^nergistically to bring about maximal activation (Alessi ef a/. 

1996a, Walker gf a/. 1998). Mutation of either of the residues to aspartate which mimics the negative 

charge supphed by phosphorylation results in the partial activaticm of PKB with mutation of both serine 

473 and threonine 308 to aspartate resulting in an even more active fbrm of the enzyme. In fact the 

D308T/D473S double mutant could not be further activated by growth factor treatment indicating the 

importance of both these residues in PKB activation (Alessi ef a/. 1996a/b, Ahmed (f/ a/. 1997). 

//z Wfro phosphorylation of serine 473 b\ MAPKAP kinase-2 also results in partial PKB activation with 

subsequent growth factor stimulation resulting in threonine 308 phosphory lation and maximal PKB 

activation. This indicates how these (wo residues ac( synergistically to generate a high level of PKBo. 

activity (Alessi cf a/. 1996b, Walker cv o/. 1998). There is some recent evidence that with PDGF 



sUmulalion whilst phosphoiylalion of S473 conlhbulcs lo PKB aciivalion, phosphorylalion on ihis site 

is not essential. However, all research to date still indicates both these residues play important roles in 

maximal PKB activation. Phosphorylation oFthe T308 site has therefore been proposed as the Lev event 

in PKB activation, a fact that has been confirmed in all PKB studies performed (reviewed in Kandel o/. 

1999). 

The threonine 308 is located in the subdomain VIII of the catalytic domain of this kinase, nine residues 

upstream of a conserv ed Ala-Pro-Glu motif. Tliis site is also (bund as an activating phosphory lation site 

in many other kinases, particularly members of the AGC family (reviewed in Peterson of 1999, 

renewed in Toker 2000). Serine 473 is located in the C-terminal of the catalytic domain and has the 

motif FPQFSY. This site therefore lies in the consensus sequence F-X-X-F/V-S/T-F/Y which is found in 

several other growth factor cascade protein kinases such as PKC, p90'^ and S6 kinases (reviewed in 

Cohen 1997, reviewed in Belham gf a/. 1999). In PKB and other AGC kinases both these sites are 

evolutionary conserved and present in most AGC family membaVisofbrms, lh<^ arc found to always be 

located around 170 amino acids apart which suggests similar conserved activation mechanisms 

(reviewed in Cohen 1997 & 1998, Peterson ef a/. 1999). It is therefore possible that common kinases 

may act on these two motifs resulting in the activation of a variety of signalling proteins. This has yet to 

be conjGrmed although the recaitly discovered 3-Phosphoinositide-dependait kinase 1 (PDKl) has 

emerged as a possible candidate for such a role as it acts on threonine 308 motif of PKB (Alessi ef gf. 

1997a/b renewed in Vanhaesebroeck g/ a/. 2000) and has also been shown to phosphoiylate S6 kinase 

//! Wvo (Alessi ef o/. 1997b, PuHen ef o/. 1998) 

For maximal activation of PKB, the PH domain of PKB is an essential requirement for the pathways 

which phosphorylate PKB and generate the active protein (Klippel ef a/. 1997). Mutation of a PH 

domain arginine residue essential for PI binding (PKB R25C) resulted in the generation of an inactive 

PKB which could not bind any PI lipids or become phosphorylated and activated wfm (Franke e/ oA 

1997, BeUacosa g/ o/. 1998). Similar point mutations which reduce PI binding have also been found to 

abrogate the activation of PKB by a variety of growth factws (James ef a/ 1996, Stokoe a/. 1997). In 

agreement with these findings, mutations in the PH domain which increase PKB s aflmity for PI lipids 

(i.e. PKB E40K) have been shown to greatly enhance the growth factor induced phosphorylation and 

activation of PKB further emphasising a critical role Ibr the PH domain in activation (Franke g/ o/. 1997, 

Stokocc^c//. 1997. Alcssif^fa/. 1997b) 

In the absence of PH binding PI lipids a full length PKB could not be activated by PDK1. However when 

the PH domain of PKB is removed, generating a deletion PH domain mutant, phosphorylation and 
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aclivalion using Ihc PKB kinase PDKI (see sccuon 1.41) could be achicvcd wiihoul ihc addition ofSTIs 

(Alcssi gf a/. I997a,1), DaUa cf/ o/. 1995). It appears thai the PH domain of PKB when unoccupicd by PI 

Hpids masks the phosphorylation sites of PKB, thereby preventing phosphoiylation and activation of 

PKB_ However, in the prescncc of bound 3TI lipids (probably generated by P13K - sec scction 1.41} the 

PH domains conibrmation is likely to altered, revealing the previously hidden phosphorylation sites 

wiiich can thai be actcd on by specific kinases (i.e. PDKI) resulting in PKB activation. It seems that the 

PH domain of PKB plays a negatively regulatory role which is rcmmed in the prescncc oF specific 3'PI 

lipids generated aAer growth factor stimulation via the PI3K cascade (reviewed in Coffer oA 1998, 

reviewed in Chen e/ a-/. 1999, reviewed in Vanhaesebroeck gf o/. 2000). 

The PH domain of PKB is also likely to be involved in targeting PKB to the membrane which also aids 

maximal phosphory lation and activation of PKB (Andjelkovic g/ A'/. 1997, Datta a/. 1995). When 

bound by 3'PI hpids to its PH domain PKB is rapidly translocated to the plasma membrane (Andjelkovic 

a/. 1997, Frankc a/. 1997, Kohn a/. 1996). The requirement of membrane targeting as a 

mechanism for PKB activation is emphasised by the fact that the membrane targeted v-Akt is 

constituUvely active and that the addition of a membrane localisation or myristoylation signal to PKB 

leads to the gena^tion of a constitutively active mutant (Coffer gf aZ. 1991, Andjelkovic aZ. 1997 

Meier 1997). The apparent requiremait of membrane targeting for maximal PKB activation is 

likely to be due to a membranous locaticm for the PKB activating kinases. It appears that the role of the 

PH domain in PKB activation is several fold. The binding of specific 3'PI lipids to this domain results in 

the membrane targeting of PKB and the unmasking of the activation phosphorylation sites. Both of these 

mechanisms are likely to act together to generate the maximally active PKB (Freeh oA 1997, Stephens 

gf W. 1998, Datta or/. 1995, reviewed in Cofler g/ e/. 1998, Chen g/ g/. 1999). 

The PH domain linked model for PKB activation proposed has recently been given a further level oF 

complexity. It has been suggested that PKB exists as a multimer in cells with the PH domains of each 

PKB mediating this interaction. Experiments using the yeast-2 hybrid system or mutant PKB studies 

show that PKB-PKB interactions can occur but only between the same PKB isofbrm i.e. a - a 

interactions. In this hypothesis it is believed that in resting cells the PKB multimer is held in an inactive 

conformation via intermolecular interactions between the PH domains of individual PKB molecules (Lin 

cf o/. 1999, reviewed in Cheng (f/ o/. 1999). When the activating serine and threonine sites of an 

individual PKB arc phosphorylatcd a conformation changc occurs in this moleculc which relieves the 

inhibitor^' cITcct it has on its partnering PKB molccule (i.e. the one it is interacting with). 

Phosphorylation of one PKB molcculc docs not lead to its activation but rather a '^deinhibition'' of its 

neighbour. The phosphor^ lated PKB docs not thcrclbre require an intrinsic kinase activity to deregulate 



lis pailncr and ihis partnci docs nol require phosphoiA'lalioii ol ils own sjtcs lo obtain aclivalion. fn this 

model, phosphorylalion can be said to causc inlcrmolccular derepression oF ihe PKB complex. Whilst 

this model IS still somewhat controversial, evidence for this or a similar activation system is mounting 

and so further investigation is required to establish the exact activation proCile for PKB (Datta 6/ 

1995, reviewed in CoHer cf a/. 1998). 

Therefore, the activation of PKB is an extremel) complex process thai we still do nol Tullv understand. 

At a structural level certain key features of PKB have been identified to be involved in or neccssar\' for 

maximal activation. For example, the PH domain of PKB has been proposed to be involved in PKB 

ohgomcrization, 3TI lipid binding, PKB translocation and r^ulation of access to critical 

phosphoiylation sites. These critical phosphorylation sites have been identiGcd as T308 and S473 which 

when phosphmylated act synergistically to activate PKB (reviewed in Chen a/. 1999, Coffer g/ g/. 

1998, Kandsl oA 1999). Phosphorylation of these two residues has been found to be both necessary 

and sufRcient for maximal PKB activation (Alessi g/ a/ 1996a/b, reviewed in Vanhaesebroeck e; a/ 

2000). Having now established the key Matures of PKB which act to bring about its activation it is 

important to detail the upstream pathways which act cm these features and bring about alterations in their 

functions/state to activate PKB. Therefore, it is appropriate to look at the upstream PKB activation 

pathw^s) which act to mediate growth factor and other stimuli signalling resulting in PKB activation. 

1.2.4 The PKB Pathway 

1.2.4.1 The PI 3-Kinase Family 

The presence and importance of the PH domain in the phosphorylation and activation of PKB led to a 

great deal of research into the importance of PH domain binding PI lipids in this activation pathway. 

This meant that a great deal of research targeted the likely generators of these lipids, particularly the 

protein responsible for the generation of 3"-Phosphatidylinositol lipids namely phosphatidylinositol 3 -

Kinase (PI3K) (reviewed in Vanhaesebroeck t-/ g/. 1999, reviewed in Tokcr 2000). 

The PI3K family were first discovered in the late 1980s as unique proteins which phosphorylate the D-3 

hydroxy! group of the inositol head groups of various phospholipids via a distinct lipid kinase activity 

(reviewed in Vanhaesebroeck g/ o/. 1997 & 1999. Fruman c/ o/. 199K). As well as this lipid kinase 

activity these proteins were also showTi to possess a separate protein kinase activity, with both activities 
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likely to be involved in PIjKLs downstream roles. PloK has been found widely expressed in cells and 

across spccies indicating a critical evolulionarily conserved role Ibr Ihis kinase. The phospholipid 3'-

kinasc activity oF PI3K has shown to undergo activation in response to many growth factors (i.e. insulin. 

PDGF, EGF) and also mitogcnic stimulation (reviewed in Alessi gf a/. 1998, rc\icwcd in 

Vanhaesebroeck o/. 1999). PI 3-Kinase activity has also been found to be increased in transformed 

cells indicating a critical cell cycle regulatory role for this kinase (Klippel e/ W. 1998, reviewed in Alessi 

g/ A/. 1998, reviewed in Vanhaesebroeck cf a/. 1999). 

PI 3-kinasc and its products have been proposed to mediate many intracellular events including PKB and 

S6 Kinase activation (King oA 1997, Sable 1?/. 1998), Rac phosphatase regulation and regulating 

processes such as glucose Iransport, protein trafficking and cytoskeletal functions (Malarkey g/ a-A 

1995). PI3K may also be involved with the Ras/MAP kinase pathway since ccrtain Ras isofbrms i.e. Ras 

and R-Ras shown to interact with and activate PI3K and also the PI3K PIP^ products are believed to 

regulate Raf-Ras interactions and hence MAP kinase activity (Marte g/ a/. 1996). Thus understanding 

P13Ks roles in cell signalling is a critical step in unravelling (he complex signalling story. 

Inositol containing phospholipids (Pis) have an inositol phosphate group at position 3 of their glycerol 

backbone whh fatty acids at positions 1 and 2, and comprise of approximately 10% of the total cellular 

hpid. If the PI lipids contain no otha^ additional phosphate it is called phosphatidylinositol (PI), with this 

being the major PI present in cells. However in cells all free hydroxy! groups of the inositol ring of PI 

lipids apart from the 2' and 6' position can be phosphorylated in a variety of combinations to yield many 

difkrent PI lipids. The <Mher m^or PI lipids present in cells are PI 4 Phosphate and PI 4,5 bispbosphate 

which each make up armind 5% of cellular PI hpids. The D3 phosphorylated inositol lipids generated by 

the PI3K family comprise of less than 0.2% of the total cellular PI, but are subject to by far the highest 

external stimuh induced variation in their levels and are potentially very important in cell regulation. In 

cells PI3K proteins gena-ate PI 3 Phosphate (P13P), PI 3,4 bisphosphate (PI3,4P2) and PI 3,4,5 

trisphosphate (PI 3,4,5P3) with the later two products beheved to be involved in PKB activation 

(reviewed in Vanhaesebrocck e/ o/. 1999, reviewed in Fruman ef o/. 1998, reviewed in Chai oZ. 1999). 

There has been (bund to be at least 9 multiple isofbrms of PI3K based on gene splicing/rearrangement 

which can be broadly divided into 3 distinct classes, namely, class I, U and III. These classes arc 

separated based on the substrate recognition, functioning and mechanisms of regulation. 
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i) Class 1 

Class I PI3K arc hclcrodimcrs of around 20UkDa comprising oCa ] lU-120 kDa calahlic subunil linked 

to a 50-100 kDa adapter or regulator) subunit. These phosphor^'latc all classes of PI but have an major 

order of prekrcncc for PI3,4P2 > PI4P > PL Class 1 P13Ks are (he major class of PI3K and have been 

shown to regulate a host of cellular functions including, protein synthesis, Ispolyis, sjucose metabolism 

(i.e. glucose uptake and glycogen s^mthcsis) and apoptosis. There are two subclasses, 1,̂  and which 

share similar lipid substrate speciilcitics but vary in (heir mechanism of regulation (Stephens a/. 1993. 

reviewed in Vanhaescbroeck gf a/. 1999). 

The Class 1^ P13K are a group of kinases which phosphoiylate phospbatidylinositol hpids usually 

phosphatidylinositol 4,5 bisphosphate (its major cellular substrate) at the D3 position of the Inositol ring 

(Woscholski ef a/. 1997). PI3K is composed of two subunits an approximately UOkDa catalytic (pi 10) 

subunit and an 85kDa regulatory (p85) subunit (Pons gf o/. 1995, reviewed in Vanhaesebrocck g/. 

1997). There arc 3 classes (oc, j3, y) of the pi 10 catalytic subunit which range in molecular weight Irom 

110-113kDa and are muhi-domain proteins. These catalytic subunits form heterodimeric complexes with 

the 85kDa regulator}' subunits (reviewed in Alessi oA 1998, Vanhaesebroeck <7/. 1997 & 1999). 

The regulatory subunits are encodcd fbr by 3 mammalian genes p85 a , p, y, with alternative splicing 

sites giving rise to at least 7 polypeptides aU of which contain 2 SH2 domains (Inukai aA 1996 & 

1997). The major form of the class I PI3K involved in insulin response has recently shown to be the 

pllOp/p85oL coniplex, which was shown to have roles in the stimulation of glucose transport via 

GLUT4 translocation to the plasma membrane in 3T3-LI adipocytes (Ozanne e/ 1997). 

Class 1^ PI3Ks have been Bound to be regulated by receptor and non-receptor tyrosine kinase by at least 

2 mechanisms (reviewed in Shepherd g/ oA 1998). In the first mechanism, activation occurs via the 

tandem SH2 domains of the p85 subunit binding to phosphotyTOsine residues found in a Y-X-X-M motif 

(Cuevas g/ aZ. 1999). For example, with insulin stimulation the insulin receptor tyrosine kinase is 

activated and this results in phosphorylation of IRS proteins. These adapter proteins (i.e. IRS-1) contain 

several Y-X-X-M motifs whidh tlie p85 subunit can bind. This binding results in the membrane 

recruitment of the pi 10 catalytic subunit, its tyrosine phosphorylation and hence its activation (reviewed 

in Vanhaesebroeck g/ cr/. 1999, reviewed in Chen cf aZ. 1999, reviewed in Alessi 1998a/b) 

In the second activation mechanism for class I P13IC GTP-ras interacts with the pi 10 subunit via an 

eflcctor site located within this catalytic domain with this association leading to PI3K activation 

(Rodrigucx-Viciana g/ a/. 1996). It is most likely that both mechanisms are activated in response to 



rectors oct in Wndum lo <iyoul nuximzii of However^ it is unclcAr ss to 

whether ras activation is required for insulin induccd PI 3-KinasG activity or whether tJic IRS binding 

route IS sufficient. The membrane localisation and activation of PI3K causes the phosphorylation of 

inositol phospholipids at the D3 position generating P3,4JP;; which is the rapidly converted to PI 3.4P2 

by the action of a speciGc 5'-phosphatase ( reviewed in Alessi g/. 1998b, Shepherd c/ a/. 1998). 

The only class Ig identified to date is the pIlOy catalytic subunit which complexes with a unique 

lOlkDa regulatory subnnitplOl. PllOy./plOl heterodimers have been Ibund to be activated by the GPy 

subunits of heterotrimenc G-proteins v,ith the pi01 subunit Ibund to be essential lor this activation. The 

Class 1„ PI3K shows a much more restricted tissue distribution than the ubiquitously class IA PI3K, 

being (miy abundant in white blood cells Therefore the likely importance of class Ig PI3K in PKB 

activation is limited to a cell types. 

ii) Class II 

Class 11 PI3K family monbers are between I70kDa and 210kDa in size and consist solely of a large 

catalytic domain and are Iha^efbre, monomehc. These proteins are not regulated by an additional 

regulatory submiit but instead posses a C-2 lipid binding domain which appears lo be involved in 

regulation of this PI3K class. They act mainly on PI and PI4P however, there is some variability between 

subisofbrms of this group. Also certain sub-isofbrms of this group i.e. PI3KC-2a show a marked 

resistance to the inhibitor} effects of the PI3K inhibitors wortmarmin and LY294002 which are known 

to succ^fuUy inhibit other PI3K iso&nns including the related PI3KC-2p. As this class of PI3K can 

generate PI3,4P2 \\tich is implicated in PKB activation, it is possible this class may have some role in 

the PKB pathway discussed lata- (reviewed in Shepherd ef aZ. 1998, Alessi ef oA 1998b). 

iii) Class III 

The final mammahan class of the PI3K family, the class ITl PI3Ks, are homologues of the & 

Vp534p which are they only PI3K class present in yeast This group to date has had little research and so 

questions about its expression, fiinctioning and roles need to be addressed. This family has been shown 

to only act on the hpid PI, so only gena^ate PI3P and are therefore not likely to be involved in PKB 

activation. Also within the PBK super family, several structurally related kinases have been identified 

and are sometimes grouped together collectively as class IV P13Ks. These proteins which include, DNA 

dependent protein kinase, TOR (target of rapamycin) and ATM (ataxia telangiectesia mutated) all 

possess hanolo^^ to P13K in their eatak^ic domain. However, as yet no lipid substrates Ibr these 

proteins have been identified indicating that they c\crt their cHects solely via the serine/threonine kinase 

activitv (review in Vanhaesebroeck trf o/. 1999). 



1.2.4.2 Pj3K involvement in PKB Activation 

PI3K and its lipid products were proposed as the Grsl known upstream regulators oC PKB based on 

several key experimental findings. Firstly, the growth Taclor stimulated (i.e. insulin, PDGF, EGF) 

activation of PKB in many ccll types has been found to be prevented by the addition of the fungal 

inhibitor wortmannin to the cultures (Franke e/ a/. 1995, Kohn o/. 1996). Wortmannin even at low 

nM concentrations is known to irreversibly inhibit class 1 ̂  PI3K by forming a schifT base with a lysine 

residue in the catalytic domain of PI3K, preventing the generation of PI 3 lipids. Therelbre these 

experiments using wohmannin to inhibit not only PI3K but also PKB, indicated PI3K as an upstream 

activator of PKB (Cross gf g/. 1995, Datta gf o/. 1996). 

Secondarily, inactivation of PI3K acti\dty by preventing its binding to and activation by PDGF bound 

PDGFj3 receptors also inhibits PKB activity (Franke g/ o/. 1995). PDGF activation of PKB was found to 

be dependait on the PDGF receptor residues, Y240 and Y251, which are binding sites for the p85 

regulatory subunit of PI3K and hence involved in the activation of P13K (Franke <?/. 1995). It is 

apparait &om these Endings that P13K is essential in the growth factor inducted activation of PKB. 

A second PBK inhibitor LY294002, which acts as a competitive inhibitor of ATP binding to PI3K, has 

not only been found to inhibit the growth factor induced activation of PBK, but also the subsequent 

activation of PKB further emphasising a role for PBK upstream of PKB (Cross ef aZ. 1995, Datta e/ of 

1996). Overexpression of dominant negative mutants of the p85 subunit of class 1a PBK also have been 

found to prevent the activation of PKB whilst constitutively active pllO PI3K activates PKB in the 

absence of external stimuli (Klippel et al. 1996), In many studies, PH domain mutants of PKB which do 

not bind the PI 3'hpid products of PI3K, were found not to be activated by PDGF whereas 

immunoprecipitated PKB could be activated by the addition of the PBK products P]3,4P2 and PI3,4,5P3 

(Cross gf cZ. 1995, Alessi gf (f/. 1996, Hemmings 1997). 

It has been found that the cellular levels of PI 3,4,5P3 rise by between 10-100 times (depending on cell 

type / species) vyithin 30 seconds of insulin stimulation with a similar rise of P3,4P2 following very 

rapidly (Vanhaesebroeck cA 1997, Woschoiki oA 1997). The rapid activation proSle for PKB in 

response to insulin also Indicates an upstream position for PBK and lipid products. These lipid products 

of PBK activation have a critical role to play in insulin and other growih factor pathways. Therelbrc, 

based on the evidence using PBK inhibitors and class 1,% PBK mutants, PBK is critically involved in 

PKB activation (Backer g/ o/. 1992, Lam g/ 1994). 



The 3-Phosphoinosilol producls of P(3K have been showTt lo bind lo ihc PH domain oFPKB wilh Ibis 

binding likely lo resull in Ihe recruilmcnl or anchoring of PKB lo Ihe cell membrane wilh Ihc mz^or PKB 

binding lipids being P13,4 P2 and PI3,4,5P3 (Kohn e/ a/. 1996, Franke cfA 1997). InleresUngly, ihe 

other 3Tl-lipids PI3P and PI3,5P2 have been shown nol lo bind lo or aclivale PKB indicating thai only 

speciGc 3'Pis aclivale PKB (Franke gf a/. 1995). 

The binding of Ihe PI3,4P2 and/or P13,4,5P3 lo PKB's PH domain has been shown lo lead lo PKB 

aclivalion and to be a critical slcp in Uiis evenl (Slokoe g/ o/. 1997, Stephens ef a/. 1998, reviewed in 

Kandel c/ a/. 1999). Which of these two lipids is the most important in activating PKB is somewiiat 

controversial, with current evidence based on binding aOinities and activation profiles favouring 

PI3,4,5P3 as the majcw activating lipid (James or/. 1996, Stdcoe cf a/. 1997, reviewed in Kandel g/ a/. 

1999). However in, platelets the activation of PKB is biphasic, with PG,4,5P3 binding initially and 

leading lo rapid and transiait activation of PKB followed by the subsequent secondary binding of 

P13,4P2 resulting in a more sustained activation (Banfic o/. 1998). 

Despite the requirement of PBK Hpids in the activation of full length PKB, the presence of these lipids is 

not sufBcient to activate PKB without the concomitant phosphoiylation of the T308 and S473 (PKBa) 

residues and therefore the presence of protein kinase activity is also required (reviewed in Kandel et al. 

1999, Chen ef o/. 1999). This was shown by the fact that PI 3-lipids could not activate 

purified/recombinanl PKB in vitro (James et al. 1996). Inhibition of PI3K activity by chemical inhibitors 

or dominant negative mutants also prevents phosphorylation of PKB, indicating that PI3K and its lipid 

products have a critical role to p l ^ in these phosphoiylation events (reviewed in Shepha^d aZ. 1998). 

There is no evidence that PKB is directly phosphor} lated by PI3K and so the role of this kinase and its 

lipid production must be to facilitate PKB phosphoiyiation by other kinases (reviewed in Alessi et al. 

1998). The requirement of these PKB kinases is fLirther shown by the fact that PKB mutants wilh their 

PH domain rmioved can still be phosphwylated and activated im Wfro in the absence of PI3K lipids 

(Kohngfc/. 1996). 

The currait evidence for the direct role of PI 3,4,5P3 (and lo a lesser extent PI 3,4P2) interactions wilh 

PKB is that Ihey targ^ PKB to the plasma membrane where it is phosphorylaled and activated by distmcl 

kinases. These hpids may also facilitate PKB activation by these kinases causing a conformational 

change or dimaisation of PKB or possibly directly activating a PKB kinase (Hcmmings 1997, Franke ef 

a/. 1997, Alcssi o/. 1997). Thereibrc, il is now important to look al the potential kinases which may be 

involved in phosphorylating and activating PKB and whether PI3K has a role in their actions on PKB. 



1.2.43 PDK] 

RecGaUy a PKB kinase (PDKl) was identified and isolated in rabbit skeletal muscle. This kinase is a 

ubiquitously expressed 556 amino acid/63kDa monomeric kinase (Alessi e/ a/. ]997a/b/c). This kinase 

was (bund to contain a PG,4,5P3 binding PH domain similar to PKB but at a position C-tenninal to the 

catalytic domain (Stephens e/ c/. 1998). The amino terminal kinase or catalytic domain was also found to 

be similar to that of PKB, PKA and PKC and hencc PDKl is another member of the A,G,C family of 

serine/threonine protein kinases (Alessi e/ a/. I997a/b/c, Stephens t;/ a/. 1998). PDKl was found to be 

ubiquitously expressed in all mammalian cell types studied and homologues of this kinase were found in 

many other species including yeasts (& /wmAc and 6'. cgrews/gg) and DrofopA/V/or suggesting 

evolutionary conservation of this kinase (Niederberger ef aZ. 1999, Alessi aZ. 1997a, reviewed in 

Vanhaesd)roeck ef <?/. 2000). 

Analysis of this kinase and m Wvo has shown that it directly phosphoiylates PKBa on threonine 

308 leading to a 30-fbld increase in PKB activity (Alessi ef 1998a/b). Subsequent!} PDKl was also 

shown to phosphorylate the P and y isofbrms of PKB on their respective kinase domain threonine, with 

similar affinities/kinetics, indicating that PDKl shows no PKB isofbrm speciSc targeting (Walker ef o/. 

1998), Mutation of PDKl to a kinase dead or inactive form was found to completely abrogate the growth 

factor-induced activation of PKB, indicating that PDKl is a key regulator of PKB phosphoiyiation and 

activation (Alessi ef a/. 1997b/c, Stq)hens gf a/. 1998). 

This kinase was originally found to be maximally activated by low micromolar concentrations of the D 

enantiomers of PI 3,4P2 and PI 3,4,5P3, PI 3,4,5P3 is the most important PDKl mediator, being involved 

in the membrane recruitment and activation of PDKl (St(*oe g/ oZ. 1997, Currie a/. 1999). No other 

inositol lipids have any efkct on PDKl activity, indicating a possible direct role k r only PI3K generated 

lipids in PDKl recruitmait/activaticm This kinase was therefore given the nanK Phosphatidylinositol 

3,4,5-trisphosphale - dependent protein kinase-1 (PDKl) since PI 3,4,5P3 is the strongest activator 

(Alessi a/. I997b/c). 

This kinase has also beai shown to be insensitive to wortmannin and so is not a member of the Pf3K 

family but is activated by their lipid products. Hence it is likely that this kinase is one of the kinases 

which mediate PKB activation by insulin and other growth factors via PI3K. This kinase may also pla} 

roles in regulating other actions of the P13K derived second messengers PI 3,4,5P3 and PI 3,4P2 and is 

thcrelbrc likely to be the subject of further investigations (Alcssi a/. 1997a/b/c, reviewed in Cohen ef 

a/. 1997, reviewed in Vanhacsebroeck cf <3/. 2000). 



There is now cvidcncc to suggest lhal PDKI ma\ in fad be constilutively active in cells due to the 

continual presence of small concentrations of the activating PI 3lipids at (he plasma membrane which 

may be sufficient to activate PDKI (Anderson o/. 1998). For example, PI3K agonists have been 

shown not to alter the phosphorylation or activity of PDKI. The activity of PDKJ was not af%ctcd by 

mitogenic stimuli (Anc^elkovic g/ a/. 1999, Currie gf a/. 1999), indicating that PDKl ma}' be already 

active. However, it is unclear whether the Pj3,4,5P3 quantities present in unstimulated cells are sufRcient 

to maximally activate PDKI and hence further activation of PDKI by growth factor stimulated PI3K 

actiWty is likely to be required (Pullen g/ a/. 1998, Casamayor gf a/. 1999, Currie g/ a/. 1999). 

Whatever the precise mechanism of PI3,4,5P3 in PDKI activation it is clear that this hpid binds to PDKI 

with a high aiBnity and is involved in regulating its activity. This is likely to be via binding to PDKTs 

PH domain which may aid PDKI locahsalion to the plasma membrane and thus modulate its activity 

(reviewed in Vanhaesebroeck cZ. 2000). PDKI translocation to the plasma membrane is increased 

upon PDGF stimulation, wtiich is hkely to be via increasing binding of PI3K lipids products to the PH 

domain of PDKI (Anderson ef g/. 1998). The importance of PDKI's PH domain in PDKI activity was 

also shown by the fcKt that deletion of this domain resulted in a PDKI mutant Wiich only 

phosphoiylates PKB at 5% of the rate of full length PDKI (Alessi ef aA 1997b/c). The rate of 

phosphorylation of PKBot on T308 by PDKI was ino^eased about 1000 fold in the presence of 

PI3,4,5P3/PI3,4P2 again indicating roles for these lipids in facilitating maximal PDKI activity towards 

PKB (Alessi ef a/. 1997a/b/c). 

The proposed mechanism for the T3 08 phosphoiylation and activaticm of PKB is as follows: The PI3K 

lipid products PI3,4,5P3 and PI,3,4P2 bind to the PH domains of PKB and PDKI resulting in the 

localisation of both of these proteins to a proximal location on the plasma membrane. These lipids 

appear to enhance the activity of PDKI towards PKB and facilitate its phosphorylaticm of the T308 

(PKBa) site of PKB. This is likely to involve removing the inhibitory/masking eSect of PKB's 

unoccupied PH domain by inducing a ccm&)nnation change in PKB which exposes the T-loop fhreonine 

site for phosphorylation by PDKI (reviewed in Kandel ef o/. 1999, reviewed in Chen g/ oA 1997, 

reviewed in Vanhaesebroeck cf a/. 2000). 

Many questions about the regulation of PDKI still need to be answered. The precise role of P13K lipid 

products in PDKI activation still remains controversial; and needs more investigation. The cellular 

location of PDK still need to be addressed, some ev idence suggests that PDKI is translocated to the 

plasma membrane when activated and so is predominanti)' found in this region. However, evidence also 

points to a large proportion of PDKI remaining in a cvtosolic location even afler stimulation (reviewed 



in Chen a/. 1999, reviewed in Vanhaescbroeck gf' o'/. 2000). 

PDKI ilself also has several phosphar^lation siles al S24, S24I, S393, S396 and S410 which appear lo 

be imporlanl in PDKI regulalion (Casamayor g/ aA 1999). Of these sites, S24I appears lo be a 

residue in PDK) activation with mutation of this residue to alanine abolishing PDKI activity whilst 

mutation oC the other sites did not af[ect PDKI activity (Casam^or gf a/. 1999). This phosphorylation 

site was found lo resistant to dephosphorylation by PP2A whereas the other sites were all 

dcphosphoryiated by this phosphatase (Casamayor gf oA 1999). S241 lies in the activation loop of PDKI 

between subdomains Vll and VIII in the equivalent position to the residue PDKl phosphcmylates on its 

protein kinase substrates possibly indicating an autophosphorylation mechanism (Casamayor ef g/. 

1999). However, the phosphorylation of PDKI at these sites does not seem to be afleeted by growth 

factor stimulation and no PDKI kinases have as yet been proposed and so the importance of these sites is 

unclear. 

It is apparent there&x^ that the activation profile of PDKI needs to be clarified to estabhsh not only the 

cellular location and activity of this kinase in unstimulated cells, but also how these parameto-s change in 

response to cellular stimulation. Evidence suggests a role for PI3K and its lipids products in maximal 

activation of PDKI so the importance of these and other factors in regulating PDKI need to be addressed 

(reviewed in Vanhaesebroeck gf g/. 2000). 

The threonine 308 of PKB phosphorylated by PDKI has been found to he in the T-loop of the protein 

between domains VII and VIII in the sequence TFCGTPEYLAPE which is also identical in PKBp and y. 

The PDKI phosphorylation site including the downstream amino acids have been found to be a 

conserved motif in other A,C,G kinases with the gaieral sequence requiranent established as 

TF/LCGTXXYXAPE/D (Walker g/ aA 1998, reviewed in VanJhaesebroeck gf aZ. 2000). Many diSerent 

proteins apart from PKB have been found to contain this PDKI phosphorylation motif including PKA, 

S6K and PKC. This raises the possibility^ that PDKI could also act on and phosphorylate the 

homologous site in other kinases and thus be an important branch point in signalling, especially as the 

equivalent PKB T308 activating phosphorylation is likely to have similar regulatory roles in other A,G,C 

kinases (reviewed in Peterson gf a/. 1999). 

Of the kinases which share the conserved PKB site, PDKI has already been shown to phosphoiylate S6 

kinase, PKA, p90RSK and several PKC isolbrms including the atypical subfbrms PKCX/PKCi^ the novel 

PKC8 and conventional PKC isolbrm PKCpil at their homologous sites (Belham gf a/. 1999, Good g/ o/ 

1998, Alessi gf (r/. 199X, Pullen ĝ  199X). As with the phosphory lation of PKB, the phosphoiylation 



or several PKC isofbrms (i.e. PKC/VPKCQ requires Ihc prcscncc oClipid co-faclors lo assisl PDKls in 

Ihcir aclivalion (Band)'opadhyav ef g/.1999, Chou o"/. 1998). The phosphorylation and activation of 

the novel PKCs; PKCe and PKC5, and the 31)1)1031 PKC( has been shown to be stimulated by PI3K lipid 

products and conversely inhibited by the PI3K inhibitor LY294002, which again points towards the 

PI3K/PDK1 pathways involvement in these activations (Standaert gf a/. 1999, Chou (f/ o/. 1998, 

reviewed in Peterson ef a/. 1999, Vanhaesebroeek et al. 2000) 

A second group of PDKI substrates including S6K and SGK require prior phosphorylation at a second 

site to enhance PDKI directed phosphorylation and activation (Alessi a/. 199&, Kobayashi eif o/. 

1999). For example, a catalytically inactive mutant of PDK1 has also been shown to block growth factor 

stimulated activation of S6 Kinase, anphasising a likely role lor PDKI in the phosphoiylation and 

activation of this and other kinases of the same group (Pullen cA 1998, Balendran gf aA 1999, 

reviewed in Cohen 1999). This priming phosphorylation event will be investigated in chapter 5 with 

refa^encG to the activation of S6K where this phosphoiylation increases the acti\dty of this kinase. 

A third subset of possible PDKI substrates require an interaction with Rho-GTP in order ibr PDKI to 

access and phosphorylate the T-loop site This group which includes the PKC related kinases (PRK 1 

and 2) possess an N-terminal Rho-binding domain which when occupied by Rho induces a 

conformational change in these proteins allowing PDKI to interact with these kinases and phosphorylate 

the T-loop site (Flynn et al. 2000). The final group of possible PDKI substrate have been found to be 

constitutively phosphorjdated at the T-loop site, with this phosphorylation event not influenced by PI3K 

or other known inputs. This group of substrates which includes p90RSK and PKA may tha^fbre be 

phosphorylated by the constitutively active PDKI as soon as they are synthesised and then regulated by 

other post-PDKl phosphorylation events in response to upstream inputs (Cheng et al. 1998, Jensen et 

aZ. 1999, Frodin ef a/. 2000). 

ThaT;fbre, it appears, that not only has PDKI been found to be an essential kinase in the T-loop 

phosphcwylation and activation of PKB but has also been shown to be a key factor in regulating several 

other important cellular proteins. It is apparent that PDKI can act as a direct downstream modulator of 

P13K function to not only PKB but also possibly S6K and several PKC isoibrms. Cellular roles for 

PDKI in glucose transport (via PKB and'or PKCQ, protein synthesis (via S6K) and cell survival in 

response to a variety of growth factors including insulin, EGF and PDGF have already been proposed. It 

is clear that PDKI is likely to be important in the control/regulation ofkc) events and thus needs further 

investigation to establish its precise cellular roles (reviewed in Vanhaescbroeck cf a/. 2000, reviewed in 

Chen a/. 1999, reviewed in Peterson cf o/. 1999) 
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1.2.4.4 PDK2 

For maximal PKB activation, phosphorylation of the activating serine of PKB (S473 in PKBn) is also 

required. Mutation studies on this residue revealed that if it is mutated to alanine maximum activation of 

PKB could not be achieved, whereas mutation to aspartate partially activated PKB (Alcssi o/. 1996). 

In both cases, phosphorylation of T30& still occurred irrespectively with a subsequent increase in 

activation. A similar situation was observed with T308A and T308E mutations indicating that these two 

phosphoiylation events are indqiendent and act synergistically to maximally activate PKB (Alcssi g/ o/ 

1996, BeUacosa gf a/. 1998). Incubation of partially active (T308 phosphorylated) PKB with PI 3,4,5P3 

did not result in further phosphorylation or activation of PKB wfm, indicating that the serine 473 

phosphcaylation is unlikely to be a PI3 lipid induced autophosphorylation event and therefore another 

upstream kinase is likely to be involved. (Alessi ef a/. 1997c). 

Mutation studies have shown that the phosphorylation of this serine site is also sensitive to the 

Phosphatidylinositol hpids and so this unknown kinase has been termed phosphati(^linositide dependent 

kinase -2 (PDK2). The insulin-induced phosphorylation of this residue is also prevented by inhibitcrs of 

PI3K, indicating the involvement of the PI hpids in its activation/regulation (Alessi oA 1996). 

The soine 473 site in PKB has been shown to lie within the regulatory C-terminal domain in a region 

which is highly conserved within the A,C,G kinase family (reviewed in Peterson et al. 1999). In this 

family, this site has been found to he within the consensus motif P-X-X-P-S/T-F/W with the 

phosphorylated serine or threonine always lying 160-165 amino acids downstream of the conserved 

serine/threonine site phosphoiylated by PDKl. Kinases shown to contain both the PDKl site and this 

potential PKD2 site include not only all the PKB isofbrms, but also S6K, many PKC isoibrms and the 

rho-dependent protein kinase (reviewed in Peterson ef a/. 1999, rev iewed in Vanhaesebroeck a/. 

2000). 

The search is on for the identity of this kinase, which along with PDK, 1 is likely to be involved in the 

phosphorylation and activation of a %ide variety of kinases and so have a critical role to play in ceU 

signalling. Although MAPKAP Kinase-2 phosphoi}4ates this residue wfro this kinase is not 

stimulated to any extent by lGF-1 or insulin in many cell lines and inhibition of the MAPKAP-2 

activating pathway had no eflbct on insulin's activation of PKB (Alessi t;/ 1996). IVlAPKAP-2 is 

thcrefwe unlikely to be PDK2. 

Another more promising candidate lor PDK2 is the intcgrin linked protein kinase (ILK) (reviewed in 
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Dcdhar 2000). This kinase has been found lo link with Ihc cytoplasmic domains of inicgrins p 1. 2 and 3 

and so is usually located in ihc proximity of the plasma membrane (Radava cf a/. (997). ILK also has 

been found to suppress anoikis (an anchorage dependent form of apoptosis) and stimulate progression, 

processes which PKB has also been implemented in (Radava ef a/. 1997, Assoian a/. 1997, re\'ie\vcd 

in Dedhar cf a/. 2000, Datla a/. 1999). ILK is stimulated by PI3K and its activation has been shown lo 

be prevented by inhibitors of PI3K with these findings placing ILK downstream of P13K (Delcommennc 

ef a/. 1998). This is further evidenced by the facts that fLK has also been shown to require the PI3K lipid 

product, PD,4,5P3 for maximal activity with ILK activit} negatively regulated by the 3 phosphatase, 

PTEN (see section 1.3.4) (Delcommenne gf g/. 1998, Morimoto o/. 2000). 

Most importantly in this pathway, ILK has also been found to bring about phosphorylation of PKBa at 

the serine 473 site \vith a kinase deGcient ILK preventing this phosphorylation and activation of PKB 

(Delcommame gif a/. 1998, Lynch e/ a/. 1999). Activation of ILK has also been shown to lead to the 

phosphoiylation and inhibition of GSK-3 a likely downstream, substrate of PKB, again linking these two 

kinases (Wu 1999, Troussard g/ a/. 1999, Delcommame gf oA 1998, Persad ef aZ. 2000). ILK 

has previously been shown to directly phosphorylate S473 of PKBa raising the possibility that ILK ma\ 

be the elusive PDK2 (Delcommenne e/ o/. 1998, reviewed in Dedhar 2000). Recaitly ILK has been 

shown not to contain a kinase activity suitable for a direct PKB phosphcHylation event and has been 

proposed to act via a second as yet unknown kinase, to mediate phosphcfylation and activation of PKB 

(Balendran oA 1999, L)ndi ef oZ. 1999), 

Use of dominant negative mutants of ILK in several cell lines also been shown to suppress PKBa S473 

phosphorylation and lead to increased apoptosis and G1 to S phase cell cycle arrest, linking ILK to PKB 

S473 phosphory lation (Wu 1999, Troussard ef aZ. 1999, Persad aZ. 2000). These studies indicate that 

in certain cell hnes, particularly anchorage dependent ones, ILK is a likely upstream regulator of S473 

phosphorylation and PKB activaticm (Hannigan g/ oZ. 1996, Delcommenne ef oZ. 1998, Persad g/ 

2000). However, whether these studies make ILK an attractive direct candidate as PDK2 or whether ILK 

acts between PI3K and an unknown PDK2 at least in some cell types is unclear and tha^efbre one which 

more than merits further investigation (reviewed in Kandel g/ gZ. 1999, reviewed in Dedhar 2000). 

Alternatively recent evidence has shown that there is the possibility that PDKl could phosphorylate the 

serine 473 site leading to maximal PKB kinase activity (reviewed in Vanhaesebroeck g/ aZ. 2000). Earlier 

W/m studies showed that PDKl could not directly phosphorylate this site on PKB (Alessi gf oZ. 

I997a&b) however the new data shows this may not be the case and PDKl may be able to acquire PDK2 

activity (Balcndran e/ aZ. 1999a). It has been shown that the kinase domain of PDKl interacts with a 
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fragmcnl of Ihc carboxyl domain of PRK2 a rho-dcpcndcnl and lipid dependent kinase which has been 

subsequently termed (he PDKl-interacting fragmcnl (PIF) (Balendran cf/ or/. 1999a). The inleraclion of 

PIF %ith PDKl occurs via binding of the modified PDK2 consensus motif in Ihe PRK2 Iragment lo a 

hydrophobic motif in the small lobe of PDKl (Balendran cf o/. 1999a, Biondi trf o/. 2000). In PIF the 

phosphorylated serine or threonine residue, usually within this motif^ is replaced by an aspartate, thus 

mimicking phosphorylalion of this site, with this modification shown to be essential ibr interaction. This 

fragment has been shown to comprise the final C-terminal amino acids including a putative PDK2 

site and may be generated by alternative sphcing of the PRK2 gene or possibly afLer a post-translational 

cleavage event (Balendran o/. 1999a, Biondi aA 2000, reviewed in Vanhaesebroeck (%/. 2000). 

Upon this interaction PDKl was found to obtain activity towards the PDK2 site. Thus this converted 

form of PDKl was able to phosphor\'latc PKBa on both the ihreonine 308 site and the serine 473 site in 

a PI3,4P2 and PI3,4,5P3 dependent manner (Biondi g/ aZ. 2000, Balendran a/. 1999a&b). Interestingly 

in the presence of PIF, PDKl is converted from a form that may not be activated directly by PI3,4,5P3 to 

a Ibnn that is activated more than 3 fold by this lipid (Balendran g/ 1999a&b, Biondi gf o/. 2000). 

Also, in brain extracts the m^or PDK2/S473 activity which phosphorylafes PKB in a PI3,4,5P3 

dependent manna- could be immunoprecipitated by a PDKl antibody peAaps further indicating a likely 

role for PDKl as a PDK2 kinase (Balendran et al. 1999a). 

These results appear to show that PDKl could in fact also be the unknown kinase PDK2 gaining this 

second activily upon its interaction with the PIF region of PRK2 (Balendran el al. 1999). It will be 

interesting to see if this situation is apparent in other cell lines and how sudi a into-action may affect the 

other possible roles of PDKl, particularly as most other A, G, C kinases also contain this PDK2 

hydrophobic motif (reviewed in Chen a/. 1999, reviewed in Toker ef g/. 2000). The role of PDKl in 

phosphorylaling the T389 site of S6K as well as the T229 site has also been investigated (Balendran 

aZ. 1999b). Some data suggests that PDKl is capable of phosphorylating both the PDKl and PDK2 sites 

under normal unoccupied conditions however in the presence of the PIF fragment it appears that PDKl 

does not phosphorylate the PDK2 site and cannot phosphoiylale the PDKl eitho" (see chapter 5) 

(Balendran ef a/. 1999b). 

Recent evidence has again raised Ihc possibilit} of the phosphoiy lation of PKB at the S473 site is in fact 

an autophosphorylation event (Tokcr o/. 2000). This evidence is based on the findings that the 

phosphorylation of this hydrophobic site motif in PKB requires an intact intrinsic kinase activity. In 

these studies, kinase inactive PKB mutants (K179M) could still be phosphorylated on the T308 site in 

response to IGF-1 but could not be phosphorylalcd on the S473 site (Tokcr g/ cz/. 2000). However in the 
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wild lypc cniymc, bolh sites could be phosphonlatcd in response lo IGF-1 siimulalion indicating the 

importance of PKB's intrinsic kinase Kti\'ity in Uic hydrophobic molif serine phosphon'lation. The 

phosphorylation of S473 was also found to be dependent on prior phosphory lation of the T308 site as 

shown by T038A and T308E mutants. This event was found to be suCTicient to stimulate PKB 

autophosphcwylation on S473 m w/m (Toker a/. 2000). 

There are therefore several possible candidates for the identil\ of PDK2, including PDK1 or PKB itself 

From experimental studies it appears that some of these candidates show more promise than otiiers as 

the PDK2 kinase, but the ovcrah situation is unclear. Also, there may be more as yet unidentified 

candidates for the role of this crucial signalling kinase especially as this area of research is still fairly 

new. Hence it is apparait that more work is required to elucidate the exact mechanism by which insulin 

and other growth factors bring about PKB activation and how PI3K, PDKl and PKB itself contribute to 

this complex activation process (reviewed in Cohen ef a/. 1997, Coffia" e/ g/. 1998). A simplified 

diagram of the receptor linked activation of PKB via the PI3K/PDK1 pathway is shown in figure 1.3 

1.2.4^ Alternadve Routes for PKB Activadon 

Recent evidence has also shown that cytokines such as interleukin-2 activate PKB via recq)tor mediated 

activation of PI 3-Kiaase (Reif et ai. 1997). However, it is also becoming apparent that PKB cannot only 

be activated by PI 3-Kinase but also by other as yet undefined mechanisms. For example, the P-

adraiergic agonist, isoproterenol, has been shown to activate PKB in a wortmannin-insensitive 

mechanism and hence not using class 1* PI3K (Moule cf a/. 1997). This factor has been shown to act on 

PKB via the Ps-adrenoreceptors using a mechanism whidi has been fbtind not to involve changes in 

cAMP levels (Liao ef oA 1998). Also the activation of PKB by this agonist has been shown not to leW to 

the characteristic SDS-PAGE mobility shift for activated PKB seen after growth factor stimulation 

(Moule cfaA 1997). 
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Figure 13 - Simplified PKB Activatioa Pathway 
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Il is possible that such an aclivalion still involves Ihc proposed conslitulivcly aclive PDKI since PDKI is 

ubiquitously expressed and so follows a similar aclivalion route downstream of PI 3-kinase. It may be 

(hat this mechanism is via a worlmannin insensitive class II P13K or via other possible PKB kinases. 

Olher possible mechanisms for this activation include acting via an as yet unknown wortmannin 

insensitive, G protein Py subunit activated PI 3-Kinase or by direct interaction oCPKB with Gpy^ubunits 

(Murga o/. 1998, reviewed in Vanhaesebroeck a/. 1999). In fact, it has recently been shown that the 

PH domain of PKB can interact with Gpysubunits and with PKCa and 8 subtypes /w v//fo (Konishi a/. 

1995). Another possibility is that the proposed wortmannin insensitive route is c(m5ned only to the cell 

types used in this study (rat adipocytes) and so is not a major PKB activation route. This is evidenced but 

the fact that other groups have failed to repeat this wortmannin insensitive activation. Hence, further 

woit is required to establish how P-Adrenergic agonists stimulate PKB 

PKB has also been shown to be activated by cellular stress, for example heat shock (i.e. temperature 

elevation of COS-7 cells from 37"C to > 44''C) and osmolarity stress (Meirer g/ (7/. 1998, Konishi gf o/. 

1996). hi heat shock treatment, this activation of PKB has been found to be related to and greatly 

enhanced by its association wth heat shock protein 27 (Hsp 27) (Konishi gf o/. 1997). As with P-

adrena-gic agonist stimulation, this activation of PKB has been found to occur by an unknown 

wortmannin insensitive mechanisms, so a role for P13K in this is unlikely. In this activation, the PH 

domain of PKB was shown to be indispensable and in heat shock cells PKC-5 was shown to interact 

with this domain and be phosphorylated in vitro by PKB indicating a possible role of PKB's PH domain 

in responding to cellular stress (Konishi et al 1996). However, there is some evidence that these routes 

may indeed follow the documented wortmannin-sensitive PISKroute, with previous diSerences due to a 

less speciGc mixed histone PKB assay used in initial experiments (Shaw aZ. 1998). 

PKB activity has also beai shown to be increased by agents which elevate cellular cAMP levels with this 

possibly via PKA (Sable g/ aZ 1997, Filippa e/ a/. 1999). PKB has also been shown lo be 

phosphorylated by PKA with this phosphorylation leading to PKB activation. To date the significance of 

this possible route is unclear, as the sites on PKB phosphorylated by this kinase have yet to be resolved 

and these Endings have not been shown to occur M Wvo. It has however been shown that activation of 

PKB by this route is a lot weaker than the common PI3K/PDK] route with questions about the 

requirements of the PH domain and S473 site also raised (Filippa a/. 1999). 

Agents which elevate intracellular calcium levels have also been reported to activate PKB in a PI3K 

independent manner through the calcium,calmodulin dependent protein kinase kinase (CAMKK) (Yano 

o/. 1998). PKB has also been shown to be phosphor}lated by CAMKK on T308 in the presence of 
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PI3,4pP;. Calcium anlagonisls have also been shown lo prc\cn( PI3,4.5P.̂  formation and PKB aclivalion 

which may indicate a link (o PI3K via this rou(c (Wang 6-/ a/. 2000). However, the relative importance 

and role of this has been questioned as other groups have been unable to show that CAMKK is capable 

of directly phosphon lating PKB and also have been unable to find any activation of PKB by increased 

cellular calcium levels in kidne '̂, fibroblast and neuronal cclls (Pullen a/. 199K, Conus g/ oA 1998, 

reviewed in Vauhaesebroeck o/. 2000) 

PKB has also been shown to interact with, be phosphor, latcd and negatively regulated b}' the protein 

kinase C isolbrm, PKC5 although again the physiological signiCcance if any has yet to be determined. 

Therefore, it is apparent that the evidence concerning the P13K independent activation of PKB is very 

patchy and inccmclusive. It is, however, apparent that regulation of PKB activity is a fairly diverse and 

complex area which is likely to be cell/tissue type and stimulator specific and is therefore a rich source of 

stud}' fbr a long while to come. One alternative route (or these PI3K independent mechanisms of PKB 

activation is that these routes act to inhibit phosphatases involved in the negative regulation of PKB. 

1.2.5 Negative Regulation of PKB 

It is appears that the m^or event in the activation of PKB is the phosphorylation of the T-loop threonine 

residue (ie. T308 in PKBa) and the C-terminal hydrophobic dc*nain saine (i.e. S473 in PKBa). 

However this activation profile, in response to most growth factors/stimuli, has been found to be rapid 

and transient and therefore m ^ o d s of regulating this event are required. In unstimulated ceUs and in 

order to inactivate PKB these residues are dephosphorylated, indicating the action of specific 

phosphatases is required. The negative regulation of PKB has beai found to not only involve protein 

phosphatases which act directly on the threonine/serine activation sites, but also hpid phosphatases 

which act to ranove the P13K gmerated, PKB activating hpids PI3,4P2 and more importantly PI3,4,5P3 

(reviewed in Chen a/. 1999, renewed in Kandel g/ c/. 1999). 

When activated PKB is treated with protein phosphatase 2A (PP2A) it is found to be 

dephosphor}lated on T308/S473 and inactivated indicating that PKB is a substrate fbr this phosphatase. 

(Andjelkovic 6̂ / 1996, Meier e/ oA 1997). Also, hyperosmotic shock rapidly inactivates PKB and this 

is preceded by the dephosphorylation of PKB (Meier gf a/. 1998). Evidence fbr a role of PP2A in the 

wvo dephosphor\iation and inaetivation of PKB has also recently been identified. The agents vanadate, 

pcroxyvanadate and okadaic acid all act to inhibit cellular phosphatase activity particularly PP2A and 
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have all been shown lo aclivale PKB again indicating a role for PP2A in Ihc negative regulation of PKB 

(Meier (f/ oA 19981 Prolonged activation oC PKB is also seen in the presence of calvculin A, another 

PP2A inhibitor, emphasising a potential role for PP2A in the inaetivation of PKB (Meier cf o/. 1998). 

Thereibre, it is likely that PP2A and possibK other protein phosphatases act to remove the activating 

phosphoiylations on PKB and down regulate PKB back to basal levels once the PKB acdvating stimulus 

is Gnished (reviewed in Kandel a/. 1999). 

The second m^or mechanism of down regulating or negativel}' eOecting PKB actiwty appears to via 

speciGc 3" and 5' lipid phosphatase acti\dty directed towards the PI products of PI3K previously shown 

to activate PKB. The first lipid phosphatases proposed to have a role in regulating PKB activit}^ are the 

SH-2 domain containing inositol 5 phosphatases SHlPs which have been shown to hydrolyse P13,4,5P3 

to PI3,4P2 (Habib gf oA 1998). Overexpression of this phosphatase in cells has been shown to inhibit 

PKB activity and promote apoptosis in a variety cell lines by the inhibition of the PI3K/PKB survival 

pathwa}'S (Aman gf (z/. 1998, Liu ef oA 1998). SHIP null mutant micc have been shown to have 

increased levels of PI3,4,5P3 and prolonged PKB activation, coupled with decreased levels of PI3,4P2 

which indicates the relative importance of P13,4,5P3 over P13,4P2 in the activation and functioning of 

PKB (Aman oA 1998, Liu g/ oA 1997 & 1998). These SHIP-/- mice danonstrate defects in triggenng 

apoptosis and have excessive cellular survival in myeloid cells indicating a role fw PDK/PKB in cell 

survival and SHIP in negatively regulating these e\ aits (Aman aA 1998, Liu gf oA 1997 & 1998). 

The second major lipid phosphatase activity involved in PKB regulation, recently found to be present in 

many cell ty%)GS, was an inositol poh'phosphate 5 phosphatase which has subsequently been refWed to 

as PTEN/MMAC1 (reviewed in Di Cristofano ef a/. 2000). PTEN (phosphatase and tensin homol%ue 

deleted Irom chromosome 10), MMACl (mutated in multiple advanced cancers) or TEPl (TGFp-

regulated epithelial cell enriched phosphatase) was found to be located on chromosome 10q23 within a 

genomic region which suffers loss of heterozy gosity' ia many human cancers (Myers arA 1998, Cantley 

cf (zA 1999). In fact, mutations or deletions in this gene have been identified in a large number of 

different tumours including prostate cancers, ghoblastomas and endom^al derived carcinomas (Li e/ oA 

1997, Suzuki cf oA 1998). 

Mutations in the PTEN gene have been Ibund to be present in more than 80% of patients suffering from 

one of three autosomal dominant disorders; Cow dens disease, Bannayan-Zonana syndrome and 

Lhermitte-Duclos disease, which share similar features including multiple benign tumours and an 

increased susceptibility to thyroid and breast malignancies (Liaw eV oA 1997). Therefore, inactivation oF 

PTEN has been implicated in the progression of a large number of tumours with loss of function also 
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linked to a predisposition towards canccr. demonstrating a critical role for PTEN as a tumour suppressor 

gene. The fact PTEN is one of the most common!}' mutated genes in human canccrs (second only to p53) 

further emphasises the role PTEN plays in tumour suppression (reviewed in Di Cristofano a/. 2000, 

renewed in Datta a/. 1999). 

PTEN is a 55kDa protein which has been found to contain a specialised t\Tosine phosphatase domain 

which is capable of dephosphor^ lating not only tyrosine residues but also serine/threonine residues 

(Davis a/. 1998). This domain correlates with Lbe region where most gene mutations in tumours occur, 

underpinning the importance of this rcgion/activity in the tumour suppression function of PTEN. 

However PTEN was found to be an inefficient protein phosphatase suggesting this activity was not the 

main fimctioning of PTEN. Subsequently, PTEN was found to be veiy active towards highly acidic 

substrates suggesting it does not act primarily on proteins. The m^or substrate (or PTEN was then 

found to be the PKB activating lipid, PI3,4,5P3, which PTEN cleaves at the D3 phosphate group 

generating an inactive P14,5P2 product (Maehama oA 1998, Myers a/. 1998). 

The crystallographic structure has revealed the catalytic site of PTEN to C(msist of an extra wide 

hydrophobic pocket which can accommodate the head group of PI3,4,5P3. This site is sufTounded by 

three positively charged residues (KI25, K128, H93) which account for PTENs preference fw highly 

acidic substrates such as PB,4,5,P3 and help gena^ate its hpid phosphatase activity. The catalytic site of 

PTEN is also vefy deep and so could possibly bind a phosphotyTosine or a phosphoserine/threonine 

residue and still sometimes act as a protein phosphatase (Lee ef aZ. 1999). 

The fact that PTENs main substrate is P13,4,5P3, placed this protein as a negative regulator of the PI3K 

pathway which generates this lipid (Stambohc ef oZ. 1998, Haas-Kogan gf a/. 1998). In quiescent cells, 

the levels of Pi3,4,5P3 are ver\ low but increase rapidly via the action of PI3K in response to growth 

factor stimulation (reviewed in Chen ef a/. 1999). Thus it appears that PTEN s cellular roles are two 

(bid, Grstly to keep the levels of P13,4,5P3 low in quiescent ceUs to prevent inapprc^riatc activation of 

the targets of this hpid i.e. PKB, and secondly to return the high post stimulation levels of P13,4,5P3 back 

to the low normal levels and thus inactivate/negatively regulate the various downstream targets of this 

lipid including PKB (Wu o/. 1998, Wang cf a/. 1999, reviewed in Datta ef a/. 1999). 

Therefore, PTEN has been shown to dircctly rcducc both the levels of P13,4,jP3 and the activity of PKB 

in a variety of ccll types (reviewed in Datta cf (%/. 1999, rev iewed in Kandcl e-/ (?/. 1999). Overcxprcssion 

of PTEN has also been shown to induce apoptosis in many ccll î -pes with this suppression of cellular 

survival linked to the P13K/PKB pathway (Wang e/ a/ 2000, Tolkachcva cv a/. 2000. Liu 1999, 

4K 



reviewed in Dalla tV of. 1999) Thus fad was confirmed by expcrimcnis where similar apoploiic 

responses to (hose wilh PTEN were induced by P13K and PKB mutants and Pi3K inhibitors (Wang t:/ a/ 

20(M), Tolkachcva aA 2000). PTEN ovcrexpression has also been linked to G1 growth arrest and to the 

inhibition of other P13K lipid activated proteins including integrin linked kinase and phospholipase C 

(Zhundel trf a/. 2000, Morimoto 2000). In fact, the endogenous levels of PTEN have been found to 

be increased in mid-lale G1 phase wiiere it may act as a control point negative regulator in ceU cycle 

progression possibly via interaction with retinoblastoma (Rb) (Persad 2000, Parainio o/. 1999). 

In contrast to these overexpression studies, loss of PTEN fimction has also been found to have 

signiGcanl afkcts on ceUular function. For example, loss of PTEN function has been shown to cause an 

accumulation in PI3,4,5P3 which results in PKB hypa^-activation leading to protection against various 

apoptotic stimuli (Cantley g/ a/. 1999, Nakashima gf a/. 2000). PKB activit)^ and cellular survival have 

also been shown to occur in PTEN glioblastoma cells (Haas-Kogan ef or/. 1998, Li gf o/. 1998). It is 

likely that this increase in PGK lipid products and themfbre PKB activity, is one of the mechanisms by 

which several PTEN -/- cancers exhibit their apoptotic resistance and hence tumour potency and 

progression (Lu ef aZ. 1999, Di Cristofano ef oA 1999, Wu gf a/. 1998, reviewed in Datta a/. 1999). 

Furtha" evidmce linking PTEN lipid phosphatase activily to negative regulation of the P13K/PKB 

pathway, is seen with the fact that overexpression of PTEN in 3T3-L1 cells inhibits glucose uptake and 

GLUT4 transporter translocation, evaits wtich have beai previously attributed to the PI3K pathway 

(Nakashima o/. 2000, reviewed in Alessi ef aZ. 1998). This ov^xpression of PTEN also prevents 

membrane ruffling which may link PTEN activity to the regulation of other proteins (Nakashima et al. 

2000). In fact, the protein phosphatase activity of PTEN may also be linked in part to tumour 

invasivaiess since PTEN has also bem shown to dephosphorylate and inactivate focal adhesion kinase 

(FAK) and reduce membrane ruSling and tumour spreading via this activity (Maier a/. 1999, 

Morimoto oA 2000). 

Therefore, it is apparent that the PTEN phosphatase is a very important regulator of PKB activity and 

that this phosphatase appears to be mutated in a variety of cancers and cancer related S)'ndromes which 

therefore places not only PTEN but also PKB as key mediates of cancer cell functioning. PTEN is an 

important protein in cells as it appears to be critical in modulating a range of factors downstream of P13K 

and in the balance of kc} cellular processes including cell growth verses growth arrest and cell survival 

verses apoptosis. It is clear that the discovery of PTEN is a kc)' event in cell signalling and along with 

other potential negative regulators of P13K/PKB needs urgent study (reviewed in Datta c; a/. 1999). 
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1.2.6 PKB Movement Post Activation 

Once PKB has been aclivalcd by (he PI3K/PDK1 and membrane localisation, most of il dissociates from 

Ihe plasma membrane lo activate its mainly cyiosolic substrates (Mitsuuchi e/ aZ. 1998). There is some 

evidence, in fact, that there are diGcrcnccs in the substrate speeificitics of mcmbranc-localised and 

cytosolic-activated PKB. This is shown b} the fact a membrane targeted oonstitutively active PKB has 

been shov,!] lo activate p70S6K but a double aspartate (T308D/S473D) constitutively active mutant docs 

not activate p70S6K. As well as functioning to activate cvlosolic and possibly membrane localised 

substrates, PKB has also been proposed to aci on sc\eral nuclear substrate and hence may itselT also 

have a nuclear location. For example, the constitutively active v-Akt has been shown to be distributed in 

the cytosol, nucleus and at the plasma membrane (Ahmed a/. 1993) 

A detectable proportion of PKB has been proposed to translocate to the nuclcus rapidly following grow^ 

factor induced activation. For example, following insulin stimulation and PKB plasma monbrane 

translocation, both PKBa and PKBp have been shown to rapidly translocate lo the nucleus in 293 cells 

(Anf^elkovic (/A 1997, Meier oA 1997). The phosphatase activator ceramide has also been shown to 

prevent both activation and nuclear translocation of PKB in PC 12 cells, via the dephosphorylation of 

PKB using a specific ceramide activated phosphatase (Sahnas ef a/. 200). 

Recently, the 14kDa protein product of the Tell oncogene has been shown to interact with the with the 

PH domain of PKB and prcwnote the nuclear localisation of PKB (Pekarsky ef a/. 2000). In Tell negative 

cells stimulated with 10% FBS more than 90% of the activated PKB resides in the cytoplasm however 

with expression of Tell the localisation ratio is approximately 50% c^iosolic and 50% nuclear (Pekarsky 

oA 2000). The association of Tell with PKB has been found to not only lead an increased nuclear 

localisation of PKB, but also to increase the activity' of PKB around 5 fold acting in synergism with the 

growth factor activated P13K/PDK1 pathway to maximise PKB activitv' (Pekarsky ef (7/. 2000). 

Therefore, PKB may have roles to play in both cytoplasmic and nuclcar ccmtrol and hence it is important 

to dcHne clear substrates for PKB. 
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1.27 Possible Cellular Roles of PKB 

Bccause of Ihc fairly rccenl discovery of PKB and its associated pathway litllc is yd known about most 

of ils cellular roles. Il is believed lhal mosl of PKB's actions are on cytoplasmic processes, although 

evidence points to possible nuclcar translocation of PKB and hencc PKB may also target nuclear 

substrates. There is also the possibility of some mitochondrial interaction between PKB and 

mitochondrial membrane proteins particularly in relationship lo cell surv ival (see later). This is hkely to 

be a oversimplification of what is rapidly becoming a \ery complex and diverse signalling pathway 

wtich we arc only just starting to explore. 

Likely cellular roles for PKB can be broadly split into 2 groups namely i) metabolic roles (usually linked 

to insulin signalling pathways) including glycolysis, glucose transport, glycogen /lipid/ protein synthesis 

and transcription/translation and ii) cell c}'cle roles including cell survival / death, cellular diflerentiation 

and cell proliferation. However, within these umbrella headings there is likely to be a great deal of cross 

over with shared downstream substrates or cellular functions which could come under either heading 

We can also divide PKB's fimctioniiig into inferred direct PKB substrates, proteins believed to be 

effected indirectly by PKB and cellular processes proposed to be effected by PKB via an as yet undeGned 

route. Also it is clear that many of the proposed roles for PKB which are detailed below, may be cell / 

tissue Of species specific and depend on the PKB le^ els/isofbrms expressed and what other signalling 

factors they contain and/or respond to. 

Most experiments to date proposing cellular roles for PKB are based on overexpression studies involving 

dominant negative or constitutively active mutants of PKB. Therefore caution is needed in interpreting 

potential roles for PKB based on these studies since overexpressed PKB can act in an non-physiological 

fashicm. Overexpressed PKB may act on ncm-physiological substrates or interfere with the normal 

functioning of upstream or downstream endogenous proteins For example, PKB mutants ma)' interact 

with PDKl and prevent it from acting on its other downstream targets (i.e. AGC kinases). Alternatively 

PKB mutants could bind to substrates preventing other AGC kinases from phosphoiylating them 

(reviewed in Vanhaesebrocck ef/ o/. 2000). 

Many other PKB functionality studies are based on the wfro actions of PKB so again may not relate to 

physiological conditions. The recently discovered SGK kinase lias also raised questions about the exact 

cellular roles of PKB (Koba^ashi oA 1999). This kinase has been shown to be regulated in a similar 

P13K dependent fashion to PKB and to phosphorylatc the same target sites on proteins which PKB can 

act on (Kobayashi o/. 1999, Park 6̂ / tz/. 2000). Thcrclbre it is important to confirm genuine cellular 
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roles for PKB and not allributc lo PKB some ofSGK s actions. 

1.2.7.1 Potential Direct PKB Substrates 

1.2.7.1.1 Glycogen Synthase Kinase-3 

The first potential PKB direct substrate to be discovered was glycogen synthase kinase-3 (GSK-3), 

wtiich PKB can directly phosphonlate and inactivate f/7 (Cross a/. 19V5). Ovcrexpression of 

PKB in a variety of cells has also been sho^m to lead to the phosphory lation and inactivation of GSK-3 

(Cross 1995, Alessig/g/. 1996). 

GSK-3 was originally identified as a serine/threonine kinase that phosphorylates and inactivates 

glycogen synthase (Cohen a/. 1982/19X5) but is itself serine phosphoniated and inhibited in response 

to insulin stimulation. Insulin activates GS by promoting dephosphor̂ ^ l̂ation of this at a cluster of serine 

residues (3a^ 3b, 3c and 4) which are those specifically phosphor\'lalcd by GSK-3 (Paulter o/. 198B). 

Tha^efbre, it was proposed that insulin acts to inhibit GSK-3 whilst stimulating a specific protein 

phosphatase to bring about GS dephosphorylation and activation and hence the conversion of glucose to 

glycogen (Cohen 1993). 

GSK-3 has also been found to be phosphoiylatsd cm serine residues notable serine 9 in p and 21 in a, 

with phosphorylation at these sites leading to a rapid and significant decrease in activity (Wang g/ g/. 

1994, Stambolic g/ aZ. 1994). Wrm studies and when overexpressed wvo PKB has been shown to 

inactivate GSK isoforms by phosphorylating the inactivating serine residues, phosphorylated in response 

to growth Factor treatment (Cross ef a/. 1995). The time course for PKB activation by growth factors i.e. 

insulin of 1 minute also Gts in with the growth factor induced inactivation time for GSK-3 of around 2 

minutes (Hurel gf oA 1996, Alcssi oA 1996, Shaw g/ (z/. 1997, Van Wecren c/ a/. 1998). 

Growth factor mediated inhibition of GSK-3 in many cell types has been showTi to be removed by the P[ 

3-kinase inhibitor wortmannin, which also inhibits growth (actor stimulated PKB activation (Welsh gf 

a/. 1994). These experiments suggest PKB may have a role in regulating the acti\ity of GSK-3 by direct 

phosphor\]ation and inhibition. Therefore PKB may be involved in modilXing many of Uie cellular 

processes GSK-3 has been implemented in, especially the regulation of glycogen synthesis via GSK-3 

inhibition ofGlycogcn Synthase (Cross cvo/. 19̂ )7, Hurel 1996, reviewed in Coffer g/o/. 1998). 
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GSK-3 has been shown lo phosphoiylalc many subsLral.cs which can be split into (wo distinct groups. 

The (irst group of substrates has been (bund to require prior phosphor) lauon b\ a didcrcnt kinase bcibrc 

GSK-3 can phosphorylate them. Substrates within this group usually require phosphorylation on serine 

or threonine residues 4 places C-terminal of the site GSK-3 acts on. Substrates in this group include 

glycogen synthase, which is previously phosphorylated by casein kinase 2, and the G-subunit of PPl 

afler prior phosphoiylation by PKA. The substrates within this group appear to have a conserved 

structural motif of S-X-X-X-S(P)- (or GSK-3 to be active towards them, with other members of this 

group Including CREB protein and ATP cilraic lyase (Plyte oA 1992). The other group of substrate 

classiHcation are those which do not have a requirement lor a prior phosphor\iation, with members of 

this group including the transcription factors c-Jun and L-myc and the microtubule associated protein tau 

with GSK3P hyperphosphorylation of this neuronal protein being linked to the development and 

progression of Alzheimer's disease (Imabori gf a/, 1997, Takasmama ez/. 1993). The other notable 

GSK3 substrate is the eukaryotic initiation factor 2 protein (elF2) which has been shown to be 

phosphofylated and inactivated by GSK3's action at a type 1 GSK3 phosphorylation motif. Therefore if 

GSK-3 is a direct target of PKB this suggests a pivotal role 6)r PKB in regulating a variety of processes 

which GSK-3 has been implemented in. 

1.2.7.1.2 PKB target motif 

The discovery of GSK-3 as an in vitro direct substrate which PKB can phosphoiylate lead to the search 

fbr and elucidation of a PKB substrate consensus sequence. By using synthetic peptides based on the 

amino acid sequence around the serine site of GSK-3 whidi PKB targets, Alessi ef g/ 1996cX were able 

to (kGned the minimum sequmce requirements fbr a possible PKB substrate. It was ibund that this 

minimum PKB substrate sequence motif based on the GSK-3 site w as Arg-Xaa-Arg-Yaa-Zaa-Ser/Thr-

Hyd; where Xaa is any amino acid, Yaa and Zaa are small residues (not glycine) and Hyd is a bulky 

hydrophobic residue (Phe, Leu). 

It has been (bund that the three PKB isofbrms, oc, p, y show indistinguishable specificity towards a range 

of synthetic peptides based on the estabhshed PKB target motif This suggests that these three isofbrms 

ma): share veiy similar cellular substrates with any (bund differences in the functioning between these 

iso(brms likely to be due to their individual expression levels, sub-cellular distribution and activation 

profiles by upstream factors This motif has already led lo the discover} ofother possible PKB substrates 

by database searches and subsequent o\'erexpression studies and likely to enable more potential PKB 

substrates to be identified. 
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Thai said caulion should be used in assigning proteins containing this motiCas potential PKB substrates 

as this motif site can also be phosphorylated by other protein kinases including p70S6K and 

MAPKAPK-2. The PKB related protein, SGK. shares an identical target motif to PKB and has been 

shown to phosphorylate many of the same downstream targets w w (Park g/ a/. ] 999, Kobavshi 

1999). Therefore SGK could act on the same group of potential substrates as PKB. This kinase has also 

been shown to reside on the P13K/PDK1 pathway and to be activated in respcmse to a variety of growth 

(actors in a similar activation profile to PKB (Park o/. 1999, Kobayshi cf oA 1999). Two additional 

SGK isofbrms have subsequent!} been identified and found to phosphorylatc the same target motif (Park 

cf o/. 1999, Kobayshi tV a/. 1999). Therefore it is important to devise dircct and specific inhibitors of 

endogenous levels of PKB and SGK to elucidate the individual roles of these two proteins. 

Database analysis of proteins containing the PKB target site has revealed that well over 1000 human 

proteins contain this site and so could in theory be acted on by PKB or SGK. although it is unlikely that 

PKB targets this many downstream proteins PKB has also bem shown m vf/z-o and when overexpresscd 

ZM Mvo to phosphorylate some proteins on sites outside this devised consensus motif suggesting that this 

motif is not the only site of PKB action. This points towards other factcfs being critically involved in 

establishing PKB substrates, including the structure and sequence surrounding the proposed PKB target 

nx^f which act to provide the necessary envircmment and accessibility for PKB. 

The discovery of the PKB target motif which PKB phosphcxylates lead to a great deal of research into 

potential downstream targets of PKB, This research lead to the discovery of a series of proteins which 

have been shown to be phosphorylated by PKB m vZ/ro and also to be possible /n Wvo substrates based 

on overexpression and dominant negative mutant studies. Thereibre, this evidence may point towards 

these proteins being direct cellular targets for PKBs kinase activity and hence that they may act 

downstream of PKB to bring about the cellular roles PKB has been proposed to ccmtrol. ITiese proteins 

and the potential action of PKB on them are detailed below. 

1.2.7.1.3 Heart 6-Phosphofructo 2-Kinase 

One protein which contained an amino acid sequence which falls within the desired motif is the heart 

muscle, glycolytic en/yme 6-phospofructo 2-kinase (PFK2). This protein is involved in the stimulation 

of gly colysis by increasing the aciivil} of the related protein 6- phosphofhicto I-kinase (PFKl), a 

glycolytic en/yme, which con\ erts Fructose 6-phosphale into Fructose 1,6 bisphosphate and is one oftlic 

key control points of glycolysis (Depre/cfo/. 1997, Lc(cbvrecfo/_ 1996). 



The regulation of PFK1 is Ihc major control point by which the rate of glycolytic Hux i.e. the pace of 

glycolysis is controlled. PKFI activity is inhibited and hcnce the breakdown of glucosc slowed by high 

levels of ATP and by increased amounts of citrate which enhances ATP s inhibition of PFK1 This 

inhibitor}' cGect of ATP is reversed by a high AMP level which is indicative of a low aicrgy state within 

the cell. Hence when the cell requires energy (i.e. low ATP/ high AMP) or building blocks (i.e. low 

citrate) the PFKl activity and hence gh colysis increases. Conversely, high levels of these products mean 

the cell has an abundance of bios\ nthetic precursors and energy and so PFK I activity is switched off and 

glycolysis stopped (Stryer 198K). 

PFK2 catalysis the formation of fructose 2,6 bisphosphate a potent activator of PFKl from fhictose 6 

phosphate. Fructose 2,6 bisphosphate was found to activate PFKl by converting this tetrameric enxyme 

(rom the "'tense" to the relaxed" state thus increasing PFKl afGnity for its substrate fhictose 6 

phosphate and diminishing the inhibitor)' eflects of ATP. PFK2 is a 53kDa peptide which has also been 

shown to contain a fhictose bisphosphatase2 activity which acts to hydrolyse the G-uctose 2,6 

bisphosphate back to fhictose 6 phosphate, thus inactivating PFKI. Hcnce PFK2 is described as a 

tandem enzyme since in contains these two opposing enzymatic activities (Stryer 1988). 

In heart muscle, the kinase activity of PFK2 has been found to be greatly enhanced by phosphorylation 

Subsequent analysis relieved that this enzyme contained two PKB phosphorylation sites S466 (R-M-R-

R-N-S-F) and S483 (R-P-R-N-Y-S-V) which are both phosphorylated by overexpressed PKB resulting 

in PFK2 activaticm. This phosphorylation and activation was found to be sensitive to wortmannin but 

not rapamycin or PD98059 placing PFK2 downstream of PI3K. Insulin was also found to increase the 

Vmax of the enzyme again via of PI3K pathway. These studies led to the proposal that PKB maybe the 

direct regulator of heart muscle PFK2 acti\d(y and therefore be involved in glycolysis (Deprez o/. 

1997, Lefebvze ef a/. 1996). 

Recent evidence, however, has pointed towards other PI3K activated kinases being involved in the 

regulation of PFK-2. For example, studies using Pf3K inhibitors and kinase dead mutants of PDKI and 

PKB suggest a role for PI3K/PDKI but not for PKB in this phosphorylation (Bertrand gf a/. 1999). Also, 

vei '̂ recently a 57kDa worUnannin-sensitive and insulin stimulated kinase which phosphorylates PFK-2 

has been partially purified. This novel kinase was (bund lo act downstream of PI3K/PDKI but not to be 

any of the known PDKI targets. PKB, SGK or PKCC and hence represents a unique PDKI activated 

kinase which may have other cellular role and hence, requires further investigation (Deprez cV a-/.2000). 

Therclbre, the role of PKB in the PFK-2 pathwa\ is unclear with other kinases perhaps more 
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ph\'siologicany imponanl in this phosphon lalion cvcnl hcncc more siudy is ncxd lo establish what if any 

role PKB has in conlroHing g]yco]}lic flux. These experimcnls also highlight Ihe danger of assigning 

direct substrates for PKB based solel}' on and v/w overexpression studies and emphasise the 

need Ibr direct inhibitors of endogenous PKB. 

1.2.7.1.4 Endothelial ISitric Oxide Synthase (eNOS) 

Another protein with the PKB target motif and hence a putative substrate for PKB is nitric oxide 

synthase. The endothelial form of ihis protein was found to contain 2 potential PKB phosphorylation 

sites within its amino acid sequence at positions S653 and S1179 with the neurone form of NOS having 

the same site at S1415 (MicheU o/. 1999). Studies revealed that PKB can phosphorylate cNOS at the 

1179 site with this phosphorylation leading to the production of Nitric oxide (NO) which has been 

shown to be involved in gene regulation and angiogenesis (Dimmeler 7̂/. 1999). Conversion of the 

SI 179 to an aspartate residue to mimic phosphorylation generated an active eNOS furtha^ showing the 

importance of this site in cNOS activation and NO generation (Michel! gf g/. 1999). However, 

phosphorylation at serine 653 in the endothelial form or any phosphorylation of the neuronal NOS was 

found not to be important for the generation of NO (Fulton ef oA 1999, Dimmeler ef aZ. 1999) 

The use of wortmannin or LY294002 and a dominant negative mutant of PKB blocked the release of NO 

from endothelial cells indicating the involvement of the PI3K/PKB pathway in eNOS activation and 

hence NO generation (GaUis a/. 1999, Fisslthaler oA 2000). Also, PKB activation was found to be 

suSicient to enhance NO production two fold even at resting calcium levels (the m^or NOS activator). 

This calcium indq)mdait activaticm was subsequently oqalained in experiments showing that PKB 

phosphorylation of S1179 imposes a negative charge on eNOS which increases eNOS activity by 

increasing electron flux at the reductase domain and by reducing calmodulin dissociation from the 

activated eNOS when calcium levels are low (McCabe o/. 2000) It is also interesting to note that 

shear stress (viscous drag) which is a major source of NOS activation phy siologically not only caused 

phosphorylation of eNOS but also was shown to cause the phosphorylation and activation of PKB 

(Fulton a/. 1999). 

It appears that PKB may have a direct role in regulating endolhelial NO production via direct 

phosphorylation and activation of NOS and thus is likely to be involved in regulating blood pressure, 

vascular remodelling and angiogenesis as these are the m^or roles of the released NO (Fulton o/. 

1999, Dimmelcr gf (?/. 1999a). NO has also been reported to be involved in vascular endothelial growth 
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(aclor (VEGF) induccd cell survival cell migration and increased blood How/angiogenesis in tumour cells 

(Snyder a/. 1999). VEGF has also been found to activate PKB and constitutively activate PKB 

mutants bypass the need for VEGF in signalling to eNOS, therefore PKBs involvement in eNOS 

activation ma\' be linked to its roles as a survival factor and in tumourogenesis (Dimmeler ef a/. 1999b, 

MwalesRuiz ef oA 2000) 

1.2.7.1.5 Forkhead transcnption Factors 

The transcription factors FKHR_ FKHRL and AFX are members of the Forkhead family of transcription 

factors and are the human/mammalian homologues of the DAF16 transcription factor in C.g/ggoMA 

(Anderson o/. 1998). All these transcription factors posses a 100 amino acid Forkbead domain and a 

C-terminal transactivation domain which are involved in DNA binding and transcriptional activation 

These transcription factors are involved in regulating gene expression and particularly in the control of 

cell proliferation and dif%rentiation. In humans, FKHR binds to the insulin responsive sequence DNA 

sequence and is involved in the upregulation of a variety of genes including IGF-binding protein, 

glucose-6-phosphatase and phosphoenolpyruvate carboxykinase (PECK) and the apoptosis inducer FasL 

(Guo ef oA 1999). The upregulation of these genes and the overall transcriptional activity of FKHR was 

found to be inhibited by an insulin stimulated kinase cascade which results in phosphorylation of FKHR 

on S253 and therefore cytoplasmic locahsation of the transcription factor (Nakae gf (7̂ . 1999, Kops ef a/. 

1999, reviewed in Dattagf a/. 1999) 

FKHR was (bund to contain 3 PKB phosphorylation sites within its amino acid sequence; T24, S253 

and S316, which were all shown to be phosphorylated in 293 cells co-transfected with either PKB or its 

upstream activator PDKI (Biggs gf a/. 1999, Rena c! a/. 1999, Tang ef oA 1999) The otha" Forkhead 

family transcription factors FKHRL, AFX and the homologue Dafl6 have also subsequently 

be shown to be phosphoiylated by PKB at these sites, in overexpression studies or v/Vro (Takaishi 

a/. 1999). These 3 potaitial sites for PKB phosphorylation are conserved in all the Forkhead 

transcription (actors identified so Far and also similar sites have been identified in a variety of other 

transcription factors pertaps indicating a more general role in PKB in regulating transcription (reviewed 

in Datta g/ e/. 1999). 

Phosphorylation of FKHR was shown to occur in cells treated with lGF-1 an event which was abolished 

by wortmannin treatment (inhibitor of PI3K) but not b} PD9S059 (MEK inhibitor) treatment indicating 

this phosphorylation event is downstream oT the PI3K pathway (Bnmet (?/. 1999, Biggs tr/ a/. 1999. 



Rcna iV o/. 1999, Tang c/ 1999). The fm v/vo phosphorylation of FKHR. was found lo occur in a 

hierarchical fashion in which overexpressed PKBs' phosphorylaticm of S253 in the DNA binding 

domain is a prerequisite of phosphorylation of the T24 and S316 sites (Nakae ar/. 2000). Insuhn has 

been shown to cause the phosphorylation of FKHR on all three potential PKB sites and cause inhibition 

of FKHR transcriptional activity, IGF-1 fails to bring about phosphorylation of FKHR on the T24 and 

does not inhibit FKHR transcriptional activity (Nakae e/ aZ. 2000). This indicates that the T24 site is 

essential for the inhibition of FKHR transcriptional activity. There is some evidence from PKB 

o\ erexpression studies, that in response to insulin the T24 site is phosphoiylated by a PI3K activated 

kinase distinct from PKB, but this occurs only after prior phosphorylation of the PKB target site S253 b\ 

o^ erexprcssed PKB (Tomizawa g/ a/. 2000). 

Phosphorylation at these residues was shown to decrease FKHR transcriptional activity, to promote 

nuclear export of the factor and to increase binding of FKHR to the cytosohc prcAein 14-3-3. It is 

presently unclcar whether the phosphorylation of the FKHR actually creates a nuclear export signal 

within FKHR causing its removal &om the nucleus or whether the phosphorylation on of FKHR in some 

w aŷ  masks a nuclear localisation signal causing FKHR to be retained vyithin the cyt(q)lasm (Delpeso 

a/. 1999, reviewed in Kops gf o/ 1999). Mutation of these residues to alanine, rendered FKHR resistant 

to phosphorylation, nuclear export and to the suppression of its transcriptional activity. These mutants 

were also 6)und to cause 293T cells to undergo DNA binding dependent apoptosis. (Brun^ ef aZ. 1999, 

Biggs gf oA 1999, Rena ef a/. 1999, Tang gf a/. 1999). The PKB ova-expressi(m studies suggest a 

possible role for PKB in regulating the expression of genes involved in both metabolic and cell survival 

pathways via an inhibition of FKHR transcription factors and further indicates critical roles for PKB in a 

variety of cellular events particularly apoptosis (reviewed in Datla gf oZ. 1999). 

1.2.7.1.6 cAMP Responsive Element Binding Protein (CREB) 

Another transcription factor proposed to be directly regulated by PKB phosphorylation is cAMP 

responsive binding protein, CREB CREB is shown to activated in response to a variety of stimuh 

including growth factors, peptide hormones and neuronal activit)^ and itself activates transcription of a 

variety of target genes including the bcl-2 anti-apoptotic protein. The transcriptional activity of CREB 

has been Ibund to dependent on the phosphory lation of S133 within CREBs kinase inducible domain, 

with phosphorylation at this site suflicient for maximal transcriptional activity (reviewed in Shaywitz 

a/. 1999). 



This crilical SI33 has been shown lo be phosphoix'laicd /m W/rn by PKA, MAPK, CAMK and more 

rcccnlly PKB, wilh phosphor\'Ialion at ibis silc acting to increase (he binding of the CREB co-acdvator 

CBP (Du a/. 1998). Phosphor^'lalion of this si(c has subsequently shown to be sensitive lo 

worlmannin, placing it on a PI3K directed pathway (Puga/henthi a/. 2000). Surprisingly, this putative 

PKB phosphory lation site has been found not to lie within the PKB target motif perhaps indicating that 

other sequences/factors inOuencc PKB targets Links between PKB and CREB have recently been 

suggested Irom PKB overexpression experiments, showing a direct route for PKB through CREB to the 

induction of anti-apoptotic bcl-2 expression and linking PKBs phosphorylation of Si33 on CREB to 

cellular survival (Walton a/. 21)00, Puga/henthi gf o/. 2000). Therefore, ev idence is mounting linking 

PKBs possible activation of the CREB transcription factor to its roles as a sur\'ival factor (reviewed in 

Dattagfi?/. 19991 

1.2.7.] .7 Human Telemerase Reverse Transcriptase Subunit (hTERT) 

Anotha^ protein found to contain a PKB phosphorylation motif and shown to be phosphorylated by 

overexpressed PKB is the human Telemerase Reverse Transcriptase subunit (hTERT). This protein was 

found to contain 2 potential PKB target motifs, at S227 (GARRRGGSAS) and S824 (AVRJRGKSYV). 

Treatment of human melanoma cell lysate with recombinant PKB resulted in the phosphorylation of both 

of these sites leading to an mhancemmt of telonerase activity. This up-regulation of hTERT was found 

to be involved in maintaining the length of telomeres which is linked to cells survival since short 

telomeres cause cells to ento" sen^cence. The PKB induced phosphorylation of S824 on hTERT has also 

been linked to survival and proliferation of cells during development, ageing, neoplasia and tumour 

progression (Kang aZ. 1999, reviewed in Liu oZ 1999) 

The use of the growth factors also caused the phosphor^iation of hTERT and increased telemerase 

activity with (he PI3K inhibitor wortmannin found to prevent this phosphorylation and the upregulation 

of the telemerase. Therefore, a possible role lor PKB in the enhancement of telemerase activity and so 

cell surv ival / longevity is indicated by these results (Kang o/. 1999). 

1.2.7.1.8 Raf-l kinase 

Raf-1 kinase is a serine and threonine protein kinase which is an essential component of the MAPk 

cascade It is activated by recruitment to (he plasma membrane by the action of (he GTPase Ras, and 
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subsequent!) oncc acUvafcd dissocialcs from the membrane and phosphorylaics and activates MEK 

which is the upstream kinase activator of MAPK. Recombinant PKB has been (bund to phosphoryiate 

Raf-l wVm on S225 which lies within the PKB target motif and is found in the regulatory domain of 

Raf-1. This phosphorylation has been shown to cause the inactivation of Raf-I kniase activity and its 

sequestration by 14-3-3 proteins which results in the inhibition of the MAPK cascade (Rommel g/ c/. 

1999). 

This potential PKB phosphorylation event has been shown /M wvo by the use of dominant negative 

(K179A) and constitutively active PKB mutants. Also, transfected PKB has been shown to interact 

directly with raf^ 1 kinase and phosphoiylate it in breast canccr cells with this causing inactivation of the 

MAPK cascade and a shift for growth arrest to cell proliferation (2^immermann ef a/ 1999). Interestingly, 

PKB phosphoi} lation of Raf^l and inhibition of the MAPK cascade has only been found to occur in 

terminally differentiated skeletal muscle m\'otubes and not their myoblast precursors indicating a 

possible cell t}'pc/dif%rcntiation state specific role for this action of PKB (Rommel gf a/. 1999). This 

finding ma)' also St in wth confhcting rqK)rts as to the role of PI3K in the MAPK cascade which show 

that in certain cases Pf3K inhibitors also partially infiibit the MAPK cascade whereas in other th^ act to 

activate this pathway (Rommel cf 1999, Zimmeamann a/ 1999). Therefore, it is likely that PKB 

may be involved in mediating cross talk between different cell signalling pathways and that this is a 

potential role which needs further characterisation. 

1.2.7.1.9 Phosphodiesterase 3p (PDE3P ) 

A PKB target site has also been found in the metabolic protein phosphodiesterase 3P (PDE3P )which 

acts to regulate the cellular levels of cAMP. PDE3P activity has been shown to be stimulated in response 

to insulin and act to hydrolyse cAMP, decreasing the activity of PKA and inhibiting a variety of cellular 

effects including PKA lipase activated hpolysis. The PDE3P activity has also been showTi to be 

stimulated by leptin and it is believed that the actions of this protein is one way in which insulin and 

leptin antagonise the hormone glucagons elTects on cells. 

The activation of PDE3p has subsequently be found to be directly related to phosphorylation on 5302. 

This phosphorylation and activation is also inhibited by wortmannin indicating a role (or the PI3K 

pathway. PKB has been shown to directly phosphorylatc tliis protein m wV/Y; and overexpression studies 

using dominant negative and constitutively active proteins have showTi that PKB interacts with, 

phosphor^lates and activates PDE3P Ww A possible direct role (or PKB phosphorylation and 
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aclivalion of PDESp has also been shown in icptin slimulalcd cclJs, suggesting ihc PKB route pathways 

has a ke\' metabolic role in reducing the levels of cAMP and the consequcnces of this. A role for the 

PKB/PDE3P pathway in thymidine incorporation and pro-apoptotic BAD phosphoiylalion/inhibilion in 

FDCP2 cells has also recently been proposed, indicating the complex roles PKB may play in mediating 

eel] cycle and surv ival events PKB possible phosphor̂ ^ l̂ation and activation of PDE3P has also been 

implicated in Xemopm- oocyfg germinal vesicle breakdown, suggesting a role for this pathway in 

meiosis/'dcvclopment. 

Recently questions over the involvement of PKB in PDE3P phosphoryladon/activation have been raised 

based on experiments using the non-speciGc kinase inhibitor ML-9 which not only inhibits PKB but 

other downstream kinases including PKA and p90S6K. This inhibitor which does not inhibit PI3K 

activity was not found to aEect PDE3P phosphor^lation/activation in response to insulin whereas the 

direct P13K wortmannin did. This suggests a role for distinct PI3K activated protein kinases, other than 

PKB in the phosphorylation of PDE3p. However due to the non-specific nature of this inhibitor and the 

fact these experiments were peribnned in only one cell type (rat adipocytes) it is unclear as to their 

importance, or PKBs physiological roles in PDE3P activation (Kitamura a/. 1998/1999). 

1.2.7.2.0 Mammalian Target of Rapamycia (mTOR) 

mTOR or FRAP/RAFT is a novel PI3K related kinase which is involved in cell cycle G1 progression, 

translation and possibly cellular survival. It is the direct target of the inhibitor compound rapamycin and 

studies using this compound and the PI3K inhibitor wortmannin have placed mTOR downstream of 

PI3K but upstream of p70S6K and 4EBP1 which are key mediates of a variety of cellular events 

including translation (renewed in Thomas oA 1997, Dulher gf a/. 1999) 

A PKB target motif was identified within the amino acid sequence of mTOR and PKB was subsequently 

(bund to phosphorylate this site wVm (Dennis e/ o/. 1996, Scott gf aA 1998). The growth lactor 

induced phosphorylation of S2448 was subsequently found to occur ww and be blocked by inhibitors 

of PI3K or dominant negative mutants of PKB (Nave tr/ a/. 1999, Scott cf (?/. 1998). A constitutively 

active PKB mutant was also shown to phosphor\'latc this site on mTOR v/w (Nave gf oA 1999). The 

involvement of amino acids, which themselves are strong activators of pr(Mein synthesis, has also been 

found to be nccessar}' Ibr this phosphory lation event and the activation of mTOR (Nave ar/. 1999). 

The activation of mTOR by growth factor stimulation, has not only been shown to be dependent on the 
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phosphors lalion oC S244X, bul also a worlmannin sensitive aulo-phosphorsialion event on S24XI 

(reviewed in Thomas cf a/. 19V7) 

Therefore the PKB overcxprcssion studies points towards a possible role for PKB in the activation of 

mTOR and may help to explain the possible roles of PKB in protein synthesis perhaps by mTORs 

actions on p70S6K or 4EBP1 (PHAS-1) (reviewed in Dufner <7/. 1999, Kandel ef a/. 1999). (sec 

section 1.28 and Chapter 5) 

1.2.7.2.1 (nsulin Receptor Substrate (IRS) 

The insulin receptor substrate 1 (IRS-1) protein acts as a modulator between (he insulin receptor (and 

IGF-] receptor) and key downstream signalling proteins including PI3K and Grb-2, IRS-I has been 

found to not only be phosphorylated on key tyrosine residues, which arc involved in substrate 

recognition, but also to be phosphorylated on serine and threonine sites which regulator the activity of 

this protein. Of these potential sites of S/T phosphorylation, 12 have shown to negatively regulate IRS-I 

activity and downstream functions by reducing IRS-I signalling to the downstream components. These 

phosphmylation events may not only reduce IRS-1 direct activity towards downstream substrate but also 

act to promote dephosphorylation of the IRS-1 tyrosine residues to substrate recognition. To date the 

kinases which negatively regulate IRS-1 have yet to be identified although one possible candidate is 

GSK-3. Since GSK-3 can potentially be negatively regulated by PKB this may indicate a role for PKB in 

maintaining or prolonging IRS-1 signalling (Eldar o/. 1997, reviewed in Whitehead gf o/. 2000). 

A nwre direct role for PKB in maintaining IRS-1 function has recently been suggested. Within the 

structure of IRS-I, 4 potential phosphorylation sites have been identified with the PKB target motif 

RXRXXS and have subsequently been shown to be phosphorylated by PKB vZ/ro (Li a/. 1999). 

The phosphorylation of these 4 sites v/vo has been shown to be dependent on PI3K, suggesting a 

possible role for PKB, and have been shown to positively regulate IRS-1 function and prolong its 

activation lime. The extension of IRS-1 activation time afforded by phosphorylation of these sites has 

been found to be due to the protection against tyrosine phosphatase attack conferred to IRS-1 by 

phosphwylation at 4 key serine residues (Pa/ o/. 1999). Therefore, these findings indicate a possible 

role for PKB in maintaining the tyTOsinc phosphorylation state and hence function/activity ol IRS-1 

which is itself an upstream activator of PKB. This possibly suggests PKB may function as a positive 

feedback regulator of its ow?i activation pathway and thus may act to prolong its own activation in 

response to insulin and IGF-f (reviewed in Vanhaesebrocck cf a/. 2000 ) 
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1.2.7.2.2 Breast Cancer Susceptibility Gene Product (BRCAl) 

The breast cancer susceptibilily gene (BRACl) encodes for a 220kDa nuclear phosphoprolein which acls 

as a transcription factor. The protein has been found to be mutalcd and inactivated in a variety of cancers 

particularly breast cancer and has been found to act as a tumour suppressor, %ith roles in DNA repair 

and transcriptional regulation (Bcnwistle c/ a/. 1998) This protein has been found to contain a potential 

PKB target motif which has been shown to be phosphor̂ ^ l̂ated by PKJB m W/fo. The use of PGK 

inhibitors or a dominant negative KI79A PKB mutant has been sho \̂Ti to prevent this phosphorylation 

of BRACI m v/vo indicating that PKB could be the cellular protein that targets this site (Alti(* (7/. 

1999). This phosphoiylation site on the BRACl protein lies within its nuclear location sequence and 

wiiilst to date an exact modulators role for this phosphorylation event has yet to be identified it may 

involve changes in the nuclear targeting of this protein. Therefore, this suggests that PKB may have a 

role to play in modulating the fiinctioning of a key tumour suppressor and gives further evidence to the 

likely roles PKB plays in cellular survival and carcinogenesis (reviewed in Vanhaesebroeck e/ a/. 2000). 

] .2.7^.3 Kappa B Kinase (IxKa) 

f Kappa B kinases (licKs) are a series of protein kinases Wiich are involved in the activation of the 

transcription factor NF-KB which is involved in controlling cell growth and oncogenesis and is further 

discussed in section 1.2.7.3 (Ma)' el al. 1997, Mayo ef 0/. 2000). licKs act to enhance NF-icB activation 

by phosphoiylating a series of inhibitor)' proteins known as IKB and preventing these proteins from 

interacting with NF-K^ and retaining NF-K^ within the cytoplasm. The phosphorylation of these IxB 

inhibitory proteins targets diem for degradation and thus removes them frcmn effecting NF-KB 

subcellular location. Therefore, the function of IicKs are to prevent IicB from inhibiting NF-icB 

translocation to the nucleus and thus allow NF-icB to fimction as a transcription factor inducing gaies 

that control such functions as proliferation and apoptosis suppression (anti-apoptotic LAP proteins) 

(Baumann gf a-/. 200, Foo gf a/. 1999, Burrow gf 2000, re\iewed in Datla ef a/. 1999). 

It has been found that in order for licK to exert these stimulator effects on NF-icB \da IKB 

phosphorylation/degradation IKK itself needs to be phosphorylated (Kane cf a/. 1999, Khwaja ef o/. 

1999). The phosphorylation site which is important lor this activity has been found to be T23 and to lie 

within a PKB phosphorylation site (R.omashko\ a t"/ o/. 1999). This site has been shown to be not quite 
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the optimal PKB largcl motiTsincc il contains a glycine residue at the C-lcrminal of the region rather 

than a hydrophobic residue. However, despite this, overexpressed PKB has been shown to directly 

phosphorylate IicKa leading to increased phosphorylation and degradation of IKB and increased 

translocation of NF-KB to the nucleus (Zho g/ oA 2000, Ozes a/. 1999). This indicates another 

possible direct role for PKB in pathways which regulate kc)' cellular processes including proliferation 

and apoptosis/sur\aval (Jones o/. 2000, Madrid (f/ <?/. 2000, reviewed in. Datta gf a/. ]999). 

1.2.7.2.4 Human Caspase9 

Caspase 9 is a protease (hat is critical in the initiation and progression of apoptosis. It is activated by the 

release of cytochrome C from the mitochondria and the complexing of cytochrome C with Apaf-l 

(Budihar(^o ef g/. 1999). This complex then brings about the cleavage of pro-caspase 9 to its active form 

wtich then trigga^ the activation of other caspases by proteolytic cleavage (reviewed in Wolf oA 

1999,2000) 

Overexpressed PKB phosphorylates human caspase 9 at S196 with this phosphorylation resulting in 

inactivation of this kinase (Cardone et a/. 1998). It is not clear exactly how this activation occurs 

although it be via inactivation of the intrinsic catalytic activity of this caspase. This phosphaylation 

has functional consequences, since extracts of cells overexpressing activate PKB block cytochrome C 

mediated caspase 9 activation in vitro. The phosphory lation and inhibition of caspase 9 activity by 

overexpressed PKB has bem shown to be specific for this caspase since PKB does not appear to act on 

other caspases including caspase 3 or caspase 8 (Fujita et al. 1990). PKB mediated phosphorylation and 

inactivaticm of caspase-9 may also be species speciSc, since mouse and rat capsae-9 proteases are not 

phosphorylated or inactivated by PKB (Cardone ef oZ. 1998). 

A role for PKB in mediating some of its anti-apoptotic eSects \da modification of caspase activity was 

originally proposed when it was found that a constitutively active PKB inhibited the general function of 

the caspase cascade perhaps by reguladng one of the initial/upstream caspases possibly caspase 9 

(Kennedy gf a/. 1997, Ahmed ef a/. 1997). A possible role Ibr PKB was also shown in cells induced to 

undergo apoptosis by the action of TNTa. which could be rescued by an insulin induced PKB acti^t) 

acting to phosphor\'late and inhibit human caspase 9, bul not another potential pro-apoptotic protein 

BAD (sec 1.2.7.2.5) (Hermann ef oA 2000). Therefore il is possible that one way PKB ma)' act as a 

survival facior, at least in human cells, is \ ia ihe phosphor) lation and inactivation of the pro-apoptotic 

protein caspasc 9 
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1.2.7.2J> Pro Apoptotic BAD Protein 

The Gnal widely studied protein possessing a potcnlial PKB target moiif is the Bcl-2 family protein 

BAD. BAD is a pro-apoptotic protein which is 23kDa and is only a distant member oflhe Bcl-2 family 

since its only homology to this group is the BH3 domain it contains (reviewed in Downward 1999) 

BAD has a restricted tissue distribution so its o\ erall importance in apoptosis signalling is unclear. BAD 

has been shown to form heterodimers with the pro-sumval proteins Bcl-2 and Bcl-xl via this BH3 

domain. This heterodimerisation prevents the pro-sur\'ival proteins from having their anti-apoptotic 

effects and so drives the cell towards apoptosis (Zha g/ a/. 1996, Gajew ski ef c/. 1996). Phosphorylation 

of BAD was found to prevent the heterodimerisation of BAD to the pro-survival Bcl-2 factors and thus 

promote cell sur\dval (Yang gf oZ. 1995). When phosphoiylated BAD was shown to be bound by the 

ubiquitously expressed 14-3-3 proteins and was therefore sequestered away in the cytosol unable to 

interact with the pro-survival machinery. It was subsequently found that in order to be bound by 14-3-3 

protein BAD had to be phosphor^iated at two sites, SI 12 and S136 within a 14-3-3 binding motif 

(Zundel gf o/. 1998, 2 ia gf o/. 1996). Recently, evidence for a third phosphorylation motLTin the BH3 

domain of BAD has beai proposed with studies showing that phosphoiylation of SI55 being necessary 

and sufGcient for inhibition of BAD activity by binding to 14-3-3 proteins and hence cellular survival 

(Tan ef g/. 2000, Zhou ef aZ. 2000). 

BAD was found to be hypaphosphorylated and thus its deaA promoter role abolished in cells treated 

with serum, IGF-1 or IL-3 as well as other sur\'ival factor treatment. This phosphorylation and the anti-

apoptotic properties it gives were also found to be prevented in many cell types by inhibitors of PI3K 

activity including wortmannin and stress-induced ca^amide. These results place BAD as a potential 

downstream target of the PI3K pathway which is known to be involved in cell survival (Datta a/. 

1997, Del Peso gf (7/ 1997, Blume-Jensen e/g/. 1998). 

BAD ctmtains a PKB target motif around the SI36 site (R-G-R-S-R-S-A). Analysis of this site using 

active/ inactive PKB mutants showed that overexpressed PKB could phosphorylate this site in many cells 

(Datta et al. 1997, Fang et al. 1999). This suggests that one route by which PKB may confer cell survival 

is by the phosphorylation of BAD which results in binding to 14-3-3 proteins and thus Irees the pro-

survival Bcl-2 members to cany out their anti- apoptotic functions (Davies gf 1998, Zundel cf o/. 

1998, reviewed in CofYcr c/ a/. 1998). Evidence based on overexpression studies indicates that the 

PI3K/PKB/BAD pathway could act as a major cell sur\ival pathway in a variety of cell types which 

express BAD (Jiang c/ o/. 20(M), Lu a/, 199*̂ ). Konishi a/. 1999, Neshat oA 2000, Santos (7/. 

2000, reviewed in Dalta o/. 1999) 
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PKB has been shown not lo phosphory'lalc BAD al either oflhc other Iwo siics which may be imponani 

for BAD hypaphosphorylation, binding lo 14-3-3 and hcncc ceUular survival. A role oflhc MAPK 

kinase cascade in the phosphoiy lalion of the 5112 site and hence cellular survival has recently been 

suggested (Scheid gf (z/. 1999, Peru/zi ef o/_ 1999). When phosphor\'laled al this site in cells BAD loses 

the ability to h^erodimerise to Bcl-2/Bcl-xl and cannot prevent their anti-apoptotic action. The 

Ras/RaiTMEK/MAPK signalling pathway has been shown to act via MAPKAP (RSK) to phosphor^iate 

SI 12 of BAD and promote cell survival with this anti-apoptotic lunction inhibited by the upstream MEK 

inhibitor PD98059 (Fang ef o/. 1999. Bonni f / a/. 1999, Shimamura ef or/. 1999). There are several Hnes 

of evidence thereibrc that growth factors may use the P13K and MAPK pathways to deliver anti-

apoptotic efTects with these two kinase cascades converging at the point of BAD phosphorylation and 

inhibition to induce cellular survival (Fang e/ oZ. 1999, Neshat o/. 2000, Tan g/ a/. 1999). Another 

potential PI3K activated BAD kinase has recently been proposed with the finding that overexpressed p21 

activated protein kinase (PAK) can directly phosphor)late SI 12 and S136 of BAD and thus confer an 

anti-apoptotic effect in FL5.12 cells (Schurmann e/ aZ. 2000). hi the context of PAK phosphorylation 

and activation of BAD, it has been shown that PKB may function as an upstream activator of PAK and 

so may signal to inhibit BAD and promote cell survival via the PAK kinase (Tang aZ. 2000) 

The phosphorylation of BAD at the novel S155 site has also recently been shown to occur via direct 

action of PKA and to be sufficient to inactivate BAD's apoptotic function perhaps indicating the 

importance of this site in anti-apoptotic signalling \ia BAD inactivation (Harada et al. 1999, Tan et al. 

2000). It is also worth noting that in MC/9 cells PKB has been found to be activated by IL-4 and confer 

cell survival by a route which does not involve BAD phosphorylation (Scheid gf o/ 1998). Therefore, it is 

apparait that PKB may act to rescue cells &om apoptosis by routes otha^ than the phosphwylation and 

inactivation of pro-apoptotic BAD (Hinton ef a/. 1999, Craddock ef <?/_ 1999, Scheid ef a/. 1998, 

Hermann et al. 2000, reviewed in Datta et al. 1999). 

It is clear that the phosphorylation of BAD and haice inhibition of its pro-apoptotic signal is one route 

by which PKB could function as a sur\ ival factor. However, the importance of PKB in inhibiting BAD 

signals in the cell is unclear, since other kinases and phosphorylation sites appear to also be involved. 

The general picture appears to be one in which a variety of difkrent signals and kinase pathways can 

converge at the level of BAD phosphoniation to bring about inhibition of apoptosis. The relative 

importance of each pathway depends on the expression levels of the individual proteins, the cell type 

studied and the anti-apoptotic stimuh applied. Tlicrefbre, in order to understand the liinctioning of PKB 

in the regulation of apoptosis via BAD a great deal of further study is required. 
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1.2.7.3 Possible Roles of PKB in Cell Survival 

Evidence above indicates thai PK.B may be linked to cell survival and apoplosis regulation by its possible 

direct phosphoiylation and modulation oF a \aneiy oF key sunival/apoptosis taetors. These include 

possible direct phosphorylation and inacti^ation of the pro-apoplotic BAD and GSK3 proteins or 

inhibition of the expression of pro-apoptotic proteins (i.e. Fas ligand) via inactivation of the (brkhead 

transcription factor. Possible positi\ c eflects for PKB on cell survival may include the activation of ItcK 

thus increasing NF-tcB Lranscriplional acti\ it\ (i.e. increased expression of lAPs), enliancement of the 

anti-apoptotic human telomerase activity and activation of CREB and cNOS. As evidence (or PKBs 

direct roles against these agents is based on PKB overexpression studies and so may not relate to 

physiological conditions, there are many questions as to the physiological importance of PKB in 

modulating these effects in cells and the relative signiScance of these factors in apoptotic control. 

Tha-e are several otha-possible routes by which PKB could act as an anti-apc^totic factor. For example, 

overexpression of PKB in various cell lines and primary cultures has been found to prevent apoptosis 

that has been induced by survival factor (i.e. serum) withdrawal or UV-light exposure (Kauffinann gf a/ 

1997), IGF-1 induced survival has been shown to involve the PI 3-Kinase pathway and possibly PKB 

activation, with the use of the PI 3-Kinase inhibitors or dominant negative PKB mutants preventing 

survival (Gooch ef a/. 1999, KuHk cf o/. 1999, Dudek ef aZ. 1997, reviewed in Datta gf oA 1999). 

Inhibition of PI 3-Kinase by these factors however does not prevent the inhibition of apoptosis in cells 

trams&cted with constitudvely active PKB (Gap ef aZ 1998, Dudek ef aZ. 1997, Franke ef aZ. 1997, 

Hemmings 1997). 

Overexpressed PKB has been shown to prevent apoptosis in Rat la fibroblasts by inhibiting die 

Ced3/ICE (Interleukin-1 -converting Gnzy%ne)-hke proteases w Caspases. These proteases which form 

part of a cleavage directed cascade finally resulting in the cleavage of m^or cellular proteins including, 

DNA repair proteins (i.e. the poly(ADP-ribose) polymerase), KNA splicing proteins (Ul) and cell cycle 

proteins (Rb protein), resulting in cell death. IGF-1 stimulated activation of overexpressed PKB can 

protect rat retinal ganghon cells via phosphorylation and inactivation of caspase-3 (Kermer ef (zZ. 2000). 

These findings suggest that one route by which PKB may promote survival is via the rnactivation of the 

caspase cascade which is a kc) pathway in the degradation of cellular proteins and promotion of 

apoptosis (Kenned}' cf aZ. 1997, reviewed in Datta ef oZ. 1999, reviewed in Budihardjo g/ o/. 1999). 

PKB has been Ibund to be one of the flrsl proteins cleaved and degraded by the action of caspase 

67 



cascadcs when a ccll is commillcd to progrnmmcd ccll death by apoptosis. For example, in human 

neuroblastoma and rai PC12 neural cclls, the activation of caspasc-3 by the mitochondrial release of the 

apoptotic stimuli c)'tochrome c and ATP, directly clcavcs PKB and results ultimately in DNA 

fragmentation and apoptosis (Francois gf a/. 1999). Caspase-depaident cleavage of PKB also occurs in 

jurkat cells stimulated to undergo apoptosis by Fas ligation, indicating a m^or (unction of caspases is to 

turn off survival pathways wtich could otherwise interfere with the apoptotic response (Widman ef a/. 

1998). Subsequently, the cleavage of PKB by caspase action has been shown to occur at three distinct 

sites; Grstly two sites between the N-terminal PH domain and the kinase domain (TVADIOXG and 

EEMDl 19F) and secondly in the carboxyl terminal regulatory domain (SETD434T). The cleavage at 

these sites generates 40 and 44kDa fragments and occurs fairly early in the apoptotic response resulting 

in acceleration of apoptotic cell death (Rokudai a/_ 2000) 

PKB may also prevent apoptosis by upregulation of the levels or activities of anti-apoptotic factors. For 

example, a constitutively active PKB mutant increased the expression of the survival factor Bcl-2 in 

BAF/3 cells, resulting in inhibition of apoptosis induced by growth factor withdrawal (Ahmed gf a/. 

1997, Reif g/ a/. 1997). Hepatocyte growth factor and VEGF have been shown to increase Bcl-xL 

expression and cellular sur\'ival via a P13K/PKB sensitive pathway in renal q}idielial and vascular 

endothelial cells respectively again suggesting a possible role for PKB in enhancing the expression of 

anti-ap(q)totic proteins (Liu 1999, Tran a/. 1999). PKB may also regulate T-lymphocyte and 

hemopoietic progenitor cell survival via increased Bcl-2 expression (Jones et al. 2000,Tang et al. 2000), 

The upregulation of Bcl-2 protein expression could occur via PKBs potential direct activation of 

transcription factors. For example, enhanced CREB activity induced by overexpressed PKB signalling 

leads to an increase Bcl-2 promoter activity and cell survival (Pugazhaithi a/. 2000) 

Possible roles 6)r PKB in inducing the expression of anti-apoptotic proteins are also seen with the 

evidoice that PKB may enhance the transoiptional activity of NF-icB. This activation may be via direct 

phosphorylation and activation of ftcKa by PKB, with the consequences of this being activation of NF-

icB and cell survival. Evidence also suggests PKB could signal to NF-KB via a route distinct &om that 

involving iKKa (reviewed in Mayo g/ o/. 2000). For example, overexpres^ PPCB induces the expression 

of the LAP anti-apoptotic proteins; survivin and XIAP, via NF-icB activation in VEGF stimulated cells 

(Tran g/ o/. 1999). Overexpressed PKB activates the transcriptional activity of NF-KB by stimulating the 

transactivation domain 1 of the p65 subunit of NF-icB (Madrid gf a/. 2000). However, evidaice also 

suggests that the PKB and NF-tcB sunival routes he on distinct and separate pathways. For example, IL-

I or TNFoc activates PKB and prevents apoptosis without any activation of NF-KB (Madge gf o/. 2000). 

6X 



Conversely, Ihc acUvalion of NF-icB and ccll surxival has been (bimd (o occur independently of 

PI3K/PKB activation possibly via the MEK/ERK or p3K \1APK cascades (reviewed in Downward 199X. 

reviewed in Mayo trz o/. 2000. Madrid g/. 2000. Baumann ef/ o/. 2000, RemacleBonnel o/. 2000). 

Recently, data has emerged suggesting PKB may act at the mitochondrial level to protect cells from 

apoptosis. Use of a constilntively active PKB mutant in UV treated Rat la cells prevents the 

mitochondrial membrane potential changes and c\lochrome C release normally associated caspase 

activation and apoptosis (Kennedy a/. 1999). The mechanism by which PKB could act on the 

mitochondria is unclear. However, it is likely to be evolutionarily conserv ed since overexpressed PKB 

exhibits similar anti-apoptotic effects in DrovopAf/ya Growth factor deprivation can induce apoptosis by 

decreasing the accessibihty of the mitochondrial matrix to ADP which leads to hyper-polarisation of the 

inner mitochondrial membrane and matrix, swelling. Ch erexpressed PKB can prevent initial swelling of 

mitochondria and the hyperpolarisation of the membrane so it possible that PKB helps to maintain 

mitochondrial accessibihty to ADP thus preventing the initiation of apoptosis (Kennedy gf a/. 1997) 

PKB has been proposed to be involved in protecting cells &om another form of programmed cell death 

known as anoikis (Bachelder g/ g/. 1999). Upon detachment from the extracellular matrix, epithelial cells 

enter into this form of ^x)ptosis which usually fimetions as a safeguard to prevent decked cells &om 

surviving in an inappropriate location. Expression of an active PKB mutant in MDCK cells rescues these 

cells from this cell death trigger, induced when cells were detached and placed in suspension (Khwaya et 

al. 1997). Inhibitors of PBK also caused detachment and apoptosis of MDCK cells grown on plastic 

dishes (Tang ef aZ. 1999). Therefore, a role for PDK/PKB in preventing cells 6c*n undergoing anoikis 

and possibly in the regulation of cell anchorage is implied. The possibility of active PKB protecting 

detached cells from apoptosis also indicates one possible route it by which PKB could be involved in cell 

metastasis and function as an oncogene (Khwaya gf o/ 1997). 

In summary, PKB may act by a variety of mechanisms to deliver an anti-apoptotic signal with the 

methods used depending on the cell type used and the apoptotic stimuh employed. It may be that PKB 

utilises more than cme pathway to generate survival signals and tJhe medianisms used may be related to 

the expression of the various downstream effectors. It is also interesting to note that inhibition of 

directed or programmed cell death is one possible mechanism by which constitutively active or mutated 

PKB may act as an oncogene (Kennedy 6̂/ a/. 1997, Ahmed a/. 1997). 

In some cclls, PKB activity still correlates mth the activation of potential anti-apoptotic downstream 

factors, but this event does not promote ccll survival indicating that PKB and these downstream (actors 
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may have noo-survival roles in cells, perhaps in cell cycle regulation (reviewed in Cofler o/. 1998. 

reviewed in Kandel o/. 1999). It is clear that in many cells PKB may have a critical role to play in cell 

sur\nval pathways. However, recent evidence suggests that in certain cell types, activation oCPKB may 

not contribute to cell sun ival and thererore other possible mechanisms orpromoting cell sunival need to 

be investigated 

1.2.7.4 Possible Metabolic Roles 

1.2.4.1 Glucose Uptake and Lipid/Glycogen Synthesis 

PKB is proposed to be involved in many ke^ metabolic processes including glucose transport, glycolysis 

and the sx-nthesis glycogen, proteins and lipids. These potential roles (or PKB could occur by the 

possible direct actions of PKB on key metabolic proteins such as GSK-3 or via presently unidentified 

routes. These and other possible roles have been studied in a variety of cell types mainly by (he use of 

PKB mutants and as yet the direct targets for PKB in these process are unelcar (reviewed in CofTer gf a/. 

1998, reviewed in Kandel oZ. 1999). 

PKB has been proposed to be involved in glucose uptake in respcmse to growth factors possibly d̂a the 

expression and/or membrane translocation of the main glucose transporters GLUTl and GLUT4 (Ueki 

ef a/. 1998). Fw example, in mouse 3T3-L1 adipocytes and rat adipoc '̂te cells, activated PKB enhances 

glucose uptake and causes an increase in the translocation of the insulin responsive GLUT4 glucose 

transporter to the plasma manbrane (Kohn ef c/. 1996, Cong ef cA 1997, Tanti g/ aZ. 1997). In L6 

muscle cells, activated PKB increases glucose uptake via the GLUT4 transportor route and stimulates 

glycogen synthesis via glycogen synthase activation. In these cells, a dominant negative mutant of PKB 

inhibits insuhn-induced translocation of GLUT4 to the plasma membrane (H^duch g/ a/. 1998). Insulin, 

and, to a lesser extent, exercise increased GLUT4 translocation in human skeletal muscle via the 

PI3K/PKB pathway again suggesting a role for PKB in glucose uptake in many cells (Tborell a/ 

1999). 

In primary rat adipocvles stimulated with insulin, GLUT4 vesicles contained a PKBp activity which 

could phosphorylate the vesicle components including GLUT4 (Kupriyanova g/ a/. 1999). A similar 

possible isolbrm speciHc role for PKBp is suggested in 3T3-LI adipoc^'tes, where insulin increased the 

association of PKBp with GLUT4 containing vesicles and increased the translocation of this glucosc 



transporter to ihe plasma membrane (Calera (f/1?/. IV9X). In 3T3-L1 adipocytes ivhich may preferential!} 

express the P isofbrm, a PKBp directed increase in GLUT4 Iranslocalion and glucose uptake has been 

suggested to occur in response to insulin but not PDGF stimulation (Hill a/. 1999). Further 

experiments in 3T3-LI adipocytes suggest, that insulin stimulated translocation of GLUT4 can occur via 

two routes, one involving the vesicle associated adapters, SNAP-23 and synaptobrcvin-2/cellubrevin 

which are mobilised by constituti^ ely active PKB and the othi^ a PKB indepaident route which may 

involve recycling endosomes (Foran a/. 1999). 

A constitutive active PKB mutant also increased the synthesis oCthe ubiquitously expressed GLUTl 

transporter in 3T3-L1 adipocytes resulting in an increased glucose flux directed towards hpid synthesis 

(KcAn cf (zA 1996). A role Ibr PKB in increasing GLUTl expression in 3T3-L1 adipocytes undergoing a 

prolonged exposure to insulin has also been suggested (Barthel g/ oA 1999, Taha ^/. 1999). Other 

experiments using a constitutively active PKB mutant in 3T3-L] cells showed no role for GLUTl 

transporters in glucose uptake mediated by PKB with GLUT4 being the sole transporter utilised by a 

constitutively active PKB pathway (Foran aZ. 1999). 

Based on overexpression studies, a role Ibr PKB in glucose uptake via GLUT4 and to a lesser extait 

GLUTl seems likely. It is therefore apparait that PKB may have a role in controlling glucose influx and 

metabolism in a variety of cell types (Kohn ef oZ. 1996, Ueki gf oZ. 1999, Wang ef o/. 1999). Recmtly, 

the roles of PKB in glucose transport have been questioned, with the findings that in rat adipocytes 

insulin increases GLUT4 translocation via PDKl activation of PKC(, without any significant 

involvanent for PKB in this increased glucose uptake (Kotani a/. 1998, Ban(^opadhyay e/ oA 1999, 

GriUo gr aZ. 1999). A potential role for PKC isolbrms in glucose uptake is also suggested since insulin 

can activate the PKCX/^ isofbrms and stimulates their translocation to GLUT4 containing vesicles, 

thereby increasing glucose uptake (Standaert gf oZ. 1997 & 1999). There is also conflicting evidence 

from PKB mutant studies concerning the roles of PKB in glucose uptake. The T308A/S473A and 

KI79A inactive PKB mutants had little eEect (m insulin stimulated GLUT4 translocation, where as the 

KI79A/T308A/S473A inactive mutant was found to inhibit this event by around 50%. Therefore, it is 

apparent that PDKl may be a ke\ branch point in glucose uptake with the PKB and/or PKC pathways 

possibly contributing to this uptake in response to different stimuli or in different cells. 

The expression of a constitutive!} active PKB in 3T3-LI adipocyte cells increased glucose uptake/flux 

and directed the increased cellular glucose towards lipid synthesis instead of glycogen synthesis which 

may be a reflection on TuncUoning oCGSK-S in these cells (Kohn a/. 1996). Increased triacy lglycerol 

syTithesis in response to insulin in hepatocy tes and adipocytes may also be dependent on the P13K/PKB 
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and Erk pathways suggesting PKB's involvement in regulating lipid synthesis (Carlscn o/. 1999, 

Valvcrdc a/. 1999). However, ML-9 a non-specific PKB inhibitor which also inhibits PKA and RSKs, 

did not prevent the PI3K sensitive antilipolytic eflect of insulin in rat adipocytes suggesting PKB does 

not have roles in regulating lipid synthesis in these ceUs (Smith or/. 2000). A possible long-term role 

for PKB in regulating hpid synthesis is postulated because insulin stimulation of the fatty acid synthase 

promoter and hence fatty acid synthase expression can be mediated by the PI3K/PKB pathway (Wang eif 

a/. 199S, 19W and 2000). 

A potential role lor PKB in stimulating glycogen synthesis, possibly via the inhibition of GSK-3 and 

enhancement of glycogen synthase activity is proposed in a variety of cclls and in response to a many 

different growth factors. Use of constitutively active and dominant negative PKB mutants, suggest a role 

for PKB in enhancing glycogen s\Tithesis in insuhn stimulated L6 muscle cells (Ueki a/. 1998), insulin 

and EGF activated hepatoc\'tes (Peak a/. 1998) and insuhn stimulated rat adipocytes (Cross ef o/. 

1995). The potential role of PKB and possibly other PDKI/PKB activated proteins in the regulation of 

GSK-3 and so glycogen synthesis is discussed in Chapter 6. It should also be noted that glycogen 

synthesis can also be activated via the growth factor induced activation of a protein phosphatase (PPl) 

which dephosphorylates the inhibitory GSK-3 targeted phosphorylation sites on glycogen synthase and 

so stimulates glycogen synthesis via this route (Lavoie aZ. 1999, reviewed in Lawrence aZ. 1997). 

1.2.7.4.2 Protein Synthesis 

fn many cell types, including L6 muscle cell and 3T3-L1 adipocytes, the use of PKB mutants suggest 

that PKB may have a role in growth factor induced protein s^mthesis although the exact functioning of 

PKB is not known (Ueki ef (?/. 1998). A constitutively active PKB mutant increased the cellular levels of 

the adipostatic hormone leptin, by acting at the level of translation in 3T3-L1 adipocytes (Barthel gf o/. 

1997). A P13K/PKB activated increase in the translation of the ceU cycle regulator cyclin D is seen in 

colon carcinoma and breast cancer cells stimulated wdth semm again suggesting a general role for PKB 

in modulating protein s)mthcsis (Kilamura o/. 1998, Muise-Hehnericks ef o/. 1998). 

Constitutively active PKB causes the phosphorylation of the 4E-Binding Protein (PHAS-1/4E-BP1) 

which leads to 4E-BP1 dissociation from the initiation factor 4E leading to mRNA translation fUeki 

o/. ]y)8, Gingras gf a/. 1998, Takata c/ a/. 1999). 4E-BPI has been identilied as an inhibitor of 

translation which acts by binding lo the translation initiator 4E, preventing this lactor from forming an 

initiation complcx and thereby aciivating translation (Gingras o/. TW)). 4E-BPI has been shown to 



be phosphorylalcd on mulliplc silcs in response to a variety of stimulators with these phosphorylation 

events causing 4E-BP1 to dissociate from and stop inhibiting, the eukaryotic initiation factor 4E 

resulting in initiation of translation ( MotheSatney gf oA 2000). 

]t is unclcar whether there is any direct phosphorylation of 4E-BPI by PICB since no PKB target motif 

has been found in 4EBP1 (reviewed in Vanhaesebrocck ef o/. 2000). However, one possible route Tor the 

inactivation of 4E-BPI b\ PKB is via mTOIL which overexpressed PKB can activate (possibly b) direct 

phosphorylation) and which once activated can directly phosphorylate and inactivate 4E-BP1 leading to 

translation initiation (Scott g; o/. 199K, Brun ef o/. 1997, Nave ef o/. 1999). The phosphorylation of 4E-

BPI is also sensitive to wortmannin and rapamycin (an inhibitor of mTOR) suggesting the involvement 

of P13K and mTOR and thereby raising the possibility that PKB is a key mediator in signalling between 

thesepathways resulting in the inactivation of 4E-BP1 (Barash 1999). 

Insulin can stimulate the P13K/PKB/mT0R pathway resulting in inactivation of 4E-BP1 and stimulation 

of GLUTl expression which suggests a possible physiological role for PKB in regulating translation via 

the mT0R/4EBPl route (Taha ef o/. 1999, reviewed in PuUen c/. 1997). Evidence exists that PKB-

independait inactivation of 4E-BP1 may occur in response to certain stimuli. For example, TPA or 

phenylq}hrine inactivate 4E-BP1 indq)endently of PKB resulting in (he stimulation of translation in 

human embryonic kidne} and Rati a Gbroblasts respectively (Rybkin gf aA2000, Herbat gf aZ 2000). 

Therefore, it is apparent that the role PKB may play in initiation of translation via 4E-BP1 inactivation is 

a complex process involving other factors depending on the cell type or stimuli used. 

Another possible role for PKB in the initiation of translation and possibly other downstream cellular 

events is its potential actions on p70S6K, a pathway Wiich will be discussed in Chapter 5. PKB 

phosphorylates and activate p70 S6 kinase, a 70kDa ribosomal kinase which acts on the 40S (S6) 

ribosomal subunit to bring about initiation of protein translation (Burgering g/ o/. 1995, Kuroda g/ a/. 

1998). There is some e\idence, based on PKB overexpression studies, that direct phosphorylation and 

activation of p70S6K by PKB can occur vivo in response to certain factors including heat shock and 

PDGF. Alternatively PKB could signal ^ia mTOR to bring about p70S6K phosphorylation and 

activation. However, in other cells the role of PKB in p70S6K activation is unclear, since it is apparent 

that PDKl can directly phosphor\'late and activate p70S6K v/w (Alessi cZ. 1997, Pullen g/ o/. 

1998). In certain cell types it appears PKB may be necessary but not sufficient for p70S6K activation 

with this route perhaps contributing to the potential role of PKB in translation (reviewed in Proud t//. 

1997, reviewed in Dufhcr (i"/ 1999). 



The possible conlhbulion of PKB in protein s)'nlhcsis could occur via its phosphory lation and inhibition 

of GSK3, which wiicn active can phosphorylate and inactivate the protein synthesis initiation (actor 

eIF2. By inhibiting GSK3, PKB could indirectly bring about the activation of elF2 and hence stimulate 

protein synthesis (Welsh ef o/. 1997). Thereibre, studies suggest that PKB could be involved in 

regulating protein translation and therefore implicated in a large number of diOsring cellular processes 

(Burgaing gf a/. 1995, reviewed in Kandel gf a/. 1999, reviewed in Vanhaesebroeck cf a'/. 1999). 

1.2.7^ Other Possible Roles 

Ova^expression studies indicate PKB may have roles in cellular diflerentiation and proliferation. For 

example, transfection of a constitutively active PKB into 3T3-L1 fibroblasts causes them to 

spontaneously difla^tiate into the adipocyte form (K(An ef g/. 1996, Gagnon gf o/. 1997). Induction of 

PKBp activity correlates with the differentiation of Sol8 muscle myoblasts into myotubes (Calera gf o/. 

199&). Possible roles for PKB in cellular diSerentiation are discussed in Chapter 5. PKB may also act as 

a key cycle regulatw in certain cells For exanqile, PKB activity is induced by cell cycle withdrawal and 

myogenesis with this activity possibly contributing to diS^oitiation of these cells and perhaps 

conferring apoptosis resistance (Fujio et al. 1999). PKB may also affect cell proliferation in a variety of 

cell lines which may be one possible mechanism by which PKB can function in cancer cells to induce not 

cmly survival but also proliieration or transformation of these ceDs (reviewed in Kandel e/ oZ- 1999, 

DatXaetal. 1999). 

Studies suggest PKB ma} act on E2F, a cell cycle regulator which is involved in prohferation and c-myc 

expression (Brennan af. 1997/1999). Activated PKB increases the expressicm of cyclin D, another cell 

cycle regulator at the level of mRNA translation and may increase cvchn D stability further indicating 

possible roles for PKB in the cell cycle (Muise-Helmericks ef aZ- 1998, Diehl gf a/. 1998). PKB directed 

upregulation of c-myc or down regulation of the cychn kinase inhibitor p27 may also be possible ways in 

which PKB could act to regulate the cell cycle (Ahmed cf o/. 1997, Sun gif 1999, Busse g/ oA 2000). 

The negative PTEN regulator can induce cell cycle arrest and direct cells towards apoptosis in a 

mechanism which could involve inhibition of the possible functioning of PKB as a cell cycle regulator 

(Wang gf a/_ 1999, Lu g/ o/. 1999). Possible mechanisma by which PTEN could induce growth arrest act 

via the inhibition of PKB, include inactivation of retinoblastoma (Rb) or p27 (a CDK inhibitor) 

activation (Paramio g/ o/. 1999, Lu g( a/. 1999) 
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Roles for PKB in negalivcly and posilivdy rcgulaling Iranscriplion are also suggeslcd by its possible 

actions on the transchplion (actors FKHR and CREB. As well as these potential roles for PKB in 

aflecting transcription, overexpressed PKB has been shown to regulate the gene expression of IGFBP-I 

and IGFBP-5 by aflecting promoter activity (Cichy e/ cA 1998, Duan g/ a/. 1999). PKB may also 

increase the gene expression of the atrial natriuretic factor or ANFI, a P-adrenergic receptor agonist 

possibily \na the inhibition of GSK-3 (Morisco f f o/. 2000). 

Other possible cellular functions for PKB include regulating the proliferation, migration and actin 

organisation of endothelial cells in response to VEGF, perhaps mediated via PKB activation of eNOS 

(MoralesRuiz o/. 2000). PKB may also function in T-cell and neutrophil activation, migration, 

motility and Ihe respiratwy burst possibly in response to activation by PDKy (Sasaki e/ o/. 20(K), Hirsch 

ef g/. 2000). Recently, PKB has also been proposed to inhibit Racl-GTP binding by directly 

phosphorylating Racl on serine 71 which hes within a PKB target motK^ however as yet the 

physiological consequence of this has not been established (Kwon gf a/. 2000). 

Evidence indicates that PKB may have many diverse and important cellular roles. However, these 

potential roles need clariGcation due to the problems associated with the use of PKB mutants in 

assigning the functioning of PKB. Therefore direct and specific inhibitors of PKB function are urgently 

required to estabhsh the precise cellular roles of PKB. The use of antisense inhibitors to directly target 

the individual isoforms of PKB therefore provides an attractive possibility. With these specific inhibitors 

it should be possible to directly affect the endogenous levels of PKB and hence ascertain its cellular 

fimctioning in physiological ccmditions. 

1.5 Introduction to Antisense Theory 

1.51 Methods of Altering Protein Function 

In order to estabhsh the roles a particular protein (i.e. PKB) has in a signalling pathway, it is important 

to find a way of altering the fiinction of this particular protein and seeing how this changc affects its role 

in the pathway. There arc a number of methods such an alteration can be achieved by, either up 

regulating or down regulating the activit} or levels of the protein under study. 
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Many oC the Icchniqucs employed lo bring aboul these changes, involve Ihe use of over-expression 

systems in Wiich the acti\'ily of an endogenous protein is altered by Iransfecling in foreign DMA 

encoding for a fbnn of the lesl protein. This DNA can encode (or either wild type protein, constitutively 

active protein or dominant negative protein. The effects of these mutants on the pathway under test can 

then be studied in the hopes of clarifying the roles of the targeted protein. Whilst these techniques have 

yielded a great deal of information as to the likely role of many proteins including PKB in cell signalling, 

the obtained data should still be viewed with some caution. The main drawback with such a system is 

that any changes to the function of the protein within the cell, is a direct result of the added non-

endogenous protein mutants and so does not involve the native cellular level or activity of the protein. 

This could mean that obtained results do not relate to the cells normal function or to physiological 

conditions. 

The other way to analyse the roles of the protein in question, is to alter the cellular levels or acti\ity of 

(he protein directly, in otha^ words to target the endogenous protein. Such alterations can be attempted at 

either the DNA, mRNA or protein level to bring about the desired changes. 

Targeting at the protein level involves the use of chemical inhibitc«-s, whidi interact with the test protein 

and prevent its action. They usually either prevent the activation of the protein by targeting its activation 

sites, or prevent its downstream effects by interfatag with the ^ v e site preventing the binding or 

regulation of its substrates. Whilst such chemical inhibitors have proved to be very effective in the study 

of cell signalling, with examples including wortmannin (PI-3' Kinase), PD98059 (MEKl) and rapamycin 

(mTOR/p70 S6 Kinase), there are ver\ few in circulation (reviewed in Toker g/ aZ. 2000). This is 

because they are difScult to design and oAen do not give complete inhibition of their target protein 

Another technique is to target the ONA of the test protein and prevent transcription and hence ultimately 

stop protein production. One such method involves binding a drug to the DNA, thus preventing 

transcription factor binding and hence inhibiting transcription initiation. However, as with chemicals 

designed to work at the protein level, such compounds have proved difRcuK to design and often act non-

speciScally. Alternatively, a specifically designed synthetic oligonucleotide can be used to hybridise to a 

particular region of the target DNA forming a DNA triplex, which prevents DNA unwinding and hence 

inhibits transcription. The main drawbacks with the triplex method is that there are difTiculties in getting 

the oligonucleotide into the nucleus of the cells, difficulties in producing a strongly hybridising probe 

and the optimum conditions (low pH and temperature) arc non-physiological. 
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The final method oCallcnng endogenous protein function is by targeting at the le\ cl of translation, cither 

by binding the mRNA with a drug, or using complementary synthetic oligonucleotides, known as 

antisense probes. As with other methods, knocking out translation of a single protein by binding a drug 

to the mRNA has proved to be very diHlcull, with problems of specificity being the main stumbling 

block. In antisense techniques, the designed oligonucleotide hybridises to a complementary region of the 

mRNA and prevents translation of the mR}4A, either by preventing ribosome binding or causing 

digestion of the mRNA. Antisense has proved to be a vcr\' successfnl technique in the study of man} 

cellular proteins, as it is possible to eliminate most potential pitfalls. It is also the method this group has 

previously used, to study signalling proteins such as MAP Kinase (Sale gf g/. 1995) and protein tyrosine 

phosphatase a. (Amott a/. 1999). Antisense techniques arc therefore, my main strategy for studying 

the possible cellular roles of PKB_ 

1^2 Overview of Andsense 

Antisense is an emerging method for altering protein levels and hence afkcling the activity and therefore 

roles, a particular protein has in the cell. It has alreat^ proved to be a vay useful tool in cell biolog)^ with 

successful antisense based strategies alread) directed against PKC and the EGF and PDGFreceptors and 

used to identify their particular functions in cell signalling (Chaikofi et al. 1995, Liu et al. 1992, 

reviewed in Stein et al. 1993). Hence it is becoming an ever more popular tool for the cell biologist, due 

to the fact that it is directed against endogenous protein levels and can be used to target specific isoforms 

of a particular protein (reviewed in Rou 1997). 

The use of antisense as a possible therapeutic agent has also been investigated due to its potential to act 

as a so-caUed "magic bullet'̂  drug, directed speciScally against an aberrantly flinctioning protein in a 

disease state. Althoug)i the initial hopes for antisaise as a new "wonda^ drug" or miracle cure has yet to 

be fiilly achieved. However, the technique is starting to show promise in a pharmacol(%ical role with the 

first antisense drug; Vitrulene™, which targets a \Trus causing Cylomegaloviral retinitus, recaitly being 

granted a medical license by the US government (reviewed in Stein 1999). Therefore, there may be a 

bright future for antisaise drugs in combating many diseases, especially ui targeting aberrantly 

functioning proteins in a vahet} of cancers (reviewed in Stein g/ 1993, 1997, 1999). 

The first use of antisense as any sort of cellular tool was in 1978, when Zanemik and Stephenson 

successfiilly directed antisense oligonucleotides against the Rous Sarcoma Virus (reviewed in Coleman 

1990). Since this breakthrough for antisense techniques, oligonucleotide probes have been used to target 



many signalling proleins and hcncc clucidalc some of Ihcir roles. Wilhin Uiis group, succcssdil 

oligonuclcolidc anlisensc stralegies have been used to deplete ErkI, Erk2 and PTPa and investigate their 

cellular roles (Sale cf o/. 1995, Amott cf/ a/. 1999). 

However, despite the fairly extensive uses of antisense oligonucleotides, the exact mechanism by which 

they prevent protein expression by translation is unclear It is known that in antisensc strategies, the 

designed synthetic ohgonucleotide is complementary' to a particular mRN A sequence of tlie protein of 

interest and the binding of the antisense probe to this region brings about the inhibition of translation 

(see figure 1.5). 

There are currently two main models Ibr the action of antisensc probes once they hybridise to the mRNA. 

In the first model, the antiscmse-mRNA double stranded complex acts to prevent ribosome binding or 

prevent ribosome progression along the mRNA hence stalling translation. Tt is believed that in this model 

the ribosome cannot bind or move along the mRNA due to steric reasons or the masking of important 

binding sites in the mRNA (Dean et al. 1994/1996, Feier 1992, Helene and Toulme 1990) 

The second model involves the double stranded antisense-mRNA duplex stimulating the activity of the 

ceUular nuclease, ribonuclease-H, which digests the mRNA, thus preventing translation. The antisense-

mRNA complex may act as a template for this nuclease or act to stimulate its activity, with the result of 

both being the removal of the mRNA of the protein of interest and hence no translation. The second 

model is probably the most likely or most common method by which antisense oligonucleotides act to 

bring about the inhibition of translation. However, there is evidence that both methods may be used in 

parallel or occur in a cell-specific manner (Altmann et al. 1996, Hunter et al. 1995, Wagner et al. 1993). 

Other possible methods of antisense function also exist but are not well characterised (reviewed in 

Hunter 1999) 

AAer the group s previous success in using an antisense approach to target signalling proteins, it was 

decided to design similar probes against the PKB isoibrms and use these lo elucidate the potential roles 

of PKB in cellular function (sec Chapter 3). 
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CHAPTER 2 - MATERIALS AND METHODS 



2.1 Materials 

Glycerol, methanol, and TFA were obtained Irom Fisons Ltd, Loughborough England. Acetic 

acid, ammonium hydroxide (15M), SDS, BSA (for western blok) and AnalaR water were 

purchased Irom BDH Ltd, Poole, England. The 30% acr '̂lamide solution was from National 

Diagnostics, Hull, England and the PBS tablets from OXOID, Unipath Ltd, Basingstoke, 

England. 

The following chemicals were obtained from the Sigma Company Ltd, Poole, England. Niatehals 

for SDS-PAGE including acrylamide, N,N'-methylaie-bis-acrylamide, Coomassie brilliant blue, 

pyronin Y, TEMED, ammonium persulphate, DTT, glycine, and molecular weight markers, 

Napthol blue black, TwGcn-20 and Kodak pholographic solutions (developer, stopper, fixer) for 

western blotting protocols. Other materials purchased from Sigma were benzamidinc, aprotinin, 

pepstatin A, leupqitin, antipain, BSA (for Protein standards and cell culture), P-

glyceryophosphate, deoxycolic acid, nonidet P-40, sodium orthovanadate, PMSF, TPA, sodium 

fluoride, ATP, Tritcm X-100, HEPES and horse radish peroxidase (HRPO) conjugated donkey 

anti-sheep secondary antibody. 

HRPO conjugated goat anti-mouse and goat anti-rabbit secondary antibodies were purchased 

from Sera-lab, Crawley, England. The hyperfilm-MP and ECL reagent was from Amersham 

Inlmiational pic, Buckingham, England. Pro-tran Nitrocellulose (0.2pm) was obtained from 

Schleicher and Schuell, Dassel, Germany and Immobohn-P PVDF from Millipore, Bedford, 

USA 

For the synthesis of the GSK-3 kinase assay peptide substrates chemicals were obtained from a 

variety of sometimes speciahst sources. The NH2-Wang resin was purchased from, 

Novabiochem, Notts; as were all the other N-a-Fmoc amino acids used. The coupling agents 

DIPEA, HOBt and Tbtu wore also purchased from this supplier. The chemicals ao^ic acid, 

acetonitrile, DCA, toluene, DMF (which was maintained dry over si/^ 4A nwlecular sieves and 

dried), TFA and DCM (maintained over anhydrous sodium carbonate and filtered using 

Whatman No. 1 filter papa^) were all obtained from Lancaster, Morecambe Piperidine, 

ninhydrin, anisole, enthandithiol, dichlorodimethylsilane were all supplied by Simga-Aldrich. 

The prc-packcd G-25 column (PDIO) was from Pharmacia, Bucks. 



For ihc s^-nlhcsis oF Ihc GSK-3 phosphopcplidc addilional chcmicals had lo be obtained or 

synthesised. These included Iriethylamine, sodium hydrogen carbonale, sodium sulphate mefa-

perchlorobenzoic acid and letra/ole were obtained fî om Sigma-Aldrich. cA /gyf Butyl 

pyTocaibonate was purchased from Novabiochem. The NJ\|-dielhylpharamidous chloride was 

kindly provided by Dr. Bob Broadbridge, wlio also helped greatly in the conversion of this into 

the required Af v-Zgrf-butyl N,N-phosphoramidite and general with all the pq)tide synthesis wwk. 

For the peptide synthesis work all the reagents used were at least analytical grade, or HPLC 

grade in certain stated cases. 

All the solvents used for HPLC were vacuum degassed and (iltered through 0.22pM filters at 

ZZ'C prior to use. The HPLC model used in the analysis and purification of the peptides was the 

Gilson 805 Manometric model including 305/306 25ml pumps and an 81 IB dynamic mixer, 

Gilscm 7j2/7I5 HPLC software, Vydac analytical and pr^aratoiy columns and an Apphed 

Biosystans 759A absorbance detector. Mass Spectroscopy analysis of the peptides was 

performed with the help of Dr Broadbridge using a Perspective BiosysUans electron spray mass 

spectrometer. 

Generally all chemicals and reagents were purchased from Sigma, BDH or Fisons unless 

otherwise stated. All used chemicals were of a high grade and were always used in accordance 

with the manufactures/suppliers instructions and general safety recommendations 
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2.2 Cell Culture. 

2.2.1 Materials for cell culture 

3T3-LI Gbroblasts were kindly provided by Dr. G. Gould (University of Glasgow, Scotland), 

Dulbeccos ModiSed Eagle Medium (DMEM Igl"' glucose with sodium pyruvate), BSA (99% 

pure), dexamethazone, l-mcthyl-3-isobutylxanlhine (IBNtX) and dimethyl sulfoxide (DMSO) 

were obtained jrom Sigma. Glutamine, fungizone (amphotericin B), gentamycin, and trypsin-

EDTA solution were purchased from GIBCO-BRL. Insulin (porcine) was Irom Calbiochem. 

Sterile multi-well plates, centrifnge tubes, flasks and sterile scrapers were from Bibby Sterihn 

and Helena Biosciences. Cryo-tubes were &om Nunc and sterile filters 5-om Sartorius. 

Before being used insulin was made up as a lOOjiM stock in sterile 3mM HCl and IBMX was 

dissolved in sterile 0.35M KOH to give a 250mM solution. On arrival dexamethazone (Img) 

was dissolved in I ml ethanol and then diluted to a concentration of 50p.M with DMSO prior to 

storage at -20°C 

2.2.2 General Cell Culture Conditions. 

All cell culture procedures were carried out under sterile conditions. Cell culture media was 

sterilised by Bitting (0.22(jM) prior to incubation vyith Ihe cells, with any non-sterile soluticms 

autoclaved (121''C, 151bsin-2, 25mins) prior to use with cells. All wodc with cells was carried 

out in a class II ceU culture cabinet to maintain a sterile environment. 

3T3-LI fibroblast cells were grown at 37°C / 5% CO2 as monolayers in 75cm' cell culture flasks 

in Dulbeccos Modified Eagle Media (DMEM), 10%C'/v) Foetal Bovine Semm (FBS), 2mM 

glutamine, 0.2mgml'̂  gentamycin and 2.5mgml'' fungi/one. In each flask 20ml of this media 

was used and this was replaced every 48 hours. Once the cells had reached 80-90% confluence)' 

they were either prepared for cr\'o-storage in liquid nitrogen or subcultured into 2.&cm^ multiwell 

plates (usually 12 well plates). 
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2.2 J Cell Cryostorage and Resuspcnsion. 

When 80-90% conDuenl the cclls were removed irom the Oask surface by first ranoving all the 

traces oC media and then treating the cells wth 5nil ti^psin-EDTA (0.05%C7v) trypsin, 

0.02%r/v) EDTA in modified PUCK solution) at S r c / 5%C02 for 5 minutes. The resulting 

cell suspension was then placed in a sterile centrifuge tube and an equal volume of FBS added to 

neuLrahse the trypsin. The cclls were then collected b\' ccntrifugation, (5 minutes / 1200rpm) 

and the supernatant removed. The cellular pellet remaining was then resuspending in 

cryoprotectant media (10% Sterile DMSO, 25% FBS in DMEM) using 3m] of this media lor 

each VScm"" flask. 1 ml aliquots of this suspension were then placed into each sterile ciyo-tube 

and these were then slowly frozen overnight at -70"C before being placed in the cryogenic liquid 

nitrogen store. 

In order to resuscitate these cells the cryoprotectant media containing the cclls were first 

de&osted at 37°C and the cells collected by centrifugation (5min / 1200 ipm). The supernatant 

was then removed and the remaining cellular pellet resuspaided in pre-warmed growth media 

and transferred to a suitable cell culture flask (usually 75cm^ Bask). 

2.2.4 Subculturing of cells 

Who] the cells in the 75cm^ flask reach 80-90% confluent the growth media is discarded and 

5ml of Ti}psin-EDTA solution is added to release the monolayer of cells &om the flasks surface. 

A&er this solution had been in the flask for 1 minute at room Icmpcralurc 80% (4ml) of the 

solution was discarded and cells incubated for 4 minutes at 37°C to detach all the cells. Once the 

cells were fiiUy detached 20ml of pre-warmed growth media was added to the flask to neutrahse 

the trypsin and resuspend the cells. The cell suspension could then be divided into multiwell 

plates and if necessary new 75cm^ flasks. The standard procedure for this was to place 2ml of 

the cell suspension into a new flask and add 18ml of pre-warmed media to this. For culturing in 

multiwell plates (usually 3.8cm^ wells) the most common protocol was to add 0.5ml of the cell 

suspension and 0.5ml of our standard growth media to each well. 

X4 



2.2.5 Differentiation of 3T3-L1 Fibroblasts into Adipocytes 

For some of Uic experiments it was required to use 3T3-L1 adipocytes which could be obtained 

by diOcrenlialing our fibroblasts using a cocktail of factors. The standard protocol for this 

requires a speeiiic combination of lactors over an eight day time period as first derailed by Frost 

and Lane (Frost and Lane 1985). Firstly the fibroblasts were grown to confluence in 3.8cm'' 

weDs Then at two days post ccmflucnce (day 0) the difTerentiation protocol was commenced. 

Firstly the standard media is removed from the cells and replaced with 1ml of standard media 

containing ] 75nM insulin, 0.5niM ]-methyl-3-isobutylxanthine and 0.25^iM dexamethazone. 

This media is then replaced 48 hours later (day2) with 1ml of our standard growth media 

ccmtaining 175nM insulin. This media is thai removed after another 48 hours (day 4) and 

replaced with 1ml of standard growth media which is subsequently changcd every 48 hours. The 

cells were then suitable to use as adipocytes 8-20 days post difleraitiation providing th^' were 

at least 70% diSerentiated as determined by lipid accumulation in the cells which could be 

observed by microscopy (Frost and Lane 1985). 

2.3 Use of Cells 

Once close to confluencey in the fibroblasts or fully differentiated (8 days post differentiation 

start) the cells were used in a variety of expotmaits including growth factor stimulation and 

antisense wort via transfection. 

2.3.1 Transfecdon of Cells with Oligodeoxynucleoddes 

Transfection techniques were used to introduce foreign DNA into the cells. In this case the DN A 

introduced was single stranded synthetic ohgodeoxynucleotides designed to be used in antiscnse 

studies (see Chapter 3 (or design theory/protocol). Before these oligonucleotides could be 

introduced into the cells the)' were first cleaved, purified and their concentration determined (see 

section 2.5). In my experiments the transfection techniques used were designed to transfect 

known concentrations of m)' probes into cells where I could observe and analyse any elicited 

effects. 



In my anliscnse studies I initially used a liposome formulation of l:l(w/v) calionic lipid, N-

|l(2,3-dioleyloxy)proyl] njiji-trimclylammonium chloride {DOTMA} and 

dioceoylphophotidylelhanolamine {DOPE), known commercially as lipolectin'", to introduce 

the oligonucleotidG into the cells (see section 3.1) using a well documGnled protocol. Firstly, the 

lipofcctinTM and DMEM (supplemented with glutamine) arc mixed together to give a 10% 

lipofectinTM solution (in a volume of lOOul) which was then Icfl for 45 minutes at room 

temperature. The volume required to give the necessary concentration of the ohgonucleotide (in 

a final volume of 400^1) was thai diluted to 1 OOp̂l with DMEM. The lipofectin ™ and the 

oligonucleotide containing solutions were then mixed giving a volume of 200p.l and left to stand 

for 20 minutes at room temperature. 

The cells to be transfected are the removed from the incubator and washed 3 times with pre-

warmed DMEM to ronove aU traces of serum and antibiotics. Following this 200;il of pre-

warmed DMEM was added to each well along with the 200pi of the hpo&cdn™-DNA solution. 

The plate was then returned to the incubator and incubated at 37°C for 8 hcmirs. After this period 

the hpofwtin™ containing media was removed &om the cells and replaced with 400pl of &esh 

media containing the same oligonucleotide concentration as before. The media used in this 

replacement was either supplemented with 5% heat inactivated FBS for the fibroblasts or 0.25% 

BSA for the adipocytes. The length of transfection varied depending on the experimental design 

but in all cases the media was changed every 48 hours and 6esh oligonucleotide containing 

media (appropriately supplemented) was added. 

23.2 Sdmuladon of Cdls 

The eSects of a variety of stimulator) factors i.e. insulin, vanadate and various growth factors 

on our cells was also investigated both in conjunction with and separately from the antisense 

work. The exact protocol for these stimulations depended on the ceU type and factor used and 

what had been previously done to the cells. 

For non-translected cells a period of serum starvation was required prior to the stimulation due 

to the fact that serum can act as a stimulatory factor in these ccll hnes. The laigth of serum 

starvation depended on the cell t)j)e used, for the 3T3-L1 fibroblasts it was between 20 and 24 

hours whereas in the adipocv-tcs cell line this scrum starv ation period was around 48 hours. 
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For these scrum slarvalions the scrum conlaining media was removed and the cells washed 3 

limes wilb DMEM (supplemented with glutamine) The cells were then incubated in Iml of this 

serum &ee media supplemented with 0.25% BSA for the required time. 

For cells which have already' been transfected the serum starvation protocol is slightly diOeroiL 

With the adipocytes no additional scrum starv ation period is required since the cells are in scrum 

fke media during the transfection. However, prior to the stimulation the cells were washed twice 

in DMEM to remove any traces of oligonucleotide. With die fibroblasts the normal 5% FBS 

transfcction media was removed 24 hours before the transfiKlion endpoint/stimuladon start and 

the cells washed twice with DMEM to remove any traces of serum. Fresh oligonucleotide was 

then added to the ceDs fbr the 5nal 24 hours in 0.25%BSA / DMEM media to provide a serum 

free environment prior to the stimulation. 

After the desired starvation time the cells were ready to be stimulated with tiie chosen factor. 

This involved removal of the media G-om the wells and rq)lacemait with 400^il of 0.25% 

BSA/DMEM containing the chosen factor at its required concentration and incubated fbr the 

required time point. 

Once the cells had been incubated for the desired length of time they were removed from the 

incubator and placed on ice. The media was then removed from each well and the cells washed 4 

times with ice cold phosphate buffered saline (PBS) before extraction (see section 2.4). For very 

short time points when the plate was removed from the incubator and the media poured off the 

cells were then quickly washed once with ice cold PBS to remove any residual BSA before the 

plate was quick frozen in liquid nitrogen. 

2.4 Harvesting of Cells. 

The extraction or harvesting of our cells followed a basically similar protocol with a few 

adaptations made to the extraction budcrs used depending on what the harvested cells were 

required fbr. With all extraction s it was important thai the harvesting be perfbrmed as quickly 

as possible with the cells kept cold throughout as this reduces loss of activity or cellular 

degradation. 
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2.4.1 Whole Cell Lysates 

For cell extracts which were only used for protein visualisation or determination by western 

blotting, a whole cell lysis extraction was used. In this technique the PBS washed cells were 

scraped from the well into 50-100^1 of SDS-lysis buffer (63.5mM Trig |pH7.4|, 1% (%) SDS). 

This extract was thai homogenised by passing the sample through a Hamilton syringe 10 times 

which resulted in a shearing of the cclls' DNA thus reducing the viscosity of the extract. 

The homogenised samples were then pulse centrifuged to settle the contents of the extraction 

vessel. The next step was to remove I Opj of the supernatant which was retained fcf protein 

concentration (see section 2.10). The remaining supernatant was then transferred to a new 

eppendorf and mixed with a one-quarter volume of 5x concentrated laemmli sample bufkr. 

These samples were then boiled for 5 minutes at 100°C and stored at -70°C until required for 

western blotting. 

2.4.2 Cell Lysates 

For cell extracts which were required for other procedures, for example kinase assay the 

extraction protocol was a little more complex. The PBS washed cells were extracted by scraping 

as before however the lysis buffer used was somewhat different as it was always fresh made up 

and contained a cocktail of factors to prevent protein degradation and inhibit certain cellular 

proteins (i.e. other kinases or phosphatases). 

In most cases the buf%r ccmsisted of 50mM P glyceryophosphate (pH 7.5), ImM benzamidine, 

ImM DTT, ImM sodium orthovanadate, ImM PMSF, 2mM EDTA, lOmM sodium fluoride, 

I .5mMEGTA, l^igmI-1 pqistatin, lpgml-1 antipaia, lp^gml-1 leupq)tin, 20(iM PKC inhibitor 

peptide (Calbiochem), 2|iM PKA inhibitor peptide (Sigma), 20pM R24571 (calmoduhn 

dependent protein kinase n inhibitor compound - Calbiochem), 1 î M microcystin (Calbiochem). 

This cocktail of factors was made up in RTPA bufll^ solution. [50mfvf Tris (pH 7.5), 150mM 

sodhim chloride, 0.25% (̂ /y) sodium deoxycholate, 1% (̂ A) NP40| and unless slated all the 

chemicals used in this bufler were obtained from Siema. 



In ihcse cxlraclions the cclls were cxtraclcd into 50-1 OOul of lysis buTfcr (depending on well 

size/ cell type) and (hen leA lo stand (or 10 minutes on icc. The extracts were then homogenised 

10 times using a SOOfil Hamilton syringe and centrifuged at lOOOOg for 5 minutes in a pre-

cooled caitriAige. A lOpj aliquot of the supernatant was then removed for protein concentration 

and a known volume of supernatant was also removed and processed (or use in SDS-PAGE as 

described for whole cell lysates. The remaining supernatant was either rapid Irozcai with liquid 

nitrogen and stored at -70°C until required or more usually immediately used (or aller protein 

standardisation) in the required assay (see section 2.9) 

2.5 Preparation of Oligonucleotides 

Possible andsense oligonucleotides and their matched controls were synthesised as 

phosphorothioate (deo?Q')-ohgonucleoUdes (ODNs) using an automated DNA synthesiser 

(Apphed Biosystems 391). This was done using standard phosphorolhioate chemistry with the 

nucleotides synthesised in a 3'-5' direction on a lOfiM scale. This synthesis was initially done by 

Dr Mark Pickett at the department of Microbiology, Southampton General Hospital, but later in 

house synthesis was done by Dr Elizabeth Sale. 

2.5.1 Cleavage and Deprotection of Oligonucleotides 

Once synthesised these oligonucleotides had to be cleaved from their solid support and purified 

before they were suitable for use on the cells. To cleave the ODNs 1.5ml of 15M ammonia was 

passed up and down the synthesis column slowly for a period of 2 hours at room temperature. 

This ODN ccHitaining solution was then diluted to 3 ml with 15M ammonia and sealed in a 

sterile vial which was then incubated at 55°C for around 18 hours to remove the ODNs 

protecting groups. After this time period the solution was cooled and the amount of ODN 

present determined by measuring the optical densit}" at 260nM (OD260). The crude 5'-0H DMT 

ODN was then aliquoted (200D units), dried down under vacuum (Univap) and stored at -20''C 

until required (or further purrfication. 
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2.5.2 Purification of Oligonucleotides 

In order to purify the crude 5'OH-DMT ODNs so th(^ were suitable lo use in (ransicclions we 

employed the OPC cartridge system (applied biosystems). This puriGcation method required the 

presence of the 5'-0H Irityl group lor the binding of the ODN to the solid matrix of the OPC 

cartridge. In order to prq)are the OPC cartridge for use it was first washed with 5ml HPLC grade 

acetonitrile followed by 5ml of 2M triethylamine acetate (HPLC grade: applied biosystems) The 

crude ohgonucleotide pellet was then resuspended in 1ml of 3.75M NH4OH and slowly passed 

through the column (1-2 drops per second). This oligonucleotide solution was reapplied 5-6 

times to the column to make sure the ODN is fully loaded. 

The column was then slowly washed with two 5ml measures of 1.5M NH4OH to remove any 

impurities and then the cartridge was flushed with two 5ml water washes. Following this the 

acid labile 5'OH-DMT group was removed by treatment with TFA (3% ( /̂y) TFA/water 5ml). In 

this step 1ml of the TFA solution was passed through the column and left to stand for ten 

minutes before the further 4ml of TFA was passed through. Once this deprotection step was 

complied the column was washed wth two 5ml water washes to remove aU traces of TFA. The 

purified ODN was then eluted in 35% (V )̂ acetonitrile (1,8ml) and aliquoted (6 x BOOjil) prior to 

being removal of the acetonitrile under vacuum (Univap). The dried down ODN was dien stored 

at -20"C until required for rehydration. 

The rehydration procedure involved dissolving up the dried down oligonucleotides in a total 

volume of 300fxl (2 x 150pl) autoclaved and sterile filtered water and the concentration 

determined spectrophotometricaHy (A260). The puriSed ODN was then aliquoted into 20^1 

pcfdons and stored at -20''C until required for Lransfections. 
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2.6 - Sodium Dodecyl Sulphate Polyacrylamide 

Gel Electrophoresis (SDS-PAGE) 

2.6.1 Solutions Required for Preparation of gels 

SDS-PAGE was pedbrmcd based on the method described by Laemmli el al. (1970). For SDS-

PAGE techniques two dinerent acrylamide solutions were used in gel preparation depending on 

the protein investigated and the resolution required. The first solution used for standard 

^visualisation gels (slab gels) was a concentrated acrylamide solution (30% (%) Acrylamide / 

0_8%(%) N^'-methyiene-bis-aerylamide; National Diagnostics). The seccmd solution which 

was required &)r band-shiA gels had a lower bis-acrylamide concentration and was made up 

&om sohds (30% C*/v) acrylamide / 0.36% l\l,N'-bis-acfylamide). A two times concoitrated 

resolving gel buffer (0.75M Ths/HCl (pH 8.8), 0.2% SDS) and stacking gel buffer (0.25M 

Tris/HCI (pH6.&), 0.2% SDS) was prepared in advance for use in gel preparation. The 

acrylamide solutions were diluted acccwding to the % gel required which varied for the resohong 

gel but was always 4% for the stacking gel. 

2.6.2 SDS-PAGE set up 

Gels were 5cm x 8cm in size for normal visualisaticm gels (mini-gel, Biorad), however for the 

band-shiA gels a longer resolving gel was required (8cm x 8cm; mighty-smali, Hoeffer). The 

polymaisation of the bis-acrydamide and acrylamide was catalysed by the addition of 0.1% ( /̂y) 

ammonium persulphate and 0.2% C'/y) TEMED. The resolving gel was always poured first 

followed by an overlay of water to ensure die top of the gel was level. Once the resolving gel had 

set this water was removed and the stacking gel poured. 

The gels were then positioned in the electrophoresis tank and the tank was filled with running 

buffer (0.5M Tris-HCI, IM glycine, 0.2% SDS). Protein samples were prepared by boiling the 

cell extracts with one-quarter volume of 5x concentrated laemmli sample buffer (200mM Tris-

HCI, 0.2%SDS, 2mg pyronin-Y) (100"C, 5mins). Samples were then loaded and electrophoresis 

performed at a constant current of 30mAmps (5cm x 8cm gel) or l8niAmps (8cm x 8cm) with 

water-cooling. 
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AAcr electrophoresis gels were removed and cither prepared for western blotting (see section 

2.7) or stained (0.25%(%) coomassie brilliant blue, 5()%(%) TCA) and destaincd (45%(~/v) 

methanol, 5%^/^) acetic acid) to visualise the loaded protein. 

2.7 Immunoblotting 

2.7.1 Commercial Antibodies 

The polyclonal sheep anti-PKBoi antibody, polyclonal sheep anti-PKBp, poh clonal rabbit anti-

p70 S6 kinase antibody and the polyclonal rabbit anti-SHP-2 antibody were purchased from 

Upstate Biotechnology Incorporated (UBI); monoclonal mouse anti-ERKI/ERK2 antibodies 

(IgG clone No_Z033 and subsequently clone ERK7D8) were obtained from Zymed Laboratories 

Ltd and polyclonal rabbit anti-GSK3a/GSKp antibodies were a kind giA &om Dr. J. Woodgett 

(Univa^sity of Toronto). 

2.7.2 Western Blotdng Protocol 

hnmunoblotting was performed based on standard protocols. Cell extracts were separated 5)r 

blotting by SDS-PAGE (see 2.6) using different % acrylamide gels depending on the protein we 

would be blcAting for. Membranes used wa^ usually nitrocellulose (0.2uM; Pro-tran, Schleicher 

& SchueU), although sometimes PVDF (0.2pM; Immobilcm-P, Millipore) were used. These 

PVDF membranes required pre-wetting with methanol prior to use, whereas the nitrocellulose 

was pre-wetted with water. Proteins were transfared &om the gels to the membranes by means 

of a 'transfer sandwich": The gel and the chosen membrane were pre-equiiibrated along with 

pieces of 3MM paper (Whatman) In transfer buQer (25mM Tris, 192inM glycine and 20% 

methanol, pH8.3). The gel and membrane were placed together with 3 pieces of 3MM paper 

either side to form the transfer sandwich which was then placed in the transfer apparatus. 

Proteins were then transferred by semi-dry transfer using a Hoeffer Scmi-PhorTM transfer 

apparatus (72mAmps, 120mins). Afler transfer, membranes were washed and blwked in 

appropriate buDers in accordance with the antibodies supphers' protocol (sec section 2.73). The 

transferred gel was then stained in the Coomassie BriUiant Blue solution and destaincd (see 

section 2.72) to determine wheiher uniform transfer had been achieved. 
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Aflcr blocking the membrane was incubaicd with ihc appropriate antibodies (sec section 2.73.1) 

with constant agitation throughout the individual protocols lo ensure the membrane remained 

wet. Subsequently the horseradish pcroxidise (HRPO) conjugated secondary antibodies were 

visualised (in all cases) using an "enhanced chcmHuminescencc'' method (ECL, Amersham). 

The membrane was Incubated \\dth the ECL reagents (2min, room temp) and then placed on a 

clean glass plate and ^Tapped in cling film. The membrane was then placed in an 

autoradiography cassette (Gcnctic Research Instruments Ltd) fitted ^^dth an intcnsif^ng screen 

(Dupont cronex lighting plus), and the light signal emitted recorded on photographic film 

(Hyperfilm-MP, Amersham) which was chemically developed and the image fixed. 

hi some cases the membrane filters were washed and stripped of antibodies so they could be re-

probed with a diSerait antibod}'. In this protocol the membrane was first washed twice with 

TBS-Tween (20mM Tris/HCI (pH7.4)^ 137mM NaCI, 0.05% Twecn 20; 10m], 5min) and thai 

soaked in the stripping buSer (0.5M XaCI, 0.2M gl}'cinc, pH2.8; 20m], 20min). The membrane 

was subsequaitly washed twice in ]M Ths base (pH7.4, lOmin) and then 3 times in TBS-

Tween (pH7.4, 5min) to neutrahse the stripping bufler. After this the membrane could be 

washed and blocked in buflers appropriate the new antibody to be tested. 

AAer blotting the membrane filters were then washed in TBS-Tweai and stained with amido 

black (45%(^/v) methanol, 10%(*̂ /y) acetic acid, 0.1%("/v) Napthol blue black; 20ml, 2min). 

Destaining was performed (45%f7v) methanol, 5%C7v) acetic acid) in order to visualise the 

separated proteins and check the protein levels/loading. In all cases the western blots were 

quantitated by densitometry (section 2.10) 

2.7.3 Protocols used for immiinoblotting against specific antibodies 

All the commercial primary antibodies were used following the manufactures basic protocol with 

occasional modiGcaticm to enhance the obtainable resolution or diminish background and non-

specific binding. In all cases the antibodies were stored at -20°C in appropriately sized ahquc^s 

until required for the incubations which were performed in sterile universals or polypropylene 

centrifuge tubes using a rolling platform to maintain constant membrane coverage. 



2.7.3.1 Anti PKBoc and Anti-PKBp Western Blots 

Transfer was to mtroccllulosc which was subsequently washed twice with water (lOmL Imin) 

and then prc-blockcd in TBS-Twcen (20mlVl Tris/HCI (pH7.4), 137mM NaCI, 0.05% Twccn 

20: lOml, lOmin). The membrane was then blocked in 3%(w/v) Non-fal milk protein (NFMP), 

TBS-Tween blocking bulllcr (l5mL 60min, room temp). The membranes were then incubated in 

blocking buiTer containing either the PKBa or PKBp primar\ antibod}' (1 in 2000 dilution) lor 

16-20 hours al 4''C. Before incubating witli the secondary antibody the membranes were washed 

twice in TBS-Tween (10ml, 2min). 

The secondary antibody was a HRPO conjugated donkey anti-sheep antibody (I in 1000 dilution 

in blocking buH^) and the manbrane was incubated with this for 90 minutes at room 

temperature with constant agitation. Following this the membrane was washed twice with water 

(10ml, 2min) and then with TBS-Tween (10ml, 5 min) before being rinsed 5 times in water 

(10ml, Imin). The membranes were then ready to be treated with the ECL reagents and the PKB 

protein bands visuahsed. 

2.73^ Anti-p70S6 Kinase Western Blots 

Transfer was to nitrocellulose which was then washed twice with water (10ml, 2min) and then 

pre-blocked in TBS-Tween (20mM Tris/HCI (pH7.4), 137mM NaCl, 0.05% Tween 20; 10ml, 

] 5min). The membrane was then blocked at 4°C overnight (16-20 hours) in 3% NFMP blocking 

buffer. The membranes were then incubated with the p70S6 kinase antibody (1 in 2000 dilution, 

in blocking bu9^) for 2 hours at roan temperature with constant agitation. Following this the 

membranes were washed 3 times in TBS-Tween (10ml, 2min) and then incubated at room 

temperature for 90 minutes \\ith the HRPO conjugated goat and-rabbit secondary (1 in 2000 

dilution in blocking buffer). Extensive TBS-Tween washing (4 x 5mins, 10ml) was then 

performed before the membrane was treated with the ECL reagents and the blot developed 

2.7.3.3 Anti-Erk1/Erk2 Western Blots 

Transfer was to PVDF (Poly vinyl diethyl ftuoride) membrane which was then blocked 

overnight in 5% BSA (%) blocking buDer (20mM Tris/HCI (pH7.4), 137mM NaCL 0.1% 



Twccn 20) at 4°C. The membrane was then incubalcd (or 2 hours al room temperature with BSA 

blocking buder containing the anti-Erkl/2 antibody (1 in lOOOO dilution). Aficr these 

incubation the PVDF membrane was washed extensively in BSA blocking buffer (3 x I Omins, 

Kknl). The secondary antibody used was a HRPO conjugated goat anti-mouse (1 in 10000 

dilution in BSA blocking buffer) and the incubation was at room temperature (or 90 minutes. 

The membranes were then washed 5 times in TBS-Twecn (20mM Tris/HCl (pH7.4), 137niM 

NaCI. 0.1% Tween 20; 10ml. 5mins) prior to ECL treatment and visualisation. 

2.7.3.4 Anti-SHP-2 Western Blots 

AAer protein transfer to nitrocellulose membrane the membrane was blocked overnight al 4°C in 

5%r/v) BSA blocking bufkr (20mM Tris/HCl (pH7.4), 137mM NaCl, 0.1% Tween 20). 

Membranes were then incubated at room temperature in blocking buflbr containing the anti-

SHP-2 antibod}' (lugjul-l) for 2 hairs. The membrane was then washed in BSA bicxddng 

buHer (3 x 5min, IQml) and incubated with the HRPO conjugated goal anti-rabbit secondary (1 

in 10000) for 1 hour at room tanperature. Further washing of the membrane with TBS-Twetm 

(20mM Tris/HCl (pH7.4), ]37mM NaCl, 0.1% Tween 20; 5 x 5mins) was then performed 

before the ECL treatment and visualisation steps. 

2.7.3.5 Anti-GSK3 a /p Western Blots 

After transfo" to nitrocellulose the monbrane was blocked ovmiight in 5%(%) NFMP blocking 

buffer (20mM Tris/HCl (pH7.4), 137mM NaCl, 0.1% Tween 20). The membrane was then 

incubated in NFMP blocking buff^ containing either the GSK3oc or GSK3j3 antibody (I in 

1000 dilution) for 90 minutes at room temperature. The membrane was subsequently washed 3 

times in 1% BSA (̂ A,) blocking buffer (10ml, 20mins) before being incubated for 1 hour at 

room temperature with a HRPO conjugated goat anti-rabbit secondary antibody (I in 4000 

dilution in 1% BSA ( /̂y) blocking buffer). Aflo^ this incubation the membrane was washed in 

1% BSA blocking buffer (10ml, lOmin) and then 5 times with TBS-Twccn (20mM Tris/HCl 

(pH7.4), 137mM NaCl, 0.1% Tween 20: 10ml, 5mins) before treatment with the ECL reagents. 



2.8 Synthesis of GSK-3 Assay Peptide Substrate 

2.8.1 Overview of Solid Phase Peptide Synthesis 

In order lo direcUy assay for GSK-3 activity in (he crudc lysales oC Ihe cell lines tested suitable 

specific peptide substrates had to be sunthesised. The GSK-3 specific phospbopeptide and its 

non-phosphor^'latcd matclicd control were synthesised according to the design established by 

Proud 1?/ (Proud g/ o/1997) which is further detailed and discussed in Chapter 6. 

The synthesis protocol is based on the solid phase synthesis technique first developed by 

Merrifield in 1963 and then adapted by Sheppard in 1971 (re\aewed in Sheppard 1989). hi this 

method elongation of the growing polypeptide chain is via the addition of an Fmoc protected 

amino acid to the first C-terminal amino acid. The Drst C-terminal amino acid is conjugated to a 

p-benzoxybenzyl alcohol linker via its carboxyl moiety. This linker is then connected to an 

insoluble cross linka" polyacrylamide or polystyrene carrier (resin) which acts to immobihse the 

peptide chain during synthesis. 

The extension of the polypeptide chain which therefore occurs in a C-N manner, involves 

successive rounds of deprotection and couphng to add each amino acid in sequence (see Figure 

2.1). DeprotK^tion of the of these amino acids for subsequent coupling involves the release of 

the N-terminal Fmoc group from the immobilised polypeptide chains end terminal amino acid 

which is achieved by clea\ age using piperidine. The exposed N-terminus can thai be effectively 

be coupled to the next amino acid. 

The coupling reaction involves the activation of the C-terminus of the incoming amino acid 

which in this study was achieved using the coupling agent TBtu. In the presence of the base 

DIPEA and the catalyst HOBt, TBtu activates the free carboxyl function through the formation 

of an active ester. This ester then undergoes nucleophilic attack at the Ncc-function to fbnn the 

desired peptide bcmd and thus extend the polypeptide. In this stud)' to ensure eflective and 

efficient coupling excess regents are used The rounds of deprolection and coupling are 

continued until the entire peptide is synthesised and the complete peptide can then be further 

processed if required (i.e. phosphory lation) and then cleaved from the resin and purified by 

HPLC. 
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Figure 2.1 General Overview of Solid Phase Peptide Synthesis 
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In order lo clTcclivcl}' use this solid phase approach to generate my pol\-pcptidcs certain other 

sy-nlhesis factors need to be considered. Firstly, suitable groups need to be used to block the 

functional side chains of certain amino acids to prevait unwanted side reactions. In general these 

side chain-protecting groups need to be chemically resistant to the normal peptide synthesis 

conditions and yet easily removed when the peptide is cleaved from the resin. In this study, most 

side chain protecting groups used were either Trit\'l w (grf Butyl as these are stable to successive 

round of piperidine/DMf deprotection. In this syiithesis protocol certain special; side group 

protection considerations needed to also be accounted ibr in the svTithesis of the phosphopeptide 

and these are detailed in the syiithesis protocol. 

Other important considerations include the t)'pe of resin/linker used. In these expoiments Na-

Fmoc amino acid substituted WANG resins were employed. In these a WANG bridge or linker 

was used betwcem the resin and the peptide to increase the stability of the synthesis. Also a 

method of qualitatively analysing the degree of deprotecticm and coupling is required in order to 

aisure efEciency of synthesis. This was monitored by looking for eitha" the presence or absence 

of &ec amine present in the peptide by ninh} diin based assay . 

2.8.2 General Protocol for the Synthesis of the GSK-3 Peptides. 

The following methods were used for the synthesis of both peptides on a 0.15mmol scale. In all 

reactions a 15ml reaction vessel fitted v îth a sintered glass filter and tap to allow soluble 

reagents to drain from it under slight positive (N? gas) pressure was used. 

This system allowed the soluble reagents to be eflectively removed from the insoluble resin and 

attached polypeptide chain hich is retained in the vessel and also allows for efOcient/eSbctive 

washing of the peptide/resin during the synthesis. AAer each addition/wash the vessel was 

flushed through with N2 using positive pressure to remove any tracc solvents. Generally all 

reactions were carried out at room temperature and the reaction vessel was shaken throughout 

the reaction. 

Prior to use the reaction vessel was silaied to prc\ ent adsorption of the peptidyl-resin to the 

glass walls of this container. This coating was accomplished by the incubation of the vessel 

with 15ml r/v) dichlorodimcthylsUanc in toluene (10ml) Ibr six hours. The vessel then 

underwent subsequent extensive washing with DMF (10ml, Imin x2) followed by 50% CA) 



mclhano]:DCM (lOmI, Imin x2) and finally DMF (10ml, Imin, x21 The resin (0.l5mmol oF 

Fmoc Lcucine) was added lo the vessel and washed twice ^ îih DMF (10ml, Imin) beibrc being 

incubated Ibr 30 minutes in DWF (10ml) to allow the resin to fully swell. The resin was then 

washed 5 times in DCM prior to the first deprotection step and subsequent coupling of the next 

amino acid. 

1) Deprotection: 

In order to remove the N terminal Fmoc protecting group the resin was incubated firstly for 5 

minutes wth 20% (̂ /y) pipehdine in DMF (10ml) and then subsequently fcr 10 minutes in the 

fresh 20% pipaidine C'/y) in DMF. The resin was then washed 3 times in DMF (10ml, Imin) 

and the extait of free NH2 terminus available for coupling was assessed by quahtative 

ninhydhn assay (sec step 3). 

2) Coupling: 

The next Fmoc amino acid (i.e. glutamate) was added to the resin containing vessel in a 3 

molar equivalent (0.45mmol) excess in the presence of the coupling agents; HOBt (3 molar 

equivalents / 0.45mmol), TBtu (3 molar equivalents / 0.45mmol) and DIPEA (9 molar 

equivalents / 1.35mmol) again in excess and dissolved in DCM. The coupling reaction was the 

allowed to proceed for 45 minutes with constant shaking. After this step the resin was 

extensively washed with DMF (10ml, Imin, x4) and a small quantity (Img) of the resin was 

removed for ninhydiin assay to cheek that efficient coupling had occurred. 

3) Qualitative Ninhydrin Assay: 

The extent of coupling of each amino acid was monitored at each stage of peptide synthesis 

using the ninhydrin assay. For this assay, I-2mg of the resin was ranoved 6cMn the vessel, dried 

and placed in a small test tube. R^ent A (100;il) and 25pj Reagent B (see below) were added 

and the mixture was heated to 1 OÔ C fw 5 minutes. A pale yellow colour indicated protectim 

and efficient coupling of the amino acid onto the peptide chain, whereas a blue colour indicated 

dcprotection of the amino acid or inefficient coupling. 

Reagent A: 40g of phenol were slowly dissolved in 10ml ethanol with warming. To this were 

added 4g of ambcrlite MB-3 resin and the mixture was stirred for 45 minutes and then filtered 

KCN (65mg) was dissolved in 100ml water and 2ml of this was added to 100ml pyridine. This 

solution was combined with the amberlite resin/phenol/ethanol solution. 
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Reagent B: Ninhydrin (2_5g) was dissohcd in 5()ml clhanol. 

4) Re-coupling and capping: 

If Ihc coupling eCHcicncy was deemed lo be insuflicient (<99%) or when certain amino acids 

(i.e. arginine and proline) were lo be added the coupling procedure was repeated using the same 

protocol as belbre. The reason for this was that arginine coupling can be notoriously inefficient 

and the coupling of proline cannot be monitored by ninhydrin assay due lo proline's secondar\ 

amine nature. Howevo^ if sufficient coupling was not achieved after two re-couplings, any free 

amine groups remaining were capped by acetylation. 

Acetylation of the &ee amine was achieved by incubating the peptidyl-resin in 50% {%,) acetic 

anhydride/pyridine (10ml) for 30 minutes. The resin was then washed 4 times in DCM (10ml, 

Imin) and the ninhydrin assay was repeated to conRnn the eflKtiveness of the acetylation. 

Once any coupling, re-coupling and K^ping procedures had been successfully performed and 

their effectiveness confirmed by qualitative ninhydrin assay the next round of deprotection and 

subsequait amino acid addition could commence. 

5) Cleavage of the Pq^tide: 

Once the peptide synthesis was complete the terminal Na-Fmoc group was removed by the 

normal deprotection procedure and the peptide washed as before with DMF (10ml, Imin, x3). 

The peptide could then be cleaved from the resin in the presence of 96% (Vy) TFA, 2% (%) 

phenol, 2% (%) anisole and 2% ethandithiol for 2 hours. The cleavage solution which 

now contains the dissolved peptide was then collected and the TFA removed by rotary 

evaporation. The pq)tide was then cold precipitated/triturated using diethyl ether (15 hours, 

4''C) and the peptide &agment recovered by filtration. This crude peptide was thai dissolved in 

0.1% CAr) TFA and subjected to freeze drying to remove other impurities. The generated pq)tide 

was then ready for further processing (i.e. de-salting and HPLC purification) to yield a highly 

pure peptide ficr use (see section 2.X.4). 

2^.3 Generation of the GSK-3 Specific Phosphopepdde 

WhUst the genera] s}'nthcsis protocol lor the GSK-3 phosphopqDtide and its non-

phosphor\'Iatcd control peptide aie very similar in the main there are several important 
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diOcrcnccs used for the generation of ihc required phosphoserinc. The s^TiUicsis of (his peptide 

utilises phosphoramiditG chemistry to provide ihc nceessar)' phosphate group (Pullen 1994). 

The Grst task fw this synthesis was therefore the gena-ation oC Ihc î /̂ -f̂ r̂Z-butyl N.N-

diethylphosphoroamidite from its precursor N,N-dicthylphosphoramidous chloride which had 

been previous prepared by Dr Bob Broadbridge but was freshly distilled prior to use. 

2.83.1 Preparation of A/Werf-butyl ]S^-pbospboramidite 

N,N-diethylphosphoramidous chloride which had been previous prepared b}' Dr Broadbridge 

&om phosphorous chl(xide and diethylamine in accordance with the standard synthesis 

protocols of Perick and Johns (1988) and Pullen (1992) was freshly distilled under reduced 

pressure using an oH bath to yield the pure product (0.1 Torr, 34-36°C. 30.9g, 71% yield). N.N-

diethylphosphoramidous chloride (7.5g, 0.043mol) was dissolved in dry ether (25ml) and added 

drop wise to potassium hydroxide-dried triethylamine (ET3N)(9.21g, 12.68inl, 0.091n]ol) and 

anhydrous /erf-butol (6.7g, 8.6ml, 0.09 Imol) in 100ml diy ether. This reaction was allowed to 

proceed for 24 hours at rcxim temperature with constant stirring (see figure 2.2). 

The hydrochloride was then filtered off onto Celite 521 using positive pressure and the residue 

was carefully washed with 100ml ether. The filtrate was then washed with 10% (%) NaHCOs 

(30ml, x2) and subsequently dried over Na2S04. The drying agent was then removed and the 

filtrate reduced in vacuo and distilled under reduced pressure using an oil bath (52"C, 0.2Torr, 

9.47g, 88%). These distilled factions of 6/f-fgrf-but} I N,N-phosphwainiditG were subsequently 

stored at -20''C ova^ silica gel until used Ibr the phosphitylation reaction in the GSK-3 

phosphopq}tide synthesis. A general mechanistic view of this synthesis is detailed in ligure 2.2. 

2.8.3.2 Phosphityladon of the GSK-3 substrate peptide 

The general synthesis of the peptide was as detailed previously up to and including the Gnal 

amino acid addition prior to deprotection and cleavage. Before the phosphitylation of the 

required serine residue could be performed the final Na-Fmoe protection group had to be 

converted to a /grf-butyl group as an) incorporated phosphate groups are likely to be removed 

during normal Fmoc deprotection with 20% pipcridine/'DMF but are more stable towards 

butyl deprotection using mildl\ acidic conditions. 
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Figure 2.2 Generation of the Aw-fgrf-butyl N,N-phosphoramidite. Phosphorous chloride and 
diethylamine were used to generate the N,N-diethylphosphoramidous chloride. This was 
subsequently converted into the bis-tert-butyl N,N-phosphoramidite by the addition of 
triethylamine and ^e^-f-butol. 
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The Nct-Fmoc group was Ihcrcfbrc dcprolcclcd using 20% (%) pipcridinc/DMF and could 

subsequently be converted lo the fe-r/-butyl group b) the action of (//-fcr/-butyl pyrocarbonate 

and triethylamine in distilled DIVIF for I hour at room temperature. The side chain trityl 

protecting group on the desired serine could thai be deprotected ready fbr phospbitylalion. This 

deproteetion was performed using 20% ("/% ) DCA in DCM (10ml, 30 sec, x8) with intermittent 

DCM washes (10ml, I min). The release of the trityl group was monitored as a lunction of a 

decrease in until all of it was rcmo\ ed. Once this step as completed the peptide was 

read)' to be phosphorylated using the previously prepared A/Wer^-butyl N.N-

diethylphosphoamidite. 

Prior to the phosphitylation reaction the peptide was washed w ith DMF (10ml, 1 min, x3). The 

phosphitylation was carried out by incubating the peptidyl-resin for 2 hours with 6/f-(gff-butyl 

N,N-dicthylphosphoamidite (10 equivalents) and excess tetrazole (40 equivalent) in distilled 

DMF (2ml) with oxistant shaking. The resin was then washed with DMF (10ml, 1 min, x2) and 

the phosphitylation reaction repealed twice more. The generated phosphite was then oxidised by 

incubation with diy mg/a-pherchlorobenzoic acid (85% (̂ /y), 20 equivalents, Ihr) in DCM 

(10ml) (see Ggure 2.3). 

In order to confirm the efficiency of this phosphitylation reaction a small sample of the peptidyl 

resin was removed and the pq)tide, cleaved and analysed using mass spectroscopy (see section 

2.8.4). If the yield of phosphopeptide was sufficient (i.e. effective phosphitylation had occurred) 

then the peptide was cleaved from the resin as previously described and the peptide was ready 

for fnrther processing. 

2.8.4 Peptide Purification 

Before the synthesised peptides could be used in any GSK-3 kinase assays they bad to be 

purified to remove any synthetic impurities Ibrmed during the sohd phase peptide synthesis. 

Several purification steps were therefore performed to generate pure peptide products. 
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Figure 2.3 General scheme for the generation of the phosphopeptide The 6/\y-̂ eAY-butyl N N-
diethylphosphoamidite is added with excess tetrazole to the reaction. Nucleophilic aatack occurs, 
with subsequent cleavage with TFA generating the free unprotected phosphopeptide. 
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2.8.4.1 Peptide desalting 

The initial puriHcation step Ibr the peptides was the removal of'"salts" which form during the 

cleavage procedures previously described. Initially peptide (lOmg) was dissolved in I ml of 

0.1% (̂ /v) TFA in water. This solution was pulse centrifiiged briefly (10,000 x g) and the 

supernatant applied to a G-25 Sephadex column which had been pre-washed and equilibrated in 

50ml 0.1% (%) TFA in water. The flow rate was maintained at I ml min ' and the peptide 

soluticm was washed through the column with I ml fractions coDectcd. Each fraction was then 

analysed by ninhydrin assay and the ninhydrin positive fractions (i.e. those containing the 

p^tide) were retained. This procedure was repeated until all of the peptide had been desalted 

with the retained peptide fractions pooled for fiuther processing. 

2.8.4.2 Pepdde Purification by Reverse Phase High Performance Uquid Chromatography 

The impure desalted peptides were then furthtx" processed by HPLC. For this HPLC puriEcation 

the dissolved pqztide was applied to an inert stationary phase, and eluted by the progressive 

mixing of 0.1% (%) TFA in acetonitrile (Solvent B) with 0.1% (̂ /v) TFA in water (Solvent A). 

The elution profile of the peptides were monitored by measuring the absorbance at 216nm 

The peptide was dissolved in 0.1% (%) TFA in water, vortexed and then pulse centrifuged 

(10,000 X g). P^tide was injected onto a C-18 analytical (0_2-0_5mg peptide), or a C-18 

preparative column (lOmg peptide) with an injection volume of 200fxl or multiples thereof. The 

p^tide was eluted using a 20 minute acetonitrile elution gradient betweai 0 and 80% C/v) 

solvent B with flow rates of either 1ml min'̂  ibr the analytical or 15ml.niin"' for the preparative 

columns 

PuriScation was initially carried out on a small sample of peptide using the analytical column to 

establish the elution profiles of the peptides. Large-scale purification on the bulk of the peptide 

was then perfimned using the preparative column. The acetonitrile was subsequently removed 

Irmn the peptide containing factions using a rotary evaporator and the peptide was lycq)hihscd 

by (reeze-drying. The purified peptides could then be characterised for their purity by analytical 

HPLC and mass spectroscopy (see section 2.X.4.3). 
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2^.4.3 Analysis of Peptides by Mass Spectroscopy 

For accuratc analysis oFlhc peptides Elcctron-spray mass spectroscopy was used lo confirm (he 

generated peptides were correctly sunthesised and were in a highly pure state. A small sample of 

the peptide (l-2mg) was dissolved in 5uJ 0.1% C/v) TFA in water. 1ml ahquots were 

subsequently injectcd into the electron-spray mass spectrometer and the generated "flight" 

profiles wo-e analysed with the help of Dr. Bob Broadbridge to determine the molecular weight 

and purity parameters of the peptides 

The molecular weights of the peptides were calculated based on the molecular weights of (he 

amino acids present, with 18 mass units added to the final Ggure to account for the H and OH 

groups at the peptide ends. For the phosphopeptides 80 units were added to this value to 

account for the phosphate group. The Anal calculated value Ibr the peptides' molecular weight 

was +1. Sample mass spectroscopy and HPLC traces for the peptides are shown in chapter 6 

al(mg with a detailed explanation/treatment of peptide purity studies. 

2.9 Glycogen Synthase Kinase (GSK-3) Kinase Assay 

Crude cell lysates treated with a variety of stimuli or antisense probes could be assayed to assess 

the activity of Glycogen s^mthase kinase-3. The lysates used wa^e extracted in the 'inhibitor 

cocktail rich" cell lysis buffer described in section 2.42. Crude cell lysates could routinely be 

assayed for GSK-3 activity without the requirement of firrther processing (i.e. 

immunoprecipitaticm of the GSK-3 isofbrms) due to the abundance of Protein 

kinase/phosphatase inhibitors present in the lysis buffer and the use of a veiy speciOc substrate 

peptide for GSK-3 (see section 2.8). The development of this assay is flirther discussed in 

chapta^ 5. However, the estabhshed protocol I used in the mzgority of my GSK-3 kinase assays is 

detailed below. 

Firstly into a 1.5ml Eppendorf 10|il ofassay dilution buffer (20mM MOPS (pH 7.2), 25mM (3-

glycerophosphate, 5mM EGTA, ImM sodium orthovanadate, ImM DTT) also referred to as 

ADB, was mixed with a IOp.1 of inhibitor cocktail solution (20|j.M PKC inhibitor peptide, 2 îM 

PKA inhibitor peptide, 20nM R24571. all in assay dilution bufler) and then placed on ice To 



this was added 10p,l orcilhcr ImM oFGSK-S phospho-pcplidc solulion (in ADB) or ImM oC 

conlrol pepUde solulion (in ADB). A j OfJ aliquot of crudc ccll lysalc was then added lo the tube 

and the solulion was pre-incubated on ice. 

The kinase reaction was commenccd by the addition of a lOjil aliquot of |Y-32P] ATP stock 

solution mixture (75mM Magnesium Chloride, 500p.M ATP, IfiCi [Y-32PjATP (-3000 

Cl/mmol) all in ADB). The reaction was then allowed to proceed for 10 minutes at 30"C. The 

reaction was stopped by removing two 20^1 aliquots of the mixture and pipetting these onto two 

strips of P81 phosphocellulose paper (4cm x 1cm). After allowing the radiolabelled substrate to 

bind to the filter paper for I minute the strips were immersed in 1% (v/v) phosphoric acid 

solution and washed for 5 minutes. The strips were then washed twice more in 6esh 1% (v/v|) 

phosphoric acid solution (5 minutes each) before being washed once in acetone (3 minutes). 

The strips were then allowed to air dry for 10 minutes before being folded and placed in a 

scintillation vial containing 3 ml of Scintillation cocktail (Optiphase, Hi-Safe). The radioactivity 

bound to the paper was then quantitated by counting for 2 minutes on a Beckman Scintillation 

counta^. The amount of radioactivity incorporated into the peptide could then be calculated and 

corrected for protein concentrations. 

In aH GSK-3 kinase activity experiments suitable blanks were used and these values were 

subtracted in final calculations. For each cell lysate examined, reactions were done using both 

the specific phospho-peptide and the non-phosphoiylated control peptide with the value for this 

non-specific substrate subtracted from the value for the phospho-peptide to give the specific 

GSK-3 activity of the lysate tested. Lysis buffer only controls with each peptide were also 

perfbrmed and the values for these also used to account for non-speciSc binding of [y-32PjATP 

and its breakdown products to the phosphoceUulose paper. A more though treatment of these 

control measures and the activity calculations is detailed in chapter 6. 
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2.10 Miscellaneous Methods 

2.10.1 Quandtadon of Western Blots by Densitom^ry 

In order to determine the intensit)^ of bands on western blots or stained membranes they were 

scanned using an Epson scanner and its appropriate software. The generated images could then 

be quantified and compared to other bands using "Phor^ix'' densitometry software. This 

enabled a measure of test proteins' levels within the cell after different treatments to be obtained 

and subsequently these levels compared to see what afkcts the treatment (i.e. antisense) may 

have on individual and total protein levels. 

2.10.2 Protein Assay of Cell Extracts 

The protein concaitraticm of cell lysates containing SDS were determined using the dc 

microplate assa}' (BioRad). Cell extracts (5|il) were placed in each well of the microplate and 

25|il of reagent A' was acMed followed by 200{jil of reagoit B. The plates were thai gaitly 

shaken and leA to incubate for 15 minutes at room temperature before being read at 630nm 

using a plate reader (Dynatedi). By use of the Revelation software package and appropriate 

BSA standards the protein concentration in each well was automatically calculated and was used 

to determine the loading of each sample required. 

For cell lysates-containing detergents other than SDS the Protein concaitration determination 

method of Bradford was used. In this cell extract (4nj) was placed in a cuvette and made up to a 

I ml final volume with diluted (20% (̂ /y)) Bradford reagent (BioRad). The colour change at 

595nm compared to lysis buffer only blanks was noted and the protein concentradon determmed 

&om a BSA protein concentration standard curve. 

109 



C H A P T E R 3 - DESIGN AND DEVELOPMENT 

OF AN EFFECTIVE P K B a ANTISENSE PROBE 

10 



3.1 Design and Development of Effective PKBa 

Antisense Probes 

3.1.1 Designing Effective Antisense probes 

The potential importance of the PDK/TKB palhwa)' within Ihe field of cell signalling makes it an 

ideal one to study and attempt to decipher. Many functions of PKB within this pathway and possible 

cellular roles ha\e already been postulated Howeve ,̂ to dale, all of the accumulated evidence is 

based on overexpression studies, which arc not related to endogmous PKB le^^els/activity and ma}' 

not be a true physiological rspresentation of the possible roles of PKB. Also, these overexprcssion 

studies have, to date, not looked in any detail at possible spcciGc roles of the individual PKB 

isofbrms. 

At present there are no direct and speciilc inhibitors of PKB functioning. The existence of selective 

inhibitors against of some cell signalling components, for example, the fungal inhibitor wortmannin 

or the compound LY294002 which inhibit PI3K, a likely upstream activator of PKB, have helped to 

propose possible roles for the PI3K pathway in cells. However understanding the function of 

downstream proteins in this pathway and PKB in particular is key in unravelling this complex 

pathway. Recently, the p38 MAP kinase inhibitor SB203580 was also found to inhibit the 

PDKl/PKB pathway at the level of PDKl (Lah e/ a/. 2000). Whilst this compound represents the 

first more direct inhibitor of the PDKl/PKB cascade, the fact it also inhibits the p38 MAPK cascade 

means that its use in analysing the functions of PKB is vay limited and should be viewed with 

caution (Lali ef a/. 2000). The non-speciiic inhibitw) dfects of this compound anphases the need 

for highly specific inhibitors in order to establish the individual mles of PKB. A second inhibitor 

ML-9 has also been shown to powerfully inhibit PKB activity (Smith e/ a/. 2000). However again 

this compound is a non-speciGc PKB inhibitor since it also powerfully inhibits PBCA and p9()S6K 

activity (Smith c/ o/. 2000) Therefore this compound again emphasises Ihe difficult)^ in targeting 

the protein kinase activity of PKB in the development of effective and specific inhibitors of PKB. 

Hence, it is of primary importance to dirccth target PKB and by inhibiting its function unravel the 

complex signalling processes it appears (o be involved in. Towards this okycctive I have looked into 



developing anliscnse oligonucleotides against PKB. Antisense provides an ideal tool lor the 

targeting of PKB, as it is possible to target probes against unique n%ions of mRNA in order to 

generate a highly speciEc inhibitor of PKB expression. The highly specific taq^eting of antisense 

probes also enables the design of isoform specific probes against the m^or PKB isoforms, in ordo" 

to investigate not only the general role of PKB, but also any specific roles (he individual isolbnns 

ma} have. 

The design of suitable antisense oligonucleotides is of critical importance to maximise the inhibition 

or tnock-out" achievable against the target protein. In order to obtain these goals potential probes 

need to meet certain specific criteria. Firstly, the potential probe must bind to the complementary 

mRNA with a high afOnity. Therefore, the targeted sequence mRNA of the protein of interest must 

be GC rich, to give the theoretical maximal binding afRnity possible for the potential antisense 

probe. However, the chosen probe should not bind non-speciGcally lo non-target sequences. 

ThaWbre, a balance between high aflmily and lack of specificit}' needs to be attained (re\ iewed in 

Bennett gf a/. 1999, Stein 1999, Agrawal 1999). 

In fact it has been established that the optimum GC rich composition is between 65-70%, as this 

gives a high afSnity binding whilst not being too "stickj" to other sequences. Any potential probe 

should also be specific for only the target mRNA sequence and not be too similar to any othor 

sequences of mRNA. This is because the more sequence similarities present in the target mRNA to 

other mRNA sequences, then the more likely the antisense probe will bind to other non-targeted 

sequences. This will decrease the probes antisense potency and could cause non-antisense effects 

which maj results in an incorrect assignment of roles (Brown et at 1994, Hunter et al. 1995, 

reviewed in Bennett ef o/. 1999). 

The mRNA sequence targeted must also be accessible to the designed antisense probe, so that the 

probe can access the complementary sequaice and be able to hybridise to it. Therefbnz, it is 

important that the targeted sequence region should not fall within the secondary structure of the 

mRNA (i.e. hairpin region) as this also reduces or evm prevents hybridisation (Stein a/. 1999, 

Agrawal a/. 1999). The antisense probes themselves should also not have any secondary structure 

(self-hairpins) or form dimers with each other (self-complemmtation). Such probe sequaice related 

issues would lead to a decrease in the antisense potcnc}', as well as leading to possible uptake and 



degradation problems. The selccled anlisensc probe needs lo e\'okc one oCihc possible h\'polhcsiscd 

anlisensc mechanisms within the cell and so the design rationale including the choscn targeted 

sequeice and the probes chonical composition, needs to account for this necessity of action 

(reviewed in Hunter 1995). 

The length of the selected probe is also of extnzme importance, as although longer probi% form 

stronger more stable hybrids, iiKreasing the length of the probe increases the risk of both non-

specific mRNA being targeted and probe self-complemeitation. Longer probes may also be more 

diiEcult to get into the cell lo start with (Hunter 6/ a/ 1995. Coleman 1990). 

The cellular uptake/distribution and stability of the antisense probes are thanselves issues that also 

need to be addressed in the design brief Ibr possible probes. Antisense oligonucleotides need to get 

into the ceUs easily and fkirly rapidly. The mechanism of oligonucleotide uptake by cells is still not 

clearly defmed but is likely to be by adsorptive endocytosis, pinocytosis or some other form of 

membrane crossing and distribution via heparin binding proteins. Once in the cells, the probes need 

to be delivered effective^ to the targeted mRNA and need to be fairly resistant to nuclease attack, so 

they can bring about their affects with maximum potent}' and for a prolonged period (Bennett et al. 

1992, Wagner eZaZ, 1993). 

Whilst the uptake, subcellular distribution and stability/longevit}' of an oligonucleotide is not strictly 

sequence driven, GC rich sequences and charged or modified oligonucleotides can enhance these 

parameters and therefore increase the potency of a probe. Artificial oligonucleotide carriers can also 

be used to further increase uptake and distribution as shall be seen later (Bennett ei al. 1992). 

Whilst these considerations deal with the general rules for antisense design it is also important to 

think about the part of the sequence targeted. Since antisense works by inhibition of translation, it is 

believed that targeting the initiation start (AUG) codon of the mRNA probe is the most dfective 

method (Liu c/ oA 1995, Chaikof ef a/. 1995). This has been shown to be true in many cases; for 

example, all previous antisense probes developed in this group have been directed %ainst this r%ion 

(Sale cf oZ. 1995, Amott c/ a/. 1999). It is beliex ed that by taigcting this r ^ o n of the mRNA, not 

only can possible nuclease based antisoise mechanisms be stimulated, but also the antisense potency 

is enhanced (reviewed in Crooke et al. 1999). This occurs by preventing the binding of the 
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ribosome/lranslation inilialion apparatus due to sleric hindrance or recognition site masking by the 

antisense probe (rc\de\vod in Baker ef o/. ] 999). 

However, despite the apparait advantage of targeting the initiation codon sequence in the mRNA, 

there is mounting evidence that antisense oligonucleotides targeted against other regions of the 

mRNA can be as effective, providing the other design points arc stringently met (reviewed in Baker 

c/ o/. 1999). Tt is believed that probes directed %ainst other areas utilise other antisense mechanisms 

most notably the activation of RNase-H which subsequently digests the single stranded mRNA 

(Altmann gf a/. 1996). Thus, it is critical to fulfil all the above elements in order to obtain the best 

possible probes and this is achieved using a variety of methods. 

It is now considered best to adopt a "gene-walk" strategy' in the design of antisense probes in whidi 

maiy different regions of the mRNA are targeted and the antisense probes directed against each of 

these assessed. By covering regions throughout the target mRNA this method of design can not only 

allow for the potential diflenait antisense mechanisms that may be evoked, but also minimise the 

possible effects of mKNA secondary structure, bound proteins or variations in RNase accessibility, 

on antisense potency. Therefore, it is best to analyse several different probes which encompass the 

various design cnteria. 

In order to design antisense probes which fulfil the above criteria a variety of techniques including 

computer programs and databases are used. It has been Ibund that probes between 15 and 22 

nucleotides in length best achieve these size requirements since they are long enough to give strong 

birxling, but still of a short oiough length for uptake and specificity. Shorter probes form less stable 

hybrids and so show weaker binding. Therefore short oligonucleotides may not be able to h^tridise 

suHiciaitly to the target to elicit an antisense effect. Short probes also have specificity problans 

since shorter regions of mRNA are less likely to be unique lo the target. Longer probes on the other 

hand have an increased risk of hairpin formation and may have problems associated with cellular 

uptake and distribution. Also longer sequences have a greater chance of containing short stretches of 

consecutive nucleotides whidi could hybridise to non-target mRNA. This means probes outside the 

optimum length are far more likely to bind to sequences other than the target, which may ultimately 

lead to the cleavage of non-specific mRXA due to unplanned antisense effects against these non-

targeted sequences (Hunter c/ 1995, reviewed in Coleman 1990). 
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To develop polenlial probes, the mRNA sequence for ihe protein of into-cst in the desired species is 

first obtained from a database. This sequence is then "run-through'' a probe program which 

produces a list oCpotentia] probe sites of the selected si/e (usuall) I Xmers) throughout the sequence, 

based on pre-set binding afTinity (GC content) and binding ability (not within hairpin regions) 

parameters (Bloomfield and Giles 1992). 

When selecting these potential target sequences, there are several motifs that should be avoided, as 

they can lead to non-antisotse eHccts that may cause complications when assigning the 

physiological consequences of the probe. One such motif is a stretch of more than 3 contiguous 

guanines, as these can lead to a stacked secondaiy structure v îiich can prevent Watson and Crick 

hybridisation and cause non-antisense effects including protein interactions. Unmethylated CG 

sequences should also not be targeted as this can lead to immunostimulatoiy problems. Palindrmne 

sequences (e.g. GACGTC, AGCGCT) containing at least one guanine can induce intaieron 

signalling and therefore are also best avoided. 

Having accounted for these potential pitfalls and by analysing the computerised data for the 

theoretical taiget areas, suitable regions are selected based on position and high mRNA-probe 

complex melting temperatures (i.e. binding). These are converted into the complementary^ antisense 

sequence. Potential probes are then checked by computer program to ensure they are not self-

complementary (i.e. don't form doners) or form self-hairpins which would greatly reduce their 

potencj' or perhaps hinder their entry into the cells (Bioomfield and Giles 1992). 

Probes me t^g these requirements are analysed using a similarity search to establish Wtether they 

may also bind to mRNA sequences of other proteins. The program used lists all known sequences 

which have fbur or less base diD^aices to the targeted sequence in both the forward and reverse 

directions. From this analysis, any potential probe r%ion whidi has 3 or less base differences to 

other sequences is discarded from furtha" analysis due to the possibility that this probe could 

hybridise to non-targeted mRNA sequences. As a further level of control, the first choice selections 

have at least 4 base differences to an) known sequmce. In general an} potential probe selected will 

have more than 4 base diffenaices to sequences which correspond to signal transduction or other 

important cellular proteins. Antisense sequences which pass all these set theoretical parameters can 



Ihcn be synthcsiscd and Iransfcclcd inlo cclls lo establish how succcssfut thc^ really arc at targeting 

the desired protein. 

In order to increase the uptake and potency nF the antisense probes selectod. one can use chemically 

modifiod phosphorothioate oligonucleolides (s^Tithesised at SGH or in house), in \vhich one of the 

non-bridging phosphate linked oxygons in each nucleotide is rq)laccd by sulphur. These modified 

oligonucleotides arc resistant to ccllular nucleases and, are therefore much more stable than 

normal/unmodified oligonucleotides which are rapidly metabolised within the cell (reviewed in Stein 

1999, Rou 1997). The improved stability gives an enhanced potcncy meaning that shorter 

transfection times or lower concoitrations ofphosphorothioate oligonucleotides can be used to elicit 

an antiscaise eflecL Phosphorothioate oligonucleotides also exhibit similar uptake and hybrid 

kinetics to unmodified oligonucleotides and so act in a similar way (Stein 1996). Phosphorothioate 

oligonucleotides also are known to support and e\8i lurther stimulate RNase-H activity within the 

cell so the use of these modified oligonucleotides may enhance any potential antisense effect 

(Altmann c/ o/. 1996, reviewed in Crooke a/. 1999). 

Using a specialised delivay system to transfect the probes into the cells can enhance the potential 

potency of the selected probes. Studies have shown that using the cationic liposome transaction 

system (lipofecdn^^) to deliver the oligonucleotides to the cell greatly enhances the cellular uptake 

of the probes and improves the subcellular distribution and therefore improves antisense potencj' 

(Bennett e/ c/. 1992, Wagner e/ oA 1993). These lipid-based compounds form a complex with the 

oligonucleotide prior to transfcction; the liposome structure is rapidly taken up and processed by the 

cells, thus rapidly and effectively deKvaing the probe to its site of action. Howeve^ this lipid-based 

system can only be used for over a short transfbclion time scale, up to 24 hours depatding on cell 

type, since it can become toxic to the cells over longer periods (Bennett ef a/. 1992, Wagner gf o/. 

1993). This method of assisted oligonucleotide delivery to cells can also only be used for adherent 

cell cultures and there^re is inappropriate lor cell lines grown in suspension. Also, several of the 

old(z generation systems, including lipofectin '̂̂ ', arc not resistant to so^im and so can only be used 

in scrum free conditions (reviewed in Stein 19*̂  

In ordo" to analyse the potency of a poteniial antisense probe, a noticcable effect on the target 

gene/'prolein must be dearly shown. Tliis needs to be in the Ibrm of either a significant decrease in 



ihc inRNA Icvd of ihe lan^d or b} a considerable dq)lclion al the protein level, when compared lo 

cells untreated with the antisense. In both cases, the greater the reduction in the level of the analysed 

component compared to the control, then the more effective the antisense oligonucleotide. In the 

case of changes in mRNA level of the target, a quantitative PGR approach can be used to assess the 

level of depletion whereas in the case of protein level analysis western blotting is used to assess the 

reduction. Only probes causing a significant depletion in the target, usually at least an 80% 

reduction at the protein level are considered for further analysis into their potential as an antisense. 

This usually consists of initially optimising their transfection profile by establishing the most 

elective transfection time and probe concentrations. 

Potential probes passing the initial test for antisense cfTbcts should then be (urther characterised to 

show the obstrved eSect is a genuine antismse efTect. This can be proved firstly by showing a dose 

response effect for the selected probe with higher concentrations of the probe eliciting a grcato" 

reduction in target levels (reviewed in Bennett cf a/. 1999). Secondly the chosen probe simuld be 

shown not to affect the mRMA or protein levels of non-targets thus indicating that it does not bind 

to non-specific sequences. Finally, it is important to show that only the specifically designed 

antisense probe causes a depletion in the target levels and that suitably designed control 

oligonucleotides usually sense, scrambled and mismatch do not affect the target (Bennett et al. 

1992, Wagner e! al, 1993), Once this has been achieved the potential probe is deemed suitable and 

effective as an antisense and can be used to assess the cellular roles of the target. Thus by adhering 

lo these strict rules Ibr the development and Iransfeclion of antisense probes it should be possible to 

design suitable probes lo target PKB. 

3.1.2 Design and Development of an Effective Antisense Probe Against PKBa 

In order to design potential antisense probes (or PKBa, the mouse mRNA sequence (or the protein 

was retrieved from the EMBL database (accession number X68616&) and the sequmce was run 

through the probe finder program lo highlight potential target regions (sec figure 3.1). Probe regions 

throughout the mRNA sequence which were deaned to be high affinity (GC rich) and not within 

predicted mRNA secondary struclure were therefore selected (or furtho" processing. 



Figure 3.1 - Potential probe regions in the mouse PKBc sequence. Mouse PKBa 
mRNA sequence, analysed from 1 to 2626, with the G/C Rich regions. Hairpins & potential 
Probes region shown: CAPITAL LETTERS - Probe regions; Single Dash (_) - G/C rich regions, 
Equals Sign (=) - Hairpin regions. 

ccgggaccag cggacggacc gagcagcgcc ccgcggccgg caccgcggcg gcccagaccc ggccagcagc gcgcgcccgg acgccgccgc ccccagccgg 

ccccgcccag cgcccgcccg cgggacgcgg agcggcgggc gcccgaggcc gcggcccggc caggcccagc cgcccgcacg cggcggcccg acgccgcggc 

caggccgGCT GGGCTCAGCC TACCSAGAag agaccccgac cacCATCCCT GGGTTACCCC TGTCTCTGGG GGCCACGGAT ACCATGaacg acgcagccac 

cgcgaaggag ggccggccgc acaaacgagg ggaacacacc AAAACCTGGC GGCCACGCTA CTTCCTCCLc aagaacgacg gcacccccac cGGCTACAAG 

GAACGGCCTC AGGATGTGGA TCAGCGAGAG TCCccaccca acaaccLccc agLggcacaa CgccagcCga Lgaagacaga gcggccaagg cccaacaccC 

LLaLcacccg ccgccLgcag [ggaccacag ccacLgagcg caccccccac gcggaaacgc ccgaggagcg ggaagaacgg gccaccgcca cccagaccgc 

ggccgacgga cccaagaggc aggaagaaga gacgacggac cCccGATCAG GCTCACCCAG TGACaaccca ggggccgaag agacggaggc gccccLggcc 

aagcccaagc accgcgcgac cacgaacgag cccgagcacc cgaaaCTACT GGGCAAGGGC ACCTTTGGGa aagcgacccc ggCgaaAGAG AAGGCCACAG 

GCCGCTACTA ixsccacgaag acccLcaaga aggaggccac cgccgccaag gacgaggccg cccacacgcc caccgagaac cgcgccccgc agaaccccag 

gcaTCCCTTC CTTACGGCCC TCaagCacCc aTTCCAGACC CACGACCGCC TCTGCTTTGt: caCGGAGTAT GCCAACGGGG GCGAgcCCCC cccccacccg 

ccccgagagc gcgcgccccc cgaggaccgg gcccgccccc acggcgcgga gaccgcgccc gccccggacc accbgcaccc cgagaaGAAC GICGTGTACC 

GGGACCTGAA GCTGGAGaac cccacgccgg acaaggacgg gcacaCcaag acaacggacc ccgggccgcg caaggagggg accaaggacg gcgccaccac 

gaagaCATTC TGCGGAACGC CGGAGTACCT GGCCCCTGAG GTGCTGGAGG ACAACGACTA CGGCCGTGCA GTGGAC1CGT CGGGGCTGGG CGTCGTCATG 

TaCgaGAlGA TGTGTGGCCG CCICCCCTTC TACAaCCAGG ACCACGAGAA GCCgCtcgag ccgaccccca CGGAGGAGAT CCGCTTCCCG CGCACACTCG 

GCCC1CAGGC CAAGTCCCTG CTCTCCGGGC "DGCTCAAGAA GGACCCTACA cagaggcLcg gcgggggccc cgaggacgcc aaggagacca cgcagcaccg 

gcccLccgcc aacaccgcgc ggcaggacgc gcacgagaag aagcLgaGCC GACCTTTCAA GCCCCAGGTC ACCTCTGAGa ccgacaccag gcaCLCcgac 

gaggagCCca cagcccagac gaccaccaCc acgccgcccg accaagacga cagcaLggag cGTGTGGACA GTGAGCGGAG GCCGCACTTC CCCCAGTTCL 

cccacLcagc cagcggcaca gcccgaggcc cggggcagcg gcLgGCAGCT CCACGCTCCT CTGCATIGCC GAGTCCAGAA GCCCCGCATG GATCATCUga 

acccgacgcc ccgcLCcccg gacgcgcLgg ggaggaaccC cgccagcccc caggaccagg ggaggacgcc LCTACTGTGG GCAGCAGCCT Accccccagc 

caggccagga ggaaaacCaL cccggggccc LLccCaacCu acc&caLcca gCCCgagacc acaCATGTGG CCTCAGTGCC CAGAACaaLC agacccacgc 

agaaaacCaC caaggaccga cgcgaccacg Lgcaacgbgg gcccacgggc cCgggCgggl: cccgLcaccg cccccaccgg cccgLccacc ccggccgcca 

cccgccccca gggcccaggg ccaaagccca gcaagaaGGC ACCAGAAGCA CCTCCCTGTG Gcacgccaac Lggccccccc ccCcLgggcg gggagaggcc 

acagccgcLL cagcccCagg gczgga&ggg acggccaggg cccaagLgag gCLgacagag gaacaagaaL ccagtccgCL gcLgCgcccc acgccgctca 

gagacaCcCa ggggaLcLLa accctggcga caggagagcc cccgcccLcc cgcLcccgcg cggcggcccc CagcgggTAC CCTGGGAGCG CCTGCCTCAC 

GTGAGCCCTC TCCTAGCACL cgccccccca gaTGCTTTCC CTCTCCCGCT GTCCGTCACC cCggccCgcc cccLcccgcc agacgcLggc cactigccgca 

ccacgLcgcL CLLLacaaca LLcagccLca gcacccLcac cacLabaaca agaaaccgtic ccbccaaaCL caacaaaaac cgcCLCCcaa gcccgaaaaa 
aaaaaaaaaa aaaaaaaaaa aaaaaa 



These potential antisense "hot spots'' wt̂ -e subjected lo further computer anal)^sis to eliminate sclf-

complementar)' and less specific probes. From this a short list oF possible probes drawn up. h 

was decided Irom this list to pick the most suitable theoretical probe in each of the dinerent regions 

of the sequence instead of only around the initiation codon and hwcc test the eflectivcncss of 

various antisaise probes directed against points throughout the sequence. 

The rationale behind this more spread targclmg is due to a number of factors based on the PKBa 

sequaice. Firstly, although the initiation region of PKBa mRNA can be targeted by antisense probes 

it does not lie in a GC rich rt^on and hoice probes against this region would have a low'c affinity 

binding and so be less potent antisense agents. All the possible probes directed at this area are 

also likely to form complementar} dimers (with 4 hydrogen bonds). This may reduce the probes' 

binding to its target and the initial cellular uptake of the probe and so decrease antisense. However, 

probes targeted against other regions of the sequence have a higher theoretical binding aHinity and 

so could elicit a potent antisense eOect due to this increased hybridisation potential. 

Another reason fw the mors spaced targeting is that otha^ regions of the mouse PKBa sequence 

have been found to be identical to the sequences of the other PKB isoforms, hence setting up the 

possibility of multi-isofonn probes (discussed later). Finally, evidence suggests that targeting many 

regions of the sequence the so called "gene walking'" strategy increases the chance of identifying the 

most potent and effective antisense probe. This may also lead to the design, dev elopment and use of 

more than one potent antisense probe directed against different regions of the target and 

subsequeitly to using the two or more region specific probes at one time to adiieve maximum 

antisense effect. 

f initially selected and synthesised four possible PKBa antisense phosphorothioate oligonucleotides 

directed gainst diJBIerent regions of the mouse sequence (see figure 3.2). Firstly, aASI which was 

directed against the initiation codon (bases 272-289) but had the potential problem of inter-probe 

dimerisation (4 hydrogai bonds) that ma} reduce its potmc) Secondly, the kinase domain targeting 

probe ocAS2 (1317-1334), a possible multi-isofbrm probe with homology to similar regions in 

mouse PKBP and PKBy. Finally, the probes aAS3 which is directed against the 3' translated region 

(1665-16X2) and aAS4 directed against the 3' untranslated region (1769-1786) wo-e selected as 

they are both high affinity probes based on the sequence composition and fi-cc encrg) of binding. 



Figure 3.2 - Potential mouse PKBa antisense probes. Position, Sequence, 

binding and afGnity data of selected PKBa antisense probes: aASl , aAS2, 

aAS3 and aAS4 (higher numbers indicating stronger probe). 

Position Sequence 
Dimers Tm ("C) 

(No. H bonds) DG(kcal) NN GC 

Initiation GTTCATGGTATCCGTGGC 
Codon(272) aASl 

4 Z.J 

Middle TGTAGAAGGGCAGGCGGC 
Kinase (1317) aAS2 

1.3 71 60 

Carboxyl GCCTCCGCTCACTGTCCA 
Terminal (1665) aAS3 

1.4 66 58 

3'Untranslated CGGGGCTTCTGGACTCGG 
(1769) aAS4 

_.4 73 62 
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The mRNA position, scqucncc and afTinity/thcrmod^Tiamic properties ol\hcse first wave probes are 

summarised in figure 3.2 along with the possible dimerisation problems and other PKB isoform 

similarities. In each of these (bur probes, all (be basic antisense characteristics arc met to a greater or 

lesser degree and ^vith the spread of these probes throughout the sequence it was fdt that this 

rationale should enable the establishment of the best region for antisense and most important 

antisense design parameters needed to generate the most cffcctive PKBo, probe. 

In order to test the antisense potmtial of the selected probes, it was necessary to select a suitable cell 

line for antisense translection and establish a method ofdetection. A PKBoi antibody that was found 

to be suitable for detecting both small amounts of PKB and changes in protein expression by 

western blotting (not sho^vn) was obtained from Upstate Biotechnologicals. Therefore, it was 

decided to analyse the effectiveness of the probes by looking for changes in protein expression aftca-

antisense treatment using western blotting. For the initial test studies the mouse 3T3-L1 fibroblast 

cell line was diosei fcf transfection with the potential antisense probes. This cell line was found to 

express PKBoi in easily detectable amoimts under normal conditions and is also a cell line previously 

used for antis^se studies. ThereA)re, 3T3-L1 fibroblasts were kno^™ to be fairly straightforward to 

transfect, and thus, a suitable cell type to use in these studies. 

Initially the 4 probes were transfected into the cells independenth using lipofectin^^^ as a delivey 

system for the first 8 hours. Control (untreated cells) and lipofectin™ only (8 hours) treated cells 

were set up, with which to compare the expression of PKBa protein seen in the antisense treated 

cells. In the first transfisction 5p.M of each oligonucleotide (per well) and a 4 day transfection 

protocol were used, as these condition were similar to those used for previous antisense studies on 

the fibroblasts. Once extracted, an equal amount of total protein &om each condition was run on a 

SDS-PAGE gel and the levels of PKBa expression analysed by western blotting (see Figure 3.3). 

The initial transfections using the potential PKBoc probes showed that whilst all the probes depleted 

the le\ els of PKBoc protein by a significant level, the 3 -translated region probe aAS3 was by far the 

most effective antisense probe (sec figure 3.3) giving around 90% depletion of PKBa at the protein 

level. The ccASI initiation codon directed probe was also shown to be a fairly cflective antiseise 

probe despite the apparent sequence specific shortcomings (i.e. inter-probe dimerisation), with this 

probe giving a depiction of around of the PKBo. prolein level. 



Figure 3.3 -Treatment of 3T3-L1 fibroblasts with possible PKBd antisense probes leads to 

varying but significant reductions in PKBa. 3T3-LI Gbroblasts were incubalcd with 5)ilVI oC 

the potential PKBa antisense probes (or 96 hours with lipofbclin (&p.gmr present for ihc first 8 

hours. These cells and control (no ODN, +/- lipofectin) cells were Ihcn extracted as a whole cell 

lysatc and prepared lor SDS-PAGE. A. Depletion orPKBo. was quantitatcd by densitometry and 

results expressed graphically where 100% is taken to be the intensity in the lipolectin only 

control. B. Representative PK_Bp Western blot oF whole cell extracts. Lane 1, Liporectin only: 

Lane 2, aAS I; Lane 3, aAS2; Lane 4 aAS3; Lane 5, GLAS4. Lane 6, Untreated. (n=3) 
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The olhcr two probes (iAS2 and ocAS4 whilst showing some depletion of PKBo, at 6(>% and 40% 

respectively wen: discounted as PKBcc antisense agents a( this stage as they did not appear to be 

effective anlisense agents. The multi isofbrm probe aAS2 was however, saved for future use against 

the olha- PKB isoforms, which it is also targeted against. An increased concentration of this probe 

could be needed in order to give be efTeclive antisense probe against not only the PKBa isofbrm but 

also other PK.B isoforms 

Before deciding on aAS3 as the antisense probe which would be used in future experiments, this 

probe and the second most e%ctive probe, aASl (directed against the initiation codon), were tested 

at 2,5 and ]0;iM concentrations. These simple concentration dependent studies were perfbnned to 

see if any significant difFerence in the potenc} of either antisense probe could be obtained at 

different concentratioiK of each probe. Also these expoimcails would show which of these two 

antisense probes is the most d%ctivc agait against PKB and at what range of concaitrations this 

probe is most effective. Both probes showed a concmtration dependent antisense eflect with both 

giving a significant depletion of PKBa at all concaitratiqns (for example, ocASl 80% depl^on and 

aAS3 91% depletion at 5|j.M). However, these tests confirmed that aAS3 was the most effective 

probe at significantly depleting PKBa in 3T3-L1 fibroblasts, giving a greater than 90% depletion of 

the mdogenous PKBce (see Sgure 3.4) 

Having established aAS3 as the main PKBa antisense probe the next step was to establish the 

optimum time and concentration conditions for use of this probe in the fibroblasts. Initially it was 

important to establish the most suitable length of transfection in order to give the best possible 

depletion of PKBa without using too much oligonucleotide or damaging the cell viability, kiitially 

the 3T3-L1 fibroblasts was transfected with either 5p.M aAS3, the lipofectin'^ deliveiy system or 

lefl untreated. One well for each condition was extracted ever} da) for six d^s. This enabled 

changes in PKBa protein levels with or without aAS3 antisense treatment with time to be 

compared. From this the optimum laigth of transfection with aAS3 could be determined (see figure 

3.5). A 96 hour (5|J.M aAS3) transfection time was found to be the most effective length of time for 

antisense treatment. Transfcclion of the fibroblasts with ccAS3 for this time period yielded the 

maximal depletion of PKBa with a 91% reduction in the protein levels of PKBa. In these studies the 

50%protcin depletion time of PKBa was established to be around 40 hours. 



Antisense Concentration Curve for P K B a 

Depletion in 3T3-L1 Fibroblasts 
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Figure 3.4 - aASl or aAS3 treatment of 3T3-L1 fibroblasts caused a concentration 

dependent depletion of PKBa. 3T3-L1 fibroblasts were treated over a 96-hour txansfection 

period using a range of PKBa antisense concentrations. Extracts were analysed by SDS-PAGE 

and Western blotting and the PKBa levels quantitated by densitometry. 100% PKBa expression 

is taken to be the level of PKBa in no ODN controls (n=3). 
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Figure 3.5 - aAS3 treatment of 3T3-L1 fibroblasts causes a significant depletion in PKBa in 

a time dependent manner. 3T3-L1 fibroblasts were transfected with 5fiM aAS3. At various 

time points one transfected sample and one control sample were extracted. The samples where 

analysed by SDS-PAGE and Western blotting and the PKBa levels quantitated by densitometry. 

PKBa levels are expressed as % of the PKBa levels band in cells extracted on day 0 (i.e. before 

the transfection) (n=3). 
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Having determined the oplimum Iransfcclion tiinc Tor c(,AS3 il was imporlanl lo establish the 

concoitralion of aAS3 which viclds the maximum depletion of PKB without using unnccGssanjy 

high concentrations of probe \vhich ma '̂ adversely affect otha' cellular functions The fibroblasts 

were Iransfected using the optimum 96 hour time period over a range of c(,AS3 concentrations of 

betAvcen 1 and lO^M. The depletion of PKBa obtained using these concentrations was then 

compared to the levels in untreated and lipofectin' only treated controls and the optimum aAS3 

concoitralion determined (see figure 3.6). A concentration depaident depletion in PKBoc levels was 

observed up to a concentration of 4 îM of aAS3, which yielded a 92% depletion of PKBa. At higher 

concentrations than this the le\el of PKBa remained constantly low at around 10% of the control 

levels. 

From these studies, it was established that 4pM was the lowest concentration that gave effective 

depleticm, typically yielding a 92% depletion of PKBa. The IC50 of aAS3 was 0.9nM. In stunmaiy 

the optimum conditions for transfection of 3T3-LI fibroblasts with aAS3 was established as 

of probe for 96 hours. 

To establish that the depletion of PKBa by aAS3 was a genuine and specific antisense effect, 

various control oligonucleotides, namely sense, random (same base composition different 

arrangement) and mismatch (similar sequence with 4 base changes) were designed. These control 

oligonucleotides were designed to have similar diaractGristics to aAS3 including, similar binding 

affinities and kinetic/thermodynamic parameters in order to minimise any potential non-attributable 

sequence specific effects and allow direct comparison betweai the oligonucleotides. Each control 

oligonucleotide was analysed for potential dimerisation and hybridisation to other sequences (up to 

3 mismatches) using appropriate computer programs in order to remove any potential non-speci5c 

eflecls (sec figure 3.7). Having designed these suitable ccmitrols, they were used to show whether 

only the aAS3 antisense oligonucleotide caused a depletion in PKBa levels. 

These control oligonucleotides and the aAS3 antisense were tested at 4p,M in the 3T3-L1 

fibroblasts and the depletion of PKBa analysed b) western blotting and compared to PKBa levels 

observed in lipofectin ' ^ only and untreated cells (sec figure 3.*). From these tests, it w ^ shown thai 

only the aAS3 antisense probe causes a signillcant depletion of PKBa protein lev els in these cells. 
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Figure 3.6 - aAS3 treatments of 3T3-L1 fibroblasts causes a significant depletion in PKBa 

in a concentration dependent manner. 3T3-L1 fibroblasts were transfected for 96 hours using a 

range of cxAS3 concentrations. Samples were analysed by SDS-PAGE and Western blotting and 

the PKBa levels quantitated by densitometry. 100% expression of PKBa is taken to be the level 

of PKBa in no ODN (lipofectin only) controls (n=4) 
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Figure 3.7 - PKBa andsense probes aAS3 and its matched control 
oligonucleotides. Position, sequence, binding and afBnity data of selected 
PKBa antisense probes; aAS3, and its control oligonucleotides which were 
design to possess similar theoretical parameters as aAS3 

Probe Sequence 
Dimers Tm (^C) 

(No. H bonds) DG(kcal) KPf GC 

aAS3 GCCTCCGCTCACTGTCCA 1.4 66 58 

Sense TGGACAGTGAGCGGAGGC 1.4 

Random CGGACTTTCGCCCCTCAC 0.7 

Mismatch GACTCCTCCCAATGTTCA 
(4 base changes -) 

3.6 
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Figure 3 ^ - Depletion of PKBa in 3T3-L1 Fibroblasts is specific for (%AS3 antisaise probe. 

3T3-L] gbroblasts were treated with 4)iM oligonucleotide over a 96-hour traas6ction period. 

The results were analysed by SDS-PAGE and Western blotting and the PKBoi levels quantitated 

by daisitmnetEy. A. Gr^bical representation of levels of PKBa levels where 100% Expression is 

the intensity of the PKBa band in no ODN Control (lipofWm only). (n=4) B. Representative 

PKBa Western blot showing strong depletion of PKBo. only in otASS treated cells. Lane 1, 

lipo6ctin/no ODN; Lane 2, Sense; Lane 3, (%AS3; Lane 4, Mismatch; Lane 5, Random: Lane 6, 

no lipo6ctin/no ODN. 
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The control oligonuclcolidcs did not significantly aflcxzl the PKBa levels compared to the levels 

obsen ed in nntreatod or lipofectin' onl\ cells These expenmcnts. iherclbrc showed. aAS3 to be a 

potent and unique antisaise pmbes directed againsi PKBa 

Having established that o(.AS3 is an effective antisensc probe against PKBcc compared to various 

controls, it was important to confirm that aAS3 acts spccificalK against PKBa and docs no) acl 

gainst the mRNA coding for other proteins. Therclbre the cHect of the o(.AS3 probe and its matched 

controls on the prolan levels of otho^ signalling proteins including MAP kinase, p7()S6 Kinase and 

SHP-2 was analysed by Western blotting (sec figure 3 9). The ocAS3 probe also did not deplete the 

other m^or PKB isofbrm PKBp suggesting that aAS3 is an isolbmi specific antisense probe against 

PKBa (see5gurG3J0). 

These western blots showed no change in the expression levels of these other proteins indicating 

that the probe ocAS3 or its controls did not have any non-specific dfect OH these cells. Therefore, 

these control western blots showed that the aAS3 antisense probe acts only on the desired mRNA 

sequence and depletes only PKBa. 

The affect of aAS3 on overall cellular protein levels and cell function was also investigated. 

Treatment with the probe aAS3, or the various controls was found not to affect overall cellular 

protein levels, as shown by amido blade staining of the nitrocellulose blotting membrane (see figuis 

3.9). The overall cell function and viability of the 3T3-L1 Fibroblast cells was not affected by the 

various antisanse and control oligonucleotide treatments, since, stimulation of non-linked path^vays 

in treated cells could stiU be adiieved. For example, vanadate or EGF induced activation of the MAP 

kinase pathway could still occur (data not shown). 

It is clear that an effective PKBoc antisense probe had been established and the optimum conditions 

for its use in (he 3T3-LI Fibroblast cells determined. The selected PKBa probe, aAS3 was found to 

be a very potent antisense probe giving a dqiletion of PKBa protein of around 92% when used at 

the optimum conditions of 4p.M for 4 days. Suitable control oligonucleotides (Sense, Random and 

Mismatch) and control western blots (i.e. PKJBP, MAPK and p7US61C) have also showii that this 

probe exerted a specific antisense elTccl for PKBa. 



Figure 3.9. Use of the PKBa antisense aAS3 and its matched controls does not affect 
the levels of other cellular proteins. A. Erkl/2 blot, B S6K blot, C. SH-PTP blot, D 
Amido black staining show general protein levels are unaffected. Lanes; 1 Lipofectin 
only, 2 Sense, 3 aAS3 antisense, 4 mismatch, 4. Random, 6 Untreated. 
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Figure 3.10 - The PKBa andsauie probe aAS3 does not deplete of PKBp in 3T3-L1 

Fibroblasts. 3T3-L1 Cbrctlasts were IreatGd with 4p,M oligonucleotide over a 96-hour 

transaction period. The results were analysed by SDS-PAGE and Western blotting and the PKBp 

levels quandtated by daisitometry. A. Graphical representaticm of levels of PKBj3 levels where 

100% Expression is the intensity of the PKBp band io no ODN Control (lipofectin only). (n=3) 

B. Representative PKBp Western blot showing no depl^on of PKBp with any treatment. Lane 1, 

lipo&ctin/no ODN; Lane 2, Sense; Lane 3, aAS3; Lane 4, Mismatch; Lane 5, Random; Lane 6, 

no hpofecdn/no ODN. 
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The PKBa antisense probes aASI and aAS3 also lesled In a mouse 3T3-L1 adipocytes cell 

hne wtiich can be obtained from the Hbroblasts by ccD dincrcniiaiion (data not shown). These cells 

shown to contain easil)' detectable levels oF PKBa protein by western blotting with the UBI 

antibody (not shown). Initially, the PKBa. probes aASl and aAS3 wErc tested at 5^X1 for 4 da}': in 

the adipocsies w îth both probes (bund to be as cnccti\c as antisense agents in these cells as they 

were in the fibroblasts, giving PKBa protein depletion of 70% and 90% respectively (data not 

showTi). 

Further processing of the more effective PKBa probe: aAS3 was performed by testing this probe 

using the same time course and concentrations optimised for use in the fibroblast cell transfections 

namely 4,u.M for 4 days. The aAS3 antisense transfections were compared to the designed PKBa 

control oligonucleotides (sense, random, 4 mismatch) as well as to hpofbctin only and untreated 

cells and analysed by western blotting. As in the fibroblasts the aAS3 probe was shown to deplete 

the protein level of the PKBa isoform by more than 90%, whilst the control oligonucleotides had no 

effect on this translation wiien compared to the lipofectin^ only and untreated controls. Therefore 

at the same conditions as in fibroblasts, the probe aAS3 proved to be a very effective antisense 

%ent in the related mouse 3T3-L1 adipocyte cell line. 

To confirm the potential usefuhiess of this antisense, the aAS3 antisense probe was then shown to 

be isofbrm specific (Le. not deplete PKBP protein levels) and not to aSect the lervels of other cellular 

proteins (e.g. MAPK) or gaia^l cell function in the adipocytes (data not shown). From this it was 

apparent, that Ae aAS3 probe was not onfy an effective antismse agent in the fibroblasts but could 

also be used as a potent antisaise tool in adipocy^ 

It is therefore clear that with the antisense probe aAS3 1 have developed an effective isofiarm 

specific antiseise tool against mouse PKBa wfiich when used at its optimum transfection conditions 

of 4,u]VI for 4 days has been shown to signiGcantly the deplete (>90%) the protein leA-cIs of this 

isoform in two mouse cell lines namely 3T3-L1 fibroblasts and adipocytes. A second PKBa 

antisense probe aAS I, ŵ as also shown to effbctively deplete the PKBa protein levels by more than 

70% in both the cell lines and may with further study (i.e. optimisation and control exporiments) 

prove to be a usefijl secondary antisense. It is clear that with the design of these two probes, I have 

]37 



developed the Grsl eOeclive and isororm specific agents which can dirccUy aliia- the prolein levels 

hencc. polailially ihe function of PKBa. 

3.2 Discussion of PKBa Antisense Probes Development 

3.21 Design of PKBa Probes 

From the results presented in this chapter it is clear that with aAS3 and to a lesser extent aASl, I 

have designed eClective antisense probes that individually target the mRNA of the a isolbrm of PKB 

and causes significant depletion of the protein levels of this isofbrm. These two antisense probes are 

not only the first known direct modulators of endogenous PKB protein levels but also the first 

functionality inhibitor to directly target this important cellular signalling component. Not only is this 

the case but also by targ^ng just the a isoform of PKB these probes enable research into isofbrm 

specific diSerences of PKB functioning. Hopefully tf* development of these probes will opoi up the 

study of the roles of PKB. 

These effective antisense probes were designed and tested following similar methods to ones 

previously used in the design of effective antisense tools within the group for example in the 

development of effective antisense probes against Erkl/2 (Sale gf a/. 1995) and the phosphatase 

PTPa (Amott ef aZ. 1999). 

The most successful PKBa antisense probe aAS3 was targeted against the 3 translated r%ion of 

PKB mKNA which would translate to the carboxyl terminal of the protein. As will be discussed lata" 

in this section, the 3'-translated r%ion targeted by this probe represents a fairly novel location for 

antisense targeting. Previous probes designed in this research group and most antisense probes in 

general are directed towards the initiation codon, which was the region the other effective PKBa 

antisaise probe aASI targets. 

In the 3T3-L1 fibroblasts, the effective PKBa antisense probe aA$3 was found to give around a 

92% depletion of PKBa protein levels compared to controls w+ien used at the experimentally 
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determined optimum levels oC a 96-hours/4pM iransfeciion protocol. As with the libroblasts the 

(%AS3 probe was also shown to be an cfrecli^c antisense tool against PKBoc in 3T3-LI adipoc\'tcs. 

The same optimum conditions namely 96 hours/4^iM used in the 3T3-Li fibroblasts also proved to 

be the most eflective conditions for use of aAS3 in the adipocytes given around a 95% depletion of 

PKLBcc protein levels. Therclbre, the probe aAS3 is effective as an antisense probe in both the mouse 

3T3-LI fibroblast and adipocslc cell lines. 

From the transfection time experimmts (5pM aAS3) the time required to deplete PKBa by 50% 

was estimated to be around 40 hours. A 96 hour transfection time protocol was required for maximal 

depletion of PKBa. during which it was necessary for fresh oligonucleotide to be reapplied eveiy 48 

hours. This may suggest that PKBa protein has a faidy long turnover before endogenous protein 

degradation is completed The re-addition of the oligonucleotide required during this transfection 

may also be a measure of the d(^;radation rate of the antisense probe. The (airly high aAS3 

concentration of 4nM required for maximum depletion of PKBa proti^ may be some indication of 

the levels of PKBa in the cells or a measure of the uptake/distribution parameters of the probe. 

It would be of great interest to study the possible uptake, distribution and extra/intracelluiar 

processing of the aAS3 oligonucleotide, to see what the characteristics of these factors are for aAS3 

and other antisense probes. This could possibly be studied by the use of fluorescently tagged 

versions of the oligonucleotide probes and analysing their processing by conibcal miczoscopy. 

Hopefully, this would not only provide a useful insight into the functioning of my PKBa antisense 

probe aAS3 but may also be of some use in the design and devdopmait of future antisense 

protocols. It would also be interesting to investigate the half-lives of the oligonucleotide and PKBa. 

Previous antisaise agents developed show that the optimum transfection conditions to yield the 

maximum antisense effect vary greatly between the protein targeted and the cell type studied. 

Tho-dbre, it is important to establish the optimum transfection conditions for each diflerent protein 

targeted and each antisense probe designed. A previously designed Erkl/2 antisense probe, EAS-1, 

required a 48 hour/2pM transfection protocol in the fibroblasts and a 96 hour/4pM transfection 

protocol in the adipocytes lor maximum depletion. Another antisense agent directed against PTPa 

required a 192-hour/15plVl transfcction schedule in the adipocytes to elicit the maximum antisense 



response. In ihe present study Ihe optimum conditions for use of (he PKBoc antiscnse probe a.AS3, 

found to be identical in (he fibroblas( and adipocytes. Therefore, it would be intercsling (o sec if 

these similar translcction conditions reflect a similar PKBa expression or turnover, or similar 

uptake, distribution or processing of aAS3 bdwecai the 2 cell lines 

Another developed PKBa antisense probe ocASI, wbich targets the inilialion codon of the PKBa 

mRNA was also sho\wi to be a fairK dTective antisense in the Hbroblasts and the adipoc^'tcs. Initial 

experiments with this probe showed it to be a fairK' eObctive antisense agent against PKBa, 

although not as elective as (he selected PKBa probe aAS3 at (he tested concentrations. A mini dose 

response curve (2, 5 and l()p.M) for this probe already showed that 10p.M was the most eflcctivc 

ooncaitralion for this probe yielding a depletion of >X0% of (he PKBcc protein levels. If required, 

aAS I could still prove to be an ellective single isofbrm antisense probe against PKBa. This ma\" be 

useful in the study of PKBa in othe- cell lines if aAS3 did not yield a significant antiseise effect in 

these cells. The initiation codon region targeted by this pnobe showed no significant homolog) to 

eitha^ the P or the y PKB isofbrms so is specific for only the a isoform. The PKBa sequence 

targeted by this probe also showed little similaht}^ to any other mRNA sequences at 3 or less 

mismatches, so the probe aASl should also not affect the levels of any other proteins. Possible 

further study to determine the optimum transfection conditions for aASl could establish how 

effective and useful as a PKBa antisense agent this probe could be. 

In the studies into developing an effective PKBa antisense, the initiation codon directed probe, 

aASl was not as effective as my selected probe a ASS. In fact, even when used at its optimum 

concentration of 1 O îM which is more than double the 4p.M optimum lor c(AS3 this probe only gave 

a 80% depletion of PKBa protein levels compared to the 92% depletion seai with the more potent 

aAS3 probe. This is likely to be due to the fact that the initiation region was located in a non GC 

rich area of sequence which would lead to reduced affinity probes wtiich would not bind the target 

as strongly. 

Potential probes targeted against the initiation codon were Ibimd to be sclf^complcmentary and self-

dimerisation problems would be likely to reduce the potcncy of the pnobe. The reduced antisensc 

potcncy of this pnobe may occur via hindering the probes ccllular uptake/distribution and 



accessibility to the target sequmce. This ma)' explain the need (or a higho^ conccaitration of this 

probe lo geno-ate an effective antisense GOect. Tho-efbrc, in the case of PKBa, the initialion region 

is not the most eftective r%ion to target with an antiscnse strateg). This indicates that despite 

prG\'iously held design briefs for the de^^elopment of effective antisense probes, targeting the 

initiation codon region may not be the ideal site for maximal antisense potency and other site/design 

rationales may be more important in antisense design. 

The successful and potent targeting of the 3'-translated region with potent antisense probes against 

the a isofbrm of PKB suggests that the most important parameta-s in the design of andsense an: a 

high binding ability and no self complementation rather than the sequence position of the probe 

Therefore, GC rich rc^ons of sequence wherever thQ' occur within the mRNA look to be the best 

r%ions (o target as the)' provide a high affinity-binding site for the probe. The PKBa probe aAS3 

has a high free oierg}' of binding leading to potentially high aiifinity binding and is also GC rich 

%ain giving stronger binding to the target mRNA. 

It is possible that the 3%anslated r%ion of the PKBa mRNA taigeted by aAS3 may be more 

accessible for probe hybridisation, as this region contains no secondary structure. Likewise the aAS3 

probe targeting this region also has no secondary structure problems which may affect the uptake 

and distribution of other probes. The increased binding and accessibility of the probe to its target act 

to increase the antisense potency. These parameters may also aid the access and activity' of RNase-R 

a nuclease which digests mRNA in many antisense strategies. The synthesis of aAS3 as a 

phosphorothioate oligonucleotide is one method by which the potency of the probe can be increased, 

as phosphorothioate oligonucleotides stimulate the activity of RNase-H. 

The successful targeting of the 3'translated region leads to the possibility of designing potent 

antisense probes against other proteins where the initiation region of the mItNA sequence is an 

unsuitable site due to the presence of a hairpin r<%ion or low GC content. Previously these proteins 

had not beai thought possible to target with antisense strategies. However, the potential to target 

any GC rich regions of the sequence that are accessible to the pmbe, should enable these proteins lo 

now be targeted by antisense. This ma}' open the way for a resurgence in antisense techniques as a 

tool for elucidating many componmts of the signal transduction cascades. 
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Targeting diflerent regions throughout the mRNA scquencc with potsnLial antisense probes is 

rapidly becoming the w'ay forward for antiscnse design. The so-called ' gene walking'' strat(^ of 

antisense design in which an array of probes are designed and tested (or their antisense potency is 

gaining increasing support as the best rationale for the design of elective antisense probes. This 

high output technique allows for the selection of potential probes throughout the target sequence, 

each with unique properties which may increase the potoicy of these potential antisense agents. 

These vaiying selection criteria including position targeted and sequence contoit may aObct 

delivery, binding and antisense action (i.e. RNase-H stimulation). 

This form of sequence and position driven antisense design should lead to the generation of several 

elective antisense probes against different regions wiiich can thm be further charm^torised. It may 

be possible to use two or more probes directed against different pointa of the mRNA sequence to 

bring about a combined antisense effect possibly by eliciting several different antisense medianisms. 

This synergistic multi-probe ^proadi could lead to the design of even more potent antisense tools 

giving an even higha^ dq)letion of endogenous protein levels. It may thereibrie, be possible to use the 

PKBor probe aASS in conjugation with anotha^ PKBa probe. For example, the fairly successful 

PKBa antisense probe aASl could be used in tandem with aAS3, in order to enhance the effective 

depletion of endogenous PKBa protein levels further. 

The possibility of effectively targeting other regions of niRNA with antisense also leads to the 

possibility of designing multi-isofbrm probes. Although aAS2; the potaitial multi-isofbrm probe 

was not ver>' successful in initial tests, it did have some antisense effect on PKBa, perhaps further 

investigation with this probe at different concentrations or for a longer transfection time is 

warranted to see if it could be used as an effective PKBa antisense %(ait 

This probe could theorsticalh act against the a, P and y sequences, therefore, it ma}' need to be used 

at higher concentrations or for a longer transfection time to achieve a maximal antisaise effect and 

deplete both isoforms effectiveh. %1ien used in a 96 hour transfbction at 5pM in the 3T3-L1 

fibroblasts, aAS2 yielded a 60% depiction of PKBa. This suggest aAS2 has a small antisense eObct 

against PKBa and so may warrant further stud}'. The possible use of this probe %ainst the p 

isofbrm of PKB is discussed in Chapter 4 (sec 4.2.1). 



The synthesis of the oligonucleotides as the more stable, nuclease resistant phosphorothioale form 

was designed to enhance the potency of the antiscnsc probes as has been previously n^r ted (Brown 

c/ a/. 1994, Dean gf a/. 1994). Also, phosphorothioate oligonucleotides have been shown to 

stimulate the nuclease RNase-H, which is the most frequently used cellular mechanism by which 

antisense oligonucleotides exel their eflects on the target mRNA/pnotein levels. This means that 

phosphomthioate oligonucleotides have an inczeased polenc) as the\ remain active for longer and 

also increase the stimulation/action of RNase-H the major antisense directed eflector. 

Phosphorothioate oligonucleotides, however, have lower alTiruty for binding to the target mRNA 

than unmodified ohgonucleotides. This may explain why only veiy high aSini^ binding sequences, 

including the one utilised by the PKBa antisaise, aAS3 prove to be eSective targets Ibr 

phosphorothioate oligonucleotides. 

The use of unmodified oligonucleotides is not rccommend as Aey tend to have a reduced cellular 

uptake and are vay^ unstable and rapidly metabolised. Not only does this rapid d^radation of 

unmodified rapidly reduce their half life and potency, but also this degradation leads to the 

generation of free nucleotide bases which can be damaging to the cell with dGMP being particularly 

cytotoxic. 

As well as phosphorothioate oligonucleotides, other so-called "second generation" antisense agents 

have been developed and effectively used. These include O methyl modified oligonucleotides which 

have a methyl group at the C3' position and which despite their failure to support RNase-H 

mediated mRNA cleavage are still effective antisense agents possibly due to their high aSinity 

binding. 

It is possible to combine the positive attributes and reduce the n^ative shortcomings of these two 

modifications by synthesising oligonucleotides which contain both elements. In this strategy, the 

O methyl modified nucleotides occupy the last three positions at cither end of the oligonucleotide, 

with phosphorothioate-modified bases occupying the positions in-between. The O'methyl modified 

end bases in this antisense increase the probe's binding afilnity. The phosphorothioate-modified 

bases in the middle of the probe increase uptake and stability of the probe thus prolcmging its 

antisense effect. The phosphorothioate modification also acts to stimulate RNase-H mediated 

cleavage thus increasing antisaise potenc}'. Therefore, the combined elTect is to increase the affinity, 
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slabilily and aclivi^ of the anlisense. The increased eflbclivoicss of this combined modificalion is 

something that would be interesting to research further, to sec whether this modification could 

enhance the antisense potency of the PKB antisense probes. Other alternative oligonucleotide 

modifications worth considaing in order to enhance the overall dTcctiveness of future antisense 

probes arc knowTi as "third generation'' antisensc oligonucleotide modifications. These include, 

peptide nucleic acids (PNAS), where a peptide modification is added to the oligonucleotide to 

increase antisense potency and half-life whilst minimising unwanted potential side effects. At 

presait, the use of these and other modifications is limited, however, it is important to be aware of 

the continuous evolution of antisense agents to maximise the effectivoiess of antisense as tool in 

biological research. 

Phosphomthioate oligonucleotides can sometimes exhibit non-specilic and non-antismse side 

eHects. Tho^fbre, it was important to demonstrate that (he PKBa antisense probe, oiAS3 was 

exhibiting genuine antisense ejects, wiA the use of suitable control oligonucleotides. The selected 

control oligonucleotides (sense, random and 4 mismatches) for the aAS3 probe were found to be 

without eGkct on PKB protein levels when compared to lipofectin™ only and untreated cells. 

Therefore, it was evident that only aAS3 caused any inhibition of PKB translation and hence was 

acting as an effective antisense agent. This indicates that the specifically targeted antisense 

phosphorothioate probe aAS3 was having a genuine antisense effect and the changes in protein 

expression observed were not due to non-specific effects. 

Analysis of the PKBa probe aAS3's antisense potency against PKBcc by western blotting showed a 

clear depletion of the PKBa protein level with the antisense treatment. This was compared to the 

PKBoc protein levels seen in the various control ohgonucleotides wiiich all showed no change in 

expression to that in lipofectin^^ onl}/untreated cells. This indicates that these contmls were 

ineOective against PKBa and only the probe aAS3 exerted a genuine anlisense affect against this 

protein. 

Database anahsis revealed that the aAS3 probe and its respective control oligonucleotides were not 

complementary to the mRNA sequences of other proteins, with at least 4 base diffo-ences to any 

other mRNA sequences. Therefore, these oligonucleotides were unlikely to hybridise to other 

sequences and elicit non-spccific/'targeted antisense elTbcts. Western blotting analysis against other 
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prolcins including Ihc P isolbrm or PKB, MARK and p7(lS6K oonrirmcd this lo be Ihc ease. 

Resulls showed that my PKBcc, ocAS3 probe and its matched control oligonucleotides did not alTect 

total cellular protein levels as indicated b} amido black staining of (he transfer membrane. The lack 

of non-specific effects of oiAS3 and its controls on cell viability could clcarl\ be seen by light 

microscopy, which showed similar cell morphology with all treatments (not shown). Also, growth 

factor stimulation of non-PKBct pathways, (or example MAP kinase stimulation by vanadate was 

unafllected by any of the oligonucleotide treatments (not shown). 

Having discussed the rationale behind the sequence specific design of my PKBoc antisense probe and 

its control oligonucleotides, it is now appropriate to consider the actual use of these probes including 

the transfection protocol, optimisation of the probe's use and general conditions for use. 

3.22 Use of PKBa Antisense Oligonucleotides 

The lipofectin™ liposome deliveiy system was used in transfection protocols for the first eight 

hours, to improve the uptake and delivery of the antisense to the cell and hence increase its potency. 

However prolonged use of lipofectin™ can lead to it becoming toxic to the cell. The use of 

lipofectin™ for more than 8 hours would be unsuitable in 3T3-L1 fibroblasts as they are more 

suscq)tible to its toxic eOects. In the 3T3-L1 adipocytes which are a more stable and resilient cell 

line however, lipofectin™ has previously been used for longa" period to enhance the uptake of the 

oligonucleotide. This system has previously been employed to deliver antisense probes into a variety 

of cells including the 3T3-LI fibroblasts and adipocytes without an}' adverse eSect on the fimction 

of the cell (Sale ef a/. 1995, Bomett a/. 1992). 

In these experiments the lipolectin^^ had no affect on the levels of either PKB isofbrm tested or any 

of the control proteins blotted against. It was found that lipofectin did not cause any alterations to 

cellular fimctions or overall protein levels. In the 3T3-L1 fibroblasts the use of hpofectin'̂ '̂ ^ for the 

first eight hours minimised any side effects the lipofectin"^ may have on the cells. In other cells 

lines, it may be usefijl to test the probes over a lipofectin'^ time course to optimise the conditions 

for its use 
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The conccnlraiion of lipofcctin^'^ used in all translcclions was , Lhe standard conccnlration 

previously used in andsense transfedions. However, it may be nccessaiy lo vai) ihe concentration of 

this deliver} s)slem in other cell lines to maximise anliscnse potency by altering its uptake and 

distribution parameters. EGiective use of hpof^in^'"^ at higher concentrations could be particularly 

useful when using more than one antisense probe in a single transfection lor example in the 

targeting of more than one PKB isoform with separate antisense pmbes. 

It should be noted that with lipolectin based transf^tions, only adherent cell lines can be 

successfully transfected and that cells grown in suspaision cannot be transfected by this method. 

Lipofisctin^'^ can only be used in saimi free conditions since it is not serum stable, and is therdbre 

unsuitable for use in totally serum dependent cell lines. In translbction of the 3T3-L1 fibroblasts, it 

was found that after the initial aght hours trans&ction using lipofi%tin '̂̂  in serum firee media, 5% 

heat inactivated FBS had to be added for the remainder of the transfection period, usually 86 hours. 

This FBS addition acted to stabilise the Gbroblasts, so the recovey of protein was sufficient for 

using in Western blots. When the serum free media was used throughout the study the protein 

recovery was much lower and the cells appeared to have lost some viability as judged by microscopy. 

In experiments using the aAS3 antisense and control probes to test the cellular roles of PKBa, it 

will be necessary to use serum-fxee conditions for some of the transfection in order to down regulate 

cellular activity before growth factor stimulation. Therefore, for the final 20 hours of transfections 

the cells were treated with fresh oligonucleotide in a serum free media supplemented by 0.25% BSA, 

which acts to stabilise the fibroblasts and provide the correct serum starved environment for 

subsequent growth factor stimulation. In the antisense transfections of the more stable/resilient 3T3-

L1 adipocytes, it was not necessary to use heat-inactivated serum as a stabilisation factor during the 

transfection period. These cells could be incubated for the fuU 4-day transfection protocol with the 

oligonucleotides in a scrum free media containing a 0.25% BSA supplem^talion after the first eight 

hours. 

By establishing the optimum conditions for using the PKBa probes, it enabled them to be used to 

the maximum eflbct in subsequent transfections in the mouse 3T3-L1 fibroblast and adipocyte cell 

lines. Any further optimisation that could be established involving the use of lipofectin'^ or other 

] 46 



delivery s\sl(%ns and the exact transfeclion conditions would be obviously advantageous (or future 

use of the PKBa antisense probe, particularly when using it in combination with other antisense 

probes or in other cell lines 

The PKBa anlisense probe, c(,AS3, has been shown to be an efTcctivc antisense ^ a i t in two mouse 

cell lines nameh' the 3T3-L! Hbroblasts and adipoc\'tes with the probe showing similar optimum 

conditions and potency in the two cell types. It would be interesting to test the cfTectiveness of this 

antisense probe in otha^ cell lines. Such studies would be particularly important in determining 

whether the antiseise pnobe is as effective in other cell lines and particufariy olha" species. This may 

be useful in finding suitable cell lines in which the probe is a potent antisense to use in the stud>' of 

various possible roles of PKB particularly cell lines Wiich are elective models of apoptosis. 

Mouse PKBa mKNA is 86% identical to the rat PKBa mRNA sequence and 80% identical to the 

human PKBa mRNA sequence throughout the entire length. At the level of the mKNA region 

targeted by the probe aAS3, the rat mRNA sequaice is identical and the human mRNA has only I 

base difference to the mouse mRNA PKBa sequence. Therefore, it is likely that this probe could be 

used to effectively deplete PKBa, not only in other mouse cell lines but also in rat cells and human 

cells after 1 base change. The high degree of homology of the probe target region shows to these 

other mammalian species also raises the chances that the PKBa antisense probe, aAS3 could also be 

used in other mammalian cell lines for example, dog, monkey and hamster cell lines which are 

frequently used as models for various conditions. New time course and concentration responses 

would have to be established for each cell type and different parameters may be more important in 

different cells. Therefore, it is important to thoroughly characterise the probes and its matched 

controls aSects in each cell line tested 

The optimum conditions for use of the use of the probe should be reassessed periodically to confirm 

that it is still functioning as it was designed. Within my transfection experiments 1 have noticed 

some variation in the potency of the aAS3 probe b^weoi diflenait batchcs of cells. Therefore, it is 

important to test the probe is working to its maximum levels at regular intervals in eveiy cell line it 

is used in 
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Oplimum conditions for Iho design oranliscnse probes have been established and used in the design 

and dcvelopmenl of an effcclive anlisense probes against ihe a isoform of the signalling prolein 

PKB. With these important design briefs it is now possible to use these techniques to develop otho" 

antiscnse tools against othi% signalling componmts. Targeting mRNA at regions other than the 

initiation codon could be used to generate effective antisense probes against other isolbrms of PKB. 

Initially it will be important to taigi^ the other isoforms of PKB particularly the other major PfCB 

isoform, PKBp (see chapter 4), before perhaps targeting other related proteins. One such possible 

target is serum and glucocorticoid induced kinase (SGK) which shovv^ a similar substrate motif to 

PKB and so may act on a similar set of substrates to ones PKB is proposed to phosphor} late. Other 

signalling protans related to the PKB pathw^ which could include the upstream PKB activators 

PDKI and PGK could also be targeted with antisoTse probes to establish PKB dq)endent and 

independent eHbcts and general cellular roles of these proteins. AAo: this potential downstream 

components of the PKB pathway including GSK3, p70S6 Kinase, PFK-2 and the pro-apoptotic 

BAD protein could be directly targeted with antisense to fully determine the exact roles of the PKB 

pathway and its individual components. 

In summary,', with aAS3, an effective antisense probe against PKBa has been designed, developed 

and tested in 3T3-L1 fibroblasts and adipocytes. This probe not only is the first known direct 

modulator of endogenous PKBa protein levels, but also is the first antisense probe developed in this 

group which is not targeted against the initiation codon of the mRNA. A second potential isofonn 

specific PKBa antisense probe oASl, which is directed against the mRNA initiation codon has also 

been shown to have great promise as an antisense agent. These probes can now be used to establish 

the cellular functions of PKB and particularly the roles the a isofonn plays in these potentially 

critical cellular roles. 
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CHAPTER 4 - DESIGN AND DEVELOPMENT OF 

AN EFFECTIVE PKB ANTISENSE PROBE 

AGAINST PKBP 
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4.1 Design and Development of an Effective PKB 

Antisense Probe Against PKBp 

4.1.1 Development of PKBp Antisense 

Ha\'ing successfuDy designed a potenl PKBa anliscnsc probes the attention turned lo the other major 

PKB isolbrm, PKSP, and the development of an anlisense strategy (or this protein. A suitable and 

speciGc antibody (UBl) for detection of PKBp levels by western blotting was obtained and PKBP was 

found to be present in easily detectable quantities in the 3T3-L1 fibroblasts (not shown). Therefbre, by 

following a similar design protocol to that of the PKBa antisense, 1 should be able to design, test and 

analyse the effectiveness of possible PKBp antisense probes. 

As with the design of the PKBa antisense, the mouse PKBp sequence was obtained from the database 

(Accession number M95936) and this mRNA sequence was run through the Findprobe program (see 

figure 4.1). This produced a list of possible ISmer probeable regions throughout the mRNA sequence 

which could potentially be targeted by an antisense strategy. Using the PKBa design rationale the 3'-

translated region of the PKBp sequence was targeted for antisense attack. This more direct targeting 

approach was deemed to be most suitable based on experience and theories drawn from the design of the 

PKBa probes. 

Firstly, the initiation codon region of the sequence again faUs in a portion of the sequence which is not 

GC rich and probes against this region were likely to be self-complementary. Therefore this was a similar 

situation to the PKBa sequence, where targeting the initiation region with antisense was not nearly as 

effective as targeting the 3'-translated region of the mKNA with the probe oLAS3. The 2 PKBa probes 

against other regions of sequoice, aAS2 (kinase domain directed multi-isofbrm probe) and G(AS4 (3 

untranslated region direct probe) were not particularly successful as antisense agents when compared to 

aAS3. Therefore, eObrts were concentrated on the same region of sequence where the aAS3 probe so 

effectively attacked, namely the 3 translated region. 
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Figure 4.1 - Potential probe regions in the mouse PKBj3 mRNA Sequence. 
Mouse PKBP mRNA sequence, analysed Grom 1 to 1741, with the G/C Rich regions, Hairpins 
& potential Probes shown: CAPITAL LETTERS - Probe regions; Single Dash (_) - G/C rich 
regions; Equals Sign (=) - Hairpin regions; - antisense probe region. 

cggctcgcgc ogccgcoagc actgccgocg ttgctgccgc cagttcataa atAAQGAGCG GGAACG&GCT CAGCGTGGCG AIGGGCGGGG GTAOWGCccg 

gccggagagg ctgggcggcc gccggtgaca gacgatactG TATCCGAGGk GCCTCCTGCA TeFCCTGCTG CCCTGAGCTC ACTCaagcta ggtgacagcg 

tgtgaakgct gccaocatga atgaggtatc tgtcatcaaa. gaaggctggo tccacaaacg tggtgaatac atcaagacct ggaggccacg gtacttcctt 

ctgaagagtg atggatcttt cattgggtat aaggagagga ccgaggccco tgacragaco ttaccccccc tgaacaattt ctctgtagca gaatgccagc 

tgatgaaG&C TG&GAQGCC& CGACCCAACl CCTttgtcaT ACGCIQCCTG CAGTQGACC31 CAGtcatcga gaggaccttc catgtagact ctccagatga 

gagggaagag tggatgeggg ctatceagat ggtcgccaaC AGTCTGAAGC AGCGGGGCCC AQGTGAGGAC GCCAIGGAtt acaagtgtgg ctcccccagt 

gactcttcca catctgagat gatggaggta gctGICAAC& AGGCACGGGC CAAAGTGACC atgaatgact tcgattatct caAACTCCTC GXK&AGGGCA 

ccttcggcaa ggtcattctg gttcgagaga aggccactgg ccgctattat gccatgaaga tcctgcgcaa ggagytcatc attgcaaagg atgaaGTCGC 

CCACACAGTC ACAGAGAGCC GGGITCTGCA. GAataccagg caccccttcc ttacagccct caajgtatgce tTCC3UaCCC AIGACCGCCT ATGCtttgtg 

atGGAGIAIG CCAACGGGGG TG&GCTGTtt tICCACCTCT CTCGGGAGCG AGTCTTCACG GAGG&TCGGG CGCGCrm& TGGagcagag attgtgtcag 

ctctggagta tttgcactcg agajgatgtgg tgtaccgtga catcaagctg gaaaacctta tgttggacaa agatggccac atcaagatca ctgactttgg 

cttgtgcaaa gagggcatca gtgabggagc caccatgaaa aCCTTCTGTG GTACCCCGGA GTACTTGGCG CCTGAGGTGC lAaCGacaa tgaCTATGGG 

CG&QCAGTGG ACTGGTGGGG GCTGGGTGTG GTCAIGtatg aGMTGAIOTG TGGCCGCCTG CC&ITCiaca. aCCAQG3U:C& CGAGCGCCTC TTTG&GCtca 

ttcttatGGA GGAGATCCGC TTCCCQCGCA CSlCTCGGgcc agaggccaag tccctgctgg ctggactgct gaagaaggac ccaaagcaga ggctcggcgg 

aggtoccagt gatgo^agg aggtcatgga gcatagattc ttcctcagca tcaactggca ggacgtggta cagaaaaagc tcctgccacc cttcaaacct 

caggtcactt cagaagtgga cacaaggtac tttgatgacg agttcacogc ocagtccatc aCAATCACAC CCCXaGACCG AIATGACAGC CTGGaCccgc 

tggaactgga ccagcggacg cacttccccc agttctccta CTCAGCCAGC ATCCGAGAGT GAGCAGCCXZT CTGCCACCAC AGOC&CAAG CATGGCCGTC 

AICCACTGCC TGGGTGGCTT 
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Tlic scqucncc data From (he 3'-translated region oF the mRNA of PKBp, as wiih the same region of 

PKBoi, indicated this area would be a good target %onc tor an andsense stralcg} against the P isoform, as 

it contained a high GC content and so it should be possible to geno-ate high affinity probes. Also this 

region of the PKBp mRNA was found not to possess any secondary structure which could rcduce probe 

accessibility or hybridisation to the target sequence which should again aid design. 

Tho-elbre, two PKBp probes were initially de\ased against the 3'translated regicm of mouse PKBp, 

namel)' p AS I and pAS2. These 2 potential probes were selected^ because of a high theoretical afUnity 

for the target sequence and lack of seli^complementation (intra/inter-probe dimerisation) between 

probes. The two designed probes were also shown to be specific for only the targeted PKJBP mRNA 

sequence whai analysed using the probe mismatch database scan. Hence these two probes were deemed 

suitable for experimental analysis (see figure 4.2). 

These probes were synthesised as phosphwothioates and their eGectiveness as antisense probes tested 

initially in mouse 3T3-L1 Sbroblasts. Fw the preliminary t ransi t ion expaiments these two probes and 

a,AS2; the possible multi isofbrm probe, were tested at a 5nM (mid-range) concentration over a 96 hour 

time period. From these results, pAS2 appeared the most promising antisense probe at 5pM giving 

around a 70% depletion of PKBp protein expression. The pASl probe and the cxAS2 multi-isoform 

probe were found to be weak antisense agents giving depletion of the PKBp protein levels of around 

37% and 28% respectively (see Figure 4.3). 

These initial findings showed that at 5p.M these 3 potential PKBp antisense probes were not very 

effective antisense agents. This is especially true whm compared to the anlisense potaicy the PKBa 

probes showed in initial tests. Tha^efbre, the two speciGc PKBP probes, pASl and PAS2 were 

charactaised over a range of concentrations to establish their possible efGsctiveness. PASI and pAS2 

were tested at 2,5 and lO^M concentrations over a 96-hour transfection period to establish the most 

elective PKBp antisense probe (see figure 4.4). The probe pASI was found to give a small dose 

responsive depletion in PKBp protein levels up to a maximum depletion of 50% when used at a 

concentration of lOpM. Therefore this probe was deemed unsuitable for further study. The other tested 

probe pAS2 on the contrary, was (bund to exhibit a marked dose responsive depletion, a 10p,Nf 

concentration giving the maximal depletion of PKBp protein expression at around 89%. These 

experiments confirmed that pAS2 was the most eflective PKBp antisense of the potential probes tested 

and so this probe was selected for further characterisation. 
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Figure 4.2 - Potential mouse PKBp antisease probes. Position, Sequence, 
binding and afRnity data of selected PKBp antisense probes; PASI and PAS2, 
which does target the 3'translated carboxyl terminal region of PKB{3 mRNA 
(higher numbers indicating stronger probe). 

Dimers Tm (°C) 
Position Sequence (No. H bonds) DG(kcal) NN GC 

Carboxyl GCCTCCGCTCACTGTCCA - 2.6 67 58 

Terminal (1565) |3AS1 

Carboxyl CGGGGCTTCTGGACTCGG - 2.6 67.58 
Terminal (1642) {3AS2 
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Figure 4.3 -Treatment of 3T3-L1 fibroblasts with possible PKBp andsense probes leads to 

varying but significant reductions in PKBp. 3T3-LI Gbroblasts were incubalcd with 5 îM of 

the potential PKBp antisense probes for 96 hours with lipofectin present for the Hrst 8 

hours. These cells and control (no ODN, +/- lipofecdn) ceDs were then extracted as a whole cell 

lysate and prepared for SDS-PAGE. A. Depletion of PKBP was quandtated by densitometry and 

results expressed graphically where 100% is taken to be the intensity in the hpofectin only 

control. B. Representative PKBp Western blot of whole cell extracts. Lane 1, Lipofectin only; 

Lane 2, pASl; Lane 3, j3AS2; Lane 4 aAS2; Lane 5,Untn:ated. (n=3) 
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Initial Tests Using Potential PKBp Antisense 
Probes 3T3-L1 Fibroblasts 
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Antisense Concentration Curve for PKBp Depletion 
in 3T3-L1 Fibroblasts 
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Figure 4.4 - pASl or pAS2 treatment of 3T3-L1 fibroblasts caused a concentration 

dependent depletion of PKBp. 3T3-L1 fibroblasts were treated over a 96-hour transfection 

period using a range of PKBp antisense concentrations. Extracts were analysed by SDS-PAGE 

and Western blotting and the PKBp levels quantitated by densitometry'. 100% expression is taken 

to be the level of PKB|3 in no ODN controk (n=4). 
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In order to cslablish the optimum conccnUation or pAS2 lo use in a 96-hour iranslbclion, pAS2 was 

Icslcd over a range of conccnlralions between 0.5 and 12 (see figure 4_5). Initial tesls indicated that 

the optimum concentration would be around I Ô iM and so experiments were focused around this region 

(7-lO^iM). These studies revealed that was the most efCeetive PAS2 concentration to use, as the 

protein levels of PKBP were depleted by over 90% (90.9%) al this concentration. From these tests the 

IC50 of PAS2 was determined to be 

Transfcclion of mouse 3T3-LI Gbroblasts for 96 hour with PAS2 yielded a \'er\ high depletion of 

PKBp protein levels (91%) as analysed by western blotting. Since this level of depletion was similar to 

the reduction of PKBo. levels yielded over a 96-hour transfection time for the oc probe aAS3, it was 

decided to continue to use a 96-hour transfection time for the P probe pAS2. The fact that the 96-hour 

transfection time for pAS2 is the same as the optimum time for the PKBct probe, also means use of the 

two probes in tandem to delete both the m^or isofbnns of PKB should be straightforward. 

Therefore, the optimum conditions for using the PKBp antisense probe pAS2 were deSned as for 

96 hours. Next the speciGcity and selectivity of PAS2 was tested using suitable control oligonucleotides 

and western blots for selected control proteins. 

Suitable sense, random and mismatch (4 base changes) control phosphorothioate oligonucleotides were 

designed for the PKBP probe pAS2. These controls all possessed similar afSnity, thamodynamic and 

speciScity/mismatch charactoistics to the antisense probe pAS2 (see figure 4.6). 

In control tests, PAS2 significantly depleted PKBP levels in the mouse 3T3-L1 Gbroblasts (> 90%) 

whilst die control oligonucleotides gave similar levels of the PKBp to levels in untreated or HpofecUn™ 

treated cells (see Sgure 4.7). In these experiments, the sense oligonucleotide was found to decrease the 

levels of PKBP protein by around 25% when compared with lipofectin™/untreated controls, however, 

this was deemed not to be significant to the overall levels of PKBp. Therefore, it was clear that PAS2 

was having a sequence specific antisense effect on the PKBp mRNA leading to an inhibition of protein 

translation and a depletion in the cellular levels of PKB(3. 



PAS3 Concentration Curve for PKBp 
Depletion in 3T3-L1 Fibroblasts 
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Figure 4.5 - pAS2 treatments of 3T3-L1 fibroblasts causes a significant depletion in PKBp 

in a concentration dependent manner. 3T3-L1 fibroblasts were transfected for 96 hours using a 

range of pAS2 concentrations. Samples were analysed by SOS-PAGE and Western blotting and 

the PKBp levels quantitated by densitometiy, 100% expression of PKBp is taken to be the level 

of PKBP in no ODN (Upofectin only) controls (n=3) 
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Figure 4.6 - PKBp antisense probes PAS2 and its matched control 
oligonucleotides. Position, sequence, binding and afRnity data of selected PKBP 
antisense probes; |3AS2, and its control oligonucleotides which were design to 
possess similar theoretical parameters as (3 AS2 

Probe Sequence 
Dimers Tra ("C) 

(No. H bonds) DG(kcal) NN GC 

PAS2 CTCTCGGATGCTGGCTGA 1.4 66 58 

Sense TCAGCCAGCATCCGAGAG 1.4 

Random AGTGAGCGGTTTCCCTGC 

Mismatch CTATTGGATGATGGATGA 
(4 base changes -) 
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Figure 4.7 - Depletion of PKBp in 3T3-LI Fibroblasts is speciRc for pAS2 antisense probe. 

3T3-L1 fibroblasts were treated with 8_u,M oligonucleotide over a 96-hour Lranslcction period. 

The results were analysed by SDS-PAGE and Western blotting and Ihc PKBp levels quantitated 

by densitometry. A. Graphical representation oClevels oCPICBp levels where 100% Expression is 

the intensity of the PKBp band in no ODN Control (lipolectin only). (n=3) B. Representative 

PKBp Western blot showing strong depletion of PKBp only in PAS2 treated cells. Lane 1, 

lipoleetin/no ODN: Lane 2. Sense: Lane 3, pAS2: Lane 4, Mismatch: Lane 5. Random: Lane 6, 

no lipolecdn/no ODN. 
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PAS2 was (bund to causc only depletion in the protein levels oC PKBp and not lo exert any non-specific 

or ncm-antisGnse efleets. The probe PAS2 did not aflect general levels of total cellular prolein as 

indicated by amido black staining of transfer membrane (see figure 4.8). This antisense probe PAS2 did 

not alter the lev els of the speciCc cellular proteins; MAP kinase, SHP-2 or p70S6 Kinase, indicated by 

western blotting using suitable antibodies (see Figure 4.8) Western blotting also showed that the PKBp 

speciGc antisensG probe {3AS2, did not aOeet the protein levels of PKBoc w ĥen compared with the 

various controls (sec Ggure 4.9). Therefore PAS2 was deemed to be an isofbrm specific antisense agent 

against PKBp. In summary an elective and speciGc antisense probe (PAS2) against the P isofbrm of 

PKB has been designed. When, pAS2 is used at its optimum transfection conditions of Ibr 96 

hours a >90% depletion of PKB is achieved. 

The PKBp antisense probe, PAS2 was also tested in the related mouse cell line 3T3-L1 adipoc\'tes. This 

probe was initially tested using the same time course and concentrations devised (or the 3T3-L1 

fibroblast transfection and the PKBp depletion observed compared to the oligonucleotide controls (sense, 

random, 4 mismatch) and to lipofKtin™ only and untreated cells. As in die fibroblasts, this probe was 

shown to dq)lelG the protein levels of the P isofbrm b}' >90% whilst the control oligonucleotides had no 

eSect on the translation of PKBj3 (data not shown). 

In the adipocytes the pAS2 probe did not afTect the levels of other cellular proteins (i.e. MAPK) total 

cellular protein or cell viability (data not shown). The PAS2 antisense probe also showed an isofbrm 

specific depletion of PKBp. Therefore, the pAS2 probe was found to an effective antisense probe against 

the PKBp isofbnn in the adipocytes using the same conditions (96 hours/8 |iM) optimised in the 

fibroblasts. From this it was ^parent that the p isofbrm probe PAS2 was not only an effective antisaise 

agent in the 3T3-L1 fibroblasts but could also be used as potent antisaise tools in adipocytes depleting 

PKBp by >90% in both cell lines. 

Therefore with PAS2, an effective PKBP antisense probe had been develcT^ed. Various controls show 

that pAS2 is specific for the P isofbrm of PKB and gives a protein depletion of 90%. This speciGc PKBP 

isoform antisense probe pAS2, is also the first known direct and specific modulator of endogenous 

PKBp protein levels and should be a m^or breakthrough in research into this protein and its cellular 

roles. 
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Figure 4.9. Use of the PKBP antisense |3AS2 and its matched controls does not affect 
the levels of other cellular proteins. A. Erkl/2 blot, B S6K blot, C. SH-PTP blot. D 
Amido black staining show general protein levels are unaffected. Lanes; 1 Lipofectin 
only, 2 Sense, 3 |3AS2 antisense, 4 mismatch, 4. Random, 6 Untreated. 
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Figure 4.9 - The PKBp andsense probe PAS2 does not deplete of PKBa in 3T3-L1 

Fibroblasts. 3T3-L1 Ebroblasts were treated with 8p,M oligonucleotide over a 96-hour 

tmnsfection period. The results were analysed by SDS-PAGE and Western blotting and the PKBP 

levels quantitaled by densitometry. A. Graphical representation of levels of PKBa levels where 

100% Expression is (he intensity of the PKBa band in no ODN Control (lipolectin only). (n=4) 

B. Representative PKBa Western blot showing no depletion of PKBa with any treatments, Lane 

1, lipo(ectin/no ODN; Lane 2, Sense; Lane 3, |3AS2; Lane 4, Mismatch; Lane 3, Random; Lane 6, 

no lipofecdnAo ODN, 
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Possible Depletion of PKBa in 3T3-L1 FibroblastsTreated with the 
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Therefore wilh Uic Iwo anliscnsc probes, oiASS and pAS2, isoibrm speciHc anliscnsc agents had been 

dcvcl(^cd against the 2 m^or isoibrms of PKB. Experiments show these probes to be \'eiy effective in 

depleting their respGclive PfCB isofbrms by >90% in both the mouse 3T3-11 fibroblast and adipocyte cell 

lines. These probes can now be used to veriiy the precisc cellular roles of PKB and establish if any 

isofbrm specific diHerenccs in PKB functioning exist. It is also important to design an effective and 

specific antisense strateg}' against PKBy, yielding specific antismse agents against all 3 known isofbrms 

of PKB. 

4.1.2Design of Potential Antisease Probes against PKBy 

The other known isofbrm of the PKB family of protein kinases is PKBy. This isoibrm has beoi recently 

cloned in mouse, human and rat and has been found to be similar to the other m^or PKB isofbrms with 

around 85% homolog}' at the protein level. This isofbrm is less widely distributed throughout many 

tissues but is however abundant in certain tissues including tesds and brain. This isofbrm has also been 

shown to be overexpressed in certain cancers (reviewed in Datta aA 1999). For example PKBy is 

overexpressed in 40% of pancreatic cancers (Jones e/ a/. 1998). Tha^efbre it is important to target this 

recently cloned isofbrm with an antisense probe in order to establish the overall roles of PKB and 

particularly any iso&rm speciSc functions PKBy m ^ have in cells/tissues v^ere it is expressed. 

The publication of the mouse PKBy sequence has enabled this isofbrm to be targeted by the similar 

antisense strategy previously used in the design of effective antisense probes against the other PKB 

isofbrms. PKBy has also been shown to be expressed at low levels in 3T3-L1 fibroblasts and adipocytes 

which makes these cell lines suitable for use in the development of an antisense oligonucleotide against 

PKBy (Cronus ef g/. 1997). 

The mouse PKBy sequence was obtained from the EMBL database and run through the Findprobe 

computer program to gena-ate a list of potential probable regions through the sequence (see Figure 4.10). 

As was fbund when designing the antisense probes against the a and P isofbrms, the 3'translatcd region 

of PKBy mRNA seems to be the most promising area lo target with antisense probes. This region falls 

within an area of high affinity (GC rich) scquencc, with little or no secondary structure, and so should be 

easily accessible to, and strongly bound b} an antisensc. Since this region proved to be so effective with 

the previous PKB antisensc strategics, it was felt that this region should be used in order to design a 

highly effective PKBy antisense pro(}e. 
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Possible probes directed against selected regions oT ihc 3'translated area have been processed via the 

sclf-complemcn(ation,'dimer programme and mismatch/similanty database to check their potential as 

efTectivc antiscnsc probes. From these studies, 2 potential antisense probes have been selected and 

synthesiscd read)' fw testing in the two chosen cell hnes (3T3-LI fibroblasts and adipocytes) (sec Figure 

4.11). These probes were selected based on their high binding affinities, lack of secondary structure at 

the probe and mRNA level as well as their positions at the 3'transla1ed region These 2 PKBy antisense 

probes, termed yAS I andyAS2, are currently undergoing testing in the laboratory'. 
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Figure 4.10 - Potential Probe Regions in the Mouse PKBy Sequence 
Below is a listing of the DNA sequence, analysed from 1 to 1760, with the G/C Rich re^ons. 
Hairpins & potential Probes shown 
KEY:- CAPITAL LETTERS-Probe regions 

Single Dash (_J - G/C rich regions 
Equals Sign (=) - Hairpin regions 

gaattcggca cyayyyyyyo tcagagggga gccatcabga. gcgatgttac cattghgaaa gaaggttGGG TTCAGAaGAG GGGAGaatat 

ggaggccaag atacttcctt ttgaagacajg atggctcatt cataggcta.t aaggagaaac ctcaagatgt ggacttacct kabcccctca acaacttctc 

agtggcaaaa tgtcagttaa tgaaaacaga acgajccaaag ccaaa.tacat ttattatcag atgtcttcag tggaccactg ktatagagag aacatttcat 

gtagatacac cagaggaaag agaagagtgg aCGGAAGCTA TCCAAGCCGT AGCCGACCGA TTGCAGAGGC AAGAGGAGGA G3U3GAtgaat tgtagcccaa 

cctcacagat tgakaa.ta.ta. ggagaagaag agatggatgc gtctaaaacc catcataaaa. gaaagacgat gaatga.tttt gactatttga aactactagg 

taaaggcact tttgggaaag ttattttggt tcgagagaag gcaagtggaa aatactatgc tatgaagatt ctgaagaaag aagtcaktat tgcaaaggat 

gaagtggcajc acactcttac tgaaagcaga gtactaaaga acaccagaca tcca.ttttta. ajcatccttga aatattcctt ccagacaaaa gaccgtttgt 

gttttgtgat ggaata.tgtt aatggcggag agctgttttt ccatttgtcg agagagcgag kgttctctGA. GGACCGCACA CQTTTCLabg gtgcagaaak 

tgtctctgct ttggacta.tc tacattctgg aaagattgtg taccgtgatc tcaagttgga gaatttgatg ctagataagg atggccatat aaaaattacg 

gattttgggc tttgcaaaga agggatcaca gatgcagcta cea.tgaagac attctgtggc acaccagay t acctggcajcc agaggta.tta gaagataATG 

ACIATGGCCQ AGCCGTGGac TGGTGGGGCT lAGGTGTTGt catgtatgaa atgatgtgtg gaaggrttgcc tttctacaac caggatcatg agaaactctt 

tgaattaata otaatggaag acattaaatt CCCCCGAAC& CTCTCTTCag atgcaaaatc attgctttca gggctcttga taaaggatcc aaatAAACGC 

CITGGTGGAG GGCCAGatga tgcaaaagaa atcatgaggc atagtttttt ttctggagta. aactggcaag atgtatatga caaaaagctt gtacctcctt 

ttaagoctca agtaacatct gaaacagaca occgatattt tgatgaagaa tttacagctc agactattac aataacacca cctgaaaagt AIGACGACGA 

CGGC&rGGaC GGCAIGG&C31 ACGAGCGGCG GCCACACTTC CCTCAGTtCT CCTACTCTGC AAGCGGACGG GAAIaagttc ctttcagtct gtttctacac 

tgtca.tctta gactttgcct gagactgatt cctggacatc tctaccagtc ctcgctctta cagttagcag gggcaccttc tgacatccct gACCAGCCAA 

GGGTCTTCAC T̂CACC&CC tttcactcac atgaaaccat atajcajcajgac actccagttt tgtttttgca tgaaattgta. tctcagtcta aggtctcatg 

ctgttgctgc tactgtctta ctattatagc aaccttcaga agtaatctcg tgccgaattc 
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Figure 4.11- Potential mouse PKBy antisense probes. Position, Sequence, 
binding and affinity data of selected PKBy antisense probes; yASl and yAS2, 
which targets, the 3'translated carboxyl terminal region of PKBy mRNA (higher 
numbers indicating stronger probe). 

Dimers Tm (^C) 
Position Sequence (No. H bonds) DG(kcal) NN GC 

Carboxyl CGGCCGCTCGTTGTCCAT - 1.6 74.60 

Terminal (1414) yASl 

Carboxyl CCCGTCCGCTTGCAGAGT - 1.3 71 60 
Terminal (1453) yAS2 
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4.2 Discussion PKBP Antisense Probe Development 

4.21 Design of PKBp Probes 

Having successfully established an eflGctivc anlisensc slraleg) !br targeting the a isolbrm ofPKB it next 

seemed appropriate to tiy to do the same wth the second m^or isoibrm of PKB^ namely PKBp. This was 

subsequently successfiiUy achieved with the design and development of the probe j3AS2 which 

effectively depletes PKSp protein levels by >90% when used at optimum levels in 3T3-L1 Hbroblasts 

and adipocytes. 

The design and development of the PKBP probe was based on the design rational laid down in designing 

the PKBa probe (%AS3 and discussed in chapter 3. Firstly, in designing the P isofbrm specific antisense 

only the 3' translated region of the PKBp mRNA was targeted, as this was the region so successfully 

attacked by the PKBcc probe oASS. As previously seen in the mRNA sequence of PKBcc, the 

3 'translated region of PKBP mRNA is GC rich and contains no secondary structure, so should be an 

ideal area to target for anlisoise attack. 

Initially two potential antisense probes were directed against this region and tested at various 

concentrations. These experiments established pAS2 as a potentially very effective antisense probe 

against PKBp. As with the PKBa isofbrm probe aAS3, the designed PKBp probe pAS2 has a high GC 

contait with a high free energy of binding. Tha^efbre, this probe would be expected to hybridise strongly 

to its target sequence in the PKBP mRNA and this was clearly borne out by the strong antisense eSect 

seen with this probe. 

The PKBp antisense probe PAS2 targets the 3'translated region of PKBp mRNA which is the same 

region to the PKBa mRNA so successfnily targeted by ctAS3. In both these sequences, the 3'translated 

region targeted, is highly GC rich and contains no secondary structure. This enables the design of high 

afGnity, complemaitary probes which have eas} access to the target mRNA, they then hybridise to 

eliciting an antisense eflect. The strong probe binding and access these target areas provide leads to 

effective stimulation of a potent antisense eflcct and hence inhibition of protein translation. 

The successful targeting of the 3" translated region in both the PKBcc and P anUsense strategies 

emphasises the potential of this region as a potent mRNA target site for antisense attack. Previous!) 



mosl anliscnsc probes target oC ibc inilialion codon suggesting lhal Ac position oC the mRNA scqucncc 

targeted is of kc) importance. However the results presented here, suggest that in design of elTectivc 

antisensc probes the sequence targeted and hence the binding afdnit} of the potential antisense probe is 

the most important consideration. The base sequence of the targeted mKNA is therefore critical, with a 

GC rich target sequence key in achieving high affinii) binding and antisense potenc)'. The portion of 

mRNA targeted is a secondary consideration but should not be within a region of mKNA secondary 

structure, which would reducc the anlisensc-targel hybridisation and antisense potcncy. Using this 

approach, development of effective antisense probes against proteins previously diSTicult to target, based 

on sequence diHiculties at their initiation codon may now be possible. Therefore this high affinity 

targeting approach may re-invent antisense as a potent tool in cell biology. 

With the probes oiAS3 and PAS2 1 have developed two effective isofbrm specific probes against the 

m^or PKB isofbrms. Possible unique roles or isofbrm specific diflerences between these 2 PKB 

isofbrms can be investigated. Also, the two probes can be effectively used singularly or in tandem to 

assess general cellular roles of PKB. The speciGc targeting of difYerent isofbrms of the same protein is a 

unique feature of antisense as most other 6)rms of afkcting the cellular levels/function of a protein 

usually are not isofbrm specific. Therefbre this antisense strategy could enhance the potoitial for 

investigating possible isofbrm specific roles of multiple isofbrm proteins such as PKC or PI3K. The 

developed PKB antisense probes do not target the initiati(m codon but are eflecdve against other regions 

of the mRNA. This should also aid isofbrm specific design, as it will be possible to target different 

mRNA regions between the different isofbrms particularly in areas with low homology. 

The basic design brief and transaction protocol fbr the probe PAS2 was veiy similar to that used in 

devel(q)ing the PKBa probe oAS. Therefbre, similar rules apply fw the rationale behind the developmait 

of the PKBp antisense strategy. For example, the PKBp probes were synlhesised as RNase-H 

stimulating phosphwothioate oligonucleotides. Also lipofectin™ (Spigm]"') was used fbr the first 8 hours 

to assist Iransfection of these oligonucleotides into cells. The probe pAS2 was transfected using, the heat 

inactivated serum media fbr most of the transfections in the fibroblasts, or 0.25% BSA supplemented 

serum free media in the adipocytes. The various merits and drawbacks of the basis of this antisensc 

translection will not be furtho" discussed here as they are given a thorough treatment in Chapter 3.2. 

In order to be used to its full potential the PKB|3 probe, transfection conditions of pAS2 were optimised 

fbr maximum potency in the 3T3-L1 cells. Concentration dependent experiments lor this probe in the 

3T3-L1 fibroblasts confirmed pAS2 to be an effective anliscnse agent over a range of concentrations and 
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behave in a dosc-rcsponsivc fashion, yielding an IC,% This prohc was (bund lo give a maximal 

anlisense elTecl at Kp,M in a 96-hour iransfeclion period with this oplimum level causing a 90% 

depletion of PKBP protein levels 

Use of the PAS2 probe at over a 96-hour transiection time was found lo be a very eHective 

antisense protocol, constantly yielding a signiGcant depletion in PKBP protein to <10% of the levels seen 

in control cells. Therelbre, a lime course study for this probe was not carricxi out in the PKBp antisense 

development experiments. The reason (or not further characterising ihe most eflective transf%>tion time 

for this probe was two fold; firstly the >90% depletion of PKBp protein achieved with a 96 hour 

transaction period and PAS2 was proving to be a very eff^ti^ e antisense combination. Secondly, 

as a 96 hour transfection protocol was an eHective Iransfection time lor both the pAS2 and aAS3 probe, 

having the same optimum transfection time for both probes would be useful when comparing the two 

probes in a single experimental batch This would also be advantageous in experiments using both probes 

in tandem to investigate the combined roles of the a and p isofbrms. 

Suitable control oligonucleotides were designed to test out the specificity of the potoitial PKBP 

antisense probe pAS2. Thaefbre sense, random and 4 mismatch (base changes) probes were developed 

and used to test out the antisense potency and specificity of PAS2 in the 3T3-L1 cells. These pAS2 

control oligonucleotides were found to have little effect on the PKBp protein levels when compared to 

control levels (lipofectin™ only/untreated) or the massive depletion seen with the pAS2 antisense probe. 

Therefore, only the antisense probe pAS2 successfully depleted PKBp suggesting only this 

oligonucleotide could act as a PKBp antisense probe 

It is interesting to note that the pAS2 sense control probe did consistently give slightly lowa^ levels of 

PKBp protein at around 75% of the levels seen with the other control oligonucleotides and the 

hpofectia™/untreated cells. This phenomenon is not unusual in antisense techniques and involves the 

binding of the sense probe to the complementary strand of the PKBP DNA in the nucleus, possibly 

having some inhibitory effect on PKBp mRNA transcription and ultimately PKBP protein translation. 

Howev er, that said, it is clear thai any eflect on the PKBp protein levels by the sense probe is very small 

and fairly insignificant compared to thai seen with the pAS2 antisense probe. Therefbre, this will not 

adversely eflect the use of these control probes or the interpretation of the pAS2 antisense results. 



Conlrol blots againsl various oilier ccllular prolcins including; MAPK and p70S6K showed lhal ihe 

pAS2 probe was specific ibr PKBP as Ihis probe and ils conlro] oligonucleolides did nol aller the 

expression oF any of these proteins compared lo Ihe lipolecUn" '̂ only/untreated cells. Important in 

confirming the p isoform specificity was the fact that the pAS2 probe and its controls showed similar 

protein levels of PKBoi to control treatments, indicating the unique targeting of only PKBP by the pAS2 

probe. The pAS2 probe also did not aflfcct the total cellular protein or ccllular function suggesting it was 

acting solely against PKBp. For example, growth factor induced phosphorylation and activation of 

MAPK still occurred in antisense treated cells suggesting cellular ATP levels were maintained. 

Therefore, it is clear that in the fibroblasts, an effective PKBp antisense probe had been developed and 

the conditions for its use optimised. Also control ohgonucleotide and control Western blots had revealed 

that the probe pAS2 acts specifically against PKBp yielding a >90% depletion in PKBP protein levels. 

Ha\Tng confirmed the eGectiveness of this PKBp antisense probe in 3T3-LI fibroblasts it was then 

tested in the 3T3-L1 adipocytes. The PKBp probe, pAS2 was &Hmd to be a vay effective antisense 

agent in Ihe 3T3-L1 adipocytes depleting the PKBp isofbrm protein levels by over 90%. These adipocyte 

transactions were initially performed using the same transfection time and antisense concentration 

conditions as in the fibroblasts, however since the adipocytes are a more stable cell the transfections were 

carried out in serum free media throughout. As with the PKBa probe, the P isofbrm specific probe pAS2 

was found to most effective in the 3T3-L1 adipocytes when used at the same optimum conditions 

hours) as in the fibroblasts. Tha-efore j3AS2 is not only an eSective PKBP antisaise in the 

fibroblasts but also the adipocytes. As the conditions fw use of pAS2 was similar between these 2 cell 

lines it would be interesting to investigate the various uptake and distributicm parameters of this probe 

between these cell lines to see if there is any variation between them. The ability to be able to use the 

PBvB antisense probes effectively in both cell lines could be very useful in investigating the involvement 

of PKB in cell specific functions or responses to different growth factors. For example, the adipocytes 

are a more insulin responsive cell line and so will be useful for investigating the role of PKB in insulin 

signalling. The fibroblasts conversely, are more responsive to other factors, for example, EGF enabling 

the study of the roles of PKB in these signalling pathways. 

It is interesting to note that double the concentration of PAS2 is required lo give a similar 

depiction of PKBp compared to the depletion of PKBci protein obtained when treated with 4 îM of 

oiAS3. The reasons for this diflerencc are unclear but arc likely be to be due to different binding and 

accessibility factors between these two probes and the mRNA sequences they targcL Research into this 
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possibly using riuorcsccnt labelled anliscnse probes would perhaps show whether any diHerenccs in the 

uptake or processing of the 2 probes or in the 2 cell lines exists. A greater understanding oF these 

parameters may also be useful in the design of future antisense agents, 

It would also be very intai^sting to test the eHectiveness of the PKBp antisense probe: pAS2 in other cell 

lines including diflerent mouse cells and cell hnes from different species. Different cell lines could then 

be selected to act as models of ke\ processes PKBp may be invoh ed in or investigated to analyse the 

response of PKBp to diflerent growth factors. These studies could help to provide an important insight 

into the regulation and roles of PKB in response to diflerent factors and across a wide spectrum of ccU 

types or species. 

The sequence targeted by the PAS2 antisense probe shows m^or identity to the same regions in the 

published rat PKBp sequaice with only one base diHerence between the two. Therefore, this probe with 

one base change should be able to be used in various rat cell lines to show a cross species responsiveness 

of this probe. Again, with this probe it will be necessary to fuDy characterise and optimise this probe in 

new cells as well as p^odically re-characterising the probe s use in mouse cell hnes to account for 

possible transaction variations. 

The pAS2 probe is not suitable for use in human cell hnes as the region of mouse PKBj3 mRNA targeted 

by this probe is different in humans having 5 base differences. Therefore, in order to target PKBp in 

human cell lines a different probe would need to be developed. This marked difference between the 

sequences of mouse and human PKBp mRNA may make it difficult to target other mammalian 

sequMices if they are nwre similar to the human than the mouse and rat mRNA sequences. 

Althou^ other areas of the PKBp mRNA for example the initiation codon were not tested as potaitial 

antisense targets, the PKBp sequence clearly contains many other possible regions which antisense 

probes could be eflectively targeted against. The area around the initiation codon in PKBp does not 

contain any secondary structure and is far more GC rich than the similar region in the a isoibrm PKB, 

which was successfully targeted by oASl Therefwe, this mRNA region in PKBp could potentially be 

successfully targeted by an antisense strategy. This may be worth investigating further in an attempt to 

generate a second eflective antisense against PKBp possibly if targeting PKBp levels in other species 

was required. 



The mulli-isofbrm probe ctASZ was also Icslcd for ils polenlial lo knock oul PKBp protein. This probe is 

direclcd against the mitNA region which translates lo the middle kinase domain of the PKBoc protein and 

is the region of greatest homology between the a, p and y isofbrms. This region, and hence the a.AS2 

probe is potentially interesting, due to the possibihty it could act against all 3 known PKB isolbrms. 

Therefore, this probe could possibi}' act as a multi-isofbrm antisense probe and lead to total f KB protein 

knockout 

Tests on PKB^ protein depletion using this probe in 3T3-L1 fibroblasts did not producc a significant 

decrease in PKBp protein with a <30% depletion in PKBp achieved in these cells using a 5^iM/96 hour 

transfection protocol. Under these conditions aAS2 was not an eHective PKBP antisense probe. When 

used against the a isofbrm using the same conditicms this probe was a more successful antisense agent, 

depleting PKBo. by around 60%. However, these levels of depletion were far less than those obtain with 

the probes oAS 1 or aAS3. 

This probe did have some antisense ef&ct on both the a and j3 isofbrms so it may be possible to develop 

this probe as a multi isofbrm probe. In theoiy this probe could bind and potentially have an antisense 

effect (XI all three PKB isofbrms. Therefore, it may be that a higher concaitraticm or longa^ transaction 

time would be required to elicit a potent antisense efTect against all 3 isofbrms. This probe could be 

worth investigating in the future to try to develop a total PKB antisense probe. Alternatively, other 

homologous sequences in the PKB isofbrms which are GC rich could be targeted for antisense attack in 

the hopes of generating a potent multi-isofonn antisense. Development of a single antisense probe 

against all 3 known PKB isofbrms may be useful in establishing the general non-isoform specific roles 

PKB. However, targeting the mKNA regicm the probe aAS2 is directed against may be problematic, since 

this region translates to the protein kinase domain and is highly conserved in other kinases including 

PKC isofbrms and SGK. 

In order to possess isofbrm speciEc PKB antisense probes against all 3 PKB isofbrms the development of 

an effective PKBy antisense probe will need to be completed. A PKBy speciGc antisense probe will also 

be useful in identifying the individual and collective roles of PKB isofbrms. The publication of the 

mouse PKBy mRNA sequence has enabled the design of potential PKBy antisense probes. This sequence 

has alread)' been analysed using the find-probe program and potential probes have been selected fbr 

fiirther analysis. The mouse PKBy mItNA sequence contains many more regions with a high degree of 

secondary structure (i.e. hairpin loops) than the other two PKB isofbrms. Therefbre, targeting this 

sequence with antisense probes may be more diflicull to achieve. As with the a and P isofbrm probes, 

176 



PKBv probes largeling the 3-lranslalcd region look lo be ihe most promising, based on their high 

Ihcorclical mRNA binding aflUnity (i.e. GC rich regions). Therefore 2 potential antisense probes directed 

against (he 3 'translated mRNA region of PKBy have been designed. These selected sequences have been 

analysed lor self-complementalion (oligo programme) and for similarilies to otlio^ mRNA sequences 

(mismatch database). These two probes target the apparently highly antisense sensitive 3 "translated 

region previously targeted but also do so with a high theoretical antisense potency/aninily and are 

speciOc for PKBy based on computer models. The potential probes have subsequently been synthesised 

as phosphorothioate oligonucleotides and arc currently undergoing testing. 

Despite being the most recently identified PKB isolbrm and having a more limited tissue distribution 

several potentially important features/roles for the y isofbrm have already be postulated. For example, 

PKBy has been Ibund to be over expressed in several cancers (i.e. prostrate cancer) and to possibly act as 

a surxaval factor in these cells (reviewed in Datta g/ oA1999). Also in several cell lines, PKBy has been 

found to be particularly saisitive to stimulation by certain growth factors for example; this isofbrm is 

highly activated by insulin in certain cells. Tha^efbre PKBy may be important in the functioning of PKB 

in cell lines which express this isoRxm. Also there is some evidence that PKBy is expressed at low levels 

in both the 3T3-L1 fibroblasts and adipocytes. Therefore, a probe against this isofbrm is essaitial in 

elucidating the roles PKB plays in these cells. 

The main stumbling block to testing the elTectiveness of any potential PKBy antisense probes is the lack 

of a PKBy antibody which is suitable for western blotting. Therefore, it may be necessary to analyse the 

possible eflects of (he potaitial PKBy antismse probes on PKBy mRNA levels instead of looking at 

changes in the protein expression. This could perhaps be done using a quantitative RT-PCR protocol to 

directly analyse any changes in the mRNA levels. Therefore, by using a suitable mRNA level analysis 

technique or by obtaining an appropriate PKBy antibody to lo(* at the protein levels it is hoped that 

these potential PKBy antisense probes will soon be tested for their antisaise effectiveness in the 3T3-L1 

cells. 

Hcf^efully these experiments will lead to the generation of a highly potent and specific PKBy antisense 

agent. This would yield isoform specific antisense probes against all 3 PKB, enabling the thorough 

testing of the individual roles of the PKBy isolbrm and also the general function of PKB. 



k will be ncccssai) to use these probes in combination or a mulli-isolbrm probe lo remove all three 

isotbrms of PKB. Also, use of 2 of the probes in tandem, leaving only one specified PKB isofbrm lo be 

expressed will also help in the assignment of PKB isofbrm speciGc and general functions as a component 

of cell signalling. Computer analysis of the potential probes shows that they should not hybridise to each 

other so they should be able to be used together in transfections. However, it will be necessary to test out 

the antisense potency of the individual probes when used togetho" on the cells, to conGrm each probe 

works effectively at the established optimum conditions and alterations arc not required for 

tandem/multiple use. 

In summary, pAS2 an effective antisense probe against PKBp has been designed, developed and tested 

in 3T3-L1 fibroblasts and adipocytes and can now be used to investigate the cellular roles of this isoform 

of PKB. As with the previously developed PKBa antisense probes, my PKBj3 specific probe, pAS2, is 

the first known direct eSector/inhibitor of PKBP endogenous protein expression anyone has developed. 

Therefore, this antisense probe should be of great use and importance in the establishment of the ceUular 

functioning of PKB. 

Possible antisense probes against the third PKB isofwm, PKBy have also been designed but are waiting 

testing and characterisation. When developed, this PKBy antisense probe would also be the first 

expression level/functionality inhibitor to specifically targd: this iso&rm. It is also not only interesting 

but important to realise that both the successfully designed PKBp probe pAS2, and the theoretical PKBy 

target the 3'translated regicm of their respective mKNA sequences originally so successfully targeted by 

the PKBa antisaise. These findings further emphasise the great potential of this region as an antisense 

' hot spot" and as a region which is an ideal candidate 6)r targeting with future antisense probes against 

other important cellular proteins. Having successfully established the PKBa and PKBp specific 

antisense probes, and with tbe specific PKBy probe in the pipeline, next these probes need to be used to 

test the cellular roles of PKB. Therefore, (hese probes will be tested in a variety of cells and their effect 

on the dovmstream functioning of PKB in response to a variety of stimuh analysed. 

With the development of these PKB antisense probes I have devcl(q)ed the first agents to direct target 

cellular levels of PKB. These probes will therefore be important in elucidating the roles of individual 

isofbrms of PKB and also ihc general cellular functioning of PKB. These antisense probes act on the 

endogenous levels of PKB and so will not be aflectcd by the possible problems associated with PKB 

overexpression studies. These include, the possible interference of PKB mutants with upstream factors 

such as PDK-1, which may affect PDK-1 function. Also ovcrexpressed PKB may act on non-
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physiological substrates or bind lo subslralcs usually actcd on by other kinases, for example, SGK. 

v,tiich shares similar putalive substrate specificity to PKB. The targeting of indi\ridual PKB isofbnns 

help to unravel any possible isofbrm specific roles of PKB. These probes will also help to decipher the 

position PKB occupies relative lo other signalling proteins and establish the cellular importance of this 

protein. This will aid the knowledge we have of cell signalling and the position of PKB in the complex 

process, and will hopefully be helpful in understanding diseases in which this pathway has been 

implicated. 



Chapter 5 - Using the PKB Antisense Probes to 

Assess the Role of PKB in Key Cellular Processes 
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5.1 - General Introduction 

Having developed efleclive anlisense probes againsl both Uie a and P isolbrms of PKB and 

optimised their cmdidons of use in 3T3-L1 fibroblasts and adipoc)^cs il was now possible to use 

these tools to investigate the role of PKB in these cells. PKB has man\' pr(^x)sed cellular roles in 

metabolism, cell survival, cell growth and differentiation. The aim was to use the antisense probes 

to test and elucidate the function of PKB in these fields 

As it had beai dwwn that the probes were effective in both 3T3-L1 fibroblasts and 3T3-L1 

adipocytes this gave a choice of cell types in which to study (he possible roles of PKB. 3T3-LI 

adipocytes are a model cell line in insulin signalling, so are very good for use in the study of 

metabolic events which may involve PKB, for example, glucose uptake, glycogm synthesis (and 

glycogen synthase activity), lipid synthesis and protein synthesis. During the differentiation of 3T3-

L] fibroblasts into adipocytes an increased exp-ession of insufin receptor is observed. This 

increased level of insulin receptors and hence insulin sensitivity remains high in the 3T3-L1 

adipocytes. 3T3-L1 fibroblasts on the other hand, may prove better models for investigating the 

roles of other growth factors (i.e. EGF) in the PKB pathway. If necessary certain roles of PKB 

could also be studied in other cell types if they were deemed more suitable models for these 

possible actions. The roles of PKB in signalling in ceils for other species could also be analysed 

5.2 - The Possible Roles of PKB in Cellular 

Differentiation 

5.2.1- Introduction 

The diflerentiation of cells from me type to anothia" type is a very complex phy siological process, 

which is necessary for the development of diTTcrcnt cell types and herKC is essential in development 

and maintenance of an individual a^ganism. Identifying the numerous factors that cause a stem cell 

to undergo terminal differentiation into a specialised cell is crucial for gaining an understanding of 
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the whole process of developnKnl. This should help in our knowledge of nol only which pathways 

bring about such changes, but also how such processes can be dc-regulatcd leading to 

developmental abnormalities. 

Since differentiation plays a crucial role in the maintenance of an organism, insights into this 

process may help give a clearer picture of the homeostasis of an individual. Aberrant control of 

differentiation has also been linked to the de\ clcq]ment and progressim of a wide variety of cancers 

and therfbre an understanding of what signals are related to the control of differentiation may help 

to decipha^ seme of the pathways involved in cancer. 

Cell signalling has a critical role to play in regulating diGcrenliation. Man} extonal stimuli, for 

example, growth factors and hormones act via membrane bound receptors to dir%t a cell towards a 

difkreotiated phaiotype. These signalling pathways Irequoitly involve receptor tyrosine kinase 

pathways and hence downstream protein kinases and phosphatases have key fimctions. Key roles 

for P13K in the differentiation of a variety of cell lines have beai identifiGd based on a varidy of 

experiments using P13K active/inactive mutants and the PI3K inhibitors wortmannin and 

LY294002. For example, LY294002 completely prevented the differentiation of muscle myoblasts 

into myotubes, a p̂ ôcess also referred to as myogenesis (Kaliman gf 1996). 

A role for PKB in the cellular difl^entiation of certain cells has been proposed, based cm Gndings 

from several experiments. An increased level of expression of PKB{3 has been observed during the 

differentiation of Sol8 muscle cell myoblasts into myotubes suggesting a possible role fw this 

isofbrm of PKB in this differentiation process (Calera ef aZ. 1998). This diSa^oitiation process can 

be induced by cell confluence, serum withdrawal, or the action of insulin or IGF-1 and is 

characterised by the increased expressi(m of the protein marko^s, myosin and myogenin. With all 

these dif%rentiating conditions, the levels and activity of PKBp was found to increase dramatically 

and correlate with the increased expression of the muscle maikirs (Cala-a gf o/. 1998). 

The levels of the PKBoc isofbrm, however, were found to remain at a similar low le\'el during 

differentiation, although a slight increase in activity was observed with the onset of 

diOerentiation/myogencsis. Interestingly, the PI3K inhibitor, LY294002 w%s found to prevent the 

increased expression of PKBP and myosin/myogenin and inhibit myogencsis (Cale-a c/ o/. 1998). 
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Thcrclbre, k is apparent, that in Sol* myoblasts, changcs in the levels and aclivity oCthc PKBj3 

pathwa): arc linked to the diflbrcnliation of these cells inlo myotubes, possibly \ia increased 

expression of key muscle proteins. 

A role (bf PKB in the diOerentiation of another type of muscle ccll precursw into a committed or 

to-minally difTbrcntiatcd muscle ccll has also recently been proposed. C2CI2 m '̂oblasts that 

normally proliferate and are mononucleatod can be induced to differentiate by conOuencG/low 

scrum and Ibse togetha^ Ibrming post-mitotic, elongated and multinucleated myotubes. If during 

this difr^endation process, insulin or IGF-] is also present, a hypa-trc^hic eOect is exoted 

resulting in the gma^adon of thicker myotubes (Rommel gf a/. 1999). Transfbction of the 

undiGerenliated myoblasts with a constitutî ^ely active PKBoL mutant, resulted in t k spcxitaneous 

dif%rentiation of these cells into thick myotubes, similar to those obtained with insulin or IGF-1 

treatment. This mutant also increased the expression of the myotube markers, myogenin and 

p2ICIP in a similar l^hion to that seen with insulin and IGF-1 (Rommel a/. 1999). 

Inlaestingly, this active PKBoc mutant was also found to inhibit the activity of the RafTErk 

pathway, which had been previously shown to exert a negative effect on muscle hypertrophy 

(Ranmel gf a/. 1999). TbereBxe, these experiments suggest a role for PKBa in the diSkrendation 

of C2C12 myoblasts into myotubes, with one possible function of PKB in this process being 

inhibition of the anti-differentiation Raf pathway, 

PKB expression has also been found to be low in the multipotent Sbroblast cell line IOTl/2, but to 

be dramatically increased when these ceDs are induce to differentiate into myocytes by the actiw of 

A ^ D , again suggesting a role for PKB in cell differentiation (Altomare gf aZ. 1995). 

Difle-entiatioQ of pluhpcAenl P19 enbiycmal carcinoma cells by the action of rednoic acid also 

caused a dramatic increase in PKB levels after day 3, which subsequently remains high in the 

tominally dif3(?aitiated P19 cells. This further indicates a dramatic change in PKB expression 

during diflo^entiation and shows a likely role for PKB in this process (Coffer gf a/. 1998). 

Overexprcssicm of a constituti^ el) active PKBcc mutant in 3T3-LI fibroblasts was found to bring 

about spontaneous diflh-entiation of these cells into adipocytes. Conversely, the use of a dominant 

negative mutant of PKB prevented this dinbrcntialicx) occurring in the prcsencc of the 

diflercnliation cocktail (Kohn 1996, Magun c/ o/. 1996). Therefore, it is likely that there is a 
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role lor PKB in ihis dinbrcnliaUon proccss However, since Ihc current cvidcncc (or such a role is 

based on overexpression studies and so uses non-endogenous protein levels furtlicr studk' is 

required to conQrm this likely role (Kohn g/ a/. 1996, Magun e/ a/. 1996). 

In summar}. it is likely that PKB has roles to play in the dilYerentiation oCsome cell types in some 

species and so further stud)' of these roles is warranted. Also it appears apparent that isoform 

speciGc functional diflcrences may exist wten considering the roles of PKB in cell dinercntialion, 

especially as the expression profiles of these isofbrms appears to change specifically and 

dramatically when may cell lines are induced to diGerentiale. However, as yet no studies have 

looked at the eSects of alterations of the endogenous PKB le\els would have on cell differentiation 

or the differentiated state. Therefore, it is important to investigate this ccxnplex cellular process 

using the isofbrm speciGc antiscnse probes I have designed and devdoped, in order to estabhsh the 

role of PKB in cell diflerentiation and if any isofbrm specific diHerences in the regulation of this 

process ty PKB exist. 

5.2.2Results: 

5.2.2.1 Possible roles of PKBa in the DHTereodation of 3T3-L1 Fibroblasts into Adipocytes 

3T3-L1 fibroblasts can be induced to differentiate into adipocytes, by the addition of a cocktail of 

factors including insulin over an eight day protocol (see methods 2,2.4) during which time an 

accumulation of fat droplets and other morphological changes including a rounding up of cells can 

be clearly seen. These m^or physiological alterations in cell appearance and hence Rinction, can be 

viewed under the microscc^K and recorded by photography, this makes it easy to distinguish 

between cells which have undergcme diflercntiation to adipocytes and those which remain in the 

undifferentiated fibroblast state. 

It was therefore decided to transfect tfie fibroblasts with the ocAS3, antiseise using the optimised 

conditions for maximal PKBa depletion (4pM/96 hour) and then try to dinia^entiale these cclls into 

adipocytes using the standard difkentialicxi protocol. In these experiments, after the initial 96-

hour antisensc treatment to deplete PKBoL the diMcrentiaticm of the cclls was attempted in the 
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continued prcscnce of 4nM oF oASS to maintain the depletion of PKBoc. The dlRerentiation of the 

3T3-L1 fibroblasts was performed using the standard cocktail of factors over the eighl-da\ 

protocol The other difle^ence &om the standard diflerentiaticm protocol being that beat inactivated 

senim was used to prevent the possible efOscts of serum factors on the antiscnse. 

fn the initial experimoit, (he diOcroitiaticm of 3T3-L1 fibroblasts into adipocytes was compared 

between cells treated with the oASS antisense probe, treated only with lipofectin^'^ or left untreated 

[Mior to diG^entiation. In tliese preliminary studies, it was found that the use of the aAS3 

antiscnse prevented the dijSerentiaticm of the fibroblasts into adipocytes wba^eas fibroblasts treated 

with Hpofectin™ only or not treated priw to attempting diScrentiation could be converted into 

adipocytes (data not shown). This indicated a possible role fw PKBcc in the difRymtiation of 3T3-

Lf fibroblasts into adipocytes. 

The next step was to further test the role of PKBa in this differentiation process. This was done b> 

comparing the effects that pre-treatment of the 3T3-L1 fibroblasts with aAS3 has on cellular 

differentiation, to the effects seen in fibroblasts treated with the previously designed PKBa control 

oligonucleotide, before attempting the differentiation of these ceils. 3T3-L1 fibroblasts which were 

left untreated, treated with lipofectin™ only, or treated with (be control oligonucleotides (sense, 

random, 4mismatch) could stiO be induced to differentiate into adipocytes as indicted by the 

rounding up of these cells and visible lipid droplet accumulation (see figure 5.1). However, aAS3 

treated fibroblasts could not been differentiated into adipocytes and so retain the characteristic 

thread like appearance and general morphology of the fibroblast cell (figure 5 1). Therefore, it is 

clear that the effects G(AS3 has on 3T3-L1 fibroblast differentiation are as a direct result of its 

antisense function and not any non-specific evaits and thus indicate a role for PKBa in the 

diff^entiation process. 

From these studies, it is apparent that PKBoc has a critical role in the differentiation of 3T3-L1 

fibroblasts into ad^ocytes, as dqiledon of (he protein levels of this isofbrm by around 90% 

prevents diffo-aitiation in t k presence of differentiation factors. Howeva", control treatments 

including other oligonucleotides wo^e without any noticeable effect on (his complex cellular 

process 

1*5 



figfiine 5.1 - (i/lS3 iTiMMbmNud (dF STTJLIjl lilbrofWawts pinevemds thwar factor iiiduKxai 

cKfRynamdadion into adipwMqnksL l Sbrctdaats (;J95/4, ccmdnuaA) \vGre Iraasfected as 

described in secticm 2.3. ] with 4pM of aAS2 or the matched control oligonuclec^jdes. After 96 

Iknns these odk \w&e beakd vnA (KOhnaAmUon ageds and phobgnqdKd 8 days ]%%&-

diG&rer&iadcKL /I, T^o(]I)&L1^pafectn% 1%, lq)ofectuVrK)C%)}4; IC, ouAfkB; 10̂  SemuB̂  Adisntakdi; 

F, Random. 
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5.2.3 Discussion of the Roles of PKB in Differentiation 

The results obtained in these experiments have shown a crucial function for PKBa in the 

diHerenliation oF 3T3-L1 fibroblasts into adipocytes. The use of the (iAS3 probe complelel}' 

inhibited this differentiation process, when used at its optimal concentration of 4̂ ilVI for % hours 

before the difforentiation was commenced and then subsequently during the differentiation. The 

gmuine antisense effect of this pr(*e and hence the specific role of PKBcc in this process was 

confirmed by the fact that matched control oligonucleotides did not affect differentiation. 

My results show that oKlogenous PKBcc is required for the differaitiatiaa of 3T3-L1 fibroblasts 

into adipocytes. This indicates that the other isofbrms of PKB cannot substitute fix the role of 

PKBoc in this diffa^mtiaticm process. These results also show key functions of PKB can be 

successfully determined by the dq)letion of one isofbrm of PKB. The apparent rcWe for PKBa in 

this diSerentiation also cwrelate with pre\dous overexpression studies, suggesting PKB could be 

involved in this process (Magun ef a/. 1996, Kobn e/ oA 1996). Subsequently, insulin has been 

shown to stimulate adipogenesis by the generation of PI3,4P2 and hence activation of PKB, 

emphasising a likely role for PKBa in this process (Gagnon ef oZ. 1999). 

However, interestingly, PKBa protein levels have been proposed to decrease during the 

differentiation process, with a simultaneous increase in the levels of the other major PKB isoform 

PKBp observed (HiU oZ. 1999). It is suggested, that in the 3T3-L1 fibroblast cells, PKBa is the 

predominant isofbrm, with the PKBp isofbrm less strongly expressed, whilst in the adipocyte cdls 

gaierated by differaitiation the situation is reversed with the P isofbrm predominating (Hill a/. 

1999). Therefore, it possible that observed role PKBa has in this difkrentiaticm could occur early 

cm in the commitment of these fibroblasts to change into the adipocytes. This may be furtlKr 

emphasised by the fact that PKBa is activated quickly by the differentiation lactcrs; insulin, IBMX 

and dexamethazone that are present at the start of the diSerentiation protocol. PKBa may therefore 

possibly signal via a variety of downstream factors to aid in the commencement of diflercmtiation, 

possibly \da its proposed actions on transcription and translation (Gagnon o/. 1999). 
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The dinh-enlialim of 3T3-LI fibroblasts into adipocyte cclls is a very complex proccss and is 

like)} to involve a series of factors. The involvemcnl of the Ras/Raf signalling cascadc in this 

process has long been known. Some of the roles of this pathway in cell diHerentiation are 

independmt of the downstream Erk/Rsk kinases. However, it has been shown using the EAS1 

antisense probe, that the Erkl/2 MAPK isolbrms play a critical role in this differentiation as 

depletion of IheK proteins by the antisense probe resulted in an inhibition of differentiation (Sale e/ 

a/. 1995). Diflerentiaticm of 3T3-L1 Hbroblasts inio adipocytes therefore requires signalling by 

multiple pathways. Howeva", as yet despite the apparent involvement of these signalling proteins 

and now PKBa in the differentiation pathway, it is unclear exactly how these factors exert their 

ke)̂  effects on the process and act together to bring about the difkrentiaUon. 

It would be useful to investigate key markers of the dif&rcnbation process and then analyse the 

ef&cts of the PKBa antisense of these facta^s. This could therefore establish the rt^es of PKBa in 

diOerendation and show what altering the levels of established differentiation regulators has on 

these individual markers and tiy see which regulator may act on which differentiation marker. 

Adipocytes are a major storage cell line and are highly responsive to insulin, which has been shown 

to activate a variety of key eSects including glucose uptake, glycogen synthesis and lipogenesis. 

Therefore, possible targets for PKBa in the differentiation process could be in the stimulation of 

the expression of key metabolic proteins, which are critical in establishing the adipocytic 

phenotype. 

How PKBa performs its obviously important role in a critical cell process is unclear. It is tempting 

to speculate that PKB may act to inhibit GSK-3 activity or reduce its levels since a decrease in 

GSK3P during this differentiation has been previously observed (Benjamin oA 1994). Removal 

or inhibition of GSK3 would cause an upregulation of glycogen s^mthase and would be indicative 

of the convoTsion of the fibroblasts into adipocytes, which are storage cells (reviewed in Lawrence 

o/. 1997). Adipocytes are mainly characterised by their accumulation of lipid droplets, so it may 

be that PKBa, has a role to play in increasing hpid synthesis. One such target could be the glucose 

trarwporters GLUT 1 ard GLUT4, which have becai previously proposed to be acted on by PKB. 

For example, PKB has been previously shown to increase the exfM-ession of GLUT! and to 

increase the translocaticai of GLUT4 to the plasma membrane, both events which have been found 

to be key in differentiation (Kohn gf ol. 19%, Tanti gf o/. 1997). 
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Anolher protein proposed to be involved in dillercnlialion is p70S6K, which has also been 

suggested as a possible downstream target of PKB, perhaps via mTOR (Burgering e/ a/. 1995). 

The role of p70S6K in diOe^entiation is also currently unknown, but would likely to be invdved in 

regulating the translation of key diflerentialion proteins. The potential involvement of PKB in 

p70$6K activity is also controversial, and so therefore merits further stud\ using the newly 

designed antisense probes. Before we can establish how PKBa aHects cell diflenaitiation^ further 

studies on the general cellular roles of PKB. the processes it acts on and also what cellular events 

occur during this diSeroitiatiai will be re(piired_ This should give a clearo- picture of the targets of 

PKB and how these can bring about or enhance fibroblast diflhrentiation into adipocytes. 

Having estabhshed a role A*- PKBoc in this diSerentiatiorL, it is necessary to determine the role 

PKBp plays in the diOerentialion of 3T3-LI fibroblasts into adipocytes. The guidelines used for 

the aAS3 probe can be followed with PAS2 used at its (^dmum comditicms prior to the 

diSerentiatiorL It would be into-esting to examine the roles of PKBP in diS^entiation since its 

expression has been 5)und to be dramatically increased during the conversion of the Sbroblasts to 

the adipocytes (HiU gf a7.1999). In sub-conflumt 3T3-L1 fibroblasts ( - 50%), PKBp jxotein levds 

are apparently undetectable, however coce, confluent PKBp protein appears to be expressed in the 

fibroblasts (Hill et al. 1999), Upon addition of the differentiation media in this study, PKBp 

expression increased slowly at first and then rapidly from day 3 onwards, reaching maximum 

levels at day 8 which were subsequent!}^ maintained in the adipocytes (Hill et al.1999). 

Inta^estingly, in the wca-k of Hill ef oA increased PKBp expression during diGkrentiatian was 

closely followed by an increase in GLUT4 expression, possibly indicating a link between these two 

key proteins during differentiatiai and subsequently in the adipocytes (Hill ef gZ. 1999). 

These experiments using other PKB antisense probes should show which isofbrms of PKB are 

involved in diflo-entiation or if all of than have roles to play Hopefully, it may also oiable us to 

establish whether t h ^ all have (he same role to play or act on dilTerent parts of the complex 

differentiation pathway. 
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Having looked at the roles oC PKB in the dilTcrcntialion or3T3-LI Fibroblasts into adipocytes, it 

would then be intcrestjng to lo<* at whether PKB isofbrms play importanl role in the diHcrcntiation 

oF other cell tŷ Dcs. For example, it would be of great interest to examine the potential isofbrm 

specific role of PKB in muscle myogoiesis previously detailed or po^haps the role of PKB in the 

diflcrcntiation of neuronal cell lines a proccss which PKB has also been implicated in (CoHcr g/ o/. 

1998). This could tho-efbre include investigating any potmtial roles for PKB in the diHercntiation 

of L6 and SolK muscle, PC 12 and embr̂ ^onic neurone, and stem cells. These studies should identify 

whether the roles of PKB in cellular dilYercntiaticm are widespread or confined to a particular 

cellular species type, and also give an indication as to the relative imponance of each isoibrm of 

PKB in these essential, but complex, processes. 

5.3 The Possible Roles of PKBoc and PKBP in the 

Activation of p70 S6 Kinase and p85 S6 Kinase 

5.3.1 Introduction to p70 S6 Kinase and p85 S6 Kinase (S6K) 

40S ribosomal protein kinases (S6K) were initially identified as ribosomal kinases that regulate 

multiple phosphory lation of the 40S ribosomal protein S6 in mitogen stimulated cells (Jeno et aL 

1988, reviewed in Dufiier et al. 1999). Subsequent cloning analysis and molecular study lead to the 

identiGcation of two isofbrms of S6K, of 56.2kDa and 59.2kDa Wiich are produced the same 

mKNA transoipt, using altenalive translational start sites (Baqeijee gf a/. 1990). The two 

identified S6K proteins were fmrnd to contain 502 and 525 amino acids respectively, with the 

longer fcmn containing an additional 23 residues at its amino terminus. The diorter fbrm therefwe 

starts, at M24 of the longer fbrm with the proteins having sequence identity from this point 

onwards (reviewed in Dujher g/ aZ. 1999). The 56.2kDa isofbrm has beoi found to have a 

predcaninantly cytoplasmic location and is usually referred to as p70S6K based on its apparait 

molecular mass of 70kDa based cm SDS-PAGE migration. The $9.2kDa S6K isoform, which is 

usually known as p&5S6K, based on its SDS-PAGE migration, has been fbund to have a nuclear 

location, suggesting altemativdy roles fbr these two isofmns based on their subcellular location. 

191 



Inleresdngly, ihe nuclcar targeUng of p*5S6K has subsequently bcm Ibund lo be due additional 23 

amino acids al this isolbrms N-lOTnina]. This region of p85S6K has been found lo possess a 

polybasic nuclear localisation signal, which is gaierated by a run of 6 arginines immediately aAer 

(he initiation methionine (reviewed in Dufher e/ oA 1999) 

S6Ks are believed to act as a regulator of the translation of a class of mRNA transcripts that 

contain an oligqayrimidine tract at their transcriptional start site or 5 TOP (reviewed in Peta^n cf 

a/. 2000, reviewed in Dulher gf oZ. 1999). Tl^y regulate the translation of these mRNAs by the 

pAosphayiation of S6 (reviewed in DuBier a/. 1999). Whilst this 5 TOP class of mRNAs, may 

only represent 100 to 200 genes they can account fo" up to 25% of the total mRNA in (he cell and 

usually cncodc for many of the ccanponents of the protein synthesis apparatus including ribosomal 

proteins and translational elongation factors (reviewed in PuUen aA 1997). The role of S6K in 

controlling 5'TOP translation was confirmed using dominant interfering mutants of S6K which 

were found to suppress S6K acti\'ity and inhibit the mitpgai-indnced translaticm of 5'TOP mRNAs 

(JeGeries ef aZ. 1997). It is postulated (hat the nuclear p85S6K is respcmsible for the 

phosphorj'lation and regulation of the free, chromatin bound nuclear form of S6, however this 

theory still requires experimental evidence (reviewed in Dufiier et al. 1999). The ribosamal S6 

protein is a conqaonent of the small (40S) subunit of eukaryotic ribosomes. It has been found to 

contain 5 phosphayiation sites which can be acted on by S6K, namely S235, S236, S240, S244, 

S247, which when phosphorylated, increase the binding and translational activity of this protein 

(reviewed ia Proud 1996) 

In addition to these roles, S6K has also been implicated in the regulation of E2F in cell 

prolif^ation, with eqxressicm of wild (ype but not kinase dead S6K inducing E2F-induced 

transcriptional activity in T-lymphoc\tes (Brennan ef a/. 1999). Overexpressicm of S6K also 

enhanced insulin gene transcription in pancreatic |3-cells suggesting S6K may act to regulate 

insulin promoter activity' (Brennan gf cr/. 1999). S6K activity has also been implicated in cellular 

survival pathways suggesting S6IC may also act as a regulator of apoptosis (Bromeisen a/. 

2000, renewed in DuAier g/ a/. 1999). In these, and possibly other ways S6K plays a ke}' role in 

ceUular growth control mechanisms, with its regulation of transcription and/or translation 

controlling, protein biosyntlKsis and critical cellular events (reviewed in Dufher ef oZ. 1999). 
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Deletion of the S6K gene in mouse was (bund lo result in a small mouse phenotype suggesting a 

role Ibr S6K in cell si/c, growth and proliferation (Shima a/. 1998). However, in mouse embryo 

fibroblasts with this deletion, neither S6 phosphorylalicm, 5'TOP mRNA translation or cell growth 

was greatly impaired (Shima a/. 1998). This Ending lead to the discovay of a new S6K isofbnn 

ta-mcd S6K2 which has 70% amino acid identity wilh the olho" S6Ks and was found to be up-

regulated in the S6K (kledon mice, possibly acting to compensate for this loss (Shima g/ oA 1998). 

Subsequently, this S6K2 has beoi shown to be a nuclear S6K family member, which shares 

homology with the odia^ S6K family mcmbo^s in the catalytic (kmain but possess a carboxyl 

terninal nuclear localisation signal that assists t k nuclear locahsatiw of this kinase (Shima ef a/. 

1998). Homologues of S6K have also been found in othe^ species, for example, in DyayqpAi/a, loss 

of functicKi alleles of afS6K revealed that S6K controls cell size, growth and prolifa^tion in t h ^ 

flies (reviewed in ef a/. 1999) 

Inhibition of S6K activity by neutralising antibodies has l%en shown to compromise the ability of 

cells to progress through (he Gl phase of (he ceU cycle anphasising, the role Bar S6K in the ccmtrol 

of cell growth (Lane et al. 1993). Treatment of cells with the immunosuppressant drug rapamycin; 

which acts on the potential S6K activator mTOR (discussed later), has been shown to inhibit the 

rde of S6K in (ranslatim and cell growth (Kuo ef oZ. 1992,Chung ef oZ. 1992) Conversely, a 

rapamycin-resistant mutant of S6K blocked, the inhibitory effects of rapamy cin, allowing 5'TOP 

mRNA translation and hence the cell cycle to proceed (JefTeries et al. 1997), The apparent 

importance of S6K in regulating protein synthesis and cell growth means that it is crucial to 

understand how S6K acts to bring about these effects and what factors act on S6K to bring about 

its activadcHi (reviewed in PuHen oA 1997). 

The general structure of S6K is a highly acidic N-taminal (kanain, followed by a serine/threonine 

kinase c a t a ^ c domain and lastly a C-teminal auto-inhibitcay/regulatory section. S6K has bem 

found to consist of 4 distinct modular domains (reviewed in Pullm oA 1997). Region 1 stretches 

from the N-terminal of the protein to the cataly^c domain and is sensitive to rapamycin. Region II 

is the catal)tic domain; this module contains an active site Gor mitogen-induced [^losphorylation 

and (he activating T-loop. Domain 111 runs from the catalytic dcxnain towards the carbox '̂l tail and 

contains 3 sites of phosphorylation, with this region conserved in many serine/threonine kinases. 

The final domain nxxlule TV lies at the C-ta-minus and is the putative auto-inhibitory domain. 
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which contairK 5 phosphorylation sites and has homology with a similar region of the S6K 

substrate S6 (reviewed in Proud 1996, reviewed in Pullen o/. 1997) 

There are 8 known phoqihorylatiai sites in the endogenous S6K enzyme and another 5 predicated 

phosphorylation sites have been proposed (reviewed in Pullen a/. 1W7). The phosphor^ latitm 

sites S411, S418, T42I S424 and S429 all contain a proline residue at +1, arc all (bund in domain 

rV (p70S6K isofhrm) and are homologous to sites in the S6K substrate S6. In serum starved 

quiescent cells these residues are hypophosphorylated, but whei these cells are stimulated with 

mitogens or serum the domain IV phosfAoiylaticm sites become hypa])ho8phorylated which acts to 

assist S6K activation. Mutation of the residues S411, S418, T421 and S424 to alanine was shown 

to supprKs mitogoi stimulated S6K activation whereas mutation of these sites to aspartate to 

mimic phosphorylation increased basal S6K activity (Waig ef oA 1998). 

For full activation of S6K, phosphorylation of T229 in the T-loop and residues S37I, T389 and 

S404 in module III is required (Weng ef oZ. 1998). Phosphaylation of S371 within domain III, the 

linker region, has recently been implicated in regulating the maximal activation of S6K. This site 

has shown to be phosphorylated in response to mitogen stimulation and enhance S6K activation 

whilst mutation of this site III serine to an alanine, results in a reduced S6K activation by at least 

20% (Weng et al. 1998). This indicates a key-activating role for this site. Site S404 which also lies 

within this linker region has been shown to play a modulatory role in S6K activation, with 

phosph(yyIation at this site assisting maximum S6K activation (reviewed in Du&a" gf a/. 1999). 

However, as yet, the exact role of these two sites in the activation profile of S6K is unclear and 

requires further characlQ-isation (reviewed in DuAier gf g/. 1999). 

It is believed that phosphorylation of residue T389 in module III is the m^or event leading to S6K 

activaticm (Pearson ef cZ. 1995). This residue along with residues T229 and S404 are 

de|*osphorylated in response to rapamycin or wortmannin (PI3K inhibitor), which brings about 

S6K inactivation, but principally the inactivation target is dephosphorylalion of T389 (Wmg a/. 

1995). Interestingly, the rapamycin-induced dephosphorylation of these S6K sites has been shown 

to occur in a hio-archical iashicm of T389 > S404 > T229, with T389 dephosphorylation most 

closely^ paralleling loss of S6K kinase activity (reviewed in Dufher a/. 1999). Substitution of 

T389 to E389 suppresses the inhibitory effects of these drugs and also elevates T229 
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phosph(X)'lauon (Pearson c/ o/ 1995). However, a T389A substitution inactivates the kinase and 

also blocks T229 phosphorylation (Pearson gZ. 1995). These and other experimails suggest 

phosphory lation of T389 is the key ei ent in S6K activaiicm as phosphwylaticNi of this site not only 

leads to S6K activation but also appears to modulate phosphorylation of the T229 site (reviewed in 

Dulho" ef (z/. 1999). 

Mutaticm of the residue T229 have also been shown to afkct S6K activity with mutations of this 

residue to alanine or glutamate ablating kinase activil}' and not potentiating T389 phosphorylation 

(Pearscm gf oA 1995, reviewed in PuDen oA 1997). Thus, it appears the phosphorylation of T389 

may regulate the phosphorylation of T229 in a co-cardinated fashion, which brings about 

modulations in S6K activity (Weng gf aZ. 1998). Interestingly, the sites T229 and S404 have been 

found to have basal phosphorylation under serum stan^ed conditioQS, whaieas no phosphorylation 

is detectable on any other sites (Wmg gf a/. 1998). Howeva", in response to stimuli, i.e. insulin, 

S6K shows greatly increased p^iosphorylation at all sites, resulting in maxhnal S6K acdvi^ (Wmg 

gf aA 1998). Therefore, it is apparent that phosphorylation of many sites within diOerent modules 

of the enzyme is important in regulating S6K activity. 

Interestingly, the N-terminal domain of S6K also scans to be important in S6K activation. Deletion 

of this module has been to shown to impair kinase activity and dramatically reduce T389 

phosphorylation (Dennis et al. 1996), The kinase activity of this S6K mutant could be rescued by 

deletion of the carboxyl terminal 104 amino acids, including the auto-inhibitory domain (Dennis et 

al. 1996). A carboxyl terminal deletion mutant was found to increase T229 phosphorylation in 

response to stimuli and hence increase S6K activity. These results suggest that the N-terminal 

domain of S6K is involved in facilitating the phosphorylation of tlK carbo)q/l tenninal sites and 

haice in removing the auto-inhibitory effect of this domain whoi it is not phosphceylated. 

Therefwe, it is clear that for maximum activi^ all sites on the mzyme need to be phosphorylated 

and all domains need to be present (reviewed in Dufher oZ. 1999). 

The current model for activation of S6K involves the typarphosphorylaticm of the serine and 

threonine sites in module r\^ which is then believed to stabilise interactions of Ik: orzyme with 

effector molecules and remove the inhibitory action of this domain on the catalytic domain of S6K 

(reviewed in Pulkn o/. 19 )̂7). This stabilisation/rearrangement allows a mitogen-regulated 
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kinase to pbosphorylate T389, which then lacihlatcs (he phosphory lation of the T-loop site T229 

leading lo AiU activadm (re'viewod in Dufhcr e/ a/. 1999). It is therefore important to establish 

which kinases are involved in these phosphor}laticHi events, and how these knit together to regulate 

S6K activity (reviewed in Pullen o/. 1997, reviewed in Proud 1996). 

$6K is known to be activated by a variety of factors including, scrum, insulin, platelet-derived 

growth factor (PDGF), phcarbol esters (TPA), inlerleukin-2 (lL-2) and heat shock (45°C). 

Stimulatioa by these activation pathways results in the phosphorylation of multiple serine and 

thretmine residues leading to activabcm of the kinase (Kim gf a/. 1999, Xu cf oZ. 2000, reviewed in 

gf o/. 1999). To date, nmny kinases, including PDK-1, mTOR and PKC have been 

proposed to be involved in this activation with the evidmce for some, better than otho^s (Kumar et 

al. 2000, fsotani et al_ 1999, Pullen e/ a/. 1998, Bumdl ef a/. 1998, Akimoto g/ g/. 1998). ft is 

most likely that multiple kinases and pathways are involved in activating S6K to the maximal level, 

with 6 e roles and importance of each varying between the stimulation and cell type investigated. 

Use of other ceH signalling inhibitors has also added to our understanding of the ctmiplex process 

involved in S6K phosphorylation and activation. The PI3K inhibitor, wortmannin and LY29304 

have been shown to inhibit S6K activation in a variety of cells suggesting a role for the PI3K 

pathway (Weng ef a/. 1995 & 1998). Also active mutants of PI3K have been shown to increase 

S6K activity. However, not all the data from mutant studies is consistent with PI3K activation 

being a requirement for S6K activation in some cells, so the situation may not as clear-cut, with 

possible PI3K-dependenl and independent pathways involved (reviewed in Dufner et al. 1999). 

One of the m^or mechanisms by vdiich S6K is activated is via the PI3K related kinase mTOR 

(mammalian target of rapamycin) (reviewed in Thomas ef aZ. 1997). This protein has been 

implicated in S6K activation by the action of the immunosuppressant compound rapamycin which 

is also a potent inhibitor of S6K activation. It is likely the mTOR lies upstream of S6K, and 

mTOR inhibition by rapamycin is the point where the activation of S6K is sensitive to the 

inhibitoy ef&cts of rapamycin (reviewed in Thomas a/. 1997) An mTOR mutant, which is 

resistant to rapamycin, has also been found to prc^cct S6K activity in the presence of this inhibitor, 

fiirtha^ indicating a role for mTOR as an upstream regulato^ of S6K (Dennis e/ o/. 1996). However 

it is still unclear as to wtether this is a direct actiai or via an as vet unidentified eflector molecule 
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(reviewed in Thomas g/ a/. 1997). The possible mechanisms b)' which S6K may be regulated by 

the aclion of mTOR are discussed at the end of this chapter (sec sectiai 5 .3.3). 

A role (or PKB in S6K aclivalioo has been implied based cm a scries of experiments. Initially PI3K 

pathway studies nsing the inhibitor wortmannin suggest that as PKB is a do^'nslream component 

of this pathway it may also signal to S6K (reviewed in Kandel g/ 1999). Secondly, PKB has 

been proposed to be an upstream activator of mTOR, which is known to be upstream of S6K, 

suggesting a possible PI3K/PKB/mT0R/S6K pathway (Scott (7/. 1998). However, as will be 

discussed lato ,̂ the possible physiological importance of PKB in the activation of mTOR and the 

exact role of mTOR in S6K activation remain unclear and needs further study. Experiments using 

PKB mutants have also suggested a possible role for PKB in S6K activaticm. For example a gag 

tagged PKB which is membrane kxalised and constitutively active was found to activate p70S6K 

in a variety of cells although, no direct pAosphofylation of P70S6K by PKB has been shown (Reif 

ef oA 1997). A dominant negative PKBo. mutant was also found to inhibit p70S6K activadm in 

response to heat shock and PDGF stimulation in CHO cells (Kuroda et al. 1998). However, as 

shall be seen in the discussion at the end of this section these results are somewhat controversial 

and therefore it is important to establish what if any roles the PKB isoforms play in the growth 

factor induced activation of the S6K isoforms p70S6K and p85S6K. 

With this in mind, my antisense oligonucleotide approach was employed to investigate the possible 

role of PKBa and PKBp in the activation of p70S6K and p85S6K in 3T3-L1 fibroblasts 

stimulated with a variety of growth factors and external stimuli. 

5.3.2 Results 

5.3.2.1 Optimisation of a Western Blot Gel Shift for Analysis of S6K Activation 

In order to analyse the effects that depleting PKBcc and PKBp with a y anlisense probes has, cm the 

activation of S6K, a suitable technique for determining S6K activaticm needed to be estabhshed. 

S6K activation in response to external stimuli, is directly attributable to hyperphospAory laticm on a 

series of key serine and threonine residues (Weng o/. 1998), therefore, it was felt that a method 
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of monitoring the phosphorylalion slate of S6K would be a suitable measure of S6K activation. 

Using an S6K specific antibody, obtained from UBL dearly dctoclable protdn levels of both the 

p70S6K and p85S6K S6K isofbrms were observed in 3T3-L1 fibroblasts Wien crude cell lysate 

was run cm a 10% SDS-PAGE gel and visualised by WestOTi blcAling (data not shown). 

Subsequent investigation of the SDS-PAGEWestcm blot proOie of the S6K isofbrms revealed it 

was possible to detect changes in the migraticm of the S6K proteins in response to growth factor 

stimulation of the fibroblasts. A slower migrating band of either S6K isofbrm was clear!)' obso-ved 

in growth factor stimulated cell, with this retarded or shifted band acdng as a clear marker of the 

increased phospAorylation state and hence activation of S6K in these stimulated cells (previously 

shown by, Wmg ef o/. 1998). Furtha^ anal) sis of this S6K electrcphoretic mobility variation 

established that using a longer (10 x 8cm), lower percentage aciylamide (7.5%) and lower bis-

aciylamide (0.09%) polyacrylamide gel than normally used (see section 2.6), provided the optimum 

sq}aration of the inactivated and activated forms of S6K (data not shown). Therefore, it was 

decided that p70S6K and p85S6K activation could be efkctively monitored by SDS-

PAGE/Westem blotting analysis with a 10cm by 8cm, 7.5% acrylamide / 0.09% bis-acrylamide 

SDS-PAGE gel giving the maximum resolution of bands and so these conditions subsequent^ 

employed (data not shown). 

Stimulation of 3T3-L1 fibroblasts, serum starved for 24 hours, with a variety of external growth 

factors was 6)und to induce the phosphorylaticm and activaticm of both p70S6K and p85S6K as 

clearly indicated by the observed band shift (see figure 5.2). These factws were all used in 

accordance with their time/concentration levels previously found to give the optimum receptor and 

or downstream target (i.e. Erkl^) activation and compared to untreated cells (see Ggure 5.2 

l^end). Factors including serum, PDGF, EGF, insuiin and the phosphatase inhibitor, sodium 

orthovanadate, wa^e aU shown to band-shift and hence activate S6K. The growth factcf-induced 

phosphaylation of S6K, and hence its band shift activation profile, was also found to prevented by 

pre-treatment of tlie fibroblasts with the P13K inhibitor, wortmannin (see Figure 5.2). 

This not only indicates that S6K activation in 3T3-L1 fibroblasts is PI3K-rcgulatcd, but also that 

this Western blot assay system can be used as a suitable technique (or analysing the activation of 

the 2 S6K isofcmns; p70S6K and p85S6K (sec figure 5.2a). 



SGK Activation Profiles in 373-Ll Fibroblasts 

A. Control, EGF, Serum or Insulin Treatment 

p85S6K_ 

p70S6K 
Con EGF Ser Ins 

B. Wortmannin/Serum, Serum, Vanadate or PDGF Treatment 

p85S6KL_ 

p70S6K" 
Ser+ Ser Van PDGF 

Wort 

Figure 5.2- Agonist treatment of 3T3-L1 fibroblasts results in a change in the 

electrophoretic mobility of p70S6K and p85S6K which can be attenuated by prior 

treatment with wortmannin. 3T3-L] cells (-95 confluent) were serum starved for 24 hours 

prior to treatment with agonist. Where necessary cells were incubated with IOOdjM wortmannia 

for 40 minutes prior to agonist treatment. A, Representative band-shift Western blot for 

p70S6K/p85S6K: Lane 1, Untreated Control; Lane 2, EOF (100ngml-l/6mins); Lane 3, FBS 

(20%Vv /lOmins); Lane 4, Insulin (lOOniVI/'lOmins). B, Band-shift Western blot for 

p70S6K/p85S6K: Lane 1, Wortmannin (l00nW40mijns) + FBS (20%7v/lOmins); Lane 2, FBS 

(20%7v/lOmins); Lane 3, Vanadate (10miVI/40mins); Lane 4, PDGF (20ngmrV6mins). 
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53.2.2 Use of the PKBcc and PKBP andsense probes to analyse the possible role of PKB in 

S6K Activation 

Having established a suitable method Ibr analysing S6K activation in 3T3-LI fibroblasts and 

shown lhat a variety of growth factors can activate these proteins, it was now important to examine 

the possible roles of PKBoc and PKBp in this activation profile. FolloMng optimal condition 

antismse treatmait of the Ebroblasts with eiU^r, t k PKBa probe aAS3 (4pM/96 hours) or the 

PKSP probe pAS2 (8pM/96 hours), the cells were either left unstimulated or stimulated A\ith 

serum, PDGF or vanadate and ±e resulting cdl extracts analysed using the established S6K SDS-

PAGE/Westem blot protocol. It should also be noted that in these e^geriments, the Enal 24 hours 

of the 96-hour translection protocol is pa^formcd in serum &ee (0.25% C'/y) BSA) conditions in 

order to generate the serum starved/basal state of S6K prior to the stimulation experiments. 

In 3T3-L1 fibroblasts stimRilated for 10 minutes with 25%(V,) serum, prior treatment with either the 

aAS3 or pAS2 probes did not affect the serum-induced [Aosphorylation shift and activation of 

either p70S6K or p85S6K to any significant level (see figure 5.3a). Both these antisense treatments 

were found to deplete their respective PKB isoforms by over 90%, yet despite the removal of either 

PKBa or PKBp activity, S6K activation followed the same pattern observed in serum-stimulated 

control cells (no treatment or lipofectin^'^ only). This suggests that the specific removal of either 

PKBa or PKBp activity from 3T3-L1 fibroblasts is not sufficient to prevent S6K activation in 

response to serum stimulation. 

The possible involvement of the PKBa and PKBP isoforms in activating S6K in serum stimulated 

3T3-L1 fibroblasts was further investigated by comparing the serum induced activation of S6K in 

response to |xior treatment with the PKBa or PKBp antisoise probes, or their corresponding 

control ohgonucleoddes. Prior treatmmt of 3T3-L1 Gbroblasts with either aAS3 or its matched 

oligonucleotide controls did not affect the serum induced activation of either S6K isoform, further 

suggesting that PKBoc does ncA have an isofbnn specific effect on S6K activation (see Qgure 5.3b). 

A similar situation was found whm 3T3-L1 Gbroblasts were pre-treated with the PAS2 or its 

matched oligonucleotide cmtrols before serum stimulation, Mth the activation profiles of p70S6K 

and p85S6K, in response to saimi, being very similar in the all oligonucleotide treated and ccmtrol 

cells. Therefwe, as was the case with the a isofwm, these results indicate that PKBP docs not have 
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an isolbrm speciHc role in die aclivalion ofSfiK (see figure 5.3c). 

As 3T3-LI fibroblasts are known to contain both the a and P isolbrms of PKB, (he next task was 

to see if the growth factor-induced phosphory lation and activation of S6K could still be achieved if 

neither PKB isolbrm is present Thczefbre. the two PKB antiseiKe probes aAS3 and pAS2 were 

used at their optimum conditions in tandem in the 3T3-LI fibroblasts prior to serum stimulation. 

The use of these two probes in tandem was found to signiGcantty deplete both PKB isofbrms as 

expected but did not af&ct the serum-induced phosphorylation or activation of S6K as indicated by 

band shiA (see Ggure 5.3d). Therefore, as seen previously when these antisense probes were used 

separately, whem they are used in tandem to dqilete both PKBa and PKBp, no change in the soiim 

induced activation of p70S6K or p85S6K is ctserved This suggests that neither PKBa nor PKBp 

have a role to play in the serum-induced activation of p70S6K or p85S6K in 3T3-L1 fibroblasts. 

Having established using the designed andsmse probes that neither PKBa or PKBp has a role in 

serum stimulaticai of S6K, I next lodged at the possible roles of these two isofbrms in vanadate and 

PDGF induced S6K activation in 3T3-L1 fibroblasts. Similar initial experiments to those used in 

analysing the role of PKB in serum-induced S6K activation, revealed that depletion of either PKBa 

or PKBp individually is not sufficient to prevent the activation of S6K by vanadate or PDGF (data 

not shown). This was further evidenced in experiments comparing the activation of the S6K 

isoforms, in response to PDGF and vanadate, in cells treated with either, one of the antisense 

probes or their matched the controls. This again showed no ef%ct on p70S6K or p&5S6K 

phosphoylation or activation (data not shown) 

As with the sorum stimulation experiments, the 2 antisoise probes were thai used in tandem on the 

3T3-L1 fibroblast cells prior to stimulation with either vanadate or PDGF. These results again 

showed that depletion of both PKBo, and PKBp isofbrms together did not prevait S6K activation 

in response to either vanadate or PDGF, suggesting that neither isofbrm is involved in the 

phosphaylation or activation of p70S6K w p85S6K by these factors in 3T3-L1 Gbroblasts (see 

figure 5.3e). Therefwe, these results together suggest that in 3T3-L1 fibroblasts nether PKBa or 

PKBp is involved in the growth factor phosf^iwylation or activation of athcr p70S6K or p85S6K. 
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E. aAS3 and/or PAS2 +/ - Vanadate or PDGF 

p85S6E^ 

p70S6Kri 
[ " + I - + I - + ] [ - + ] [ - + l - + I - + ] 

aAS3 aAS3 [3AS2 Lipo. aAS3 a A S 3 pAS2 
+PAS2 +PAS2 

[ ^ fansLdate ] [ ] 

Figure 5.3 aAS3 and PAS2 treatment of 3T3-L1 fibroblasts does not affect p70S6K/p85S6K 

phosphorylation/activation as assessed by electrophoretic mobility shift assay. 3T3-L1 

fibroblasts (95%) confluen?i were transfected for 96 hours with aAS3 (4p,M) , (3AS2 (8)J.M) or 

both antisense probes in tandem as described in section 2.3.1. Subsequently the cells were 

incubated with various agonists and the results analysed by band-shift Western blotting. A, Anti-

S6K Western blot indicating that FBS (20%%/10mins) induced activation of p70S6K/p85S6K is 

not affected by prior aAS3 or PAS3 treatment. B, Anti-S6K Western blot showing that FBS 

(20%7v/10mins) activation of p70S6K/p85S6K is not altered by prior treatment with aAS3 or its 

matched control oligonucleotides. C, Anti-S6K Western blot showing that FBS (20%7v/10mins) 

induced activation of p70S6K/p85S6K is not altered by prior treatment with PAS2 or its matched 

control oligonucleotides. D, Representative anti-S6K Western blot indicating that 

p70S6k/p85S6K activation by FBS (20%%/10mins) is not affected by prior treatment of cells 

with aAS3 and PAS2 in tandem. E, Representative Anti-S6K Western blots indicating that 

p70S6K/p85S6K activation by Vanadate (10mM/40mins) or PDGF (20ng.mrV6mins) is not 

altered by prior treatment with aAS3 and/or PAS2. 
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5.3.3 Discussion 

5.3.3.1 Development of a Suitable Assay for the analysis of S6K Phosphorylation and 

Activation 

The development of a SDS-PAGEAVestam blot protocol lor the phosphorylation profile and hence 

activation, of S6K oiables the study of S6K activation in response to a variety of growth factors 

and allows analy sis of the role PKB may play in this pathway This assay systan was developed 

for use with the UBI S6K antibod}' with (he optimum SDS-PAGE cmditicNis for maximum 

resolution of individual phosphorylation stales of S6K established using a 10cm by &cm 7.5% 

acrylaminde/0.09% bis-acrylamide SDS-polyacrylamide gel. This gel systan clearly showed 

slower migrating bands for both the p70S6K and p85S6K with a variety of growth factor 

stimulations indicating their hyperpAosphoryladon state and hoKe, activation, in response to these 

stimuli. These slowo^ migrating or activation bands were not seen in growth factw-stimulated cells, 

Wiich had been previously treated with the PI3K inhibitor wortmannia, wiiich is known to also 

inhibit S6K activation. These results indicated that the electrophorelic mobility shift in p70S6K 

and p85S6K observed with growth factor stimulation can be directly attributable to the activation 

of these isoforms and hence can be used as method of analysing S6K activation and the roles PKB 

may play in this. 

Interestingly, with this Western blot assay systan multiple closely spaced immunoreactive bands 

are often observ ed creating a ladder like array of S6K proteins. This array of differently migrating 

proteins is assumed to reprcscnl the differing degrees of [Aosphorylation of S6K. Some laddering 

of S6K protein was actually observed in unstimulated cdls, which would be indicative of the basal 

h}])ophosphorylated state of S6K. However, with growth factor treatmoit the migration pattern 

showed a clear difkrence to this basal state with (he appearance of a more slowly migrating band 

only seal with stimulaticm and thaefbre representing maximum phosphorylation and hence 

activaticm of S6K. 

The array of slower migrating S6K bands, indicating difTerent phosphorylation levels in these 

expaiments arc in accordance with the previous Cndings of Woig g/ o/. (Weng g/ o/. 1998). This 

group found an array of p70S6K bands in S6K blots particularly after stimulaticm and showed 
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these to represent diHermt degrees of pbosphor\'lati(m. They also found that the progressi^'ely 

slower mobility' obsened, is not primarily due to increased negative charge generated by multiple 

phosphorylations but by altered C(mfbrmati(m caused by phosphcrylation at specific sites 

particularly T389 and T229 (Wmg g/ cA 1998). These two sites were shown to have a 

disproportionate aflect on S6K mobility which reflects the importance of these sites in S6K 

activation. Furtba^ studies by this group revealed that only the most slowly migrating band 

re^xesenting fiiUy phosphorylated S6K possessed an} S6K activi^ (Wmg ef o/. 1998). 

These experimaits, there&re, agree with m} findings that the slowest band of eitbo- S6K isofbrm^ 

which appears mly in stimulated cells, should be used as a measure of S6K acdvatioa. Thus, it is 

clear that this form of assay can be used effectively to nxmitor S6K acdvatioii, as long as only the 

appearance/disappearance of this band is analysed. Hence it is clear that with this SDS-PAGE 

system I have developed an elective metfiod for studying the activation proGle of p70S6K and 

p85S6K 

5.3.3.2 Possible Roles of PKBa and PKBP in S6K Activation 

The two designed PKB antiseose probes directed against the a (aAS3) and p (pAS2) isoforms 

wa-e used to analyse the potential roles of PKBo/p in S6K activation by a variety of factors 

pre\'ious shown to activate all the PKB and S6K isofbrms. Transkctim of 3T3-L1 fibroblasts with 

either antisense probe individually, was found nc^ to prevait S6K activatioD in response to serum, 

PDGF or vanadate stimulation. This suggested that depletion of either the a or p isoform 

indqiaidaitly, was not sufficient to prevent the activation of S6K. These Endings were also 

confirmed using various matched control oligonucleotides fw each isofbrm fiirtha^ indicating 

neither the a or p isoAmn is solely responsible (or S6K activation. 

Having established that ronoval of these isofbrms indi\'idually, does not affect S61C activation, the 

two PKB antisense probes wo^e used in tandem to deplete both PKBa and PKBp. These results 

showed that removal of both these PKB isofbrms simultaneously did not prevent the band-shifl of 

S6K in response to soum, PDGF and \anadate suggesting the neither PKBoc nor PKBp is involved 

in growth factor activation of S6K in 3T3-LI fibroblasts 
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These results still need to be treated with some degree of caution, as it is possible the small amount 

of PKBa or PKBp remaining following the respective antisense treatments is suOicimt to still 

activate S6K. However, as these two andsmse treatments deplete their respective PKB isofbrms by 

well over 90% and this level of depletion of PKBo, has already been shovm to inhibit 

diflcrcntiation^ is seems unlikely that low levels of these PKB isofbrms contribute to S6K 

activation. 

It would be interesting to fLirtha: investigate any roles PKBa and PKB{3 has in S6K activation by 

performing a kinase assay for S6K activity in response to a vahe^ of growth factors and the 

antisense treatment. This could pohaps be performed by immunc^recipitating S6K from cells 

treated with various stimuli/antisensc and analysing the effects of these on overall S6K kinase 

activit)" towards a specific substrate. This would hopefully rule out any possible roles for PKBa 

and PKBp in modulating S6K activity, which couid not be detected by the Western blot analysis. 

The presox^e of PKBy in 3T3-L1 fibroblasts also need to be consida^ed, in analysing the roles of 

PKB in S6K activation. It could be that the presence of PKBy in the PKBoc/p depleted cells is 

sufficient to perform the role of PKB in S6K activation in a non isoform-specific fashion. This 

could indicate that the presence of any PKB isofbrm in adequate levels, is sufficient to mediate 

growth factor activation of S6K and hence that PKB generally signals to S6K rather than in an 

isofbrm specific manner. Alternatively, PKBy, may be the only PKB isofbrm that can mediate 

growth factor signals to S6K and so activate S6K in an isofbnn-speciGc way. ft is therefwe 

important, to assess the role of PKBy individually and PKB genarally by using the PKBy specific 

and multiple PKB isofbnn antisaise probes curroitly under development. 

Therefore, these experiments raise questions about the possible involvemmt of PKB in the 

activation of S6K. It has beoi found that neither the PKBoi nor PKBP isofbrms act in an isofbrm-

speciGc manner towards S6K and that removal of both of these does not pre\ ent S6K activation by 

a variety of growth factors. Whilst the possible role of PKBy still needs to be addressed the lower 

general expression of this isofbrm suggest that it also may not have a role to play in growth 

factor induced S6K activation. Tho^efbre, these cxpo-immts point towards a PKB inikpendent 

activation mechanism (or S6K in 3T3-LI Gbrc^lasts 
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Il would also be mtgestrng lo analyse the eflbcfs of the various PKB andsensG probes on the 

activation of S6K in other cell lines and in response to olhor stimuli, including nol only other 

growih factors, kit also events such as heat shock, oxidative stress or osmotic shock. These 

experiments would aiable the study of (he possible role PKB has in S6K acdvadcn in other 

situations and hopefully clarify what if an) , roles this protein has in the S6K pathway. This would 

hopefully establish whetho^ the lack of roles fw PKBa of PKBp in S6K activation obsaved in 

3T3-L] fibroblasts is a cell type or stimulation factor-spcciSc event or whether S6K activation 

generally occurs via of PKB independait route 

The role of PKB in the activation of S6K is very controversial, with most recent evidence 

suggesting that PKB and S6K lie oo separate/paralld pathways downstream of PI3K/PDK1 

(reviewed in Vanhaesebroeck ef a/. 2000, reviewed in Dufhar ef oA 1999). This would therefore be 

in agreanent with n y Sndings in the 3T3-L1 Sbroblasts that show that PKBa and PKB{3 do not 

appear to activate S6K. The current arguments for and against a role for PKB in S6K activation 

are therefore discussed below. 

Initial studies into the possible role of PKB in S6K activation showed that a gag tagged PKB 

which is therefore membrane localised and constitutively active, activates S6K in a variety of cells, 

although no direct phosphorylation of S6K by PKB has been shown (Reif e/ a l 1997). Secondly, a 

dominant n a t i v e PKBa mutant was found to inhibit S6K activatioa in response to beat shock and 

PDGF stimulation in CHO cells (Kuroda et al. 1998). The protein mTOR is the target site for the 

inhibitory action of rapamycin, which is also a known inhibitor of S6K activation. Therefore, a role 

for mTOR in S6K activation is indicated and has subsequaitly bem shown using rapamycin 

resistant-mTOR mutants, which still activate S6K even in the presence of rapamycin (V(m 

MantsuSel g/ a/. 1997). Since PKB has been shown to directly phosphorylatc and activate mTOR 

w/ro and in overexpwession studies, this suggests that PKB may signal to S6K via its activation 

of mTOR. (Scott gfc/. 1998) 

However, recently some of these initial findings have been questioned by new experimental 

evidmce. The ovcrexpression of dominant negative mutants of PKB has also been shown to affect 

the function of the upstream PKB activator PDKI by binding endogenous PDKI and preventing its 

action on otho^ downstream targets (rev iewed in Vanhaesek-oeck e/ oA 2000). This could be of key 
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imponance in the findings thai daninani ncgaUve PKBa mulanls inhibit S6K activation^ since as 

will be discussed later, PDKI has also been prc^xKed lo directly phosphorylate and activate S6K 

(PuUen c/. 1998). 

Interestingly, it has been found recently that whilst a membrane targeted PKB mutant, which is 

therefore constitudvcl)' active caused S6K activation, a double aspartate substituted active mutant 

(E308T/E473S) did not activate S6K (Dufher gf a/. 1999b). However, the membrane targeted 

active mutant did not act on the other potential PKB targets GSK-3 and 4E-BP1, whilst the 

c)̂ 1osolic active mutant acted on both these likek downstream targets (Du&er o/. 1999b). This 

suggests that the cellular locahsation of PKB may be important in identi^ing its downstream 

proteins targets. Since endogenous PKB has been shown to be predonrunantly cytosolic when 

activated, its possible role in the acdvaticm of S6K, is therefore, called into question. PKB<% has 

also been shown not to directly phosphorylate p70S6K either wVro or m w w (Alessi gf a/. 1998, 

PuUen oA 1998). 

The role of PKB in activating mTOR is also not clear, since experiments indicating a direct link 

between these two proteins have only been shown in vitro or in overexpression studies, which often 

are not true representations of substrate specificity (Scott et al. 1998). The role of mTOR in S6K 

activation is also unclear (reviewed in Dufiiar et al. 1999). Jn vitro mTOR was found to 

phosphorylate T389 of a bacterially expressed S6K, but not to act on the mammalian form 

(Burnett oZ. 1998). mTOR has also previously beoi show to directly phosphoylate 4E-BPI at 

sites in a S/T-P moti^ however, the T389 and other sites in S6K do not possess this motil̂  

suggesting mTOR may not act directly towards this site (Burnett oA 1998). The T389 

phosphor) lation site Wiich has been found to be key in activating S6K is still phosphoiylated in a 

rapam) cin-resistant S6K mutant in the presence of rapamycin, whilst mTOR activity is completely 

inhibited (Dennis oA 1996). Current evidence now points towards the regulatory role of mTOR 

in S6K activatim to occur via the inhibiticm of an S6K phosphatase, possibly PP2A and so acts to 

prevent inactivation/inhibition of the S6Ks, rather than directly activating these proteins (Peterson 

e/ a/. 1999. reviewed in Oufhar gf (7/. 1999). 
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Further lines of evidence against a role for PKB dependent routes for S6K activation arc also 

mounting. Studies in Balb/c-3T3 cells showed that calcium depletion did not aflbct growth factor-

induced PKB activity, but completely abolished S6K activity. Likewise, wWst increasing 

intracellular calcium increased S6K activity, there was no increase in PKB activity (Conus a/. 

1998). The phorbol ester TPA was also found to activate S6K via a PI3K/PKB independmt route, 

probably involving various PKC isolbrms and possibly Erk 1/2 activation (Ha-bat o/. 2000). In 

Swiss 3T3 cdls, oxidative stress has been shown lead to the gmo-ation of P13,4P2 and subsequent 

activation of PKB, however, no activation of S6K is observed (Van der Kaay et al. 1999). 

Conversely, in response to osmotic stress, the lipids PI3,4,5Pi and PD,4P2 are generated and S6K 

activation observed, boweva", no activation of PKB is seen due to the simultaneous activation of a 

PKB inhibition pathway in response to this stress (Van dcr Kaay et al. 1999). 

In 32D mydoid progontor cells ovcrexpressing IRS-1 w IRS-2, insuUn activates PKB, S6K and 

leads to the phosphorylation of BAD (Uchida e/ oA 2000). However, in cells expressing IRS-4, 

insulin has been shown to only activate PKB and phosphaylate BAD, with no observed activation 

of S6K, indkating PKB and S6K may lie on distinct pathways (Uchida ef a/. 2000). In L6 

myotubes, it appears that insulin induced activation of S6K occurs by two mechanisms with two 

phases of activation. In the initial activation phase, a role for PI3K and perhaps PKB has been 

propcse4 but in the second or late phase activation appears to be independent of the PBK/PKB 

paAway. Into-estingly, recmtly a dmninant negative double alanine PKB mutant (A308T/A473S) 

was shown to inhibit S6K activation 1:̂  less than 5% in response PDGF treatmoit again indicating 

PKB is not a major factor in S6K activation (Ballou et al. 2000). 

Tha^efbre, it is apparent that PKB is not involved in S6K activation in many cdl types and in 

response to a variety of stimuli. This is in direct agreemeit with my Sndings in 3T3-LI fibroblasts 

vAich show that PKBoL and PKBp are not involved in S6K activation in these cdls. It is possible 

that any involvement of PKB in S6K activation, may be conHned to certain cell types or certain 

stimuli, which is why it is important to study this furtha" using the various designed antisciise 

probes (Kim gf a/ 1999). 
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The question therefore ronains, as to whal is the m ^ r pathway of S6K activation and what 

proteins arc involved in this activatiocL The involvement of P]3K in S6K activation has been 

indicated in studies using the PBK inhibitors, LY29004 and wortmannin, as well as experiments 

using various PI3K mutants (reviewed in Du&er gf oA 1999). The discovery of the upstream PKB 

activate, PDK), has indicated a new route for S6K activation (Alessi a/. 1998a & b). PDKl 

not only directl) activates PKB, but also directl)' phospjiorylatcs and activates other downstream 

proteins including SGK, PKC and PRK (reviewed in Peterson ef oA 1999b). S6K has been found 

to belong to the AGC family of protein kinases that PDKl acts on (reviewed in Pderson ef a/. 

1999b). This raised the possibility that PDKl could phosphorylate S6K on the homologous site to 

t k T308 site PDKl acts cm in PKB. Studies have subsequaitly revealed that PDKl can directly 

phosphorylate this site, T229 in S6K both /m wfro and wvo, with this {Aosphorylation resulting 

in the activation of S6K (PuUen e/ (zZ. 1998, Alessi g/ o/. 1998b). Therefore, this suggested that 

PDKl could directly phosphorylate and activate S6K. An inactive PDKl mutant has also been 

shown to block S6K activation furthar enhancing the claim that PDKl signals to S6K (Alessi gf a/. 

1998b). 

The phosphorylation cm T229 of S6K by has been found to be dependent on the phosphorylation of 

the T389 site and so therefore the identity of the kinase that acts on this site is sought (reviewed in 

Dulher et al. 1999). Although mTOR can phosphorylate this site, the data surrounding this role is 

somewhat controversiaL as I have already discussed. Interestingly, the T389 site has been 

idmtiSed to be the same as the PDK-2 in other ACG kinases, for example S473 in PKBa 

suggesting a similar model of activation for this family of kinases (reviewed in Peterson et al. 

1999b). PDKl has been recently shown to also phosphcwylate this site in S6K, with this PDKl 

directed phoqihorylation of T389, ccwresponding to S6K activation (Balendran a/. 1999). 

Therefore, it appears that PDKl may be able to act against the PDKl (T229) and PDK2 (T389) 

sites in the S6K activation, a situation which is similar to the prc^xased dual role for this kinase in 

PKB activation (Balendran et al. 1999). Curiously, however, with PDKl dual 

phosphorylation/activation of PKB the PIF 6agment is required, whereas the presence of this 

Iragment actually prevents PDK1 from phosphoiy lating either site of S6K and hence activating this 

protein (Baloidran g/ gZ. 1999). Therefore it is clear that whilst PDKl plays an important role in 

S6K activation the exact function of this kinase in the activation profile of S6K needs to be 

resolved. 
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Other possible pathways involved in S6K activation includc PKC, Erk 1/2 and rac-1, however, the 

importance of these proteins in the phy siological activation of S6K is unclear (re\dewcd in Duiher 

e/ a/. 1999). Other possible activators of S6K, may have yel to be idenUSed particularly kinases 

which act on the carboxyl terminal aulo-inhibitory domain phosphcxylation sites. Tho^efbrc, it is 

important to tiy to identify the possible proteins involved in S6K activation and (he mechanisms 

and importance of each of these. The results |?esented in this chapter and current experimental 

evidmce, suggest that PKB does not have an important role to play in S6K activation. Thus further 

stud)' is required not only to establish %iiat if any roles the PKB isofbrms may have in the S6K 

pathway in dijGkrent cells, but also to establish exactly how S6K is regulated. It would also be 

interesting to investigate events downstream of S6K to establish^ what if any, isofbrm specific roles 

the p70S6K and p85S6K farms have, and exactly what functions S6K mediates. Tho-efcre, the 

S6K pathway represaits a majw cell signalling pathway' that requires a great deal of further study . 
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Chapter 6: Development of a Suitable Kinase 

Assay for Measuring GSK-3 Activity 

6.1 Glycogen Synthase K:nase-3 (GSK-3) 

6.1.1 Introduction to GSK-3 

One of the most widely investigated potential PKB substrates is glycogen sy nthase kinase-3 (GSK-

3) which was originally identiSed as a saine/threonine kinase that phosphorylates and inactivates 

glycogm synthase but is itself serine phosphorylated and inhibited in response to insulin 

sdmulati(m (Cohen oA 1982, Cdiai g/. 1985). Since this initial work, GSK-3 has bem fwmd 

to be a much more complex protein with many potential roles in m^bolic control, including the 

n^adve regulation of glycc^n synthase. Overexpressed GSK-3 has also been shown to 

fAosphcfylats many cAher substrates in mammalian cells including, eukaiyotic initiation 6ctor 2B 

(eIF2B), the microtubule associated phosphoprotein tan, P-canetin, IRS 1/2 and transcription 

factors such as c-Jun, and CREB (Plyte gf a/. 1992). Therefore, GSK-3 appears to play a 

critical role in the regulation of a variety of cellular processes including transcription, glycogen 

synthesis, protein synthesis and possibly apoptosis. Hence a greater unda-standing of this protein's 

cellular functions, how it is regulated and what role PKB plays in its regulation is essential in 

unravelling the complex signalling pathways involving GSK-3. 

GSK-3 is a fairly low abundance protein which was originally puriGed as a 51 kDa protein in 

1982. However, when the cDNA librai} from rat brain was screened it revealed that there were 

two distinct isofbrms of GSK-3 daived from differmt genes. The Qrst W9S found to be the 51 kDa 

protein and was called GSK-3a. The second cDNA region encoded a 47 kDa protein which has a 

caitral 30KDa region homologous to other protein kinases. This prtAcin was Ibund to be 98% 

homologous lo GSK-3a and so hence was termed GSK-3p_ Despite the close structural and 

substrate homology between the two isofbrms, outside the catalytic domain these proteins were 

found to be only distantly related. GSK-3a comprises 483 amino acids, whist GSK-3p, the smaller 

isofbrm, has only 419, with this difference mainly due to an extra 40 amino acids N-terminal of the 
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catalytic domain of GSK-3a,. The prcscncc of two diflcnng isofbrms was subsequently proved 

using polyclonal antibodies raised againsl each isotbrm (Woodgell 1990). 

GSK-3 appears lo be a fairly ubiquitous prolein based on 7.00 blot analysis of gcnomic DNA, with 

vatcbrales having 98% amino acid homology in the catalytic domain and gmerally a greater than 

65% identity in this domain (Plyte c/ a/. 1992) To dale, GSK-3a and GSK-3p proteins have been 

identiGed and ckmed in rat, mouse and human cell lines. A GSK-Sp homologue, the /este-

Wiite/shaggy gme product, has been identified in and has been found to be involved in 

anbryog^iesis and segmentation (Ruel o/. 1993). GSK-3 homologues have also been identified 

in .S with the GSK-3P homologues MCK1 and MODS playing roles in meiosis and 

chromosomal aggregation (Puziss ef 1994, Porimon o/. 1989). A GSK-3 homologue 

identified in the slime mould has been shown to play similar roles in cell fate 

regulation, whilst homologues in vyemcyMty and S. also have developmental / diSerentiation 

controlling roles (Harwood g/ aZ. 1995, Plyte ef oA 1996, He g/ a/. 1995). Thus GSK-3 is highly 

conserved throughout evolution and so is likely to play fundamental roles in ubiquitous cellular 

processes. 

In nmst cells analysed, the p iso6mn has been shown to be the mcare predcminant isoform and to 

exhibit a generally higher relative activity towards most GSK-3 substrates. GSK-3 is believed to be 

mainly a cytoplasmic enzyme although a significant amount is believed to be associated with 

membranes, the nuclois and the mitochondria. Both isofbrms are also believed to be independently 

expressed in certain cell types, but as a gena-al rule at least one isofbrm always seems to be 

present. 

6.1.2 Possible Roles for GSK-3 and Potential GSK-3 Substrates 

Many potential roles fw GSK-3 in regulating a variety of cellular processes have been proposed. 

For example, ovcrcxpression of GSK-3 has becm shown to inhibit basal and insulin stimulated 

glucose transport by 30-40% in 3T3-L1 cells (Summers a/. 1999). Ccmvo-sely, the GSK-3 

inhibitor lithium has been found to increase basal levels of glucosc transport by up to 3-fbld and to 

act syncrgistically with sub maximal insulin concentrations to stimulate glucosc uptake by 10-15 
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Ibid (Orena a/. 2000). The same cxpcnmcnls also showed GSK.-3 lo negalivclv regulate or 

inhibii glycogen s^mlhcsis with insulin and/or lilhiurrL again acting lo remove/relieve the GSK-3 

mediated inhibition of glycogen synthesis (Orena tff g/. 2000). GSK-3 was also found to inhibit 

glycogim synthesis in a variety of other cells including L6 ]n\'otubcs, A431 cells, myoblasts and 

epididymal Tat cells fUkei c/ o/. IWX. Saito g/. 1994. Welsh a/. 1994, Hurel t'f a/. 1996, 

Moule a/. 1997. Growth factor treatment of these cells acts to relieve this inhibition. 

Interestingly, GSK-3 activit}' has also been Ibund to be increased in skeletal muscle in patients 

suffering Ibrm type 2 diabetes, indicating that GSK-3 may have a role in this insulin resistaiKe 

linked disordo" (Nikoulina (ff g/. 2000). 

GSK-3 has also beai proposed to inhibit protein synthesis at the level of translation initiation 

probably via direct phosphaylation and inhibition of initiation factors (Welsh ef o/. 1993 & 1997) 

A role f(T GSK-3 in the negative regulation or inhibition of (ranscription has also been suggested 

based on GSK-3 direct action on transcripticm factors and its inhibition of transcriptional 

activation (de Groot e/ a/. 1993, Nikolakaki e/ a/. 1993). Recently GSK-3 has also been shown to 

have possible apoptotic inducing potential suggesting it may act in opposition to gro^lh factor 

mediated cell survival pathways. Overexpression of GSK-3 in Rati fibroblasts and PC 12 cells was 

shown to induce apoptosis whilst conversely overexpression of dominant negative GSK-3, was 

shown to prevent apoptosis induced by serum withdrawal or PI3K inhibitors (Hdman aZ. 2000). 

GSK-3 is predominantly a cytosolic, enzyme but also been found in membranes and the nucleus 

\^iiich may explain how GSK-3 is able to act on such a wide variety of substrates including those 

contained within the nucleus. GSK-3 appears to have important roles in the regulation of glucose 

metabolism^ transcripticm and translation as well as in functions and apc^tosis. Therefore, GSK-3 

is likely to be involved in ccmtroliing many important cellular processes and hence identification of 

its possible direct cellular substrates is impaiant in unravelling its exact cellular roles (reviewed in 

Plyte o/. 1992, Welsh g/ a/. 1996). 

GSK-3 has beoi shown to phosphoiylate many substrates that can be split into two distinct groups. 

The first group of substrates has been found to require prior phosphorylation by a diHerent kinase 

before GSK-3 can phosphorylate them (reviewed in Pl)'te cf a/. 1992). Substrates within this group 

usually require phosphorylation on serine or threonine residues 4 placcs C-terminal of the site 
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GSK-3 acls on. Subslralcs in this group include glycogen synlhasc which is previously 

phosphorylatod by casein kinase 2, aixi the G-subunit of PP ] afler prior phosphor) lalion by PKA 

(reviewed in PIvie g/ a/. 1992) The substrates within this group appear to have a conserved 

stnictural motif of S-X-X-X-S(P)- (or GSK-3 to be activc towards them, with other members of 

this group including CREB protein and ATP citrate lyase (Boyamin a/. 1994, reviewed in Pfytc 

c/ oA 1992). The other classified group of substrates are those which do nc* have a requiremmt for 

a prior phosphor)iation^ with members of this group including the transcription (actors c-Jun and 1-

myc and the microtubule associated protein tau (reviewed in Plyte gf c/. 1992) 

6.1.2.1 Glycogen Synthase (GS): 

The acdom of GSK-3 on GS is probabl} the best known and best understood of all the actions of 

GSK-3. GSK-3 phosphorylates GS at four serine residues in the sequaicG 

RPASSRf PSPSLSRHSSPHQSEDEE with this occurring after prior phosphorylation of GS by 

casein kinase-2 (reviewed in Plyle ef a/. 1992, Cohen ef a/. 1982). The pbosphorylatiw of GS by 

GSK-3 inhibits GS and thus prevents the convgskm of glucose to glycogm (Eldar-Finkdman ef 

oA 1S)95, reviewed in Plyte ef a/. 1992). In order to activate GS and hence synthesise g^cogen, GS 

needs to be dephosphorylated and fiirther inhibitory phosphorylation needs to be prevented. It is 

believed that insulin (a GS activator) acts by inhibiting GSK-3 and by dephosphoiyladng GS, 

using a speciGc protein phosphatase (reviewed in Krebs 1993). By these 2 mechanisms it is 

prc^xised that insulin activates GS and stimulates glycogai synthesis (reviewed in P^te ef a/. 

1992, Cohen gf o/. 1982, Lawraice gf 1997). It is also believed that the relative contribution 

each of these two mechanisms plays hi GS activation depends on various factors including the cell 

type and stimulus used (Fiol a/. 1988, Hemmings g/ 1982, Van Lint e/ a/. 1993). 

6.1.2.2 Insulin Receptor Substrate 

Recent studies have shown that GSK-3 can also direct phosphoiy late IRS 1/2 at key serine residues 

and thereby' act to modulate the IRS signalling pathway (Eidar-Finkelman gf o/. 1997). 

Phosphcgylation at these sites by ovcrexprcssed GSK-3 has been shown to make IRSl a much 

poorer substrate Ibr tlie insulin receptor tvTOsine kinase activity, and hcnce kad to a decreased 

phosphorylation on IRS-l in response to insulin signalling (EWar-Finkelman gf a/. 1997). 
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Ovcrcxprcssion of GSK-3 was show:) lo nGgalivdy regulalc lyrosine phosphorylalion oriRS-l and 

(hereby ac( (o inhibit the insuhn signalling pathway through (his protein (Eldar-Finkdman a/. 

1997). In this wa}\ GSK-3 may act to prevent its own down regulation by insulin stimulated 

pathways in a negative lecdback loop directed towards IRS proteins. This possible route of GSK-3 

action has been proposed as the mechanism by which GSK-3 acts to inhibit glucose uptake and 

perhaps also acts in the regulation of other cellular iimctions including sur\'ival/apoptosis. 

6.1.2.3 Microtubule Protein Taw 

GSK-3P has been found to be identical in Ibnction and amino acid composition lo (au pro(cin 

kinase 1, one of two tau protein kinases presently known (Wagner gf a/. 1996). Tau is a nmronal 

microtubule associated phosphoprotein that is found mainly in axons. Six tau isoforms have so far 

been identiGed in the brain with these e^qyressed in a developmental and cell type speciQc fashion 

(knahori ef o/. 1997, Wagno" a/. 1996, Lovestone gf aZ 1996). Tau is found to bind to 

microtubules and to be involved in microtubule assembly. Hence it is important in the formation 

and nmintenance of axons by microtubule array assembly and also promotes tubulin 

polymerisation. Tau has been found to be phosphorylated on various serine and threonine residues 

throughout its length, with many of these being sites for GSK-3P phosphorylation (Takashima el 

al. 1993). The exact role of this phosphory lation is unclear but it is likely to be regulation of tau 

roles in microtubule association and organisatim. For example tau has been found to be heavily 

phosphorylated on the GSK-3j3 target sites in the foetal brain with this evmt linked to 

developmental control (Lo\'estone ef a/. 1996, Takashima ef a/. 1993, Ishig;uro crZ. 1993). 

Tau is also hyperphosphorylated in the brains of Alzheimer's disease (AD) suffera-s with this 

leading to the Ibnnation of paired hehcal filamaits (PHF) which are so characta-istic of AD 

(Wagner a/. 1996). PHFs act to destabilise microtubules leading to neuritic dystrophy and 

axonal transport pr(*lems ultimately resulting in cell death. In (act, the rate of clinical decline in 

AD has been found to be proportional to the level of PHFs develc^mcnt (Wagner ef o/. 1996, 

Imahwi (f/ o/. 1997). The sites at %jiich tau is hy^perphosphorylated in AD have beai identified as 

proline directed serines and tfirconines and have since been shown to be the sites at which GSK-3p 

phosphorylates Tau (S202, S235, S396 and S404). The phosphor\'la(ion of tau at these sites has 

been found to reduce tau affinity (or microtubules and reduce its ability to promote microtubule 
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assembly (Takashima a/. 19V3, Irving e/ a/. 1997). Thus GSIC-3p hypo-phosphorylalion oFlau 

appears io lead to the gmeraticm of abnormal lau which may be involved in AD palholog}' (Imahori 

g/oA 1997). 

Inlereslingly p-amyloid, which is a characteristic protein in AD pathology' appears also to be an 

activator ofGSK-Sp (Takashima c/ a/. 1993). P-amyloid is bclic\cd to interact with neurones and 

increase the activity oF GSK-3P, leading to the generatim of paired helical Hlamcnts (consisting oF 

l^pa})hosphcfylated tau) and ultimately neurotodeity or cell death (Takashima e/ o/. 1993). The 

exact process by which p-amyloid leads to an increase in the activity of GSK-3p is still unclear 

with postulated ideas including ones irn'oh ing calcium channels or a direct binding activation 

(Takashima a/_ 1993). 

6.1.2.4 Other Neuron^ Substrates/Roles for GSK-3 

Recently it has been prc^xised that GSK-3 may act via a difkrent mechanism in its apparent role in 

the pathology of AD. GSK-3p has bem found be presmt in the mitochondria and to (Aosphorylate 

and inhibit mitochondrial pyruvate dehydrogoiase (PDH), the oizyme responsible Szr the 

conversion of pyruvate to acetyl CoA and so ultimately responsible for acety lcholine production in 

neurones (Hoshi et al. 1996). Prolonged inactivation of PDH would lead to mitochondrial 

dlysfLinctiai due to lack of ac^ l CoA and evoitually to cell death due to an energy deGciency. In 

neurcmes, the lack of acetylcholine would also lead to problens related to ner\'ous signal 

transmission. PDH activity has bem found to be decreased in AD brains with this leading to 

impaired acetylcholine production and disturbed glucose metabolism (Hoshi 1996 & 1997, 

Imahori g/ a/. 1997). (3-amylc«d treatment of cells has also been shown to decrease PDH activity 

due to a two fold increase in GSK-3P mediated PDH phosphor îation (Hoshi a/. 1996&1997). 

Therefore, it seems apparent that abnormall) active GSK-3 may have a role in the pathology of 

AD and possibly other neurological disorders via its destabilising and inhibitcey actions on tau and 

PDH (Hoshi e/ o/. 1996 & 1997). 

GSK-3 is also involved in the phosphorylation of neurolllamcnis, which arc involved in regulating 

axonal calibre and so arc direct determinants oF transmission speed (Guidato c/ a/. 19̂ )6). GSK-3 

has been Ibund to pliosphory latc the neurofilament NF-H on iis side arm carboxyl terminal with 
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Ibis phosphorylalion causing an increase in spacing and so altering axonal calibrc and hcncc 

transmission speed (Guidalo gf oA 1996). NeuroGlammts and especially NF-H have been Ibimd to 

be hyperphosphory laled in motw neurone disease and Lewy bo(^ disease (which is closely rdaled 

lo Parkinson s disease) (Guidalo a/. 1996) further suggesUng links between GSK-3 activity and 

the progression of neurodcgena-alive diseases. 

GSK-3 also phosphoiylates neuronal cell adhesion molecule, norve growth factcy and synapsiu-l in 

each case apparently bringing abwt some degree of regulation which is as yet not clearly 

dctmnined (reviewed in Plyte ef a/. 1992). Tho^efbre, frcm the available evidence to date it is 

apparent that GSK-3 plays many important roles in the nervous system with an apparent link 

betwem excessive or abnormal GSK-3 activation/ex|yession and many common neurological 

diseases 

6.1.25 Other Possible GSK-3 substrates: 

GSK-3 has been pr(qx)SGd to phosfdiorylate several nuclear substrates including transcription 

factors. For example, GSK-3 has been found to phosphorylate c-Jun at 3 serine residues, leading to 

a reduction in the DNA binding activity of c-Jun homodimers towards TRE-containing DNA, and 

hmce inhibiting transcriptiooal activation. GSK-3 also phosphotylates Jun D at 3 similar sites and 

Jun B at 2 (de Groot et al. 1992, Boyle et al. 1991). GSK-3 has also been found to phosphorylate 

and inhibit the AP-1 complex and to phosphorylate l-myc and c-/M}'c and this is likely to modulate 

their activity in sane as yd: unknown way (reviewed in Plyte of. 1992). GSK-3 has recently been 

shown to pbosphory late the transcription factor NF-AT with this serine phosph(%ylation promoting 

nuclear export of this factor preventing the activation of early reqxmse genes by NF-AT (Beals ef 

a/. 1997). Another transcripticm factor shown to be actcd on by GSK is CREB, which GSK-3 

phosphorylates at serine 12 aAa- prior phosphon lation on serine 16 of CREB by PKA (Benjamin 

1994, Ross gf a/. 1999). hiteresUngly GSK-3 activity and/or expression has been found to be 

low in the middle and latter stages of cell diHerentiation when these nuclear substrates are required 

to be at their most active (Ba^amin gf oA 1994). 

GSK-3 also phosphcxylates the translation (actor clF2B leading to inhibition of the translation 

factor and hoice an inhibition of protein ŝ mlhcsis (Welsh e/ a/. 1993). Other possible GSK-3 
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subslrales include, cilratc lyase, inhibilor-2, microlubulc MAP IB, Ihc G subunil of protein 

phosphatase 1, d^namin hke proteins and the neuronal protein P-catenin (Goold o/. 1999, 

Hughes ef a/. 1992, reviewed in Plyte e/ (z/. 1992). Many of t k potmtial GSK-3 substrates have 

only been identified in studies /m wVro or using GSK-3 o\'a^exprcssion and therelbre hirther work is 

needed to clarify the potential substrates GSK-3 and hence cellular roles. 

6.1.3 Control of GSK-3 Activity 

6.1.3.1 Growth Factor Induced / Phosphorylation Dependent Control of GSK-3 Activity 

GSK-3 has beai found to be constitntively active in all cdl types studied and to exhibit a high 

activity in quiescent cells. In unstimulated cells both GSK-3 isofbrms have been found to be 

pAosphor̂ 'lated on a speciSc tyrosine residue 216 in p and 272 in a (Hu^ies ef oZ. 1993). This 

tyrosine phosphorylation site has been proposed to have some role in GSK-3 regulation since it is 

conserved throughout the GSK-3 famil} of homologues (Hughes a/. 1993, Murai a/. 1996, 

Yu e/ a/. 1997, Cross gf a/. 1994). In fact, tyrosine phosphorylatioa at this residue has beai diown 

to increase the activity of GSK-3P in a variety of cell lines (Yu ef oZ. 1997, Murai ef 1996). 

However, recent evidence has questioned the importance of this residue in controlling GSK-3 

activity since no change in GSK-3 phosphotyrosine content was observed when GSK-3 activity 

was inhibited in IGF-l or insulin stimulated 293 cells (Shaw ef oA 1997). Therefore the relative 

importance of tyrosine de/phosphorjiation in control of GSK-3 activity is controversial and may be 

confined to assisting the regulation of GSK-3 in certain cell types or in response to certain growth 

factors (Yu ef a/. 1997). 

Conversely, in response to man)" growth (actors both GSK-3 isolbrms have been Ibund to be 

phosphoiylated on several saine residues, notably serine 9 in GSK-3P and serine 21 in GSK-

3oc(Wang 6/ a/. 1994). The growth factor induced phosphory lation of GSK-3 at these sites was 

found to lead to a signiGcant decrease in GSK-3 activity suggesting this sites arc critical in 

regulating GSK-3 activity (Wang e/ o/. 1994, Stambolic oA 1994). This serine phosphorylation 

site has also been found to be conscr\'cd in all GSK-3 homologues idcmtified and shown to play a 

kc\' role in the growth lactor induced negative regulation or inhibition of these GSK-3 homologucs. 
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Insulin simulation has been found lo causc Ihc inhibilion oC activity oC both GSK-3 isoforms in a 

variety of cell lypcs (Bcnhwick gf a/. 1995, Welsh gf a/. 1993 & 1994). GSK-3 activity has also 

bcm Ibund lo be decreased phorbol esters (TPA), epidermal growth (actor (EGF) and seiiim 

with each factor causing the inhibiticxi of GSK-3 activity to varying degrees (Welsh a/. 1994, 

Saito 6̂ ; o/. 1994). For example, in CHO-7 cells, insulin or serum stimulation decreased the GSK-3 

activity by 70%, however TPA caused only a 40-45% inhibition of GSK-3 activity in these cells 

(Murai a/. 1996). In cootrast, in NIH 3T3 cells, EGF decreased the activity orGSK-3p by 50% 

(Eldar-Finkelman a/. 1995), whilst in CHO-IR cell lines a TPA treatment caused 30% reduction 

in GSK-3 activity with a 50% reducdoo observed with insulin treatmenL In all cases, the actions of 

these factors appears to be mediated by proteins which bring about phosphorylaticm of soine 9 in 

GSK-3p and saine 21 in GSK-3a emphasising the importance of these sites in the growth (actor 

induced inhibition of GSK-3 activity (Wang gf o/. 1994, Saito a/. 1994, Cross gf a/. 1995, 

Stambolic e/a/. 1994). 

Evidence from studies in the last few years have shown that when insulin acts to decrease GSK-3p 

activity an increase in serine 9 phosphorylatioa is also observed indicating a inhibitory/r^latory 

role for this serine (Stambolic et at. 1994), Mutation of this serine to an alanine was shown to 

generate GSK-3 which was refractor^' to the inhibitory effect of IGF-l or insulin and therefore 

maintained a high GSK-3 activity, even in the presence of growth factor stimulation (Murai el al. 

1996, Shaw et al. 1997), The inhibitor)' effects of growth factor treatment on GSK-3 activity could 

be completely reversed by treatment with protein phosphatse-1, again indicating that 

serine/threonine phosphoi>iation is the key event in the inactivation of GSK-3 (Saito et al. 1994), 

Tho^elbre, it seems apparent that serine phosphorylaticm leads to GSK-3 inactivation/ inhibition 

and thus this is likely to be the m^or ccmlrol point lor GSK-3. Hmce, the involvemmt of specific 

kinases and phosphatases is implicated in the control of GSK-3 activity in respoiee to growth 

factors and other stimuli with the strong possibility of cell type/lactor speciGc mechanisms 

invoh ed in this regulation. It is therefore important to establish the upstream pathways involved in 

the phosphor) lation and inactivaticm of GSK-3, and identify (he upstream kinases which act on the 

serine 9 and serine 21 sites of GSK-3a and GSK-3P respectively. 

221 



6.1.3.2 Potendai GSK-3a/p Serine 21/9 kinases 

The rcgulalwy serine site (S9/21) of GSK-3 can be phosphorylated m wVro by p90̂ '̂  (RSK) 

(Sutherland g/ a/. 1993), S6 Kinase (S6K) (Sutherland e/ 67/. 1994), PKB (Cross g/ aA 1995), 

SGK (Kobayashi g/ o/. 1999a and b. Park g/ o/. 1999) and PKC isofbrms (Goode g/ a/. 1992). 

Overexpression of these kinases have also iixlicatcd that these proteins could act on GSK-3 v/w 

and tho^efbre inhibitors of these distincl pathways have been used to try to establish the roles of 

these proteins and their connected pathways in GSK-3 regulation. 

Rapamycin has been used to block the S6K pathway in a variety of cell types (Weldi g/ a/. 1993b), 

with this inhibiticm shovm to have no eSect on the inhibition of GSK-3 via growth factor mediated 

pathways in most cell types (Cross a/ 1995, Hurel c/ oA 1996). Howeva", in some cells, for 

example, 3T3-L1 adipocytes, some rapamycin sensitive activity was presait in the pathways acting 

to inhibit GSK-3 aAer growth factor stimulation (Shepherd cf o/. 1995). Therefore, it is unlikely 

that S6K has a m^or viw role in the regulation of GSK-3 via growth factor mediated signal 

transduction in most cell types. Rapamycin, however, has no inhibitory effect on the MAP 

kinase/RSK pathway, the PKB/SGK paOiway or the PKC pathways and so the decrease in GSK-3 

activity and increase in serine phosphorylation seen in insulin stimulated cells treated with 

rapamycin could still be attributed to these pathways (Cross et al. 1997). 

The possible rcWe of the MAP kinase pathway and hmce RSK in GSK-3 regulation has been 

investigated using the MAP kinase kinase (MEK) inhibitor PD98059 which had previously been 

shown to inhibit the MAP kinase isoAxms Erk-1 and Eik-2 (Dudley ef a/. 1995). Using this 

inhibitor in myoblasts and L6 nryotubes, growth factw induced activation of RSK is almost 

completely blocked but the growth factor stimulated inhibition of GSK-3 and activaticm of 

glycogen synthase appears to be unaffected (Hurel o/. 1996, Larxar gf (zA 1995, Cross g( a/. 

1995). The time course of Erk-2 and RSK maximal activation by insulin in human myoblasts at 

around 25 minutes docs not Ht the time course for insulin induced inhibition of GSK-3 of around 2 

minutes or the activation of glycogai synthase of around 10 minutes in the same cells (Hurel g( a/. 

1996). However, there is evidence indicating that the MEK inhibitor PD98059 may not be as 

strong an inhibitor as originally thcmght and so some MAP kinase isofmns and hence their 

downstream components may still be activated in its presence. Recmtly in Swiss 3T3 cells, Erkl/2 
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acUvily has bGOi implicalod in Ux: PMA induced inhibition of GSK-3(% and the transient inhibition 

of GSK-Scc activity by EGF stimulation (Shaw a/. 1999). With PMA IreaUncnt the MAPK 

pathway appears lo be soldy responsible kr GSK-3a inhibition whereas with EGF stimulation 

MAPK appears to make an initial transient contribution to GSK3a inhibition and secondly acts to 

shorten the duration of GSK-3a inhibition mediated by other kinases (Shaw tz/. 1999) 

A role for PKC in regulating GSK-3 activity' is also possible since TPA is known to activate PKC 

and also gives some degree of GSK-3 inhibition, whilst /n vif/o PKC isofbrms have been shown to 

phosphorylate GSK-3 (Murai er a/. 1996, Tsujio ef o/. 2000). Use of the PKC inhibitor PDBu has 

been shown to remove TPA induced inhibition of GSK-3 indicating a likely role for PKC in this 

regulation at least in some ceU t̂ 'pes (Murai e/ oZ. 1996). PKC5 has also recmtly been shown to 

directly phosphoiylate GSK-3 and inactivation of this PKC isofbrm was found to lead to 

continuous activation of GSK-3 (Tsi^o ef oZ. 2000). Therefbre it is possible that PKC isofbnns 

may have a role to play in GSK-3 phosphorylation and inactivation in response to cotain stimuh or 

in different cell types. 

Perhaps the most promising direct regulator of GSK-3 activity in most cells based on current 

experimental evidence is PKB (Cross et al. 1995). Initial studies on the growth factor induced 

phosphorylation and inactivation of GSK-3 revealed that the PI3K pathway is the major mediator 

of these inhibitory effects with the PI3K inhibitors wortmannin and LY29004 found to prevent 

growth factor induced inactivation of GSK-3 (Hurel et al. 1996, Welsh et al. 1994). Subsequent 

studies using wortmannin have also shown that when PI3K is inhibited, GSK-3 activity can not be 

inhibited by insulin or othar growth factor treatment (Cohm ef a/. 1997). PKB also phosphoiylates 

GSK-3 at the regulatory serine not only wVro but also in vAm overexpressed and in reqxmse to 

growth factors viw (Cross e/ 1995). Studies have revealed that in human myoblasts the 

insulin induced activation time of PKB at around I minute Sts with the time course of inactivation 

of GSK-3 by insulin (Hurel ef a/. 1996) In rat epidid)'mal fat cells, PKB and GSK-3 responses to 

insulin and isc^roterenol stimulatian and wortmannin or LY29004 treatment also correlated, 

furtho" suggesting a link between these two kinases (Moule e/ a/. 1997). 

Overcxpression of a constitutively active PKB in L6 myotubes, A431 or 293 cells has bem shown 

to inactivate GSK-3 activity whilst a dominant negative PKB mutant was found to prevent growth 
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factor induced inactivadon of GSK-3 (Udci g/ (z/. IV98, Cross cz a/. 1995, Shaw a/. 1997). 

Inte^estingly, ovcrexpressed PKB and GSK-3 have bcm shown to co-immunoprecipitatc from 

A431 cells, again suggesting a direct link bet '̂een these two proteins (Shaw g/ 1997). In SMSS 

3T3 cclls, PKB has also been proposed to be solely responsible for IGF stimulated GSK-3 

inactivation and to be mainly responsible for EGF induccd inactivation along with the previously 

mentioned contribution of MAPK (Shaw cf a/. 1999) 

Despite the mounting evidence for a m^or role lor PKB in mediating growth (actor induccd GSK-

3 inactivaticm some cautico in interpreting these results is required. Firstly, all the studies 

suggesting an involvement of PKB are based on ô  erexpression experiments, so are not analysing 

endogenous PKB and GSK-3 levels and hence not the true physiological conditions. Use of PI3K 

inhibitors and PDKl mutants have indicated that the P13K/PDK1 pathway is key to mediating 

growth factor induced GSK-3 inhibition (Shaw gf a/. 1997). This experimaits also suggested that 

PKB is the downstream factor of this pathway, signalling directly to GSK-3 (Shaw ef a/. 1997). 

However, t k recent discovery of the PKB related kinase SGK has clouded the situaticm (Park 

oA 1999, Kob^ashi e/ oA 1999a). SGK isofbrms have been found to be 45 to 55% identical to 

PKB but lack the PH domain (Kobayashi et al. 1999b). SGK is also activated in response to 

growth factors via the PI3K/PDK-1 pathway with a similar activation profile (time/level) to PKB 

(Park gf oZ. 1999). Intjeresdngly, SGK has also beoi shown to pbosphoryiate the same substrate 

motif targeted by PKB (RRXRXXS/T) and raise the possibility that seme of the proposed 

physiological roles of PKB may in fact be mediated by SGK (Kobayashi e/ oZ. 1999a). SGK has 

also recently been shown to phosphorylate GSK-3 in vitro and in co-transfection experiments at 

similar rates to those (^served with PKB (KobayaAi gf oZ. 1999a & b. Park g/ a/. 1999). 

Therefore, a great deal of work needs to be done to estabhsh how GSK-3 is regulated and in Ihe 

exact roles of these potential GSK-3 kinases. The use of the antisense probes against some of the 

possible GSK-3 regulators (i.e. PKB and Erk) should help to identi^ the majcf physiological 

kinases directed against GSK-3 and involved in the growth factor induced negative regulation of 

GSK-3. Thcrelbre, it is important to initially establish a suitable method of analysing GSK-3 

activity in the 3T3-LI cells in response to various growth factors and the antisense treatments. 
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6.2 Results 

6.2.1 Design and Development of a Suitable GSK-3 assay 

Inilially, t k aclivit)' of GSK-3 in crude cellular cxlracls was assessed using a commcrcial 

phosphopeptide substrate based on tiie region of the CREB prcAein that GSK-3 pbosphorylates. 

Unfortunately, this substrate proved to be an unsuitable for GSK-3 under these conditions, as it 

may have been phosphcwylated otha- active kinases in the ccU extract (data not shown). 

Purification of GSK-3 &c»ii the cells extracts by MonoQ/MonoS FPLC was also attanpted 

because purified GSK-3 is known to phosphoiylate the CREB based substrate eflectively. 

However, the FPLC procedure was veiy long winded and complicated and only produced a ve^y 

low and impure recovoy of GSK-3 in the cdl lines used (data not shown). This method was 

there&re deemed unsuitable for use in these studies, due to large amounts of extract and hence 

antisense/factor treatment required to yieW levels of GSK-3 sufRcient for assaying. Thorefbre, a 

new method of assaying GSK-3 needed to be developed. 

In 1997 Welsh and Proud published details of a new assay for GSK-3 activity which could be 

performed in crude extracts making it quicker and easier to assay GSK-3 activity (Welsh et al. 

1997). This assay method used a newly developed phosphopeptide based on the specific GSK-3 

targeted phosphorylation site of eukaryodc initiation factor 2B (elF2B) (see below). With this 

peptide, which contains a pre-phosphorylated serine residue four residues C-terminal of the GSK-3 

site (e g. group 1 motif S-X-X-X-S(P)), the assay of GSK-3 activity in crude extracts was shown 

to be possible. A matched control peptide (see below) that contains an alanine residue instead of 

tbe phosphoserine and hence does not have the GSK-3 target motif was also used to show the 

speciGci^ of GSK-3 only for the {Aosphopeptide and to account for non-speciSc phosphmylation 

(Welsh e/ gA 1997). These experimoits also showed that mar̂ ' of the commercially available 

GSK-3 substrate pq)tides (e.g. a glycogen ^tbase peptide) are not suitable Ibr assaying GSK-3 

activity in crude cell extracts due their lack of absolute speciGcity Ibr GSK-3 (Welsh a/. 1997) 
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EIF-2B based GSK-3 peptide subslralG/ccmtrol: 

Substrate RRAAEELDSRAGfPQL (2B-|Sn.); 

Control RRAAEELDSRAGAPQL (2B-|A].): 

Therefore, it was decided to synthesis these two peptides by a solid support s}nthcsis protocol, 

using Fmoc chanistry. In order to generate the GSK-3 spcciGc phosphopqitide the second serine 

residue had to be selectively phosphoiylated prior to cleavage using a selective deproteetion of this 

residue followed by its phosphoiylaticm using pAospboarmordite chonistiy (PuUen 1990) (sec 

Section 2.3.4.2). After cleavage and HPLC purification these two peptides were analysed fbr their 

content and purity using HPLC and mass spectroscopy analysis (assisted by Dr. Robal 

Broadbridge) (see Figures 6.1 & 6.2). Mass spectroscqaic analysis showed that the peptides 

g^erated correspcmding exactly to required sequence and did not ccmtain an)' contaminating 

&agments indicating a high degree of purity (Figures 6.1 & 6.2). The pwrity of the two synthesised 

peptides was confirmed using HPLC analysis which showed both these peptides had a greater than 

95% purity suggesting that this synthesis route generated high quality peptides for use in the assay 

of GSK-3 activity (Figures 6.1 & 6.2). 

Having successfully synthesised the GSK-3 specific phosphopeptide and its matched control 

peptide the task was now to investigate the use of these peptides in the ^~P-ATP based assay of 

GSK-3 and subsequent^ to lay down the (^timum cooditims fbr using this assay in measuring 

GSK-3 activity. Initial experiments analysed the most suitable lysis bulTer and general components 

of the GSK-3 assay Ry use with the 3 T3-L1 fibroblasts (data not shown). These results estabhshed 

the opdmum lysis buSe" and assay components to be those detailed in section 2.4.2 and 

emphasised the importance of having kinase and phosphatase inhibitors present tbrou^out the 

extractioa and assay protocols. A peptide concentration of 200|j.M was used throughout the 

eiqienments, as using this concentration meant that the level of substrate peptide present was never 

limiting in the GSK-3 assays (data not shovt-n) 
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Figure 6.1 - High performance liquid chromatography and Mass Spectroscopy 

Purification of Control (alanine) peptide. A. HPLC elution profile of purified control 

peptide (elution time 13.5mins) from a C2-analytical column. B. Electron spray mass 

spectroscopy trace for purified control peptide showing parent ion (+1/Mr 1741) and 

doublely charged daughter ion (+2/Mr 872) in a 3meV flight. 
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Figure 6.1a HPLC trace of purified control (alanine) peptide (2B-[A]). 
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Figure 6.1b. Mass spectroscopy readout for control (alanine) peptide (2B-[A]). 
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Figure 6.2 - High performance liquid chromatography and Mass Spectroscopy 

Purification of Phosphopeptide (Pser), A. IIPLC e lut ion profile of purif ied 

phosphopeptide (elution time 12.5mins) from a C2-anaIytical column. B. Electron spray 

mass spectroscopy trace for purified control peptide showing parent ion (+1/Mr 1821) 

and doublely charged daughter ion (+2/Mr 917) in a 3meV flight. 
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Figure 6.2a EPLC trace of purified phospho- (Pser) peptide (2B[S'3) 
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Figure 6.2b Mass spectroscopy readout for phospho- (Pser) peptide (2B[S'']) 
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The next task vv3S lo establish Uic oplimum time course and lysale cooccnlradons (or use in the 

GSK-3 assay. Firstly, both peptides were incubated at SÔ C with lOmg of cell lysate and the other 

assay compmmts A*" a range of times up 30 minutes (Figure 6.3). These cxperimeats showed that 

both pg)ddcs showed increased ""'P incorporation in a Hnear fashion up to around 20 minutes 

followed by a slower increase in phosphorylation rate up to 30 minutes (Figure 6.3). The 

rate/extent of phosphorylation of the GSK-3 specific phosphopeptide was 2-3 times fasto" than that 

seen with the non-speciGc control pqitide indicating that this peptide was phosphorylated by GSK-

3 (Figure 6.3). The fact that the ccmtrol peptide was slowly phosphmylaled in these experiments 

indicated other kinases can act non-speciGcally at this site at a much slower rate and suggest that 

the le\'el of incorporation/pAosphorylation of this peptide should be used as a background rate 

and subtracted to give the GSK-3 specific rate. From these experiments, a lO-mimite incubation 

time was established as the optimum assay time for analysis of GSK-3. 

The optimum lysate concentration for use in the GSK-3 assay was established by incubating 

various concentrations of cell lysate up to 20mg with the peptides and other assay components for 

10 minutes (see Figure 6.4). This showed a concentration dependent linear increase in ^̂ P 

incorporatian indicating that the level of phosphorylation of both peptides is directly proportional 

to the protein concentration present (Figure 6.4), These experiments also again showed that the 

GSK-3 specific phosphopeptide is phosphorylated at much faster and higher levels than the control 

peptide, which is still phosphorylated in a concentration dependent fashion (Figure 6.4). This 

suggests that the minimal ^P ineorpwation seai with the ccmtrol peptide should be subtracled from 

the levels of incorporation into the GSK-3 phosphopeptide, in order to establish the rate of 

GSK-3 qiecific phosphorylation and the GSK-3 activity. Because the level of incorporation 

was directly dqiendent on tk protein concentration in the lysate, it was decided that a Sxed volume 

of 10^ (about 6-11 ng of protein) of ccll lysate could be used with the obtained values corrected 

fw protein concentration at later date to establish the GSK-3 activity pâ  ofprotein. 

Therefore, the oplimum conditicms for assay of GSK-3 in 3T3-L1 fibroblasts wa-e established as a 

10-minule assay time using 10|il of cell extract (--Rmg). In order to cakulate the specific GSK-3 

rate, sevo^al controls were included in the assay and accounted for in rate activity calculations. 
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Time Course for GSK-3 Assay in 
3T3-L1 Fibroblasts 
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Figure 6.3 - Determination of the incubation time specific linearity of the GSK-3 
phosphorylation assay. 3T3-L1 fibroblasts (-95% confluent) were extracted into NP-40 lysis 
buffer (see sections 2.4.2, 2.9,1) and 10|xl of lysate incubated at 30"C with 200fj.M of either the 
GSK-3 phosphopeptide or the control peptide. At the times indicated 25^1 aliquots were removed 
from the reaction mixture and spotted onto p81 phosphocellulose paper. Following extensive 
washing, the strips were dried and the incorporation into each peptide was quaatitated by 
liquid scintillation counting. The graph is representative of 3 experiments, with the speciQc GSK-
3 activity (—) calculated as the difference between the incorporation into the phospho and 
control peptides at each time point. Control Peptide ( ), Phosphopeptide (—-). 
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70(KX) 

Concentratioii Curve for GSK-3 
Activity in 3T3-L1 Fibroblasts 
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Figure 6.4- Determination of the cell lysate concentration specific linearity of the GSK-3 

phosphorylation assay, 3T3-L1 fibroblasts (-95% confluent) were extracted into NP-40 lysis 

buifer (see sections 2.4.2, 2.9.1) and the concentrations of lysate shown incubated at 30°C with 

200p,M of either the GSK-3 phosphopeptide or the control peptide. After 10 minutes 25nl 

aliquots of each condition was removed from the reaction mixture and spotted onto spotted onto 

p81 phospho-cellulose paper. Following extensive washing, the strips were dried and the 

incorporation into each peptide was quantitated by Uquid scintillation counting. The graph is 

representative of 3 experiments, with the specific GSK-3 activity (—) calculated as the difference 

between the incorporation into the phospho and control peptides at each lysate concentration. 

Control Peptide ( ), Phosphopeptide ( ). 
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Firslly a lysis bilker only control was incubalcd againsl both peptides to account for background 

" P levels. The respective incorporation inlo each peptide with this control w'as subtracted from 

the values obtained with each peptide in cell ksate containing assays. The GSK-3 specific 

phosphopeplide and control peptide values lor each assay were then corrected for protein content to 

give standardised results. In order to establish the GSK-3 specific rate, the control peptide 

incorpwaticn value was Gnally subtracted Irom the GSK-3 phosphopeptide value. The final 

calculated GSK-3 values could then be compared ba%%xm untreated and treated cells to establish 

the percentage change in GSK-3 activity' with various treatmeits. 

6.2.2 Use of the GSK-3 Assay to Establish GSK-3 Responses in 3T3-LI Cells 

Having established the (^timum conditions for GSK-3 assay, defined the appropriate ctmtrols and 

calculations for obtaining the GSK-3 speciGc activity, this assay was used to analyse the GSK-3 

activi^ in 3T3-L1 cells. Experin^its were initially performed in 3T3-L1 Gbroblasts and GSK-3 

activity in these cells was analysed following treatment with a variety of factors (see Figure 6.5). 

These experiments showed that in 3T3-L1 fibroblasts, GSK-3 activity was inhibited by treatment 

with serum (59%), vanadate (5&%), PDGF (54%), EGF (52%), and to a lesso^ extmt insulin 

(41%) (figure 6.5). This indicates that all these factors act to stimulate the activity of upstream 

pathways that ultimately bring about the inhibition of GSK-3. These results also show that in 3T3-

L1 cells GSK-3 clearly lies downstream of proteins activated by a variety of signalling factors and 

that GSK-3 activity is significantly diminished in response to these factors. The position of GSK-3 

downstream of PI3K was also canfirmed in experiments using the P13K inhibitor, wortmannin. 

This inhibitor was found to partially restore GSK-3 activity in serum treated fibroblasts indicating 

the involvemait of the growth factor stimulated PI3K pathway as a n^ative regulatory of GSK-3 

activity (Figure 6.5). Therefia ê, this established that the GSK-3 assay is suitable use in the 

3T3-L1 fibroblasts and that GSK-3 activity could be modulated in these cdls in response to a 

variety of growth factws and by inhibitors of the pathways these factors stimulate. 

The suitability of the GSK-3 assay system was then analysed in the related 3T3-L1 cell line 3T3-

Ll adipocytes again in response to a variety' of factors In these, as in the fibroblasts, a variety of 

growth factors wâ e tested and found to inhibit GSK-3 activity (see figure 6.6). 
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Figure 65- The level of agonist-induced inhibition of GSK-3 activity varies with the agonist 

used and can be attenuated by prior treatment of wortmannin. 3T3-L1 fibroblasts (-95% 

confluent) were serum starr ed for 24 hours prior to stimulation (37°C) prior to stimulation with 

the appropriate agonist or control (basal level). Where necessary the cells were treated with 

lOOnM wortmannin for 40 minutes prior to agonist stimulation. Cells were extracted into NP-40 

lysis buffer and GSK-3 activity assessed using the developed GSK-3 activity. incorporation 

into either the phospho or control peptides was measured by liquid scintillation counting and the 

specific GSK-3 activity calculated. Results are expressed as a percentage GSK-3 activity of the 

basal level. PDGF (20ng.ml'V6mins), n=3; Insulin (100ng.ml"VlOmins), n=3 Vanadate 

(lOmM/lOmins), n=5; EGF (100ng.ml'V6mins), n=3; FBS (20%7v/10mins), n=8; Wortmannin 

(100nM/40mins) + FBS (20%/10mins), n=2. 
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Figure 6.6- The level of agonist-induced inhibition of GSK-3 activity in 3T3-L1 adipocytes 

varies with the agonist used. 3T3-L1 adipoclyes were serum starved for 24 hours prior to 

stimulation (37°C) prior to stimulation with the appropriate agonist or control (basal level). Cells 

were extracted into NP-40 lysis buffer and GSK-3 activity assessed using the developed GSK-3 

activity. ^ P incorporation into either the phospho or control peptides was measured by liquid 

scintillation counting and the specific GSK-3 activity calculated. Results are expressed as a 

percentage GSK-3 activity of the basal level. Insulin (1 OOng mfV1 Omins), n=3 Vanadate 

(10niM/10niins),n=3; EGF (100ng.ml'V6mins), n=3; FBS (20%7v/10ininsX n=3; 
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However, in this insulin respcmsivc ccll line, insulin had a much more significant inhibilory cdccl 

(60%) \\tilsl EGF (41%) was found lo have a rcduced eHccl on GSK-3 inaclivalion than thai seen 

in the Gbroblasls (sec Ggure 6.6). The other tested laclors, serum (57%) and vanadate (54%) were 

also all shown to inhibit GSK-3 activity in the adipocytes (see figure 6.6). Thcrelbre, it was clearK-

established that the GSK-3 assay was suitable Ibr analysing GSK-3 activity in the adipocytes and 

that in these cells, as in the Gbroblasls GSK-3 activity can be modulated by diOering amounts by a 

wide variety of factors 

6.2^ Potential Role of Erkl/2 in Growth Factor Induced GSK-3 Inhibition 

In wder to examine the potential role of Erkl/2 in the phosphorylation and inacUvation of GSK-3, 

the Erkl/2 isofbrms prolan levds were depleted using the ErkI/2 antisemse probe EAS-1 (Sale g/ 

al. 1995), This probe has been previously shown to specifically deplete both Erk isofbrms by more 

than 95% in die 3T3-L1 fibroblast and adipocyte cells (Sale gf a/. 1995). The q)timum conditions 

for use of EAS-1 in the 3T3-L1 cells were established and found to be a 4p.M/ 96 hour transfection 

time in fibroblasts and SjxM/ 96 hour in the adipocytes, with EAS-1 showing a concentration 

dependent depletion of Erkl/2 levels in both cell lines (not shown). 

3T3-L1 fibroblasts were transfected with EAS-1 at the optimum conditions prior to growth factor 

stimulation with serum, vanadate or EGF. GSK-3 activity was then assayed in crude cell extracts 

to analyse the effect of prior of depletion of Erkl/2 isofbrms has on the response of GSK-3 to 

growth factor stimulation (see figure 6.7). Stimulation of EAS-1 treated fibroblasts with PDGF, 

insulin or vanadate inhibited GSK-3 b\ 58%, 43% and 57% respectively whereas non-transfected 

fibr(*lasts, stimulated with PDGF, insulin cf vanadate inhibited GSK-3 activity by 56%, 41% and 

58%. These results showed that prior depletion of Erkl/2 had httle effect (m the PDGF, insulin or 

vanadate induced inhibitiai of GSK-3 activity (see figure 6.7). However in 3T3-LI fibroblasts 

stimulated with EGF or serum, prior depletion of Erkl/2 was found to paMiaUy attenuate the EGF 

or saiim induced inactivation of GSK-3 giving a only 30% or 35% inhibition of GSK-3, compared 

to a 52% or 58% inhibiticm in non-transfected cells treated with this growth factor (see figure 6 7). 

These results indicate that in 3T3-LI fibroblasts, Erkl/2 may have a partial role to play in the 

growth factor induced inhibition of GSK-3. 
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Figure 6.7 - Treatment of 3T3-L1 fibroblasts with the Erkl/2 antisense, EAS-1, can 

partially attenuate the inhibition of GSK-3 activity induced by certain agonists. 3T3-L1 

fibroblasts (-95% confluent) were transfected for 96 hours with EASl (4jJiM) as described in 

section 2.3.1 prior to agonist stimulation. Cells were extracted into NP-40 lysis buffer and GSK-3 

activity assessed using the developed GSK-3 activity. incorporation into either the phospho or 

control peptides was measured by liquid scintillation counting and the specific GSK-3 activity 

calculated. Results are expressed as a percentage GSK-3 activity of the basal level. PDGF 

(20ng.mrV6minsX n=3; Insulin (lOQng.ml'VlOmins), n=3; Vanadate (lOmM/lOmins), n=3; 

EGF (100ng.ml"V6niias),n=3; FBS (20%7v/10mins), n=3; 
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However based cm previous results these proteins arc not hkely to be ihc major EGF sdmulaled 

pathway which brings about the inactivation of GSK-3 in Gbroblasts, suggesting the involvcmant 

of anotho^ EGF stimulated protein kinase cascade. Lack of time prevented testing the effect of 

antisense depletim of PKB, on the inhibition of GSK-3 induced by a variety of growlh factws. 

However, work into the possible roles of PKB in inhibiting GSK-3 is currently underway using the 

designed antisoise probes oASS and pAS2. 

6.3 Discussion 

63.1 GSK-3 Assay Development 

The ability to ass^ GSK-3 in crude extracts is ver\ desirable, since it makes analysis of the 

effects of various factws on GSK-3 quick and easy. Also, large numba-s of GSK-3 assays couW 

be performed at any one time and it should be fairly straight forward to devise suitable controls. 

The design of a suitable phosphopeptide based on the GSK-3 substrate eIF2B has enabled this 

stud^ of GSK-3 activity in crude cell extracts (Welsh ef aZ. 1997). The GSK-3 substrate peptide 

designed possessed a phosphoserine residue at a position 4 amino C-terminal to the serine acted on 

by GSK-3 and served as a specific GSK-3 substrate (Welsh et al. 1997). The results presented 

here demonstrate that this peptide could be synthesised using standard solid phase peptide 

synthesis and pbosphoramidite chanistiy (Pullen 19SK)) and produced in a highly pure form 

suitable for use in assays. Suitable assay conditions were also laid down for the use of this peptide 

and its matched control alanine pqidde, for the analysis of GSK-3 activity in 3T3-L1 fibroblasts 

and adipocytes. Interestingly, the incorporation of into the GSK-3 phosphopq^tide was shown 

to be linear with respect to protein concentration and incubation time. Therefwe, a set volume 

(lOpJ) of crude extract could be used in GSK-3 assay and the varying protein concentrations 

corrected for in post assay calculations. This enabled lysates to be assayed rapidly post extraction 

without errws associated with standardising the protein concentratioos before the GSK-3 assay, 

the lysate sitting around (or too long prior to assay or the need to fireeze the extracts and assay 

later. 
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The alanine control peptide possessed an alanine residue instead of the phosphoso-inc residue at 

positicm but still contained the serine site that GSK-3 phosphorylales on elFlB (Welsh e/ aA 

1997). In the original work by Welsh a/, immunoprecipitated GSK-3 was (bund (mly to 

pbasp&or/b^ l&e ptK)spk%x%*kk and not 0% idankc conUiink^ <%%#ml pcpUd& Hbs 

demonstrated that GSK-3 specifically phosphory latcs the phosphopeptide only and indicates the 

importance of the phosphoserine residue at position +4 (Welsh c/ o/. 1997). The need for this 

priming +4 so îne phosphorylation in creating a GSK-3 substrates was further emphasised in work 

by Welsh gf a/., which showed that immunqirecipitated GSK-3 did not phosp^KKylate a second 

control pq)tide possessing a non-phosphorylated serine residue at positiai 4-4 (Welsh ^/. 1997). 

In the results presailed here, in crude cell extracts both pqitides were found to become 

phosphorylated at the GSK-3 target site serine, with the phosphopeptide phospdxxylate at a much 

faster rate and to a much greato" extmt. Similar results to this were obtained by Welsh gf oA in 

crude cell extracts from N1H3T3, CHO T and fat cells, where both the phosphopeptide and the 

alanine control peptide were p^wspho-ylated but with (he incorporatioa at least 2 fold higher in 

the phosphopeptide (Welsh 1997). Because GSK-3 had been previously shown to only target 

the phosphopeptide (Welsh et al. 1997) this suggested that non-specific kinase could also 

phosphorylate the GSK-3 target serine in both the control and phosphopeptides. Therefore, in 

order to calculate the actual GSK-3 activity in the extracts this non-specific phosphorylation had 

to be accounted for and incorporation into the control peptide was subtracted from the 

incorporation into the phosphopepdde. This was deemed to be a suitable control, since both 

peptides contain the serine site and so non-specific kinases would phosphory late both peptides at 

equal rates. A second control using lysis buffer instead of extract was also employed to account 

fw background inccrporatiai into the pepti(k or onto the phosphocdiulose paper. 

6 j . 2 Use of the GSK-3 Assay to Investigate GSK-3 activity in 3T3-L1 Fibroblasts and 

Adipocytes 

In the results presmted here, a high GSK-3 activity was detected in unstimulated/sca-um starved 

fibroblasls and adipocytes. GSK-3 expression and activity has previously boen reported to be high 

in serum starved or quiescent 3T3-L1 fibroblasts (Benjamin g/ a/. 1993, Orena gf o/. 2000) and 
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Ihercfbre these results correlale well with the present findings. The situation in ihe 3T3-L1 

adipocytes is less clear In the present studies, a clear GSK-3 activity is detected in 3T3-L1 

adipocytes, which correlates well with the previous findings of Orena gf a/, and Surrnners ef a/. 

(Orena ef a/. 2000 and Summers gf a/. 1999). Howevo" Ukei e/ o/. have previmisly been unable to 

detect any significant GSK-3 activity in adipoc}'tcs (Ukei c/ o/. 1998) and Benjamin e/ o/, have 

found GSK-3 expression to decrease to undetectable levels during the diSerentiatiai of 3T3-LI 

adipocytes (Benjamin e/ oA 1993). The current undo-standing of this is, that the experiments of 

Orcna et al. used a more sensitive antibody to detect GSK-3 levels in the adipocytes and so some 

GSK-3 activity is likely to present in these cells (Orma 2000). It is interesting to note that 

Orena gf oA also used the Welsh gf a/. GSK-3 phosph(^)eptide assay system in a similar assay 

protocol to the one developed in this results chapter (Orena gf cr/. 2000, Welsh gf oZ. 1997). 

A variety of growth factors were used to stimulate the 3T3-L1 fibroblasts and adipocytes, with all 

of them being found to inhibit GSK-3 activity to diGaing but signijBcant degrees, hito-esting]^, 

serum, vanadate, PDGF and EGF were the strcmgest inhibitors or GSK-3 activity in the fibroblasts 

whilst insulin had a less signiCcant ejBkct in these cells which are known have a fairly limited 

insulin responsiveness. Conversely, in the highly insulin responsive adipocyte cells, insulin elicited 

a much stronger inhibition of GSK-3 activity and was one of the most potent inactivators of GSK-

3 along with serum and vanadate. In the adipocyte cells, conversely EGF elicited a lower inhibitory-

ef&ct on GSK-3 activation. This results correlate well with the findings which show EGF to be a 

stronger activating factor of PI3K cascade in 3T3-L1 fibroblasts, but not a strong activator of this 

pathway in adipocytes, wtilst the inverse was found to be true for insulin (Eldar-Finkelman e/ oZ. 

1995, Saito et al. 1994, Ueki et al. 1998). Interestingly, the use of the PI3K inhibitor, wortmannin 

was found to relieve most of the inhibitory effiscts on GSK-3 activity, growth factor stimulation of 

3T3-L1 fibroblasts and adipocytes usually produced (Ueki ef a/. 1998, Shaw gf cZ, 1999, Orewc ef 

aZ. 2000, Kohn aZ. 1996). This suggests that in both these cell types growth factor induced 

GSK-3 inhibition is mediated by the P13K signaUing cascade. 

The levels of growth factor induced inhibition of GSK-3 observed in these results correlates well 

with prcMous studies into the growth factor regulation of GSK-3 activity in a variety of cells 

(Hurel o/. 1996, Shaw g/ oZ. 1997 & 1999, Saito ef (zZ. 1994) For example, in the 3T3-LI 

fibroblasts insulin inhibited GSK-3 activit} by 41% whereas in the adipocytes this level of GSK-3 
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inhibition increased to 60%. This correlates well with an insulin-induced inhibition of GSK-3 of 

52% in rat adipocytes observed by others (Orcna e/ a/. 2000). Similar levels of insulin stimulated 

GSK-3 inactivation have also been observed in othô  insulin responsive cell lines; i.e. CHO.T 

(4&%X MIH.3T3 (58%), epididymal lat cells (51-56%), L6 myotubes (45-55%) and human 

m)'obIasts (35%) (Welsh gf (z/. 1997, Yu gf o/. 1997, Moule cf a/. 1997, Ueki (fA 1998, Hurel ef 

a/. 1996). The levels of serum induced GSK-3 inhibition observed in both the fibroblasts (59%) 

and adipocytes (57%) also correlated with the levels of GSK-3 inhibition observed by others with 

serum stimulation in a variety of cell hnes, example, scrum was Ibund to inhibit GSK-3 activity 

by 59% in CHO.T cdls (Welsh et al 1997). EGF induced inhibition in the fibrctlasts (52%) and 

to a lesso" exiait the adipocytes (41%) also corelated well with the EGF induced-inhibitian of 

GSK-3 seen in other cells, (or example, in A431 cells (48%) (Saito gf aZ. 1994) 

Use of the speciGc and highly eSective Erkl/2 andsense EAS-1, to investigate the role of MAPK 

in GSK-3 inactivation indicated a possible minor role for Erkl/2 in GSK-3 inhibition under certain 

conditions- In the 3T3-L1 fibroblasts depletion of Erkl/2 by EAS-1 probe, was found to have no 

significant cffect on the PDGF, insulin or vanadate induced GSK-3 inhibition indicating that 

Erkl/2 do not have roles in the GSK-3 inactivation signalling pathways these factors stimulate. 

However, prior treatment with EAS-1 was found to partially reduce the inhibitory effects of EGF 

and serum on GSK-3 activity. This suggests, that in response to EGF or serum stimulation the 

Erkl/2 pathway is activated and contributes to the signals which ultimately inactivate GSK-3. 

However, Erkl/2 apparently only makes a relatively small contribution to the EGF or serum 

induced inactivation of GSK-3, suggesting, that EGF and serum activate other downstream factors 

which make a more signiGcant contribution to GSK-3 activation. These preliminary Endings 

correlate well with the work of Shaw gf (zZ. wdio showed that whilst the Erkl/2 pathway is not 

involved in mediating the IGF-l-induced inactivation of GSK-3 in Swiss 3T3 cells, Erkl^ does 

makes a transiait ccmthbution to EGF induced GSK-3 inactivation in these cells (Shaw e/ a/. 

1999). Shaw g/ cA also showed that in EGF induced inactivation of GSK-3, Erkl/2 also has a 

secondar)' rok in reducing the loigth of GSK-3 inactivation mediated by other kinases (Shaw ef o/. 

1999). Interestingly, Shaw ĝ  a/, also showed that the Erkl/2 pathway is the major route in Swiss 

3T3 cells by which PMA stimulation signals to inhibit GSK-3 activity (Shaw g/ a/. 1999). 

Therefore, it is apparent that the Erkl/2 pathway may be involved in mediating the inactrvation of 

GSK-3 induced by colain factors or in specific cell lines. 
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The Erkl/2 antisaigG probe is a well-esiablished and eHcclivc antisensc probe that has previously 

bcm cxtensivdy charactaised (Sale et al. 1995). This probe has subsequently beai eOcctively used 

lo analyse Ik roles of Erkl/2 in a variety of cellular roles iiKludiog difkrentiation, and RSK 

aclivalion. In all these examples, the probe EAS-1 was shown lo speciScally reduce the Erkl/2 

levels, causing a marked eflbct on the downstream functions studied. In contrast, ccmtrol 

oligonucleotides did not aQect the expression of ErkI/2 or the possible downstream functions of 

these proteins. TbereGye, the specific antisense of EAS-I against ErkI/2 has been well established. 

In order to establish the possible roles ErkI/2 has in the inactivation of GSK-3, Aulher stud}' is 

needed. It would be intaresdng to analyse tbe effects of the Eikl/2 antisoise on the GSK-3 

inhibition induced by other factors including PMA and IGF-1, in the 3T3-L1 fibroblasts. The role 

of EfkI/2 in the EGF-induced inactivation of GSK-3 also needs studying to estabUsh whether in 

the 3T3-L1 Sbroblasts, EAl/2 not only transimtly assists other kinases in the inactivati(Ni of 

GSK-3, but also reduces the duraticai of this inactivation, as was the situation in the Swiss 3T3-L1 

cell line (Shaw gf aZ. 1999). Stu(^ of the possible roles of Erkl/2 in growth factor induced 

inactivatioQ of GSK-3 in other cell lines (i.e. 3T3-L1 adipocytes) would also be beneficial to 

detennitie the relative importance of the Erkl/2 cascade in signalling to GSK-3. In order to confirm 

any possible roles &)r Erkl/2 in GSK-3 inactivation, as d^ainined by EAS-1 antisense treatment, 

control oligonucleotide (i.e. sense, scrambled and mismatch) treatments will also need to be used. 

The use of these controls would be important to confirm that any observed changes in the GSK-3 

inactivation profile could be attributed to the EAS-1 specific depletion of Erkl/2 and not due to 

non-specific oligcmucleotide eSects. 

Having established a successful and highly specific method for assaying GSK-3 activity in the 

3T3-LI fibroblasts and adipocytes, it impcxtant to now investigate the pathways that mediate 

growth factor induced inactivatiai of GSK-3. The 3T3-LI fibroblasts and adipoc)les have alrea^ 

been shown to be responsive to a wide varia}" of growth factors wiiich signal to inactivate GSK-3. 

In the fibroblasts, the role of the Erkl/2 cascade has initially bem studied with these expaimenis, 

indicating that this cascade is not the m^or route by which growth fiactors signal to inactivate 

GSK-3. Therefore, it is important to establish which other pathways are involved in GSK-3 

inactivaticm in these and other cells. The findings that PI3K inhibitors inhibit the growth factor-

induced inactivation of GSK-3, suggests the involvement of the PI3K cascade in mediating (he 
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inhibition of GSK-3. Thereibre, a role for PKB in ihe inacUvalion of GSK-3 has bcm proposed. 

Initial studies show that PKB can directly phosphorylatc GSK-3 and m when 

overcxpressed (Cross a/. 1995). Ovo^expression studies using ccmslitutively active or dominant 

negative mutants also suggest that PKB functions immediately upstream of GSK-3 and can 

directly phosphor l̂ate and inactivate GSK-3 in response to growlh factor treatment (Shavk? gf 

a/. 1997, Ueki e/ cA 1998, Cross gf o/. 1995). However, aU these studies involve overexpression 

studies and so do not analyse aidogenc«s protein levels of PKB w GSK-3. Therelare these studies 

may not be relevant to physiological cellular functicming. The possible involvement of SGK, which 

is very similar to PKB and can also phosphorylate GSK-3, in this pathway also needs to be 

resolved (Park gf oZ. 1999, Koba^ashi g/ a/. 1999a & b). 

The devdopment of the PKBa ami PKBp antisense probes should therefore help to unravd the 

GSK-3 signalling pathway. These probes could be used to analyse the individual role of both 

PKBa and PKBp in phosphorylation and ioactivation of GSK-3 in the fibroblast and adipocytes in 

response to a variety of growth factors/stimuli. The further development of the PKBy and muld 

isoform antismse probes will also assist in deciphering the isoform specific and general roles of 

PKB in signalling to GSK-3. Therefore, it is critical to use these PKB antisense probes to test roles 

of PKB in GSK-3 phosphoiylation and inactivation and determine the importance of PKB in this 

pathway. Further study of the GSK-3 pathway and its downstream signalling would also be of 

great interest to establish the relative importance of GSK-3 in various cellular pathways. The new 

antisense design rationale developed here should enable the design of specific GSK-3 antisense 

probes which hopefully could thm be used to identij^ the key rdes of GSK-3. Tbere&xre, it is 

necessary to determine the precise interactions between PKB, MAPK and GSK-3 and to resolve 

the GSK-3 signalling pathway. The use of speciEc antisemse probes against en(k)genous levels of 

tkse proteins provide a highly specific and elective method f<x analysis of this pathway in 

physiological/cellular conditions and may also provide insists into the aberrant fimctioning of 

GSK-3 in disease states. 
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Summary and Future Work 



Summary and Future Work. 

I have developed effechve and specific individual antisense probes against the a and P isofwms of 

PKB and tested their effectiveness in 3T3-L1 fibroblasts and adipocvtcs. Further charactcrisation 

of these probes has established the (q̂ timum conditions ibr the use of these prdxs. In ihe 3T3-LI 

fibroblasts, the optimum transfbction protocol for the PKBa antisense probe was established to be 

4nM ccASS for 96 hours, conditions %1iich yielded a 92% depletion of PKBa. Interestingly, these 

conditions wa-e also shown to effectively deplete the PKBa levels by >90% in Ihe adipocytes. The 

PKBp iso&mn specific antisense pAS2 was found to effectively deplete PKBp ty >90% in both 

ceD lines when used at 8pM over a 96 hour transfection poiod. Suitable control oligonucleotides 

were designed fw each antisense probe and used to show that the two designed probes acted 

unique^ as antisoise agents. Analysis of the eflects of these two probes and (heir respective 

controls on the levels of expressicm of other proteins (i.e. Erkl/2 and S6K) conGnned the designed 

IM̂ obes to act speciScally against the PKB isofimn the); targd, A second eSective PKBoc antisense 

probe was also initiaUy developed and found to effectively deplete PKBcc levels by >80% in the 

fibroblasts and adipocytes. Another PKB antisense probe aAS2 was shown to deplete the levels of 

both the a (60%) and P (30%) isoforms. This probe could also potentially target PKBy, raising the 

possibili^ of developing this probe as a general PKB antisense ejBGsctive against all 3 PKB 

isoforms. Possibly isoform specific antisense probes directed against PKBy have also been 

designed and are curroitly undergoing testing. Thare&xe, these 3 potaitial antisense agents require 

further stud}' to characterise their effectiveness as antisense agents and establish whether they 

could be use&l tools in studying t k fLmctioiing of PKB. 

With the devdopment of these PKB antisense probes the first direct efkclc»-s of endogenous PKB 

levels and hemce Amctiooing have been devdoped. To date, no othg specific PKB inhibitors are 

known and therefore these antisense agents represent an important develc^ment in the stud)' of 

functioning of PKB. Therefore, use of these antisense probes to pŵ event the expressicm of PKB 

isofbrms will assist in the identiAcation of direct substrates and roles of PKB. In antisense studies, 

the probes act to deplete the endogenous levels of the target protein b} inhibition of translaUon. 

Therefore, with the PKB antisense probes the functioning of endogenous PKB can be studied and 

physiological roles detennined. The use of these antisense probes in assignment of tfie roles of PKB 
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^vill nol oicounler any of Ihc problems associated with ovcrcxprcssion studies. Previous research 

has indicated that overexpression of PKB may ad\ orseK aHect the function of the upstream protein 

PDK-1 (reviewed in Vanhaesebrocck a/. 2000). CKcrexpressed PKB may also act cm non-

physiological substrates or prevent the action of olho" protons which ncarmal target these substrates 

(reviewed in Vanhaesebroeck a/. 2000). Tho'cfbre, caution needs to be exercised when assigning 

fimctions PKB based on such studies. The use of antisense to investigate PKB should therefore 

eliminate these possible problems and aiable the identincation of the true roles of PKB. 

These PKB antisense probes will also help to distinguish between the cellular roles of PKB and 

those of the related protein SGK which potentially targets a similar group of substrates (Park e/ a/. 

1999). T k ability to design isofbrm specific antisense probes for PKB is also a unique feature of 

antisense strategies. The speciGc rmture of the targeting of these probes against only (me isofimn of 

PKB also will be important in future studies. As yet, no speciSc roles for individual isofbrms of 

PKB have been established, although variations in respmses to diff^ent growth factors have 

previously beai su^ested (reviewed in Kandel oZ. 1999). The ladt of infbrmaticm concoTung the 

roles of individual isoforms of PKB is based on the lack of direct inhibitors of PKB. Any possible 

isoform specific roles for each isoform of PKB will be able to be determined using the probes and 

the relative contribution each protein makes to a particular function of PKB can be established. 

Use of the PKBa antisense probe aAS3 has already confirmed a key role for PKBa in the 

dijQerentiation of 3T3-L1 fibroblasts into adipocytes. This not only established the importance of 

PKBa in cellular differentiation but also indicated the effectiveness of aAS3 as an inhibitor of 

PKBa functionality. Work is continuing in the laboratory to investigate the roles of PKB in cell 

diSerentiation. The potaitial role of PKBp in the diSeraitiatiai of the 3T3-L1 fibroblasts into the 

adipocytes can be investigated using the specific PKBP antisense pAS2. It would also be 

interesting to investigate the possible roles of PKBa and PKBj3 in the dijEBa^entiation of other cell 

types including muscle and nairal cell lines. Future work will also include investigating the roles of 

PKBy in the differentiation of fibroblasts into adipocytes and in the differentiation other cell types, 

once the characterisation of the PKBy antisense is complete. 

A shifi in the electrophoretic nK)bility of the SGK isofbrms p70S6K and p85S6K has been (bund to 

occur in response to growth factor stimulation. This band shifl efkct has bcoi developed into a 
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Weslem bloliing Icchniquc for analysing the phosphory lalion slate and poteniial activation profile 

of S6K. Treatment of the 3T3-L1 fibroblasts %itb eilhcz a,AS3 w pAS2 individually or these two 

probes in tandem was found not to aOect the band-shift of S6K induced upon growth factor 

sdmulaticn. This showed that in (hese cells, neither PKBcc nor PKBp individually or together are 

sufGcient to induce a shift in SGK electrophordic mobility in rcspcmse to growth factor 

stimulation. Therefore, these results suggest, that PKBoi and PKBp are not involved in the growth-

factor induced activation of S6K in these cells. Future work will therefore include, investigating the 

potential role of PKBy in the growth factw induced activation of SGK and analysing the possible 

involvemmt of PKB in S6IC activation in other cells. Also the potential role of PKB in S6K 

activation could be analysed using an immuncqirecipitaticm based kinase, to identify if depl^ion of 

PKB levels affects the kinase activity of S6K without aflecdng its phosphorylation state. 

A speciSc pq)tide based assay fw analysing the acti\ity of GSK-3 in crude cell lysates has also 

beat develc^xxl based on previous work by Welsh et al. (Welsh et al. 1997). Peptides were 

syntlKsised for use in this assay and characterised by HPLC and mass spectroscopy. Optimum 

conditions for assaying GSK-3 activity wa^e established and the assay shown to be effective in 

analysing growth factor-induced inhibition of GSK-3 in fibroblast and adipocyte cell lines Initial 

studies using the Erkl/2 antisense EAS-1 suggest that the Erk pathway may be partially involved 

in the inhibition of GSK-3 activity induced by EGF and serum stimulation. However, these studies 

indicate that the Erk pathway is not involved in mediating vanadate, PDGF and insulin induced 

inhibition of GSK-3 in the 3T3-L1 fibroblasts. A possible role of the Erk cascade in the inhibition 

of GSK-3 in response to certain growth factors has been previously proposed (Shaw et al. 1999). 

The invdvanent of Erkl/2 in the growth factor induced inhibition of GSK-3 requires fiuthGr 

investigation using ccmtrol oligcmucleotides. Also the involvement of this pathway in the 

inacdvation of GSK-3 induced by otha- factors or in other cell lines could be studied. 

The main rationale bdiind the design of this specific GSK-3 assay was to investigate the proposed 

roles of PKB in the direct phosphcaylation and inhibition of GSK-3. Having successfully developed 

this assay it will now be important to analyse the effects of the PKB antisense probes on the 

inhibition of GSK-3. These antisense studies are currently ongoing arxi should enable the 

establishment of any roles for PKB in growth factor-induced GSK-3 inhibition. The isofbrm 

specific nature of the developed probes will also enable the individual roles of each PKB isofbrms 
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in the phosphory ladm and inactivalion of GSK-3 lo be invcsligalcd. Phospho-specinc GSK-Sp 

(serine 9 site) antibodies arc also available Wiieb should assist in identifying whetho^ PKB can 

directly phosphw)"late GSK-3 

The design and development of specific PKB antisense probes will also enable the elucidation of 

other roles of the individual PKB isolbrms and PKB Amctioming in general. The roles of PKB in 

glycogcm synthesis and lipid synthesis could be investigated using standard '^C-glucose 

incorporation studies. PKB has previously been pressed to be involved in this processes based on 

overexpression studies (Ukei gZ. 1998). Therefore the antisense targeting of endogenous PKB 

levels should help to establish the precise roles of PKB in these processes. 

PKB has also been proposed to be involved in glucose uptake and GLUT4 translocation (Kohn ef 

oA 1996). These roles of PKB in glucose uptake are currently under investigation using radioactive 

glucose to ana^se the efkcts of the andsaise probes on glucose transport. Immunofluorescent 

antibodies can also be used to analysis the eSects of the antisense probes on the translocation of 

glucose transporter to the plasma membrane and therefore establish if any isofomns of PKB have a 

role to play in GLUT4 translocation. The possible involvement of PKB in GLUTl expression 

could also be investigated by analysing changes in the protein levels of GLUT 1 following growth 

factor stimulation in antisense treated cells and their matched controls. 

The possible roles of PKB in protein synthesis could also be studied using the antisaise probes. 

This could include investigating the possible direct action of PKB a i mTOR or the possible roles 

of PKB in the phospAorylaticm of 4E-BP1 (reviewed in Kandd ef oZ. 1999). Towards this objective 

a band-shiA Western bleating protocd to analyse the growth factor induced changes in the 

phosphorylation state of the translaticm inhibitor 4E-BPI has already been de\rel(:̂ )ed (data not 

shown). 

The other Aeld of study for which the PKB antisense probes will be ver\ usefiil, is in 

assessing the potential role of PKB as a survival factor (reviewed in Datta (?/. 1999). The effects 

of the probes on general apcq^tosis/cell survival could be assessed, in suitable cell lines, using 

various apoptotic studies including, DNA Iragmentation, apoptolic marker visualisation or Dow 

cytometry . Possible direct targets lor PKB implicated in apoptotic control could also been 
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idenlifiod using the andsense probes couplcd to appropriate detection techniques. For example, the 

possible direct ;Aospbory lation and inhibition of the pro-apoptotic prcAeiii BAD by PKB could be 

investigated using an electrophoredc mobility shiA assay or phospho-spcciGc BAD (serine 136 

site) antibodies. Other possible direct roles fcr PKB in apoptotic conlrd including, the inhibitiw of 

mitochondhai cytochrome C release or caspase activation or ihc possible induction of Bcl-2 

expression could also be studied using the developed antisaise agmts (reviewed in Datla e/ a/. 

1999). 

The antisense strategy developed in this study also may be of interest in the future design of 

antisense probes. The targeting of the 3'translated region of the mRNA sequence of each PKB 

isofbrm proved to be a vey elective target site for potent antisense probes. Directing probes 

against this site lead to the development of highly elective and speciGc antisense probes against 

the a and P isofbrms of PKB respectively. Therefore, this site may prove to be an eGecdve target 

region fbr the design of other antisense agents. In the future in may be useful to target other 

proteins involved in the PI3K/PDK-1 cascade to establish the precise roles of this pathway in cell 

signalling. Antisense probes could possibly be designed against, PDK-1, SGK, mTOR or GSK-3 

to elucidate the role of these proteins in complex signalling processes. The ability to target 

individual isoforms demonstrated by this antisense strategy may also be useful in targeting the 

isofbrm specific role of multi-isoform proteins for example PKC. 

Therefbre, an effective antisense strategy has been developed fbr the isofbrm speciGc targeting of 

PKB isofbrms. This strategy will hopefully lead to the development of other antisaise probes 

against signalling prc^sins. The design of PKB antisense probes can be used to ddsrmine the 

precise role of the PKB isofbrms on cellular fimctiai. HcqK&lly, tkse findings will collectively, 

lead to an increased understanding of the roles of PKB and help to unravel the complex Geld of cell 

signalling. 
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receptors. BfocAem/ca/Jowymcz/, 309, 361-375. 

Marshall, C. (1995). Specificity of recqytor tyrosine kinase signaling: Transient versus sustained 

extracellular signal-regulated kinase activation. Ce//, 80, 179-185. 

Marte, B., Viciana, P., Wennstrom, S., Wame, P. & Downward, J. (1996). R-Ras can activate the 

phosphoinositol 3-kinase but not the MAP kinase arm of the Ras effector pathways. 

CwrrfMf BfoZogy, 7, 63-70. 

Masure, S., Haefher, B., Wesselink, J., Hoefiiagel, E., Mortier, E., Vershassek, P., Tuytelaars, A., 

Gordon, R. & Richardson, A. (1999). Molecular cloning, expression and characterisation 

of the human serine/threonine Akt-3. European Journal of Biochemistry, 265, 353-360. 

May, M. & Ghosh, S. (1997), Rel/NF-Kb and iKb proteins: An overview. Seminars in Cancer 

.B/oZogy, 8, 63-73. 

Mayer, B., Ruibuo, R , Clark, K. & Baltimore, D (1993). A putative modular domain present in 

diverse signaling proteins. Cc/Z, 73, 349-352. 

Mayo, M, & Baldwin, A. (2000). The transcription factor NF-KB: control of oncogenesis and 

cancer therapy resistance. BrocA/m/CGr gf 1470, M55-M62. 

McCabe, T., Fukon, D., Roman, L. & Sessa, W. (2000) Enhanced electrmi flux and reduced 

calmodulin dissociation may explain "calcium-indqaendent" eNOS activation by 

phosphorylation. 275, 6123-6128. 

2X2 



Meier, R., Alessi, D., Cron, P. & Hemmings, B. (1997). Mitogmic activation, phosphoryiaticm, 

and nuclear translocation of protein kinase Bp. Jowmo/ /f/o/ogzca/ 272, 

30491-30497. 

Meier, R., Thelm, M. & Hemmings, B. A. (1998). Inactivation and dephosphorylation of protein 

kinase Balpha (PKB<%) promoted by hyperosmotic stress. TTze 17, 7294-

7303. 

MicbeU, B. J., GrifMis, J. E., Mitchelhill, K L, Rodiguez-Crespo, I., Tiganis, T., Bozinovski, S., 

De MonteUano, P. R., Kemp, B. E. & Pearson, R. B. (1999). The Akt kinase signals 

directly to endothehal nitric oxide synthase, /^;o/ogy, 9, 845-848. 

Mitsuuchi, Y., Johnson, S., Moonblatt, S. & Testa, J_ (1998). Translocaticm and activatim of 

AKT2 in response to stimulation by insulin. JoMrnar/ o/Ce// B/o/ogy, 70, 433-441. 

Montagne, J., Stewart, M. J., Stodter, H., Hai^, E., Kozma, S. C. & Thomas, G. (1999). 

S6 kinase. A regulator of cell size. 285, 2126-2129. 

Morales-Ruiz, M., Fulton, D., Sowa, G , Languino, L. R., Fujio, Y., Walsh, K. & Sessa, W. C. 

(2000). Vascular endothelial growth factor-stimulated actin reorganisation and migration 

of endcdiehal cells is regulated via Ae serine/threaiine kinase Akt. C/rcw/afzoM 

86, 892-896. 

Morimoto, A., Tomhnscn, M., Nakatani, K., Bolai, J., Roth, R. & Herbst, R. (2000). The MMACl 

tumor suppressor phosphatase inhibits phospholipase C and integrin-iinked kinase-

activity. Owogcmg, 19, 200-209. 

Morisco, C., Zebrowski, D., Conorelli, G., Tsichlis, P., Vatner, S. F. & Sadoshima, J. (2000). The 

Akt/glycogei synthase kinase 3 beta pathway regulates transcriptioa of atrial natriur^c 

factor induced by baa-adrmergic receptor stimulation in cardiac myocytes. Jowma/ 

gfo/og/co/ CAgmW/y, 275, 14466-14475. 

Mothesatney, L, Yang, D. Q., Faddm, P., Haystead, T A. J. & Lawrence, J. C. (2000). Mutiple 

mechanisms control phosphorylation of PHAS-1 in five (S/T)P sites that govern 

translaticmal rq^ression. Mo/ecw/of Ce/Zu/or 20, 3558-3567. 

283 



Moule, S., Welsh, G., Edgell, N., Foulstone, E, Proud, C. & Denton, R. (1997). Regulation of 

prcAein kinase B and glycogm synthase kinase-3 by insulin and p-adrenergic agonists in 

rat ^ididymal fat cells. /{/o/og/co/ 272, 7713-7719. 

Muise-Helmericks, R., Grimes, H., Bellacosa, A., Malstrom, S., Tsichlis, P. & Rosen, N. (1998) 

Cyclin D expression is controlled post-transcriptionally via a PI3K/Akt depmdent 

pathway CAcmofry, 273, 29864-29872. 

Murai, H., Okazaki, M. & Kikuchi, A. (1996). Tyrosine dephosphorylation of glyc(%ei synthase 

kinase-3 is involved in its extracellular signal-dq)endait inactivation. 392, 

i53-]60. 

Murga, C., Laguinge, L., Wetzker, R., Cuadrado, A. & Gutkind, J. (1998). Activation of 

Aldv^rotein kinase B by G protein coupled recqators. Jbwrma/ o/" gm/ogfccz/ 

273, 19080-19085. 

Murtby, S., Tosolini, A., Taguchi, T. & Testa, J. (2000). Mapping of AKT3, encoding a member of 

the Akt/protein kinase B family to human and rodent chromosomes by fluorescence in situ 

hybridisatioa. oW CgZ/ 88, 38-40. 

Myers, M., Pass, I., Batty, I., Vann der Kaay, J., Stolarov, J., Hemmings, B , Wigler, M., Downes, 

C. & Tonks, N. (1998). The lipid phosphatase activity of PTEN is critical for its tumour 

suppressor AincticHi. frocggcfmgg q/"fAg MzOonaZ Xcodkmy ĉfCMCgf [TSW, 95, 13513-
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