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Abstract

The aim of this work was to determine the roles of p-catenin and the Wnt signalling 

pathway in neurite outgrowth in a model cell system, the Neuro-2a neuroblastoma cell 

line. The canonical Wnt signalling pathway regulates cytosolic levels of the protein p- 

catenin: activation of Wnt signalling disrupts a multiprotein complex that includes p- 

catenin, Axin, and glycogen synthase kinase-3 (GSK-3), which would otherwise 

promote the degradation of p-catenin. Stabilised p-catenin accumulates in the cytosol 

and in the nucleus. In the nucleus it binds members of the T-cell factor (TCP) family of 

transcription factors, forming a bipartite transcriptional activator that stimulates 

transcription of Wnt target genes.

Inhibition of GSK-3 by lithium (Li^) or a selective inhibitor induced neurite outgrowth 

of Neuro-2a cells. Cells that had differentiated in the presence of Li^ showed altered 

microtubule organisation and altered localisation of GSK-3P, p-catenin and Axin 

compared with cells that had differentiated as a result of serum deprivation. The LT- 

induced neurite outgrowth was not due to p-catenin/TCF-dependent transcription of 

Wnt target genes, nor was stabilisation of p-catenin sufficient to induce neurite 

outgrowth. Stabilisation of p-catenin had no effect on the morphology of neurites in 

Neuro-2a cells, other than to cause a slight decrease in the average neurite length.

In addition to directly binding GSK-3, Axin is a GSK-3 substrate. Axin was 

destabilised by treatment of Neuro-2a cells with Li^, and overexpression of Axin 

inhibited neurite outgrowth. This suggests that LT-induced destabilisation of Axin is 

required for neurite outgrowth. Deletion analysis indicated that the GSK-3 binding site 

of Axin, but not the P-catenin binding site, is required for its ability to inhibit neurite 

outgrowth. Furthermore, the central region of Axin (amino acids 298-506 of rat Axin) 

is sufficient to inhibit LT-dependent neurite outgrowth. These results suggest that a 

signalling pathway involving Axin and GSK-3, but not p-catenin, regulates LT-induced 

neurite outgrowth in Neuro-2a cells.
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Chapter one: general introduction

l.lNeuritogenesis

1.1.1 Background

In the late 19*'’ century, work by the German embryologist and anatomist Wilhelm His and 

the Spanish neurologist Santiago Ramon y Cajal showed that neurons begin their lives as 

spherical precursor cells (neuroblasts), but end up with elaborate and diverse morphologies. 

Neuritogenesis refers to the extension of processes by neuroblasts^ resulting eventually in 

the mature neuronal morphology. Neuritogenesis is therefore a crucial step in brain 

development, which must occur in the right places and at the right times in order for the 

appropriate neural connections to be made, and for the brain to function correctly. The first 

step in the process is the disruption of the sphere to form a bud. The bud is then 

transformed into a neurite, which eventually matures into an axon or a dendrite. Thus a 

neurite can be considered simply to be a cylindrical extension, with a growth cone at its 

distal tip.

1.1.2 Mechanisms

Extracellular-matrix proteins (such as tenascins, collagen and laminin) and soluble 

extracellular signalling proteins (including transforming growth factor-p, vascular 

endothelial-cell growth factor, insulin-like growth factor and neurotrophins) play an 

important part in triggering the initial stages of neuronal differentiation (see da Silva 

and Dotti [2002]). When receptors on one area of the surface of a spherical neuronal 

precursor cell bind such extracellular ligands, the affected region of membrane changes 

in appearance from a smooth, even surface to a surface that is decorated with filopodia 

(finger-like membrane extensions) and lamellipodia (sheet-like membrane extensions). 

The increase in surface area results in more ligand/receptor interactions, and eventually
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the small protrusions become stabilised and form neurites; very little is known about 

exactly how this occurs.

Neuritogenesis requires dramatic changes in the actin cytoskeleton. The filopodia and 

lamellipodia that are protruded at the initial stages of neuritogenesis are actin-rich 

structures, whose formation is controlled by the Rho family of small GTPases (reviewed by 

Hall [1998]). Once neurites have formed, their protrusion is also dependent on the actin 

cytoskeleton. The rate of actin turnover determines the rate at which neurites grow; this is 

also regulated by Rho family GTPases (for reviews of the roles of actin and small GTPases 

in neurite outgrowth, see da Silva and Dotti [2002] and Negishi and Katoh [2002]).

Reorganisation of the microtubule network is also required for the stabilisation and 

protrusion of neurites: for example, in chick sympathetic neurons, a neurite forms only 

when a filopodium becomes filled with axoplasm components including microtubules 

(Smith, 1994). Microtubules are the most prominent component of neurite shafts, and their 

polymerisation and stabilisation leads to the extension and consolidation of neurites (Sayas 

2002). Microtubule dynamics are regulated by microtubule-associated proteins (MAPs; see 

Cassimeris and Spittle [2001]), which are therefore important regulators of neurite 

outgrowth. There is a growing body of evidence for crosstalk between the actin and 

microtubule networks (Palazzo and Gundersen, 2002; Wittmann and Waterman-Storer, 

2 0 0 1 ), so it seems that while actin alone is required for the initial sprouting of a neurite, 

actin filaments and microtubules work together to facilitate later stages of neurite 

outgrowth.

As well as having a structural role in neurite outgrowth, microtubules are needed to 

transport materials to the extending neurite. Protrusion of any cellular appendage requires 

the addition of membrane; this extra membrane is obtained from the exocytic pathway (see 

Tang [2001]). Proteins are synthesised in the cell body, and thus any protein components 

that are required in the neurite must be transported there. Exocytic vesicles and other 

necessary cargo are delivered from the trans-Go\gi network to the plasma membrane by 

microtubules and microtubule-associated motor proteins (see Goldstein and Yang [2000]).
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1.1.3 Model systems

The process of neuritogenesis was first studied in situ, but this approach has obvious 

limitations; more recently, cell culture has provided an alternative approach with many 

benefits. Using cultured neurons means that living, rather than fixed, cells can be observed, 

and that entire cells can be visualised rather than the limited view obtained from a tissue 

section. Furthermore, the environment of cultured cells can be tightly controlled. Neuronal 

cell cultures such as those derived from the embryonic rat hippocampus or embryonic or 

neonatal rat sympathetic ganglia can be maintained for a month or more in culture. During 

this time, the cells mature and develop polarised axons and dendrites (see Craig and Banker 

[1994]).

Although neuronal cultures are useful models for neuritogenesis, there are some 

differences between the differentiation of neurons in vivo and in vitro. Studies of 

neuritogenesis in vivo have shown that most neuroblasts first extend a single neurite, 

which acts as a guide for migration -  this neurite is usually destined to become the 

axon. Once the neuron has reached its destination, it extends more neurites, which will 

become dendrites. In vitro, however, cultured neurons often extend several neurites at 

once, one of which will later develop into the axon. This difference may arise because 

in vivo, cells encounter extracellular signals that vary spatially and temporally, whereas 

the environment in a tissue culture dish is homogenous (see da Silva and Dotti [2002]).

Certain cell lines also provide useful models for investigating neuronal differentiation, 

because in normal culture conditions they behave like proliferating, undifferentiated 

neuroblasts, but they can be induced to differentiate. Upon differentiation, the cells stop 

proliferating and extend long processes: neurites. A major advantage of cell lines above 

neuronal cultures is that large quantities of identical cells can be harvested, facilitating 

biochemical studies; in addition, the ability to create stably transfected cell lines is a very 

useful tool. The advantages (and disadvantages) of neuronal cell lines are discussed in 

more detail by Craig and Banker (1994).

The PC 12 cell line is commonly used as a model system for investigating neuronal 

differentiation. This cell line is derived from a rat pheochromocytoma, a tumour that is
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derived from the chromaffin cells of the adrenal medulla (Greene and Tischler, 1976). 

PC 12 cells are responsive to a very wide range of growth factors, hormones and 

neurotrophins, some of which induce neurite outgrowth. For example, nerve growth 

factor (NGF) signalling through the receptor tyrosine kinase TrkA causes differentiation 

of the cells by activating the mitogen-activated protein kinase (MARK) pathway (see 

Vaudry et al. [2002]). SH-SY5Y cells are also commonly used as a model for neuronal 

development. SH-SY5Y is a clonal subline of the neuroepithelioma cell line SK-N-SH 

that was established from the bone marrow biopsy of a 4-year-old girl with metastatic 

neuroblastoma (Biedler et at., 1973).

Differentiated neuronal cell lines exhibit many of the characteristic properties of 

differentiated neurons: for example, they synthesise neurotransmitters, express 

receptors to recognise neurotransmitters, and are able to generate action potentials (see 

Seeds et al., [1970]). However, most of the commonly used cell lines do not become 

polarised: for example, PC I2 cells form an extensive fibre network when exposed to 

NGF, but do not develop polarised axons and dendrites or form synapses (Craig and 

Banker, 1994). Thus while cell lines are useful for studying the early stages of neurite 

outgrowth, they cannot usually be used as models for later stages.

1.1.4 Neuro-2a cells

For my studies of neurite outgrowth, I have used the Neuro-2a cell line. This is a clonal 

cell line isolated from the C l300 mouse neuroblastoma (a spontaneous tumour of the 

spinal cord in a strain A albino mouse) and adapted to in vitro culture (Klebe and 

Ruddle, 1969). This cell line has been used not only as a model for neuronal 

differentiation, but also in investigations of prion protein infectivity and pathogenicity. 

Importantly for my work, Neuro-2a cells express extremely low levels of catenins, and 

no cadherins, meaning that they are a useful system for studying the effects of 

exogenous expression of these proteins.

As is the case for most neuroblastoma cell lines, Neuro-2a cells stop proliferating and 

extend neurites upon withdrawal of serum from their culture medium. Many other
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treatments have also been reported to induce differentiation of the cells, including the 

ganglioside GMl (Facci et al., 1984) and lithium chloride (Garcia-Perez et al., 1999). 

Work on Neuro-2a cell differentiation has focused on elucidating the mechanisms by 

which GMl induces differentiation. Although this is still not fully understood, it may 

involve an influx of calcium ions (Ca^ )̂ and/or the activation of extracellular signal- 

regulated kinase (ERK) 1/2 (Fang et al., 2000; Singleton et al., 2000). There is also 

evidence for regulation of neurite outgrowth in Neuro-2a cells by the Notch signalling 

pathway: activation of Notch signalling in serum-starved Neuro-2a cells was found to 

reduce neurite length and to reduce the number of neurites extended per cell (Franklin 

e ta l,  1999).

Moreover, Wu et al. (1998) reported that certain reagents, namely neuraminidase, 

ionomycin, cholera toxin B subunit and potassium chloride in combination with 

dibutyryl adenosine 3’,5’-cyclic monophosphate (cAMP), induce axon-like processes 

(characterised by the presence of phosphorylated high molecular weight neurofilament 

protein), whereas other treatments, namely addition of retinoic acid, dibutyryl cAMP or 

GMl ganglioside, induce dendrite-like processes (characterised by the presence of 

MAP-2A and MAP-2B). However, we were unable to replicate these results in our 

laboratory.

1.2 Lithium (Li )

1.2.1 L r and bipolar disorder

Li ,̂ a small ion with a single positive charge, has been in use as a therapy for mood 

disorders since the 19“’ century (Williams and Harwood, 2000). Used prophylactically 

in bipolar depression, it is able to prevent mood swings and therefore reduces both the 

manic and the depressive phases of the illness; used acutely during an attack it is only 

effective in reducing mania, for which other, more effective, drugs are commonly 

given. Therefore the clinical use of LF is usually confined to the prophylactic control
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of bipolar disorder, for which it is currently the most commonly used drug. However, it 

is not without its drawbacks: recognised side effects of long-term Li^ use include 

abnormal thyroid function, tremor and diabetes insipidus. Understanding the molecular 

basis of L r ’s effectiveness as a mood stabiliser would allow the development of drugs 

with higher therapeutic indices.

1.2.2 Molecular effects of Li^

Glycogen synthase kinase-3 (GSK-3) disrupts pattern formation in developing Xenopus 

embryos (He et al., 1995), and regulates cell fate in the slime mould Dictyostelium  

discoideum (Harwood et a l, 1995). Similar phenotypes had previously been seen upon 

exposure of these organisms to Li^ (Kao and Elinson, 1988; Maeda, 1970), which led to the 

finding that Li^ acts as an inhibitor of GSK-3 (Hedgepeth et al., 1997; Klein and Melton, 

1996; Stambolic et al., 1996). It is thought that GSK-3 has two binding sites for magnesium 

ions (Mg '̂ )̂, a Mg^VATP complex-binding site as well as a second site, and that Li'" acts by 

competing with Mg "̂' for this second site (Ryves and Harwood, 2001; Ryves et al., 2002). 

In contrast, other inhibitors of GSK-3, such the maleimide SB-415286, act in an ATP- 

competetive manner (Coghlan et al., 2000).

Thus Li^ mimics activation of the Wnt signalling pathway by preventing phosphorylation of 

|3-catenin (see section 1.4), and also inhibits phosphorylation of GSK-3’s various other 

substrates (see section 1.3.2). However, GSK-3 is not the only kinase that is inhibited by 

Li :̂ in a study of 28 kinases, Li"' was also found to inhibit casein kinase II (CKII), MAPK- 

activated protein kinase 2 (MAPKAP-K2) and p38 regulated/activated kinase (PRAK), 

although these kinases were inhibited to a lower level compared with GSK-3 (Davies et al,

2000). LL also inhibits both inositol monophosphatase (IMPase) and inositol 

polyphosphate 1-phosphatase (IPPase; see Berridge et al. [1989]). These enzymes are 

necessary for the recycling of inositol from the signalling molecule inositol ( 1 ,4 ,5 )- 

trisphosphate (IP3 ). Berridge et al. (1989) therefore proposed that the inhibiton of IMPase 

and IPPase by Li^ leads to a reduction of free cellular inositol, and ultimately lowers the 

level of IP3 , blocking IP3  signalling. It is possible that Li^ also has other targets that have 

not yet been identified.
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1.2.3 Effects of Li  ̂on neurons

As described above, Li^ has several molecular targets and therefore has a variety of 

effects on cells. One way of trying to determine which of these effects are relevant to 

the use of Li^ in bipolar disorder is to compare the effects with those of two second line 

treatments, valproate and carbamazapine: effects common to all of the drugs are likely 

to be important in treating bipolar disorder. All three drugs must be taken for a period 

of days or even weeks before they effectively stabilise mood, suggesting that their 

effects are dependent on regulation of signal transduction and subsequent gene 

transcription. However, it is not clear which signalling pathway is important: both 

GSK-3 and the IP3  pathway have been proposed to be relevant targets.

Williams et al. (2002) found that Li"", valproate and carbamazapine all changed the 

dynamics of growth cones and increased their average area; this effect was rescued by 

the addition of inositol. These experiments led to the conclusion that the therapeutic 

effects of the mood stabilising drugs investigated are likely to be due to inositol 

depletion rather than inhibition of GSK-3, in accordance with the hypothesis proposed 

by Berridge et al. (1982), and with the findings that GSK-3 levels and activity are 

normal in the brains of bipolar disorder sufferers (Kozlovsky et al., 2000; Kozlovsky et 

al., 2001; Lesort et al., 1999).

Hall et al. (2002) also found that Li^ and valproate both increased the growth cone area; 

in addition, they reported increased regions of spreading along the axon and increased 

axonal branching. This study showed that both drugs decreased the level of MAP-IB (a 

GSK-3 substrate) phosphorylation, and that the effect was not reversed by the addition 

of myo-inositol; these results suggested that the effects of LT were mediated by 

inhibition of GSK-3 rather than depletion of inositol. Since changes in GSK-3- 

mediated phosphorylation of MAP-IB have been associated with changes in 

microtubule stability and organisation (Goold et al., 1999), this could at least in part 

explain the morphological changes observed. However, Hall et al. found that while Li  ̂

could directly inhibit GSK-3 in vitro, valproate could not. Thus they concluded that 

both drugs act by inhibiting GSK-3, although through different pathways. These results 

are in accordance with the findings of other groups that valproate inhibits GSK-3 but
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does not affect inositol phosphate signalling (Chen et al., 1999a; Sczekan and 

Strumwasser, 1996; Wei and Wang, 1987).

The reason for the discrepancies in the results of these groups is not clear. Perhaps the 

differences are simply due to different experimental procedures or the use of different 

systems, or perhaps both the GSK-3 and inositol pathways are important targets in 

different physiological conditions. Nor is it clear what the consequences of modulation 

of the signalling pathways may be. The axonal remodelling reported by Williams et at. 

and Hall et al. may or may not be relevant, but it is not implausible that such neuronal 

plasticity may have important therapeutic effects. In addition, Li^, valproate and 

carbamazapine have all been reported to increase the levels of inhibitory 

neurotransmission by y-aminobutyric acid, and can all modulate excitatory 

glutaminergic neurotransmission (see Jope [1999]). Such regulation of synaptic 

transmission may be relevant to the effects of the drugs in bipolar disorder, as may 

regulation of the many transcription factors that are substrates of GSK-3.

Post-mortem studies have provided evidence that bipolar disorder sufferers have 

regions of neuronal damage (Rajkowska, 2002). So perhaps part of Li^’s effectiveness 

in treating bipolar disorder may due to its neuroprotective effects. Li^ has been shown 

to protect cells against a wide range of insults, including serum and NGF deprivation, 

radiation, glutamate excitotoxicity, (3-amyloid toxicity and heat shock (Alvarez et al., 

1999; Bijur et al., 2000; Inouye et al., 1995; Nonaka et al., 1998; Volonté and 

Rukenstein, 1993; Wei et al., 2000). These protective effects are at least in part due to 

the inhibition of GSK-3 (the pro-apoptotic effects of GSK-3 are described in section 

1.3.7). Li^ has been shown to increase levels of the anti-apoptotic protein Bcl-2 (Chen 

et al., 1999b), and to decrease levels of the pro-apoptotic proteins p53 and Bax (Chen 

and Chuang, 1999). Valproate has also been reported to induce expression of Bcl-2 

(Chen et al., 1999b; Wlodarczyk et al., 1996). Thus prevention of cell death may be a 

common effect of mood-stabilising drugs.
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1.3 GSK-3

1.3.1 Discovery

As its name suggests, GSK-3 was originally discovered as one of many kinases that 

phosphorylate glycogen synthase (Embi et a l, 1980), which is a key regulatory enzyme 

in the glycogen synthesis pathway. GSK-3 is a highly conserved enzyme; in addition to 

mammals, it has been identified in organisms as diverse as yeast, Dictyostelium  

discoideum and plants (Bianchi et al., 1994; Blanchi et al., 1993; Harwood etal., 1995; 

Pay et al., 1993; Puziss et al., 1994). GSK-3 has high basal activity, and unlike most 

other kinases, it tends to cause inhibition of its substrates rather than activation. It is 

most commonly described as a serine/threonine kinase, but it also has tyrosine kinase 

activity (Malathi et al., 1999; Orme et al., submitted; Wang et al., 1994a).

Cloning of rat GSK-3 revealed that there are two distinct GSK-3 genes, encoding GSK- 

3 a  and GSK-3(3 (Woodgett, 1990). The two forms are closely related, with 97% 

sequence similarity in the core kinase domains, but only GSK-3p is able to rescue the 

phenotype of a mutation in the Drosophila GSK-3 gene (Ruel et al., 1993); hence 

research into the role of GSK-3 in the Wnt pathway has focused on GSK-3 p rather than 

GSK-3a. GSK-3 p has recently been reported to exist in two differentially spliced 

isoforms; the less abundant novel isoform contains a 13 amino acid insertion, has lower 

tau protein kinase activity, and shows slightly different distribution within developing 

neurons (Mukai et al., 2002).

1.3.2 Substrates

Since its original discovery as a glycogen synthase phosphorylating enzyme, GSK-3 has 

been found to have a wide range of additional substrates, including transcription factors, 

signalling proteins, structural proteins and other metabolic proteins (see Woodgett 

[2001]). Some of these are given in the Table 1.1, although it should be noted that not 

all are proven physiological substrates. Of particular relevance to this thesis are the
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Table 1. Substrates of GSK-3.

PROTEIN FUNCTION CONSEQUENCE OF 

PHOSPHORYLATION 

BY GSK-3

REFERENCES

APC Signalling protein Increased binding to P- 

catenin

Hart et al. (1998); 

Rubinfeld etal. (1996)

Axin Signalling protein Stabilised, increased 

binding to P-catenin

Ikeda et al. (1998); Jho et 

al. (1999); Willert et al. 

(1999b); Yamamoto et al. 

(1999)

P-catenin Signalling protein, 

structural protein

Targeted for ubiquitination, 

Wnt signalling pathway 

inhibited

Rubinfeld et al. (1996); 

Sakanaka et al. (1998); 

Yost et al. (1996)

CREB Transcription

factor

Function disrupted Bullock and Habener 

(1998); Fiol et al. (1994); 

Grimes and Jope (2001)

Cyclin D1 Signalling protein Targeted for ubiquitination Diehl et a/. (1998)

Glycogen synthase Metabolic protein Inactivated Embi etal. (1980)

Insulin receptor 

substrate-1

Signalling protein Insulin signalling pathway 

blocked

Eldar-Finkelman and 

Krebs (1997)

MAP-IB Structural protein Changed localisation of 

MAP-IB, altered 

microtubule dynamics and 

cytoarchitecture

Garcia-Perez etal. (1998); 

Goold et al. (1999); Lucas 

era/. (1998)

MAP-2 Structural protein Decreased microtubule 

binding and bundling

Berling et al. (1994); 

Sanchez et al. (1996)

Protein

phosphatase

inhibitor

Signalling protein Inhibited Hemmings et al. (1982); 

Wang et al. (1994b)

Tau Structural protein Lower affinity for 

microtubules

Hanger et al. (1992); 

Lovestone et al. (1994); 

Mandelkow etal. (1992)

Wnt pathway components |3-catenin and Axin (discussed in other sections), and the 

MAPs MAP-IB, MAP-2 and tau. Modification of these MAPs by GSK-3 has been 

reported to alter their affinity for microtubules and thus change microtubule dynamics: 

for example, phosphorylation of MAP-IB by GSK-3 leads to an increased pool of
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dynamic microtubules, while inhibition of GSK-3 results in more stable micro tubules 

{Goo\detaL, 1999).

1.3.3 Crystal structure

GSK-3 is closely related to the MAPK and cyclin dependent kinase (CDK) families in 

terms of amino acid sequence, and the recent resolution of the GSK-3 crystal structure 

reveals that they are also similar in their overall structure, having an N-terminal p-strand 

domain and a C-terminal a-helical domain, with an activation segment inbetween (Dajani 

et al., 2001; ter Haar et al., 2001). The N-terminal region, consisting of seven antiparallel 

p-strands that form a P-barrel, shows the most diversion from the MAPK family. In fact, 

this region of GSK-3 most closely resembles tyrosine kinases such as the insulin receptor 

(Hubbard et al., 1994) and members of the Src-kinase family (Sicheri and Kuriyan, 1997).

The N-terminal p-strand domain is connected to the C-terminal domain via an a-helix 

extending from the end of the seventh p-strand. The core of the a-helical domain is very 

similar in structure to that of MAPKs such as extracellular signal-related kinase 2 and p38 

(Wang et al., 1997; Zhang et al., 1994). Beyond residue 342, however, GSK-3 differs 

substantially from MAPKs, forming a series of short helices and loops packed against the 

long helix in the large domain.

In one report, GSK-3 p crystallised as a dimer, with the paired monomers interacting in a 

‘head-to-tail’ orientation (Dajani et al., 2001). The main regions of interaction are between 

residues tyrosine 216 to arginine 2 2 0  (the end of the activation segment) on one monomer, 

and residues asparagine 260 to valine 263 on the other monomer (Dajani et al., 2001). This 

dimérisation may have functional significance, although there is no clear evidence for 

dimer formation of GSK-3 in vivo.

The crystal structure of GSK-3 has important implications for its regulation and 

specificity (see below).
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1.3.4 Specificity

In order for GSK-3 to be able to recognise most of its substrates, the substrate must first 

be phosphorylated, or ‘primed’, at a serine or threonine residue that is four residues C- 

terminal to the prospective GSK-3 phosphorylation site (Fiol et al., 1987). In the case 

of glycogen synthase, CKII is the priming kinase; for P-catenin it is CKI (Amit et al., 

2002; Hagen and Vidal-Puig, 2002; Liu et al., 2002; Yanagawa et al., 2002). For some 

substrates (for example glycogen synthase and p-catenin), the site phosphorylated by 

GSK-3 acts as the priming phosphate for another round of GSK-3 phosporylation four 

residues N-terminal to the first, and so on, resulting in sequential phosphorylation by 

GSK-3. Resolution of the crystal structure showed that the primed phosphate binds into 

a pocket in GSK-3P containing three crucial basic residues: arginine 96, arginine 180 

and lysine 205 (Dajani et al., 2001; Frame et al., 2001; ter Haar et al., 2001). Mutation 

of arginine 96 greatly reduces phosphorylation of primed substrates (Frame et al.,

2 0 0 1 ), highlighting the importance of these basic residues.

Some substrates of GSK-3 are recognised and phosphorylated by the enzyme without 

priming. This is because GSK-3 can act as a proline-directed kinase: it phosphorylates 

serine and threonine residues that are present in serine-proline or threonine-proline motifs. 

Examples of such substrates include some site on tau (Cho and Johnson, 2003; Hanger et 

al., 1992; Lovestone et al., 1994; Mandelkow et al., 1992) and MAP-IB (Garcia-Perez et 

al., 1998; Goold et a l, 1999; Lucas et al., 1998).

1.3.5 Regulation

The activity of MAPKs is regulated in part by the conformation of an activation 

segment. Certain residues in this segment (a threonine and a tyrosine in the consensus 

sequence TXY, where X represents any amino acid) must be phosphorylated to align 

the p-strand and a-helical domains correctly into a catalytically active conformation. 

GSK-3P has a non-phosphorylatable residue (valine) in the position that is equivalent to 

the activation segment threonine of MAPKs, but when phosphorylated, this threonine 

residue in MAPKs binds to the equivalent of the three residues in GSK-3 p that have
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been shown to bind the substrate priming phosphate. So it seems that instead of a 

phosphorylated threonine residue, binding of a primed substrate to the appropriate 

residues of GSK-3|3 is involved in inducing the active conformation. Tyrosine 216 of 

GSK-Sp corresponds to the activation segment tyrosine of MAPKs. Dephosphorylation 

of this residue has been found to inhibit the enzyme in vivo (Hughes et al., 1993; Murai 

et al., 1996; Wang et al., 1994a). Furthermore, in Dictyostelium, a tyrosine kinase 

named Zaphod kinase-1 (ZAK-1) activates GSK-3 activity during development by 

phosphorylating this residue (Kim et al., 1999).

GSK-3 can be inactivated by phosphorylation of an N-terminal residue: serine 21 in the 

case of GSK-3a, and serine 9 in the case of GSK-3 (Cross et al., 1995; Stambolic and 

Woodgett, 1994; Sutherland and Cohen, 1994). Insulin signalling uses protein kinase B 

(PKB) to mediate this phosphorylation (Cross et al., 1995). Binding of insulin to its 

receptor results in the recruitment of phosphatidylinositol 3-kinase (PI3K) to the plasma 

membrane, which catalyses the formation of phosphatidlyinositol-3,4,5-trisphosphate 

(PI[3,4,5]P)). 3-Phosphoinositide-dependent protein kinase 1 (PDKl) and PKB both 

bind to PI(3 ,4 ,5 )P3  at the membrane, facilitating the phosphorylation of PKB by PDKl. 

Activated PKB in turn phosphorylates GSK-3.

Other signalling cascades also result in phosphorylation of the inhibitory serine residue 

of GSK-3 (reviewed by Woodgett [2001]). For example, growth factors can use either 

the PDKl pathway described above, or the MAPK pathway, whereby they induce 

conversion of Ras to its active GTP-bound state, which triggers activation of the 

classical MAPK cascade. At the end of this cascade, MAPKAP-Kl phosphorylates 

GSK-3. Alternatively, amino acids induce activation of mammalian target of 

rapamycin, which phosphorylates and activates S6 K, which in turn phosphorylates 

GSK-3. Finally, elevated levels of intracellular calcium ions (Ca^^) activate protein 

kinase A (PKA), which is also capable of phosphorylating and thus inhibiting GSK-3.

The phosphorylated N-terminal serine residue interacts with the same residues of GSK- 

3p that normally bind the priming phosphate of the substrate, but since there is no 

unphosphorylated serine or threonine in the appropriate position, no phosphorylation
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occurs. Thus the phosphorylated N-terminus of GSK-3 acts as a pseudosubstrate, 

preventing genuine substrates from binding and blocking access to the catalytic site 

(Dajani et a l, 2001 ; Frame et aL, 2001 ; ter Haar et a i, 2001).

So GSK-3 can be both positively and negatively regulated by phosphorylation. Another 

level of regulation may be imposed by the association of GSK-3 with different 

complexes. For example, GSK-3 can be associated with the Axin complex, but has also 

been isolated from the microtubule fraction of brain extract (Ishiguro et aL, 1992); the 

enzyme will be in contact with a distinct set of substrates within each complex. 

Association with protein phosphatases (such as protein phosphatase 2A [PP2A] in the 

Axin complex) may also regulate the phosphorylation of GSK-3 substrates by 

promoting their dephosphorylation.

1.3.6 GSK-3 and neuronal development

GSK-3 is likely to play important roles in neuronal differentiation and development. 

Both GSK-3a and GSK-3(3 are widely expressed in all tissues of adult rat and mouse, 

but are particularly abundant in brain (Woodgett, 1990; Yao et aL, 2002). Moreover, in 

the developing rat brain, GSK-313 is more abundant in neurons than in astroyctes (Leroy 

and Brion, 1999); neuronal localisation of GSK-3 has also been observed in humans 

(Pei et aL, 1997; Yamaguchi et aL, 1996). In rats, GSK-3J3 levels in the brain are 

particularly high from late embryonic stages until approximately postnatal day 2 0 , 

which correlates with the time when the majority of dendrite extension and synapse 

formation occurs (Leroy and Brion, 1999; Takahashi etal., 1994).

GSK-3 regulates neuronal cell fate. In Drosophila, loss of function of shaggy (the 

homologue of GSK-3) results in excess neuroblast production, and in shaggy null 

mutants, all of the cells develop neural characteristics (Bourouis et aL, 1989). Similarly 

in Xenopus embryos, expression of a catalytically-inactive GSK-3 construct results in 

an increase in the number of primary neurons, while overexpression of wild type GSK- 

3 decreases the number of primary neurons (Marcus et aL, 1998). Furthermore, brain- 

derived neurotrophic factor (BDNF), which is a major neurotrophin, inactivates GSK-3,
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and overexpression of GSK-3 selectively inhibits some of the effects of BDNF (Mai et 

a l, 2002).

There is also evidence that GSK-3 regulates axonal remodelling. Li^ treatment of 

neurons can result in shorter, thicker neurites with regions of spreading, increased 

branching, and larger, more complex growth cones (Hall et a l, 2002; Hall et a l, 2000; 

Krylova et a l, 2002; Lucas and Salinas, 1997; Williams et a l, 2002; see also section 

1.2.3). Although Williams et a l  (2002) found that at least some of these effects are due 

to inositol depletion, the other reports have concluded that the effects are due to GSK-3 

inhibition. This axonal remodelling may be important for synaptogenesis: for example, 

work by Hall et a l  (2000) demonstrated that Wnt-7A is involved in synapse formation 

in the central nervous system (CNS). Conditioned medium from cultured cerebellar 

granule neurons induces morphological changes in mossy fibres, including an increase 

in the size and complexity of the growth cones, reminiscent of that seen in vivo as 

mossy fibres contact granule cells and form synapses with them. Wnt-7A is largely 

able to mimic the effect of granule cell-conditioned medium. Since Wnt-7A is 

expressed by granule cells as they contact mossy fibres (Lucas and Salinas, 1997), this 

work indicates that Wnt-7A acts as a retrograde factor, promoting synaptogenesis. 

Wnt-3 appears to have a similar role in the spinal cord, regulating the formation of 

synapses between sensory neurons and motoneurons: Wnt-3 is expressed by

motoneurons, and increases branching and growth cone size in a subset of sensory 

neurons, while inhibiting the extension of their axons (Krylova et al, 2002).

GSK-3 may also have a specific role in growth cone guidance. A pool of inactive (N- 

terminally phosphorylated) GSK-3a and GSK-3 (3 is found at the leading edge of the 

growth cones of dorsal root ganglion neurons, colocalising with actin filaments 

(Eickholt et a l, 2002). Eickholt et a l  showed that growth cone collapse mediated by 

the inhibitory guidance molecule Semaphorin 3A requires GSK-3 activity, and that the 

inactive pool of GSK-3a and GSK-3(3 is rapidly dephosphorylated upon treatment of 

dorsal root ganglion cells with Semaphorin 3A. Another study has focused on Reelin 

signalling, which is required for the migration of neurons to their correct positions (see 

Couillard-Despres et a l  [2001]). Beffert et a l  (2002) found that Reelin signalling 

activates PI3K, resulting in the phosphorylation and inactivation of GSK-3 by PKB.
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This study also demonstrated that the Reelin receptors and downstream components, 

including PI3K, are enriched in the axonal growth cones of cortical neurons, and that 

phospho-PKB immunoreactivity is preferentially increased in growth cones by 

treatment of the cells with Reelin. Finally, there is evidence that lysophosphatidic acid- 

induced neurite retraction is due to activation of GSK-3 (Sayas et al., 2002).

1.3.7 GSK-3 and neuronal dysfunction

There is a large body of evidence linking GSK-3 with the neuropathology of 

Alzheimer’s disease. Brains from patients suffering from Alzheimer’s disease have 

been found to contain increased levels of GSK-3 compared with brains from non

sufferers (Imahori and Uchida, 1997; Pei et al., 1999; Pei et al., 1997; Yamaguchi et al., 

1996). One of the characteristics of Alzheimer’s disease is the presence of 

neurofibrillary tangles, which consist mainly of hyper-phosphorylated tau (see 

Mandelkow et al. [1993]). There is strong evidence that GSK-3 phosphorylates tau 

both in vitro and in vivo (Hanger et al., 1992; Mandelkow et al., 1992), and an enzyme 

named tau protein kinase (TPK) I that had been isolated for its ability to phosphorylate 

tau (Ishiguro et al., 1992) was found to be identical to GSK-3(3. Moreover, GSK-3|3 

has been shown to phosphorylate as many as ten sites on tau (Hanger et al., 1998), and 

some of these correspond to the same sites that are phosphorylated in neurofibrillary 

tangles (see Imahori and Uchida [1997]).

Thus it seems clear that GSK-3 is involved in the phosphorylation of tau, resulting in 

the hyper-phosphorylated form that is present in neurofibrillary tangles. However, it is 

not clear whether the hyper-phosphorylation of tau by GSK-3 causes the accumulation 

of tau into neurofibrillary tangles, or whether instead the protein becomes hyper- 

phosphorylated once it has already formed tangles. It should also be noted that 

phosphorylation of some sites on tau by GSK-3 probably requires priming by CDK-5 

(TPKII), as prior phosphorylation by this enzyme was found to promote GSK-3 

'mediated phosphorylation (Imahori and Uchida, 1997; Cho and Johnson, 2003).
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GSK-3 may also be associated with the other characteristic pathology of Alzheimer’s 

disease, namely amyloid plaques. These are mainly composed of (3-amyloid protein, 

which is derived from the amyloid precursor protein (APP). However, APP can also be 

processed in a different way, to generate a secreted form (sAPP). Thus it has been 

suggested that a factor contributing to the onset of Alzheimer’s disease is deregulation 

of APP processing, resulting in the generation of excess p-amyloid protein at the 

expense of sAPP. It has been reported that GSK-Sp phoshorylates APP (Aplin et al., 

1996; Aplin et a l, 1997), although there is no evidence that this phosphorylation affects 

the processing of APP. In addition, P-amyloid protein has been reported to activate 

GSK-Sp, possibly contributing to hyper-phosphorylation of tau (Takashima et al., 

1998a; Takashima et al., 1996).

The presenilin 1 or presenilin 2 genes are mutated in most cases of familial Alzheimer’s 

disease (Sorbi et al., 2001). Presenilins are transmembrane proteins residing mainly in 

the endoplasmic reticulum and the Golgi apparatus, which are required for Notch 

signalling (Fortini, 2001). They also affect the processing of APP: there are two 

possible forms of |3-amyloid protein, and expression of mutant presenilins has been 

shown to promote processing into the form that has a greater tendency to aggregate into 

fibrils (Scheuner et al., 1996). GSK-3(3 and p-catenin form a complex with presenilin 1 

(Takashima et al., 1998b; Zhang et al., 1998); although the functional consequences of 

such a complex are not known, this finding is suggestive of a possible further role for 

GSK-3 in causing Alzheimer’s disease. Furthermore, there is evidence that presenilin 1 

can regulate GSK-3 activity (Weihl et a l, 1999).

GSK-3 has pro-apoptotic effects, implicating it as a potential cause of the dementia suffered 

by Alzheimer’s disease patients as a result of selective neuronal loss. The first direct 

evidence that GSK-3 can cause apoptosis was from a study by Pap and Cooper (1998), who 

demonstrated that transient overexpression of GSK-3 in PCI2 or Rat-1 cells was sufficient 

to cause apoptosis. In addition, it has been shown that a number of pro-apoptotic stimuli 

increase the activity of GSK-3. Given the multitude of substrates of GSK-3, there could be 

several mechanisms by which GSK-3 causes apoptosis. It is interesting to note that several 

of the transcription factors that are most likely inhibited by GSK-3 phosphorylation, for 

example heat shock factor-1, nuclear factor k B (N F k B ) and cAMP response element-

27



binding protein (CREB), are normally required by cells to survive various insults (see Mattson et al. 
[1997]; Morimoto et al. [1997]; Walton and Dragunow [2000]); however, it should also be noted 

that GSK-3P is required for the anti-apoptotic function of NF-kB in mice (Hoeflich et al., 2000). 

Furthermore, at least two of the transcription factors that are substrates of GSK-3 (CREB and 

P-catenin) bind the transcriptional co-repressor CREB-binding protein (CBP; Giordano and 

Avantaggiati, 1999; Takemaru and Moon, 2000), and it has been shown that CBP 

molecules released by CREB can bind p53, and thus facilitate p53 mediated transcription 

(Lee et al., 2000). Several cellular responses can occur as a result of p53 mediated 

transcription, including cell-cycle arrest, senescence, differentiation or, commonly, 

apoptosis (reviewed by Vousden and Lu [2002]). Therefore it is conceivable that GSK-3 

stimulates release of CBP from some transcription factors, releasing the co-activator to 

interact with p53, and thus promoting apoptosis. In keeping with this theory. Pap and 

Cooper (1998) found that GSK-3-mediated apoptosis could be inhibited by a dominant 

negative mutant of p53.

As well as Alzheimer’s disease, GSK-3 may play a role in causing other psychiatric 

disorders. The potential role for GSK-3 in causing mood disorders has been discussed 

in section 1.2.3. There is also some evidence implicating GSK-3 in the aetiology of 

schizophrenia. For example, levels of GSK-313 protein are lower in the frontal cortices 

of schizophrenic patients than control groups (Beasley et al., 2001; Kozlovsky et al.,

2000), and accordingly GSK-3 activity was found to be lower in this area (Kozlovsky et 

al., 2001). It has been reported that MAP-2 and MAP-IB have altered distribution 

within certain brain areas in schizophrenics, and that there is an increase in the fraction 

of non-phosphorylated MAP-2 (Arnold et al., 1991; Cotter et al., 1997). Like 

Alzheimer’s disease patients, schizophrenics show abnormal neuronal loss (Benes et 

al., 1998; Falkai et al., 1988; Jeste and Lohr, 1989; Pakkenberg, 1990) that could be 

mediated by GSK-3; however this seems contradictory to the findings that GSK-3 

activity is reduced in areas of schizophrenic patients’ brains.
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1.4 The canonical Wnt signalling pathway

1.4.1 Background

The canonical Wnt signalling pathway regulates cytosolic levels of the protein p-catenin 

(Kikuchi, 2000; Seidensticker and Behrens, 2000; Sharpe et al., 2001). In the absence of a 

Wnt signal, p-catenin is ubiquitinated, and in this way targeted for degradation by the 

proteasome. Thus cytosolic p-catenin levels are low. When the Wnt pathway is activated, 

however, p-catenin is no longer targeted for degradation; it accumulates in the cytosol and 

translocates to the nucleus. In the nucleus it binds members of the T-cell factor 

(TCF)/lymphocyte enhancer binding factor (LEF) family of transcription factors, forming a 

bipartite transcriptional activator that stimulates transcription of Wnt target genes. Figure

1.1 is a schematic diagram showing the interactions between key components of the 

pathway in the on and off states.

Wnt signalling controls embryonic axis induction, polarity of cell division, cell fate and cell 

growth (reviewed by Cadigan and Nusse [1997]). Wnt signalling is also involved in 

tumorigenesis (see Manoukian and Woodgett [2002] and Taipale and Beachy [2001]). The 

pathway is highly conserved between vertebrates and the fruit fly. Drosophila 

melanogaster. Drosophila genetics has been crucial to our understanding of the pathway, 

but some of the components of the pathway have different names in vertebrates and flies. 

The names of key components of the pathway in each system are given Table 2.

1.4.2 The ‘ofT state of the pathway

In the absence of a Wnt signal, p-catenin is found in a multi-protein complex, which 

promotes its degradation. Axin acts as a scaffold protein, assembling the other key 

components of the complex: GSK-3, CKI and the adenomatous polyposis coli (APC) 

gene product (Amit et a i, 2002; Behrens et al., 1998; Hagen and Vidal-Puig, 2002; 

Hart et al., 1998; Ikeda et al., 1998; Itoh et al., 1998; Kishida et al., 1998; Liu et al., 

2002; Munemitsu et al., 1995; Nakamura et al., 1998; Rubinfeld et al., 1996; Sakanaka
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Figure 1.1 Diagram showing key protein-protein interactions in the canonical Wnt signalling 
pathway. (A) In the absence of a Wnt signal, P-catenin is found in a complex with Axin and GSK-3. 
Phosphorylation of p-catenin is promoted in this complex, targeting it for ubiquitination and 
degradation by the proteasome. Thus transcription of Wnt target genes through TCP does not occur. 
(B) When a Wnt ligand binds to its receptor (Frizzled) and co-receptor (LRP), Dvl recruits FRATl to 
the Axin complex, displacing GSK-3. Furthermore, Axin binds the cytoplasmic tail of LRP, tethering 
it to the plasma membrane. P-catenin is no longer phosphorylated by GSK-3, and the protein 
accumulates in the cytosol and translocates to the nucleus. Here it interacts with TCP to activate 
transcription of Wnt target genes. Green represents active proteins and red represents inactive 
proteins (with respect to the canonical Wnt signalling pathway).



Table 2. Nomenclature of components of the Wnt pathway in vertebrates and flies.

VERTEBRATES DROSOPHILA

APC dAPC, E-APC

Axin DAxin

P-catenin Armadillo

Dkk No homologue identified

Dvl Dishevelled (Dsh)

Frizzled Dfrizzled

FRAT/GBP No homologue identified

GSK-3 Zeste-white 3/Shaggy

LRP Arrow

Siah Sina

TCP Pangolin/dTCF

PTrCP Slimb

Wnt Wingless

et al., 1998; Yanagawa et al., 2002). In the Axin complex, (3-catenin is phosphorylated 

by CKI, priming it for phosphorylation by GSK-3 on several N-terminal serine and 

threonine residues. This targets P-catenin for ubiquitination and thus labels it for 

degradation by the proteasome (see section 1.4.3 for more details). Axin also binds 

other proteins, which regulate the complex (see section 1.6.4).

There is evidence suggesting that APC has a crucial role in promoting the degradation 

of p-catenin. Many colon tumours have mutations in APC, which correlate with high 

levels of P-catenin and high levels of P-catenin/TCF dependent transcription (see 

Kinzler and Vogelstein [1996]). Introducing wild-type APC back into such colorectal 

cancer cells reduces the levels of P-catenin (Munemitsu et al., 1995) and inhibits the P- 

catenin/TCF dependent transcription (Korinek et al., 1997). Moreover, disrupting the 

function of E-APC  (a ubiquitously expressed Drosophila APC  gene [Yu and Bienz, 

1999; Y\x et al., 1999]) using double-stranded RNA interference (RNAi) results in 

phenotypes that resemble those seen upon ectopic stimulation of Wnt signalling (Yu et 

a l, 1999). However, the mechanism by which APC functions in the Wnt pathway is 

not known. It has been suggested that APC may promote the degradation of P-catenin
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by de-repressing the Axin complex (Hart et aL, 1998), or by collecting (3-catenin from 

the nucleus and cytoplasm, and delivering it to the Axin complex (Bienz, 1999). 

Consistent with the latter theory, APC is able to shuttle between the nucleus and the 

cytoplasm, and its ability to exit the nucleus seems to be necessary in order for it to 

reduce p-catenin/TCF-dependent transcription in APC  mutant colorectal cancer cells 

(see Bienz [2002]).

There is a great deal of evidence to suggest TCF/LEF proteins can act as transcriptional 

repressors as well as activators (Bienz, 1998). Groucho is a Drosophila transcriptional 

co-repressor that has been found to associate with dTCF. There are homologues of the 

Groucho gene in mammals: the human homologues are termed TLE-1, TLE-2, TLE-3 

and TLE-4, while the mouse homologues are referred to as Grg-1, Grg-2y Grg-3 

and Grg-4. Thus in the absence of a Wnt signal, not only is p-catenin targeted for 

degradation, but Wnt target genes are actively repressed by the association of TCF/LEF 

transcription factors with transcriptional co-repressor proteins.

1.4.3 Degradation of p-catenin

In the Axin complex, P-catenin is phosphorylated by CKI. This phosphorylation event 

primes P-catenin for phosphorylation by GSK-3P on several N-terminal residues (see 

section 1.5.3 for more details). Phosphorylation by GSK-3P targets p-catenin for 

ubiquitination. Generally, ubiquitination of target proteins occurs as a result of a 

cascade of ubiquitin transfer reactions. First, ubiquitin is attached to a ubiquitin- 

activating enzyme (El), and then transferred to a ubiquitin-conjugating enzyme (E2). 

The E2 enzyme requires the cooperation of an E3 component in order to transfer the 

ubiquitin molecule to the target protein. Phosphorylation of residues 37 and 33 of p- 

catenin creates a recognition site for p-transducin repeat-containing protein (pTrCP), 

which is an E3 component (Hart et aL, 1999; Winston et al, 1999).

PTrCP and its Drosophila homologue Slimb contain an F-box (a conserved 42-48 

amino acid domain that links F-box proteins to a core ubiquitin-ligase complex) and 

seven WD40 repeats (repeats of about 40 residues containing a central tryptophan-
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aspartic acid motif). The F-box recruits the ubiquitination machinery to the complex, 

while the WD40 repeats recognise phosphorylated (3-catenin (Winston et aL, 1999). 

The Slimb mutant phenotype in Drosophila mimics ectopic activation of the Wnt 

pathway, and Slimb mutant flies have high levels of Armadillo (Jiang and Struhl, 1998). 

In Xenopus embryos, co-expression of pTrCP with Wnt prevents the formation of a 

Wnt induced secondary axis, while dominant negative pTrCP (lacking the F-box) 

induces a secondary axis (Marikawa and Elinson, 1998). Furthermore, overexpression 

of pTrCP in mammalian cells enhances ubiquitination of P-catenin, and a dominant 

negative pTrCP prevents ubiquitination and stabilises p-catenin (Kitagawa et aL, 1999). 

Taken together, these experiments confirm that pTrCP has a crucial role in degrading P- 

catenin.

There is also evidence for a GSK-3-independent, pTrCP-independent pathway that 

mediates p-catenin degradation. This pathway requires the proteins APC and Siah-1. 

Siah-1 and Siah-2 are the human homologues of the Drosophila gene Seven in absentia 

(Sina)-, Sina and Siah proteins bind E2 ubiquitin conjugating enzymes via an N-terminal 

RING domain (a specialized type of zinc-finger that binds two atoms of zinc, and is 

involved in mediating protein-protein interactions), and have been shown to target 

various proteins for degradation via the proteasome. Such proteins include deleted in 

colon cancer (DCC; Hu et aL, 1997) and c-Myb (Tanikawa et aL, 2000). Work by two 

groups has shown that Siah-1 binds the C-terminus of APC, and through this interaction 

reduces the levels of P-catenin protein and inhibits p-catenin-induced and Wnt-3A- 

induced TCF/LEF dependent transcription (Liu et aL, 2001; Matsuzawa and Reed, 

2001). Siah proteins are induced by p53 (Amson et aL, 1996; Nemani et aL, 1996); 

accordingly, it was found that overexpression of p53 reduces the level of P-catenin in 

an APC-dependent, Siah-1-dependent manner (Liu et aL, 2001; Matsuzawa and Reed, 

2001).

Thus P-catenin becomes multi-ubiquitinated in a process that is mediated by pTrCP or 

by Siah-1. As a result of this ubiquitination, p-catenin is recognised as a target by the 

proteasome. The proteasome consists of a cylindrical component capped at each end by 

a regulatory component. The regulatory components recognise chains of ubiquitin and 

probably de-ubiquitinate the proteins they are attached to (Verma et aL, 2002; Yao and
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Cohen, 2002). The de-ubiquitinated substrate protein is then unfolded and moved into 

the lumen of the cylinder. There, the protein is degraded by hydrolysis (Zwickl et aL, 

2001).

1.4.4 Activation of the pathway by binding of a Wnt ligand

Wnt proteins are a highly conserved family of secreted glycoproteins (Miller, 2002). 

The first Wnt gene was discovered in mouse as a proto-oncogene, and named int-1 

(Nusse et aL, 1984); it was not until the Drosophila segment polarity gene Wingless 

was found to be homologous to int-1 (Cabrera et aL, 1987; Rijsewijk et aL, 1987) that 

the names Wingless and int became amalgamated to form the name Wnt. There are 

currently known to be many mammalian homologues of Wnt genes (for example there 

are 19 human WNT genes), 16 homologues in Xenopus, seven in Drosophila and five in 

Caenorhabditis elegans (Miller, 2002).

Frizzleds are the receptors for Wnt ligands. They are a family of proteins with a 

cysteine-rich extracellular domain, a variable juxtamembrane domain, seven 

transmembrane domains, and a cytoplasmic tail (Vinson et aL, 1989; Wang et aL, 

1996). Frizzleds use low density lipoprotein (LDL) receptor-related protein 5 (LRP5) 

and LRP6 as co-receptors to transduce the Wnt signal (Pinson et aL, 2000; Tamai et aL, 

2000; Wehrli et aL, 2000). LRPs contain four epidermal growth factor (EGF)-like 

repeats and three LDL-receptor type A repeats in their extracellular domain, and a 

single transmembrane domain. The intracellular domain is proline-rich, suggesting that 

it may interact with proteins containing SH3 domains. A yeast two-hybrid screen 

revealed that this intracellular domain binds Axin (Mao et aL, 2001; see section 1.6.4F).

Secreted Wnts bind to the cysteine-rich domain of Frizzleds, but this interaction can be 

competitively inhibited by secreted Frizzled related proteins (sFRPs). Like Frizzleds, 

sFRPs contain a cysteine-rich domain that mediates binding to Wnts, but they do not 

have a transmembrane domain or a cytoplasmic tail, and therefore are unable to 

transduce the signal. Thus sFRP proteins can act as antagonists of the Wnt signalling 

pathway. Similarly, the secreted proteins Cerberus and Wnt-inhibitory facor-1 bind
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Wnt proteins and are thought to antagonise Wnt function by preventing the interaction 

of the Wnt protein with its receptors (Hsieh et aL, 1999; Piccolo et aL, 1999).

Dickkopf (dkk) proteins are another class of Wnt antagonist (Glinka et aL, 1998). 

These secreted proteins are composed of two cysteine-rich domains separated by a 

spacer region of variable length. Unlike the extracellular Wnt antagonists described so 

far, Dkk proteins bind to the LRP5/6 co-receptors rather than the Wnt ligand (Bafico et 

aL, 2001; Mao et aL, 2002; Semenov et aL, 2001), thereby preventing formation of the 

Wnt/Frizzled/LRP complex. Moreover, the transmembrane proteins Kremen-1 and 

Kremen-2 have been reported to act as Dkkl receptors, and Kremen-2 forms a ternary 

complex with Dkkl and LRP6, inducing rapid endocytosis and removal of LRP6 from 

the plasma membrane (Mao et aL, 2002). Dkkl and Dkk4 are both Wnt antagonists, 

but Dkk3 does not seem to modulate Wnt signalling and Dkk2 actually cooperates with 

the Wnt pathway (Brott and Sokol, 2002; Glinka et aL, 1998; Krupnik et aL, 1999; Wu 

et aL, 2000).

1.4.5 Disruption of the degradation complex 

1.4.5A Dvl

Binding of a Wnt ligand to a Frizzled receptor and an LRP co-receptor results in 

dissociation of the Axin/GSK-3/p-catenin complex, but the mechanism by which this 

occurs is not clear. What is clear from genetic analysis in Drosophila is that Dsh is 

essential for this process (Klingensmith et aL, 1994; Theisen et aL, 1994). Dsh and its 

mammalian homologues the Dvl proteins have an N-terminal domain, which shares 

homology with a region of Axin (referred to as the DIX [dishevelled and Axin] 

domain), a short basic domain, a central PDZ (PSD95, discs large, zonula occludens-1) 

domain, and a DEP (Dsh, EGL-10, pleckstrin) domain close to their C-terminus. PDZ 

and DEP domains both mediate protein-protein interactions, suggesting that Dsh/Dvl 

may act as a scaffold for the assembly of a multi-protein complex. The DIX domain 

targets Dvl to actin stress fibres and to vesicular membranes (Capelluto et aL, 2002). A 

Dvl mutant that cannot associate with vesicles (but is still able to associate with actin) 

no longer has the ability to promote the stabilisation of p-catenin; a mutant that can
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associate with vesicles but not with actin retains its normal function in the canonical 

Wnt pathway (Capelluto et aL, 2002). Thus it is possible that the localisation of Dvl is 

important for distinguishing its functions in the canonical and non-canonical Wnt 

pathways (see section 1.4.8). Activation of the canonical Wnt signalling pathway in 

Xenopus results in recruitment of Dvl to the plasma membrane (Yang-Snyder et aL, 

1996), and activation of Wingless signalling results in hyperphosphorylation of Dsh, 

which is enriched in membrane fractions (Yanagawa et aL, 1995). Therefore 

Wnt/Wingless signalling may cause redistribution of Dvl/Dsh to the plasma membrane, 

which may require the binding of the protein to vesicles through the DIX domain.

1.4.5B FRATl

Part of the role of Dvl in mediating Wnt-induced dissociation of the degradation 

complex may be recruitment of a protein named FRATl (for frequently rearranged in 

advanced T-cell lymphomas; Jonkers et aL, 1997) to the complex. FRATl is 

homologous to GSK-3 binding protein (GBP), a Xenopus protein that has been shown 

to act as a positive regulator of Wnt signalling (Yost et aL, 1998). FRATl binds a site 

on the C-terminal half of GSK-3; this overlaps with the binding site for Axin on GSK-3, 

and therefore FRATl and Axin compete with each other for GSK-3 binding (Bax et aL, 

2001; Ferkey and Kimelman, 2002). Thus recruitment of FRATl to the Axin/GSK-3/p- 

catenin complex disrupts the association between Axin and GSK-3. This model is 

supported by the observation that in the presence of Wnt, FRATl and GSK-3p 

dissociate from Dsh and Axin (Li et aL, 1999).

1.4.5C Axin phosphorylation

Axin is a substrate for GSK-3p (Ikeda et aL, 1998). Phosphorylation of Axin by GSK-3 

occurs on at least three residues (see section 1.6.4B), and promotes both its stability and 

its ability to bind p-catenin (Jho et aL, 1999; Willert et aL, 1999b; Yamamoto et aL,

1999). Thus it has been suggested that activation of the Wnt signalling pathway leads 

to dephosphorylation of Axin, resulting in the release of P-catenin from the Axin 

complex and the degradation of Axin.
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1.4.5D Binding of Axin to LRP

Another factor contributing to the transduction of the Wnt signal is the association of 

Axin with the intracellular domain of the Wnt co-receptor LRP-5 (Mao et aL, 2001). 

This association is enhanced in the presence of Wnt proteins and is essential for the 

ability of LRP-5 to transduce the Wnt signal (Mao et aL, 2001). Translocation of Axin 

to the membrane may prevent it from interacting with cytosolic p-catenin and GSK-3, 

and thus inhibit its ability to stimulate degradation of p-catenin.

1.4.6 Transcriptional activation by P-catenin

Disruption of the Axin/GSK-3/p-catenin complex has the result that p-catenin is no 

longer efficiently phosphorylated by GSK-3, and therefore it does not become 

ubiquitinated or degraded. Thus P-catenin protein accumulates in the cytosol and can 

move freely in and out of the nucleus (Fagotto et aL, 1998; Wiechens and Fagotto, 

2001; Yokoya et aL, 1999). In the nucleus, it associates with members of the TCF/LEF 

family of transcription factors. However, it has been observed that stabilising p-catenin 

by inhibiting the proteasome is not sufficient to induce p-catenin/TCF dependent 

signalling (Staal et aL, 2002). Thus increasing the level of p-catenin per se does not 

increase signalling activity, rather signalling activity correlates with levels of 

unphosphorylated p-catenin (Staal et aL, 2002). The hypothesis that only 

unphosphorylated P-catenin is transcriptionally active is supported by the finding of 

Sadot et aL (2002) that P-catenin molecules phosphorylated on serines 33 and 37 are 

able to interact with LBF-1 but are unable to form a ternary complex with DNA.

There are four members of the TCF/LEF family in mammals: LEF-1, TCF-1, TCF-3 

and TCF-4. Their DNA binding domain shares homology with that of members of the 

high mobility group (HMG) box family of transcription factors, and specifically 

recognises the DNA sequence AGATCAAAGGG (Giese et aL, 1991; van Beest et aL, 

2000; van de Wetering et aL, 1991). When a TCF/LEF protein binds to its DNA 

recognition site, a dramatic bend is induced in the DNA (Dooijes et aL, 1993; Giese et 

aL, 1992), which may facilitate the binding of other transcription factors (Bianchi and 

Bel trame, 1998; Giese gr o/., 1995; Grosschedl era/., 1994).
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Binding of TCF/LEF transcription factors to DNA is not sufficient to activate 

transcription (Eastman and Grosschedl, 1999); in fact, as discussed in section 1.4.2, 

these transcription factors act as repressors of transcription in some circumstances. 

However, when P-catenin binds to TCF, P-catenin’s C-terminal transactivation domain 

activates the target gene promoter. Several mechanisms have been proposed to explain 

P-catenin’s ability to stimulate transcription (discussed by Brantjes et al. [2002]); recent 

work in Drosophila by Thompson et al. (2002) has shown the requirement for a gene 

named pygopus.

The Pygopus protein and its human homologues, hPygol and hPygo2, contain a 

putative nuclear localisation complex at their N-termini, a glycine-, proline- and 

methionine-rich central domain, and a PHD domain (a zinc-binding domain that does 

not bind DNA but instead is thought to be involved in protein-protein interactions) at 

their C-termini. Pygopus is found in a nuclear complex with Armadillo, and may 

promote p-catenin/TCF dependent signalling by acting as a chromatin access factor, or 

by recruiting a transcriptional co-activator (Thompson et al., 2002).

1.4.7 Targets of the canonical Wnt signalling pathway

Table 3 shows some of the genes that have been reported to be direct targets of the Wnt 

signalling pathway (i.e. genes whose promoters contain TCF responsive elements that 

have been shown to be important for their transcription). However, this list is not 

exhaustive, and many more genes are likely to be identified as Wnt targets: recent data 

from microarray experiments showed that around 50 genes are upregulated in response 

to Wnt-3 A (Willert et al., 2002), and many of these may turn out to be direct targets.

1.4.8 Non-canonical Wnt pathways

The canonical Wnt pathway, homologous to the Drosophila Wingless pathway, is not 

the only signalling pathway to be mediated by Wnt proteins. In fact, there is evidence
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Table 3. Target genes of the Wnt signalling pathway.

GENE FUNCTION ORGANISM/SYSTEM REFERENCE

Axin 2 Component of the Wnt 

signalling pathway.

Human (colon cancer) Jho et al. (2002); 

Lustig et al. (2002); 

Van et al. (2001b)

Brachyury T-box family 

transcription factor

Mouse Arnold et al. (2000); 

Yamaguchi et al. 

(1999)

Claudin-1 Tight junction 

component

Human (colon cancer) Miwa et al. (2000)

Cdx-1 Homeobox 

transcription factor

Mouse (ES cells) Lickert et al. (2000)

Cyclin D1 Cell cycle regulation Human (colon cancer) Shtutman et al. 

(1999); Tetsu and 

McCormick (1999)

Dharma/bozozok Homeobox 

transcription factor 

(required for formation 

and/or function of the 

Nieuwkoop center)

Zebrafish Ryu et al. (2001)

Engrailed-2 Homeobox 

transcription factor 

(regulates neural 

patterning)

Xenopus McGrew et al. (1999)

Fibronectin Substrate adhesion 

molecule

Xenopus Gradl et al. (1999)

Fra-1 Component of the AP I 

transcription complex

Human (colon cancer) Mann et al. (1999)

Follistatin Negative regulator of 

activin

Human (embryonic 

carcinoma)

Willert et al. (2002)

ld-2 Dominant negative 

helix-loop-helix 

protein, regulates 

proliferation and 

differentiation

Human (colon cancer) Rockman et al.

(2001); Willert et al.

(2002)

c-Jun Component of the AP I 

transcription complex

Human (colon cancer) Mann et al. (1999)

Matrix

metalloproteinase-7

Zinc endopeptidase Human (colon cancer) Brabletz et al. (1999); 

Crawford et al. (1999)
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Matrix

metalloproteinase-26

Zinc endopeptidase Human carcinoma Marchenko et al. 

(2002)

Movol Transcription factor 

(required for hair 

formation)

Mouse (hair follicle) Li et al. (2002)

c-Myc Transcription factor Human (colon cancer) He et fl/. (1998)

Nacre Pigment cell 

differentiation

Zebrafish Dorsky et al. (2000)

Peroxisome 

proliferator-activated 

receptor Ô

Nuclear receptor Human (colon cancer) He et al. (1999)

Siamois Homeobox 

transcription factor 

(regulates dorsal- 

ventral axis formation)

Xenopus Brannon et al. (1997)

Tcf-1 Transcription factor Human (colon cancer) Roose et al. (1999)

Twin Homeobox 

transcription factor 

(regulates dorsal- 

ventral axis formation)

Xenopus Laurent et al. (1997)

Ultrabithorax Homeotic gene, 

regulates body segment 

formation

Drosophila Riese et al. (1997)

Xenopus nodal- 

related 3

Transforming growth 

factor (TGF) P family 

member (mediates 

some activities of the 

Spemann organiser)

Xenopus McKendry et al. 

(1997)

for at least three other pathways downstream of Wnts: the planar cell polarity pathway, 

the Wnt/Ca^^ pathway, and a pathway that regulates spindle orientation and asymmetric 

cell division.

The Wnt/Ca^^ pathway, as its name suggests, involves an increase in intracellular Ca^ .̂ 

Binding of a Wnt ligand to a Frizzled receptor can stimulate the phosphatidylinositol 

signalling pathway, leading to intracellular Ca^  ̂release, in a process that is dependent 

upon heterotrimeric G proteins (Slusarski et aL, 1997a; Slusarski et aL, 1997b). This
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activates two Ca^^-sensitive protein kinases: Ca^VCalmodulin-dependent Protein Kinase 

II (CaMKII; Kuhl et aL, 2000) and Protein Kinase C (PKC; Sheldahl et aL, 1999). 

Some Wnts (e.g. Wnt-5A) and some Frizzleds (e.g. mouse Frizzled-3, Frizzled-4 and 

Frizzled-6) preferentially activate the Ca^^-mediated pathway, whereas other Wnts (e.g. 

Wnt-8) and Frizzleds (e.g. mouse Frizzled-7 and Frizzled-8) preferentially activate the 

canonical p-catenin pathway (Sheldahl et aL, 1999). It is not at all clear, though, how 

this pathway preference is controlled downstream of the receptor. Recent evidence 

suggests that nuclear factor of activated T cells (NF-AT) is a downstream target of the 

Wnt/Ca^^ pathway and has a role in mediating ventral signals in the Xenopus embryo by 

suppressing the canonical Wnt pathway (Saneyoshi et aL, 2002). The biological 

function of the Wnt/Ca^^ pathway in mammalian cells is not clear.

The planar cell polarity pathway directs asymmetric organisation of the cytoskeleton 

and polarisation of cells in the plane of epithelial sheets. In this pathway, Dsh, via its 

C-terminal DEP domain (which is not required for canonical Wnt signalling), induces 

activation of the c-Jun N-terminal kinase (INK), a MAPK kinase (Boutros et aL, 1998; 

Moriguchi et aL, 1999). The mechanism by which this occurs is not known, but it 

seems to require the activity of a small GTPase (Moriguchi et aL, 1999; Tao et aL,

2001). Ectopic expression of Axin has also been found to induce INK activity (Zhang 

et aL, 1999), as has the Axin-binding protein Diversin (Schwarz-Romond et aL, 2002).

The mechanism by which cells regulate the switch between the canonical and INK 

pathways is beginning to be elucidated. In addition to activating the INK pathway, 

Diversin inhibits the canonical pathway, possibly by recruiting CKIe to the Axin 

complex and thus promoting P-catenin degradation (Schwarz-Romond et aL, 2002). 

Similarly, a protein called naked cuticle (which binds to the PDZ domain of Dsh) 

potentiates the INK pathway and inhibits the p-catenin pathway (Rousset et aL, 2001; 

Wharton et aL, 2001; Yan et aL, 2001a; Zeng et aL, 2000). In contrast, activity of the 

kinase PAR-1 promotes activation of the canonical pathway and inhibits the JNK 

pathway, possibly due to its ability to phosphorylate Dsh (Sun et aL, 2001).

There is evidence that some components of the canonical Wnt pathway are involved in the 

regulation of spindle orientation during cell division. In developing Drosophila embryos.
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E-APC is required in order for neuroectoderm cells to be able to divide within the plane of 

the epithelial monolayer, rather than undergoing asymmetric division perpendicular to this 

plane (Lu et a l, 2001). Lu et al. demonstrated that this process is also dependent on intact 

adherens junctions and on end-binding protein 1, which binds to the C-terminus of APC 

and to the plus ends of microtubules (Berrueta et aL, 1998; Su et al., 1995). In addition, 

during C. elegans development, the homologues of Wnt, Frizzled and GSK-3 (but not the 

homologues of p-catenin, APC or TCF) are required for correct orientation of the mitotic 

spindle in EMS (one of the cells at the four-cell stage, which gives rise to endoderm and 

mesoderm; Rocheleau et al., 1997)

1.5 P-catenin

1.5.1 Role in cell-cell adhesion

Although p-catenin has a well-established role in the Wnt signalling pathway, it was 

originally isolated as a protein associated with the cytoplasmic region of E-cadherin 

(Ozawa et al., 1989). Classical cadherins are Ca^^-dependent proteins that mediate 

homophilic cell-cell adhesion in adherens junctions. The N-terminal extracellular 

domain consists of five or six repeats, which contain Ca^^-binding motifs, adjacent to a 

single transmembrane domain (Hatta et al., 1988). The intracellular domain has an 

amino acid sequence that is highly conserved between different members of the 

cadherin family, and contains binding sites for p i20 in the juxtamembrane region and 

for P-catenin or the highly related protein plakoglobin/y-catenin in the C-terminal 

domain (Aberle et al., 1994; Jou et al., 1995; Ohkubo and Ozawa, 1999; Ozawa et al., 

1989; Reynolds et al., 1994; Yap et al., 1998).

Within the cadherin complex, p-catenin binds to another cytosolic protein named a- 

catenin (Herrenknecht et al., 1991; Jou et al., 1995; Knudsen et al., 1995; Ozawa and 

Kemler, 1992). This second protein has binding domains for several cytoskeletal 

proteins, including a-actinin, actin, vinculin and zonula occludens-1 (Knudsen et al..
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1995; Ozawa et aL, 1990; Rimm et aL, 1995). Thus cadherins are linked to the actin 

cytoskeleton, conferring mechanical strength on the adhesion complex. The importance 

of this link to the actin cytoskeleton via the catenins is illustrated by the fact that E- 

cadherin does not exhibit its normal adhesive function if it lacks the p-catenin binding 

domain (Ozawa et aL, 1990).

As mentioned previously (section 1.4.2), it has been suggested that APC functions in 

the Wnt signalling pathway by presenting P-catenin to the Axin complex. It is possible 

that APC plays a similar role in cell-cell adhesion, presenting P-catenin to adherens 

junctions: APC can be found at the plasma membrane, associated with components of 

the cadherin complex (see Bienz, 2002). Furthermore, a mutation of E-APC  in 

Drosophila that causes delocalisation of the protein from the plasma membrane also 

results in the detachment of Armadillo from adhesive membranes and defects in cell 

adhesion (Hamada and Bienz, 2002).

1.5.2 Structure and binding partners

The N-terminus of p-catenin contains several GSK-3 phosphorylation sites. In the 

central domain are 12 copies of a 42 amino acid motif, referred to as the Armadillo 

repeats (Peifer et aL, 1994a). Each Armadillo repeat consists of three a-helices, and all 

of the repeats pack together to form a superhelix with a long, positively-charged groove 

(Huber et aL, 1997). The C-terminus of the protein contains a potent transactivation 

domain.

The Armadillo repeats mediate binding to a-catenin, cadherins, APC, Axin and TCF. 

Both cadherin and TCF bind p-catenin through multiple interactions extending along all 

12 Armadillo repeats in the case of cadherin, and repeats three to nine in the case of 

TCF (Graham et aL, 2000; Huber and Weis, 2001).

43



1.5.3 Priming

Until recently, it was a commonly held belief in the Wnt signalling field that p-catenin 

did not require priming to undergo phosphorylation by GSK-3: the proximity of the two 

proteins in the Axin complex was thought to be sufficient to override the requirement 

for priming. However, this belief has recently been proved wrong by studies showing 

that P-catenin must be primed by CKI before it can undergo phosphorylation by GSK- 

3: CKI phosphorylates serine 45 of p-catenin, allowing sequential phosphorylation of 

threonine 41, serine 37 and serine 33 by GSK-3 (Amit et aL, 2002; Hagen and Vidal- 

Puig, 2002; Liu et aL, 2002; Yanagawa et aL, 2002).

From these studies, it seems clear that CKIa, and possibly in some physiological 

situations other CKI isoforms such as CKIe, prime p-catenin for phosphorylation by 

GSK-3, and therefore antagonise the Wnt signalling pathway. However, previous 

studies have shown that CKI plays a positive role in the Wnt pathway (Gao et aL, 2002; 

Kishida et aL, 2001; Lee et aL, 2001; McKay et aL, 2001; Peters et aL, 1999; Sakanaka 

et aL, 1999). It has been suggested that both of these seemingly contradictory views 

may be correct: CKI primes p-catenin, hence inhibiting the Wnt pathway, but it may 

also be involved in promoting the assembly of a Dvl-containing complex that inhibits 

phosphorylation of p-catenin (Polakis, 2002).

1.5.4 Role in neuronal development

There is strong evidence from studies in Drosophila to suggest that both the signalling 

and cell adhesion roles of p-catenin are important for neuronal differentiation and 

development. Wingless signalling is required in order for the RP2 neuron to adopt the 

correct fate in Drosophila development (Chu-LaGraff and Doe, 1993). Loureiro and 

Peifer (1998) demonstrated that embryos expressing an Armadillo mutant that retains 

its function in adherens junctions, but cannot transduce a Wingless signal (the product 

of the arm^^^ allele; Peifer et aL, 1994b), lack RP2 neurons. Thus by mediating 

Wingless signalling. Armadillo regulates cell fate specification. In the same study, 

Loureiro and Peifer found that embryos that are zygotically mutant for the arm^ '̂^
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transgene (which encodes a signalling-competent, cell adhesion-incompetent Armadillo 

mutant; Orsulic and Peifer, 1996) have defects in their axonal scaffold: specific subsets 

of axons had neurite outgrowth and fasciculation defects.

It seems likely that p-catenin also has important roles in neuronal development in 

mammals, although this has been difficult to test directly: lack of p-catenin in mice is 

lethal at very early embryonic stages, causing a failure of mesoderm development and 

axis formation (Haegel et aL, 1995; Huelsken et aL, 2000). There is, however, a large 

body of indirect evidence. For example, different cadherins are expressed in different 

regions of the brain, and therefore are involved in ‘wiring-up’ the brain correctly (for 

reviews see Pasini and Wilkinson [2002] and Takeichi [1994]); they would not be able 

to function without P-catenin. In mice, a C-terminal deletion of the aN-catenin gene 

(which encodes a protein with a truncated actin-binding domain) results in 

morphological abnormalities in the cerebellum and hippocampus, and behavioural 

defects (Park et aL, 2002). Since a-catenin normally links p-catenin to the actin 

cytoskeleton, this mutation provides further evidence that the cell adhesion role of p- 

catenin is crucial for normal brain development.

There is also evidence implicating Wnts in the control of proliferation, specification and 

differentiation within the nervous system (reviewed by Patapoutian and Reichardt 

[2000]). At least some of the effects of Wnt proteins and GSK-3 (see section 1.3.6) in 

nervous system development are likely to be mediated by p-catenin/TCF dependent 

signalling. In one study that does specifically address the role of p-catenin in mouse 

neuronal development, P-catenin was conditionally inactivated in the region in which 

Wnt-1 is expressed (Brault et aL, 2001). This resulted in brain malformation and failure 

of craniofacial development. Part of the midbrain and all of the cerebellum were found 

to be missing; this phenotype is also seen in Wnt-1 knockouts (Mastick et aL, 1996; 

McMahon et aL, 1992; Serbedzija et aL, 1996), supporting the assumption that Wnts 

can control brain development through p-catenin.

A recent study has shown that p-catenin is also involved in regulation of the size of the 

cerebral cortex (Chenn and Walsh, 2002). An N-terminally truncated (and thus non- 

degradable) form of P-catenin was expressed in progenitor cells of the central nervous
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system in mice. As a result, embryos displayed enlarged brains and increases in the 

surface area of the cerebral cortex, which formed undulating folds reminiscent of the 

cerebral cortices of higher mammals, rather than the smooth morphology normally seen 

in mice. The authors demonstrated p-catenin probably acts on neural precursor cells in 

this system, promoting their decision to stay in the cell cycle rather than to differentiate, 

and resulting in an expansion of the pool of neuronal progenitor cells.

1.6 Axin

1.6.1 Identification

Axin was originally identified as the product of the mouse Fused gene locus (Zeng et 

aL, 1997), which had previously been cloned with the aid of a transgene insertion 

(Perry et aL, 1995). Many embryos homozygous for one of two spontaneous alleles 

(named Kinky [Fu^'\ Caspari and David, 1940] and Knobbly Jacobs-Cohen et aL, 

1984] after deformities in the tails of heterozygotes), or for the transgenic insertional 

allele created by Perry et at. (Fu^^^), display partial or complete duplication of axial 

structures. Therefore Zeng et aL investigated the product of the gene in an attempt to 

gain insight into the molecular control of axis formation in mammalian embryos.

The Fu^^ allele disrupted production of the major mRNA (Vasicek et aL, 1997), 

therefore Zeng et aL hypothesised that the protein normally negatively regulates 

axis formation. This hypothesis was supported by their findings that dorsal injection of 

Fused mRNA into Xenopus embryos blocked axis formation. Co-injection studies 

suggested that the protein acted by inhibiting the Wnt signalling pathway downstream 

of Wnt and Dsh, but upstream of p-catenin. To avoid confusion with an unrelated 

Drosophila gene also called Fused, Zeng et aL renamed the mouse Fused gene Axin 

(for axis inhibition).
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1.6.2 Relatives of mouse Axin

Axin is conserved in many species. Human (87% identical) and chicken (66% 

identical) homologues of mouse Axin were identified by Zeng et aL (1997), and a rat 

Axin was isolated soon afterwards as a result of a yeast two-hybrid screen of a rat brain 

cDNA library, using GSK-3 (3 as bait (Ikeda et aL, 1998). Since then, Axin has also 

been found in other organisms including Xenopus  (Hedgepeth et aL, 1999a), 

Drosophila (Hamada et aL, 1999; Willert et aL, 1999a) and Zebrafish (Heisenberg et 

aL, 2001). A functional homologue of Axin, Pry-1, has even been found in C. elegans 

(Korswagen et aL, 2002), but to date there is no Dictyostelium Axin. When amino acid 

numbers are given in later sections, they refer to form 1 (see below) of rat Axin.

There are two Axin family members in mammals. The mouse protein Conductin was 

identified from a yeast two-hybrid screen for p-catenin binding partners (Behrens et aL, 

1998). The amino acid sequence of Conductin shows 45% identity with, and 58% 

similarity to, Axin; the two proteins share the same domains and the same binding 

partners (P-catenin, GSK-3 and APC). At around the same time as the identification of 

Conductin in mice, another hit from the screen that had revealed the presence of a rat 

Axin (Ikeda et aL, 1998) was found to have 44% identity with rat Axin (Yamamoto et 

aL, 1998). The protein was designated Axil (for Axin like), but is identical to 

Conductin. In addition, a human homologue of Conductin, termed AXIN2, has been 

cloned (Mai et aL, 1999).

1.6.3 Axin structure

There are two forms of Axin, resulting from alternative splicing. Form 2 is identical to 

form 1, except that is has an insertion near the C-terminus (Zeng et aL, 1997). In rat 

Axin, this is a 36 amino acid insertion at position 736 (Ikeda et aL, 1998). As yet, no 

alternative functions have been attributed to the two splice variants. Axin has two 

regions of similarity to other proteins. Residues 89-216 share 30-40% identity with the 

regulation of G-protein signalling (RGS) domain. Proteins with RGS domains 

generally bind to the GTP-bound form of G„ subunits, acting as GTPase-activating
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proteins and thus inhibiting signal transduction by stimulating the intrinsic GTPase 

activity (see Dohlman and Thomer [1997]). However, there is no evidence that Axin 

acts in this way. Residues 757-820 show similarity to a conserved N-terminal region of 

Dvl-1; this region is referred to as the DIX domain, and can bind to actin (Capelluto et 

a l, 2002).

1.6.4 Binding partners of Axin

The binding partners of Axin, and the regions of Axin that they bind, are indicated 

schematically in Figure 1.2.

1.6.4A APC

The RGS domain of Axin mediates binding to APC (Hart et a l, 1998; Kishida et a l, 1998). 

APC is a 300kD protein, the central region of which contains three 15-amino acid repeats, 

followed by seven related but distinct 20-amino acid repeats. The third to seventh 20- 

amino acid repeats interact with Axin (Hart et a l, 1998; Kishida et a l, 1998), while both 

sets of repeats are able to bind p-catenin independently of each other (Rubinfeld et a l,

1995). Mutations in the APC tumor suppressor gene have been linked to inherited and 

sporadic colon cancers; most mutations result in C-terminal truncations of the protein, such 

that the 15-amino acid repeats are retained but the 20-amino acid repeats are lost (for a 

review, see Polakis [1997]). Such truncated APC proteins are still able to bind p-catenin 

but not Axin, suggesting that it is loss of Axin binding, rather than p-catenin binding, that 

may be crucial in cell transformation.

1.6.4B GSK-3

Both GSK-3a and GSK-3p have been shown to bind Axin (Ikeda et a l, 1998; Itoh et a l, 

1998; Nakamura et a l, 1998; Sakanaka et a l, 1998). The GSK-3p binding region of Axin 

has been mapped to amino acids 373-428 of Axin (Hinoi et a l, 2000)). GSK-3 

phosphorylates several proteins in the Axin complex, including p-catenin (Hart et a l, 1998; 

Ikeda et a l, 1998), APC (Hart et a l, 1998; Rubinfeld et al, 1996), and Axin itself (Ikeda et 

a l, 1998). As described previously, phosphorylation of p-catenin by GSK-3 targets it for 

ubiquitination and degradation. Li^ and Wnt have been shown to destabilize the Axin
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Figure 1.2 Schematic diagram showing the interactions between Axin and other proteins. The Axin scafffold is shown in grey, with the RGS and DIX domains 
indicated in dark grey. P-catenin (P) is shown in light blue, kinases in green, the phosphatase in red, and other proteins in purple. Note that the Axin-binding proteins are 
not drawn to scale, and that they may not all be able to bind Axin at the same time.



protein (Willert et al., 1999b; Yamamoto et al., 1999), suggesting that GSK-3 dependent 

phosphorylation of the protein has a stabilising effect. Indeed, phosphorylation of rat Axin 

on serine 322 correlates with the protein’s stability (Yamamoto et al., 2001). In addition, 

phosphorylation of human Axin on the residues equivalent to threonine 485 and serine 490 

of rat Axin promotes its association with p-catenin (Jho et al., 1999). Similarly, 

phosphorylation of APC by GSK-3 enhances its ability to bind P-catenin (Rubinfeld et al.,

1996).

1.6.4C P-catenin/plakoglobin

Amino acids 468-498 of Axin interact directly with the region of p-catenin containing 

Armadillo repeats two to seven (Hinoi et al., 2000). Armadillo repeats two to seven of 

plakoglobin (a desmosomal protein closely related to p-catenin), have also been found to 

bind Axin (Klymkowsky et al., 1999; Kodama et al., 1999). The binding site for 

plakoglobin has been mapped to the region of Axin containing amino acids 298-506 

(Kodama et a l, 1999), and it seems likely that plakoglobin binds exactly the same site as p- 

catenin. Like P-catenin, Axin-bound plakoglobin is phosphorylated by GSK-3, promoting 

its degradation (Kodama et al., 1999).

1.6.4D Dvl

Dvl-1, Dvl-2 and Dvl-3 are the mammalian homologues of Drosophila Dsh (Klingensmith 

et al., 1996; Pizzuti et al., 1996; Sussman et al., 1994; Tsang et al., 1996), which has been 

shown genetically to act upstream of shaggy (the Drosophila homologue of GSK-3) and to 

antagonise its function (Noordermeer et al., 1994; Siegfried et al., 1994). All three of the 

mammalian Dvl proteins have DIX domains at their N-termini, through which they can 

form homo-oligomers or hetero-oligomers (for example, Dvl-1 can bind to itself, and Dvl-1 

and Dvl-3 bind each other [Kishida et al., 1999]). Although Axin also contains a DIX 

domain, this region does not mediate binding to Dvl. Instead, Dvl binds to the region 

containing amino acids 508-620 of Axin (Kadoya et al., 2000; Kishida et al., 1999; Smalley 

et al., 1999). Two regions of Dvl are able to bind Axin independently: the N-terminal 

region containing the DIX domain, and the central region containing a PDZ domain (Li et 

al., 1999). Binding of Dvl-1 to Axin inhibits the GSK-3 dependent phosphorylation of P- 

catenin and APC by GSK-3 (Kishida et al., 1999; Yamamoto et al., 1999). Several other 

proteins bind to Dvl, including FRATl (which competes with Axin for binding to GSK-3),
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Idax (which binds to the PDZ domain of Dvl, and inhibits the association of Dvl with Axin 

[Hino et aL, 2001]) and CKIe (which has been reported to bind PDZ domain of Dsh, and 

phosphorylate the protein [Peters et aL, 1999; Sakanaka et aL, 1999]).

1.6.4E CKI

Immunoprécipitation studies have shown that CKI is associated with the region of Axin C- 

terminal to the p-catenin binding site (Kishida et aL, 2001; Liu et aL, 2002; Rubinfeld et 

aL, 2001). Furthermore, it has been shown that both CKIa and CKIe can bind directly to 

Axin (Zhang et aL, 2002). This interaction is important for priming P-catenin for 

phosphorylation by GSK-3 (see section 1.5.3) and for regulating the switch between the 

canonical Wnt pathway and the INK pathway (see section 1.4.8). CKI has also been 

reported to bind to Dsh (Peters et aL, 1999; Sakanaka et aL, 1999).

1.6.4F LRP

LRPs are single transmembrane proteins containing four epidermal growth factor-like 

repeats and three LDL receptor type A repeats in their extracellular domain, and a proline 

rich intracellular domain. LRP-5 and LRP-6, and their Drosophila homologue arrow, are 

co-receptors for Frizzled proteins (Pinson et aL, 2000; Tamai et aL, 2000; Wehrli et aL,

2000). LRP-5 has been shown by yeast two-hybrid analysis to bind directly to the region of 

mouse Axin containing the equivalent of rat amino acids 504-832, although an Axin 

construct that also contained the GSK-3 binding domain showed enhanced binding to LRP- 

5, suggesting that GSK-3 activity may enhance the interaction (Mao et aL, 2001). Removal 

of the DIX domain of Axin abolished the interaction, indicating that this region of the 

protein was essential for Axin/LRP-5 interaction. As described in section 1.4.5D, the 

interaction between Axin and LRP is required for efficient transduction of the Wnt signal.

1.6.4G Axin

Axin is able to form homo-oligomers. Kishida et at. (1999) reported that amino acids 1- 

298 are dispensable for Axin-Axin binding to occur, but that the remainder of the protein is 

necessary. However, other groups have reported that the C-terminal region of the protein is 

sufficient to mediate Axin homo-oligomerisation (Hedgepeth et aL, 1999b; Hsu et aL, 

1999; Sakanaka and Williams, 1999), and accordingly in our hands, amino acids 713-832 

form aggregates in transfected cells.
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1.6.4H PP2A

PP2A is a serine/threonine protein phosphatase, comprising a catalytic subunit (PP2Ac), a 

65kD regulatory subunit (referred to as the A subunit) and a second, variable, regulatory 

subunit (the B subunit). PP2Ac has been reported to interact directly with the region of 

mouse Axin C-terminal to the p-catenin binding site (Hsu et aL, 1999). It may act to 

antagonise the actions of CKI and/or GSK-3, and indeed it has been shown to de- 

phosphorylate Axin and APC (Dceda et aL, 2000).

1.6.41 Axam and PIAS

Axam (Axin associating molecule) was isolated in a yeast two-hybrid screen for binding 

partners of Axin (Kadoya et aL, 2000). Amino acids 508-620 of Axin mediate binding to 

Axam; this is also the Dvl-1 binding site, therefore Axam and Dvl-1 compete for binding to 

Axin (Kadoya et aL, 2000). Binding of Axam to Axin prevents Dvl-1’s ability to inhibit 

GSK-3 dependent phosphorylation of Axin, and promotes P-catenin degradation (Kadoya 

et aL, 2000). Axam has been shown to have desumoylation activity, and loss of this 

activity impairs Axam’s ability to promote downregulation of p-catenin (Kadoya et aL,

2002). It has recently been reported that the extreme C-terminus of Axin interacts with 

three SUMO-1 (small ubiquitin-related modifier-1) conjugating E3 enzymes, protein 

inhibitor of activated STAT (PIAS) 1, PIASxp, and PIASy (Rui et aL, 2002). Axin is 

sumoylated at its C-terminus, and this sumoylation is required in order for Axin to be able 

to stimulate INK activity (Rui et aL, 2002); thus the desumoylation activity of Axam may 

antagonise Axin’s ability to activate the INK pathway.

1.6.4J MEKK

MEKK (a MAPK kinase kinase) associates with the region of Axin containing amino acids 

230-398 (Zhang et aL, 1999). However, it is not known whether the interaction is direct or 

via one or more bridging proteins. This interaction between Axin and MEKK, in addition 

to dimérisation of Axin, is required for activation of INK by Axin (Zhang et aL, 1999).

1.6.4K Diversin

Diversin was recently isolated in a yeast two-hybrid screen as a binding partner of 

Conductin, and was found to bind to the GSK-3 binding site of Conductin and Axin; it
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has eight ankyrin repeats at its N-terminus, a central CKIe binding domain and a C- 

terminal Axin/Conductin binding domain (Schwarz-Romond et aL, 2002). Diversin 

inhibits the canonical Wnt pathway at a point downstream of Dsh and CKIe, but 

upstream of GSK-3 and p-catenin (Schwarz-Romond et aL, 2002). Since Diversin and 

GSK-3 are able to bind simultaneously to dimeric Axin/Conductin, the authors 

hypothesised that Diversin recruits CKIe to the Axin/GSK-3/p-catenin complex, 

promoting priming of p-catenin by CKIe such that it is efficiently phosphorylated by 

GSK-3 and targeted for degradation. They also found that Diversin activated JNK- 

dependent transcription, suggesting that Diversin may act as a switch between the 

canonical Wnt pathway and the planar cell polarity pathway (see section 1.4.8).

1.6.4L I-mfa

A study by Kusano and Raab-Traub (2002) has shown that I-mfa and the related human 

I-mfa-domain containing protein (HIC) bind Axin through their C-terminal I-mfa 

domains. Using Axin deletion mutants, the authors demonstrated that the GSK-3 

binding site of Axin is required for the immunoprécipitation of I-mfa proteins and Axin, 

although yeast two-hybrid data and studies using in vitro translated proteins suggested 

that the C-terminal region of Axin is required for the interaction. Overexpression of I- 

mfa or HIC prevents Axin-mediated INK activation, increases the level of cytosolic p- 

catenin and, in the case of I-mfa, inhibits P-catenin/TCF-dependent signalling.

1.6.5 Neuronal functions of Axin

Evidence from mouse and Zebrafish suggests that Axin is required for normal 

development of the CNS. In their description of Fused (Axin) mutant mouse embryos, 

Theiler and Gluecksohn-Waelsch (1956) noted that “abnormality of the CNS is the 

most consistent feature of Fused-homozygotes"’. In addition to the abnormalities of the 

notochord and neural crest that had been documented earlier (Reed, 1937), Theiler and 

Gluecksohn-Waelsch found that some embryos displayed a lumen within the lateral 

diencephalon wall, and that the hindbrain of other embryos was folded irregularly. 

Furthermore, Fused mutant mice display a waltzing gait (Deol, 1966), suggestive of 

neurological deficits.
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The Zebrafish mutation masterblind affects anterior-posterior patterning of the brain, 

and is characterised by reduced or absent telencephalon and eyes. The phenotype was 

found to be the result of a mutation in the Axinl gene (Heisenberg et aL, 2001), which 

leads to overactivation of the Wnt signalling pathway (Heisenberg et aL, 2001; van de 

Water et aL, 2001).
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Chapter two: materials and methods

2.1 Molecular biology

2.1.1 Subcloning

Approximately 0.5-lp-g of vector DNA and 2-3 p,g of donor DNA were cleaved with 10 

units of the appropriate restriction enzyme (Life Technologies, Gaithersburg, MD, USA 

or Promega, Madison, WI, USA). Reactions were set up in a total volume of 20pil, or 

30p,l if two different enzymes were being used simultaneously, using the supplied 

buffer(s) and 0.1 mg/ml bovine serum albumin (BSA). To prevent re-ligation of vectors 

that were being cut with only one restriction enzyme, the DNA was treated with calf 

intestinal alkaline phosphatase (CIAP; Life Technologies). Reactions were incubated at 

37°C for 1 hour, with shaking, followed by heat inactivation of the CIAP (ten minutes 

at 75°C). To check the digests, a 6 pl aliquot was taken from each reaction and added to 

2pi 6 x DNA sample buffer (Promega); this was run on an agarose minigel (0.8% for 

fragments greater than 500 base pairs, or 1.5-2% for fragments smaller than 500 base 

pairs) containing approximately Ipg/ml ethidium bromide and TAE running buffer 

(20mM Tris, 20mM acetic acid, ImM ethylenediamine-tetraacetic acid [EDTA]) at 

70V. The bands were visualised using an ultraviolet (UV) transilluminator.

To purify the vector and insert DNA fragments, the remainder of the completed 

digestion reactions were run on a fresh agarose minigel, with at least one empty well 

between each sample. The desired bands were located using a low wavelength UV 

source, and cut out with a clean razor blade. The DNA was then purified from the 

agarose gel using the QIAquick Gel Extraction Kit (Qiagen, Valencia, CA, USA). Each 

slice of agarose was weighed, and 100pi of Buffer QG (the composition of which is 

protected information) added per lOOpg of agarose, followed by a ten-minute 

incubation at 50°C with shaking. 100pi isopropanol was added per lOOpg agarose, and 

the sample transferred to a QIAquick spin column. After centrifugation at 10,000g for
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one minute, the flow-through was discarded, and 0.5ml Buffer QG added to the column. 

The column was centrifuged again for one minute, the flow-through discarded, and 

0.75ml Buffer PE (protected information) added. This was followed by two 

centrifugation steps, discarding the flow-through each time. Finally, the column was 

transferred to a clean Eppendorf tube, 30[xl Buffer EB (lOmM Tris-Cl, pH 8.5) added, 

and the column centrifuged for one minute at maximum speed. 5p,l of the total 30|il 

eluted DNA was run on an agarose minigel to check the amount of DNA.

Ligations were set up using a vector to insert DNA ratio of approximately 1:3. lp.1 T4 

DNA ligase (Promega) was used for each ligation, with the supplied buffer in a total 

volume of lOfxl. Ligation reactions were incubated at 16"C for approximately 16 hours, 

after which a 2p,l aliquot of the reaction was used to transform Escherichia Coli (see 

below).

2.1.2 Transformation

Subcloning efficiency DH5a competent cells from Life Technologies were used for all 

transformations except after site-directed mutagenesis (see section 2.1.5). The cells 

were stored at -80°C and thawed on ice before use. DNA was added to 50p,l competent 

cells and incubated on ice for 30 minutes. The cells were heat-shocked at 37°C for 20 

seconds, and then placed on ice for a further two minutes. 0.5ml S.O.C. medium 

(lOmM magnesium sulphate, 2% tryptone, 0.5% yeast extract, lOmM sodium chloride, 

2.5mM potassium chloride, lOmM magnesium chloride, lOmM magnesium sulphate, 

20mM glucose), from Life Technologies, was added. The transformation mixture was 

then shaken at 200 rpm for one hour at 37°C, after which 200[xl was spread on a 

selective plate.

2.1.3 Minipreps

Minipreps were carried out using the UltraClean Miniplasmid Prep Kit (Mo Bio 

Laboratories, Solana Beach, CA, USA); the concentrations of components Solutions 1-
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4 in this kit are protected information. All centrifugation steps were 10,000g. 1.5ml of 

LB containing the appropriate selection antibiotic was inoculated with a single colony 

of transformed bacteria, and grown overnight (approximately 15 hours) at 37°C with 

shaking at 200 rpm. The culture was centrifuged for one minute in an Eppendorf tube, 

then the supernatant was discarded, and the pellet centrifuged for a further 30 seconds. 

All traces of supernatant were removed, and the pellet was resuspended in 50pl 

Solution 1 (Tris, EDTA, RNase A). The cells were lysed by adding lOOp-1 Solution 2 

(sodium dodecyl sulphate [SDS], sodium hydroxide), and inverting the tube once to 

mix. After addition of 325p.1 Solution 3 (potassium acetate, binding salt), the tube was 

centrifuged for one minute, and the supernatant transferred to a spin filter. The spin 

filter was centrifuged for one minute; the supernatant was discarded and the filter 

washed with 300pl Solution 4 (ethanol. Tris, sodium chloride), followed by 

centrifugation for one minute. The filter was transferred to a new 2ml collection tube, 

and the DNA eluted from the filter by addition of 50pl Solution 5 (lOmM Tris-Cl) and 

centrifugation for one minute.

2.1.4 Maxipreps

Maxipreps were carried out using the Endofree Plasmid Maxi Kit (Qiagen). A single 

colony was picked from a freshly streaked plate, and used to inoculate a culture of 

1.5ml LB containing the appropriate selective antibiotic. This was incubated at 37"C, 

with shaking at 200 rpm, for approximately eight hours. This starter culture was then 

used to inoculate a further 100ml LB, with selective antibiotic, which was grown at 

37°C with shaking at 200 rpm for approximately 15 hours. The bacterial cells were 

then harvested by centrifugation at 6,000g for 15 minutes at 4°C, and the pellet 

resuspended in 10ml Buffer PI (resuspension buffer: 50mM Tris-Cl pH 8 , lOmM 

EDTA, lOOpg/ml RNase A). 10ml Buffer P2 (lysis buffer: 200mM sodium hydroxide, 

1 % SDS) was added, and the tube inverted six times to mix, followed by a five minute 

incubation at room temperature. 10ml cold Buffer P3 (neutralisation buffer: 3M 

potassium acetate pH5.5) was added, the tube inverted six times, and the mixture 

poured into the barrel of a QIAfilter Cartridge. This was incubated at room temperature 

for ten minutes, after which the lysate was filtered by inserting the plunger into the
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Cartridge. 2.5ml Buffer ER (endotoxin removal buffer; the composition is protected 

information) was added to the filtrate; the tube was inverted ten times to mix and 

incubated on ice for 30 minutes.

During this incubation, a QIAGEN-tip (containing an anion-exchange resin to bind 

DNA) was equilibrated by addition of 10ml Buffer QBT (equilibration buffer: 750mM 

sodium chloride, 50mM MOPS pH 7, 15% isopropanol, 0.15% Triton X-100), allowing 

the column to empty by gravity flow. After the incubation on ice, the filtrate was 

applied to the equilibrated QIAGEN-tip and allowed to flow through the column. The 

QIAGEN-tip was washed twice with 30ml Buffer QC (wash buffer: IM sodium 

chloride, 50mM MOPS pH 7, 15% isopropanol), followed by elution of the DNA with 

15ml Buffer QN (elution buffer: 1.6M sodium chloride, 50mM MOPS pH 7, 15% 

isopropanol). 10.5ml isopropanol was added to the eluate to precipitate the DNA, 

followed immediately by centrifugation at 15,000g for 30 minutes at 4°C. The 

supernatant was discarded, and the pellet washed with 5ml endotoxin-free 70% ethanol. 

After a further ten minutes 4°C centrifugation at 15,000g, the pellet was air-dried for ten 

minutes, and redissolved in 500p,l Buffer TE (lOmM Tris-Cl pH 8 , ImM EDTA). The 

concentration of the DNA was determined by measuring the UV absorbance at a 

wavelength of 260nm.

2.1.5 Site-directed mutagenesis

Site-directed mutagenesis was carried out using the QuikChange Site-Directed Mutagenesis 

Kit (Stratagene, La Jolla, CA, USA). An advantage of this kit is that double-stranded DNA 

can be used as the template, whereas conventional approaches require single-stranded 

DNA. Oligonucleotide primers, complementary to opposite strands of the template plasmid, 

were designed to incorporate the desired amino acid changes and to introduce or eliminate a 

restriction enzyme site. PCR reactions were set up in a total volume of 50pi, with the 

supplied reaction buffer and dNTP mix, various amounts of DNA template (5, 10, 20 or 

50ng), 125ng of each oligonucleotide primer, and 2.5U PfuTurbo DNA polymerase. 

Reactions were heated to 95°C for 30 seconds, followed by 14 cycles of the following 

regime: 95“C for 30 seconds, 55“C for one minute, 6 8 “C for 16 minutes.
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Once the temperature cycling was complete, the reactions were cooled to approximately 

37°C. lOU Dpn I restriction enzyme was added to each reaction and incubated at 37°C for 

one hour. Dpn I specifically digests supercoiled DNA; since polymerisation by PfuTurbo 

DNA polymerase results in nicked circular strands, only the template (non-mutated) DNA 

is digested.

lp,l each reaction was used to transform 50p,l Epicurian Coli XL 1-Blue supercompetent 

cells. The DNA was incubated on ice with the supercompetent cells for 30 minutes, 

followed by a 45 second heat pulse at 42“C. Reactions were placed on ice for two minutes, 

and then 0.5ml NZY^ broth (8 6 mM NaCl, 12.5mM MgSO^, 12.5mM MgCl2 , 1% NZ amine 

[casein hydrolysate], 0.5% yeast extract, 0.4% glucose, pH 7.5) was added. After a one- 

hour incubation at 37°C with shaking at 200 rpm, the entire transformation mixtures were 

spread onto selective plates.

2.1.6 Plasmid constructs

For all green fluorescent protein (GFP) fusion proteins, EGFP (a red-shifted variant of the wild-type 

protein, which has been optimised for brighter fluorescence) was used.

2.1.6A Membrane targeted constructs

The plasmid encoding m-GFP (residues 1-153 of A-kinase-anchoring protein [AKAP] 79 

fused to GFP) was provided by J Scott (Howard Hughes Medical Institute, Portland, OR, 

USA). To make m-|3-GFP, the Bgl II fragment from the plasmid encoding myc-tagged 

Xenopus p-catenin (Kypta et aL, 1996) was ligated into the BamU I site of m-GFP. Site- 

directed mutagenesis was used to introduce point mutations into m-p-GFP, to generate m- 

P(AAA)-GFP. First, residue 260 was mutated from histidine to alanine. A pair of 

complementary oligonucleotide primers were designed to incorporate the required amino 

acid mutation, and to remove a restriction enzyme site such that the mutated version could 

be distinguished from the wild-type; mutated bases are shown in bold: 
5’-GCCATCACAACACTGGCCAATCTACTTCTCCATCAAGAAGG-3’ 

3’-CGGTAGTGTTGTGACCGGTTAGATGAAGAGGTAGTTCTTCC-5’

The H260A point mutant was then used as the template to mutate residues 383 and 386 

from tryptophan and arginine to alanine. The following primers were designed to 

incorporate the required amino acid changes, and to add a restriction enzyme site; mutated 

bases are shown in bold:
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5’-CGTTTGGTTCAGAATTGTCTTGCGACGCTAGCAAACCTTTCAGATGCAGCAACTAAACAG-3’

3 ’ -GC A AACC AACTCTTAACAG A ACGCTGCG ATCGTTTGG AA AGTCTACGTCGTTG ATTTGTC-5 ’

Both sets o f prim ers were synthesised by M W G Biotech (Ebersberg, Germany). The plasmids 

were sequenced by the DNA sequencing service at the W olfson Institute for Biom edical 

Research, London, UK.

2.1.6B Axin constructs

Axin and Axin deletion mutants used for green fluorescent protein (GFP) fusions were 

rat Axin and were provided by A Kikuchi. Unless stated otherwise, they are described 

by Ikeda et al. (1998). GFP-Axin was generated by A Giannini, by inserting the Sma 

l/EcoR V fragment from pBSKS-rAxin into the Sma I site of pEGFP-Cl. For GFP- 

Axin̂ ^*"̂  GFP-Axin(298-713) needed to be made first. This was done by inserting the 

EcoR I fragment from pBJ-myc-rAxin(298-713) into the EcoR I site of pEGFP-C2. 

The BamH I fragment of GFP-Axin(298-713), encoding amino acids 355-713, was then 

excised and replaced with the BamH I fragment from pEF-BOS-myc-rAxin (encoding 

residues 355-832) to generate GFP-Axin^^'’̂ . To make GFP-Axin^^^^^^^-‘="‘""‘", GFP- 

Axin'̂ ^*’̂  was cut with BamH I, and after removal of the fragment encoding amino acids 

353-713, was ligated to the BamH I fragment of pBJ-Myc-rAxin'^^ '̂®"'" (Hinoi et aL, 

2000). For G F P -A xin '^ ''°" ''-\ pEF-BOS-Myc-rAxin^^'^'^-'P (Hinoi et a l ,  2000) was 

digested with BamH I, and the fragment was ligated into GFP-Axin^^^^ from which the 

BamH I fragment had been removed. For GFP-Axin^^^^, the BamH I fragment from 

pBJ-myc-rAxin(298-713) encoding residues 354-713 was inserted into GFP-Axin from 

which the BamH I fragment encoding residues 354-832 had been removed. To make 

GFP-Axin(298-506), GFP-Axin(298-713) was cut with EcoR  I and Pst  I, and the 

resulting fragment encoding residues 298-506 was inserted into pEGFP-C2 cut with 

EcoR  I and Pst  I. GFP-AxinP, GFP-Axin^^'^P and GFP-Axin(298-506)P were all 

generated by A Giannini using site-directed mutagenesis to mutate residue 397 from 

leucine to proline.

2.1.6C Other constructs

The OT Tcf-responsive reporter DNA was provided by K Kinzler and B Vogelstein 

(Johns Hopkins Oncology Center, Baltimore, MD, USA). ANTcf-GFP was made by A 

Giannini: the BamH USal I fragment of the plasmid encoding ANhTcf4 (Korinek et aL, 

1997), supplied by M van de Wetering and H Clevers (University Medical Center 

Utrecht, Utrecht, The Netherlands), was ligated into Bgl IVSal I cut pEGFP-N 1. P-GFP 

was also made by A Giannini (Giannini et aL, 2000). Myc-tagged APC cDNA
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(Vleminckx et al., 1997) was provided by B Gumbiner (Memorial Sloan-Kettering 

Cancer Center, New York, NY, USA).

2.2 Tissue culture

2.2.1 Cell lines

Neuro-2a cells are derived from a mouse neuroblastoma, and were given to us by L 

Reichardt (UCSF, San Fransisco, CA, USA). COS-7 cells are African Green Monkey 

kidney cells, and were a gift from M Vivanco (Institute of Cancer Research, London, UK). 

L cell (mouse fibroblast cells) transfectant lines transfected with pGK-Wnt-3A or with 

pGKneo empty vector (Shibamoto et al., 1998) were a gift from S Takada (Kyoto 

University, Kyoto, Japan). All of the cell lines were cultured in 90mm Falcon tissue 

culture dishes (Beckton Dickinson Lab ware, Franklin Lakes, NJ, USA) at 37°C in an 

atmosphere of 10% COj. The medium used was Dulbecco’s Modified Eagle Medium (D- 

MEM) with GlutaMAX I, 4500mg/l D-glucose, without sodium pyruvate (Life 

Technologies), supplemented with 10% foetal bovine serum (FBS; Life Technologies) and 

1% penicillin-streptomycin solution (Sigma, St Louis, MO, USA). In the case of the L 

cells, 0.5mg/ml G 418 sulphate (Calbiochem, La Jolla, CA, USA) was also included in the 

medium.

2.2.2 Collecting Wnt-3A-conditioned and control-conditioned medium

To collect conditioned medium from the Wnt-3A expressing or control L cells, the cells 

were split 1:10 in 10ml normal culture medium without G 418, and allowed to grow for 

four days. The medium was removed and sterile filtered, and retained as the first batch of 

conditioned medium. 10ml fresh culture medium without G 418 was added to the cells, 

and they were cultured for a further three days. This new medium was then removed and 

sterile filtered, and retained as the second batch of conditioned medium. Both batches were 

combined and used at 1:10 to treat Neuro-2a cells.
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2.2.3 Transient transfection

Transfections were carried out in Falcon 6 -well plates (Beckton Dickinson Lab ware), 

with cells that were approximately 70% confluent, or in the case of neurite outgrowth 

assays, cells which had been plated at a density of approximately 1 0 , 0 0 0  cells per cm^ 

the previous day. For most assays, transfected cells were used 30-40 hours after 

transfection. For neurite outgrowth assays, cells were fixed approximately 55 hours 

after transfection.

2.2.3A Transfection using LipofectAMINE PLUS (Life Technologies)

For each transfection, 4pl PLUS Reagent was added to Ip-g DNA and 100pi Opti-MEM 

I reduced serum medium with GlutaMAX I (Life Technologies) in a polystyrene culture 

tube (Sigma), and incubated at room temperature for 15 minutes. 2pl LipofectAMINE 

Reagent was diluted in lOOpl Opti-MEM I, and added to the pre-complexed DNA and 

PLUS Reagent. After a further 15-minute incubation at room temperature, the 

transfection mixture was added to cells in 800pl Opti-MEM, and incubated in normal 

culture conditions. After three hours, the medium on the cells was replaced with 

normal culture medium.

2.2.3B Transfection using FuGENE 6 (Roche, Indianapolis, IN, USA)

For each transfection, 3pl FuGENE 6  Reagent was added to 97pl D-MEM with 

GlutaMAX I, 4500mg/l D-glucose, without sodium pyruvate (Life Technologies) in a 

polystyrene culture tube (Sigma). Ipg DNA was then added, and the mixture incubated 

for 15 minutes at room temperature. After the incubation, the mixture was added to 

cells in 1 .8 ml normal culture medium.

62



2.3 Antibodies

2.3.1 Primary antibodies

The primary antibodies used are shown in Table 4.

Table 4. Primary antibodies used.

ANTIBODY DILUTION 

USED FOR 

WESTERN 

BLOTTING

VOLUME 

USED FOR 

IMMUNOPRE 

-CIPITATION

DILUTION 

USED FOR 

STAINING

SOURCE

Acetylated a-tubulin 

(monoclonal: clone 6- 

llB-1)

N/A N/A 1:200 Sigma

Axin (polyclonal) 1:1000 3pl 1:200 R Nusse, Stanford 

University, Stanford, 

CA, USA

P-catenin (monoclonal: 

clone 14)

1:1000 N/A 1:300 Transduction 

Laboratories, 

Lexington, KY, USA

P-catenin (polyclonal) 1:4000 N/A 1:500 Abeam, Cambridge, 

UK

GFP (monoclonal: 

clones 7.1 and 13.1)

1:1000 N/A N/A Roche

GFP (polyclonal) N/A 5pl N/A See Sehgal et al. (1997)

GSK-3 P (monoclonal) 1:1000 N/A 1:200 Transduction

Laboratories

c-Myc (monoclonal: 

clone 9E10)

1:1000 N/A 1:500 Sigma

Phalloidin (rhodamine- 

or fluorescein 

isothiocyanate- 

conjugated)

N/A N/A 1:500

(lOOng/ml)

Sigma

y-Tubulin (monoclonal: 

clone GTU-88)

1:5000 N/A N/A Sigma
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2.3.2 Secondary antibodies

The secondary antibodies used are shown in Table 5.

2.4 Biochemistry and cellular biology

2.4.1 Cell lysis

Reagents were from Sigma unless otherwise stated. Cells were washed twice in ice-cold 

Tris-buffered saline (TBS; 50mM Tris pH 7.5, 150mM NaCl) and lysed in ice-cold 

modified RIPA buffer (150mM NaCl, 50mM NaF, 20mM Hepes, pH 8.0, 1% Triton X- 

100, 0.1% SDS [Research genetics, Huntsville, AL, USA], 0.5% sodium deoxycholate)

Table 5. Secondary antibodies used.

ANTIBODY APPLICATION DILUTION SOURCE

Alkaline phosphatase-conjugated 

donkey anti-mouse IgG

Western blotting 

(colour)

1:10,000 Jackson ImmunoResearch 

Laboratories, West Grove, 

PA, USA

Alkaline phosphatase-conjugated 

donkey anti-rabbit IgG

Western blotting 

(colour)

1:10,000 Jackson ImmunoResearch 

Laboratories

Peroxidase-conjugated donkey 

anti-mouse IgG

Western blotting 

(chemiluminescence)

1:10,000 Jackson ImmunoResearch 

Laboratories

Peroxidase-conjugated donkey 

anti-rabbit IgG

Western blotting 

(chemiluminescence)

1:10,000 Jackson ImmunoResearch 

Laboratories

Fluorescein isothiocyanate- 

conjugated goat anti-mouse IgG

Immunofluorescence

(green)

1:200 Jackson ImmunoResearch 

Laboratories

Fluorescein isothiocyanate- 

conjugated goat anti-rabbit IgG

Immunofluorescence

(green)

1:400 Jackson ImmunoResearch 

Laboratories

Texas red-conjugated donkey anti

mouse IgG

Immunofluorescence

(red)

1:200 Jackson ImmunoResearch 

Laboratories

Texas red-conjugated donkey anti

rabbit IgG

Immunofluorescence

(red)

1:400 Jackson ImmunoResearch 

Laboratories
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containing ImM EDTA, pH 8.0, 10p.g/ml aprotinin (Roche), and 10p,g/ml leupeptin. 

Lysates were collected by scraping with a rubber policeman or by squirting off the plastic, 

and transferred to 1.5 ml Eppendorf tubes. After a ten-minute incubation on ice, lysates 

were cleared by centrifugation at 12,000g for ten minutes at 4°C. An aliquot of each lysate 

was heated for two minutes at 95 °C with an equal volume of 2x Laemmli sample buffer to 

denature proteins.

2.4.2 Immunoprécipitation

Cell lysates were incubated on ice with the appropriate volume of antibody (see section

2.3.1) for one and a half to two hours in order to form antibody/protein complexes. To 

precipitate these complexes, 40pl Protein A Sepharose beads (for polyclonal antibodies; 

Amersham Pharmacia Biotech AB, Uppsala, Sweden) or 50pl anti-mouse IgG agarose 

beads (for monoclonal antibodies; Sigma) were incubated with the lysates for 30 minutes at 

4°C with rotation. Following this incubation, beads were washed three times in ice-cold 

modified RIPA buffer (as used for cell lysis) and once in ice-cold TBS, with a one minute 

500g centrifugation step at 4°C after each wash to pellet the beads. Beads were then 

resuspended in 12pl 2x Laemmli sample buffer and heated for 2 minutes at 95°C. Samples 

were separated from the beads by making three small holes in the bottom of each 

Eppendorf tube, and centrifuging for two minutes at 2000g in order for the samples to be 

drawn into fresh Eppendorf tubes underneath.

2.4.3 SDS polyacrylamide gel electrophoresis and Western blotting

Reagents were from Sigma unless otherwise stated. SDS polyacrylamide gels used 

were either 8 % (to detect proteins larger than about 45kD) or 12% (to detect proteins 

smaller than about 45KD), and were prepared according to Sambrook and Russell 

(2001). Gels were run at 18mA in running buffer (250mM glycine, 25mM Tris, 0.1% 

SDS), after which they were incubated in transfer buffer buffer (48mM Tris, 39mM 

glycine, 20% methanol, 0.0375% SDS) for two minutes. Gels were then blotted onto 

nitrocellulose membrane (0.2 |Lim pore size; Schleicher and Schuell, Dassel, Germany)
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in transfer buffer, using a Trans-Blot semi-dry transfer apparatus (Bio-Rad 

Laboratories, Hercules, CA, USA). After transfer, blots were washed once in transfer 

buffer and once in TBS-T (200mM NaCl, lOOmM Tris pH 7.5, 0.1% Tween), and then 

blocked for one hour in blocking buffer (2% bovine albumin, fraction V, 1% ovalbumin 

in TBS-T) at room temperature. Western blots were probed with the appropriate 

dilution of the desired primary antibody (see section 2.3.1) in blocking buffer, for two 

hours at room temperature or overnight at 4°C, followed by six ten-minute washes in 

TBS-T.

Blots were then incubated for one hour at room temperature, and given five six-minute 

washes in TBS-T. For colour detection, this was followed by one six-minute wash in 

alkaline phosphatase buffer (lOOmM NaCl, lOOmM Tris pH 9.5, 5mM M gC y and 

staining using 20ml alkaline phosphatase buffer containing 50pl nitro blue tétrazolium 

(6 ImM in 70% dimethyl formamide) and 50p-l 5-bromo-4-chloro-indolyl phosphate 

(58mM in 100% dimethyl formamide). For chemiluminescence blots were developed 

using an enhanced chemiluminescent substrate (Pierce, Rockford, XL, USA). Analysis 

of the chemiluminescent signal was carried out using a Fluor-S MAX Multilmager 

(Bio-Rad Laboratories) and Bio-Rad Quantity One software. Unless otherwise stated, 

all Western blots shown are representative of at least three separate experiments.

2.4.4 Immunofluorescence

Reagents were from Sigma unless otherwise stated. Cells expressing GFP fusion 

proteins were fixed using 4% formaldehyde (TAAB Laboratories Equipment, 

Aldermaston, UK) and 10% sucrose in phosphate-buffered saline (PBS) for 15 minutes. 

Cells were then stored at 4°C in 1.3% formaldehyde. For staining, cells were grown on 

glass coverslips coated with Ipg/ml poly-L-lysine. For Hoechst staining, after fixation 

the cells were incubated in approximately 1 mg/ml Hoechst stain (Sigma) for five 

minutes, followed by four five-minute washes in PBS. The coverslips were then 

mounted in gelvatol (Calbiochem). For staining of endogenous or exogenous proteins, 

cells were usually fixed as described above and incubated with permeabilisation buffer 

(150mM NaCl, 50mM Tris, 0.2% Triton X-100) for one minute. For detection of a -
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tubulin and actin, cells were fixed using 4% formaldehyde and 10% sucrose in 

cytoskeletal fixation buffer (lOmM 2- [N-morpholino]ethanesulfonic acid [MES] pH 

6.1, 138 KCl, 3mM MgCl, 2mM ethylene glycol-bis[p-aminoethyl ether]-N,N,N’N’- 

tetraacetic acid [EGTA]), and permeabilised as above. For detection of nuclear P- 

catenin or for staining of a-tubulin alone, cells were fixed and permeabilised by 

incubating in cold methanol (MeOH) for one minute.

Fixation and permeabilisation were followed by blocking for one hour in PBS 

containing 1% bovine albumin (fraction V), and then incubating with the desired 

primary antibody or antibodies (see section 2.3.1) in 1% bovine albumin for one hour. 

After four five-minute washes in PBS, the cells were incubated for one hour with 

fluorescein isothiocyanate-conjugated secondary antibody in 1 % bovine albumin for 

single labelling, or with both fluorescein isothiocyanate-conjugated and Texas Red- 

conjugated secondary antibodies in 1  % bovine albumin for double labelling (see section

2.3.2). Coverslips were then given four five-minute washes in PBS, and mounted in 

gelvatol. Coverslips were stored at 4°C, and confocal images were obtained using a 

MRC1024 confocal laser scanner (Bio-Rad) attached to an Optiphot2 microscope 

(Nikon, Tokyo, Japan).

2.4.5 Transcription assays

Reagents were from Sigma unless otherwise stated. Neuro-2a cells were transfected with the 

following amounts of DNA: 5ng actin promoter driven p-galactosidase, 5ng Rous sarcoma virus 

(RSV) promoter driven p-galactosidase, 200ng OT Tcf-responsive reporter DNA and either Ipg

PMT23 vector or 950ng PMT23 and 50ng GFP or ANTcf-GFP. For those experiments 

that were carried out in the presence of Li^, 20mM LiCl (Calbiochem) was added to the 

cells six to eight hours after transfection. Approximately 30 hours after transfection, 

cells were washed twice in ice-cold PBS^ (PBS containing ImM MgClj and O.lmM 

CaClz), and collected in 1.25ml ice-cold PBS^. The cells were then pelleted by 

centrifugation at 10,000g for 25 seconds at 4°C, and the pellets frozen. After thawing, 

pellets were lysed in 200pi reporter lysis buffer (provided with the Luciferase Assay
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System [Promega]), incubated at room temperature for 15 minutes, then frozen and 

thawed. The lysates were then centrifuged for ten minutes at 12.000g.

A 20p-l aliquot of each supernatant was taken to determine the luciferase activity of that 

sample, using the luciferase substrate provided in the Luciferase Assay System. 

Luminescence was measured in an Autolumat LB 953 (Berthold, Pforzheim, Germany) 

according to the manufacturer's protocol. A further 20pl aliquot of each cleared extract was 

used to assay the (3-galactosidase activity: ISOpil substrate solution (60mM Na2 HP 0 4 , 

60mM NaHzPO^, lOmM KCl, ImM MgSO^, 0.0014% P-mercaptoethanol, 500piM 

chlorophenolred-P-D-galactopyranoside [CPRG; Roche]) was added to each sample in a 

96-well plate. Absorbance at 570nm was measured every minute over a period of 30 

minutes at 37°C, using a colorimetric MRX Revelation plate reader (Dynex Technologies, 

Chantilly, VA, USA). The average change in absorbance per unit time was taken as the p~ 

galactosidase activity, and was used to normalise the luciferase activity (to correct for 

differences in transfection efficiency between samples). All transcription assays shown are 

representative of at least three separate experiments.

2.4.6 Neurite outgrowth assays

Neurite outgrowth assays were carried out in D-MEM containing 5% FBS rather than 

the usual 10%. Neuro-2a cells were plated in Falcon 6 -well plates (Beckton Dickinson 

Labware) at a density of 10,000 cells per cm .̂ The following day, LiCl, SB-415286 

(GlaxoSmithKline Pharmaceuticals, Harlow, UK) or conditioned medium (see section

2.2.2) were added, as appropriate. For neurite outgrowth assays on transfected cells, the 

cells were transfected with 900ng PMT23 vector and lOOng of the appropriate GFP fusion 

construct the day after plating, and LiCl or conditioned medium were added about 16 

hours later, as appropriate. 48 hours after the addition of drug or conditioned medium, 

the cells were fixed as described in section 2.4.4. Finally, the number of neurite- 

bearing cells was counted: a process was regarded as being a neurite if it was at least as 

long as one cell body diameter. For transfected cells, only those expressing low to 

medium levels of GFP fusion protein were analysed. Between 75 and 250 cells were 

analysed per count, and three different areas of each well were counted to obtain
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triplicate results for each condition. Graphs shown are representative of at least three 

separate experiments.

2.4.7 Assessing the characteristics of differentiated cells

Neuro-2a cells were plated in Falcon 6 -well plates at a density of 10,000 cells per cm^, 

and were transfected the following day with lp.g m-GFP or m-p-GFP. Approximately 

16 hours after transfection, the medium was changed to serum free D-MEM in order to 

induce neurite outgrowth, and 48 hours later the cells were fixed as described in section 

2.4.4. Only cells expressing low to medium levels of the GFP fusion proteins were 

analysed.

2.4.7A Counting the number neurites per cell body

The number or neurites (any process at least as long as one cell body diameter) per cell 

body was recorded. The experiment was conducted three times, and 50-100 cells were 

counted per experiment.

2.4.7B Counting the number of branch points per neurite

For each cell, only the primary neurite (taken as being the longest process at least one 

cell body diameter in length) was analysed. The number of branch points {i.e. the 

number of times the shaft of the neurite split) was recorded. The experiment was 

conducted three times, and 50-100 cells were counted per experiment.

2.4.7C Measuring neurite lengths

Pictures of cells were taken using an inverted microscope (Leica, Solms, Germany) 

attached to a Photometries CoolSNAP colour CCD camera (Roper Scientific, Evry 

Cedex, France) and Openlab software. The length of each primary neurite was 

measured using NIH Image software. Approximately 50 neurites were measured, and 

the mean neurite length was calculated. The experiment was conducted twice.
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2.5 Statistical analyses

S tat View Student software was used to perform unpaired t-tests (one- or two-tailed as 

appropriate) in order to assess the significance of results. Where p values are indicated 

above bars on bar charts, the value was obtained by comparing the data represented by 

the bar with the data represented by the first bar on the chart. The difference between 

two results was regarded as being statistically significant if it gave a p value of less than 

0.05 (one asterisk), and highly significant if it gave a p value of less than 0.005 (two 

asterisks).
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Chapter three: lithium induces neurite outgrowth

in Neuro-2a cells by inhibiting GSK-3

3.1 Introduction

There is clear evidence that the Wnt signalling pathway and (3-catenin have roles in the 

regulation of neuronal differentiation and development (see Chapter 1). I wished to 

investigate the mechanisms by which this occurs; the report that lithium chloride 

induces neurite outgrowth in Neuro-2a cells (Garcia-Perez et aL, 1999) was therefore of 

particular interest, since LP is known to mimic activation of the canonical Wnt 

signalling pathway by inhibiting GSK-3 (Klein and Melton, 1996). Thus the finding of 

Garcia-Perez et al. indicates that the Wnt signalling pathway may regulate the 

differentiation of Neuro-2a cells, and that this could provide a useful model for 

investigating the mechanisms by which Wnt signalling and p-catenin regulate 

neuritogenesis in vivo.

However, in addition to inhibiting GSK-3, LT is known to inhibit inositol 

polyphosphate 1 -phosphatase and inositol monophosphate phosphatase, resulting in 

depletion of inositol (Berridge et al., 1989). This alternative effect of LT, rather than 

GSK-3 inhibition, might be responsible for the differentiation of Neuro-2a cells. 

Arguing against this possibility, though, is the fact that Garcia-Perez et al. carried out 

their experiments in the presence of lOmM myo-inositol to replace the depleted 

endogenous inositol. In this chapter, I describe experiments done to confirm the results 

of Garcia-Perez et al., and to further investigate how inhibition of GSK-3 may induce 

neurite outgrowth.
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3.2 Lr induces neurite outgrowth in Neuro-2a cells

To confirm that Li^ induces differentiation of Neuro-2a cells, and to find the most 

effective concentration, Neuro-2a cells were treated with the following concentrations 

of lithium chloride: OmM, lOmM, 15mM, 20mM, 25mM or 30mM. These 

concentrations were chosen as they represented a spread around 20mM, which is the 

concentration that had previously been reported to induce neurite outgrowth in Neuro- 

2a cells (Garcia-Perez et aL, 1999), and that results in the maximal inhibition of GSK-3 

(Klein and Melton, 1996). After 48 hours (which was reported by Garcia-Perez et aL to 

be sufficient time to induce the maximal number of neurite-bearing cells), the cells were 

fixed, and the number of neurite-bearing cells was counted (Figure 3.1 A).

At OmM LT, about 5-10% of the cells bore neurites, suggesting that there is a 

population of Neuro-2a cells that differentiates spontaneously. The percentage of 

neurite-bearing cells increased gradually from this basal level in the presence of 

increasing concentrations of Li"”, and peaked in the presence of 20-25mM Li ,̂ with over 

20% of the cells bearing neurites. The percentage of neurite-bearing cells decreased 

dramatically at 30mM LF, and there were high levels of cell death (presumably due to 

toxic effects of the high concentration of Li^). Not only did treatment with Li^ for 48 

hours increase the number of cells with neurites, it also induced slight spreading of the 

cells, making them appear larger and flatter (Figure 3.IB). Thus, in accordance with 

the results of Garcia-Perez et aL (1999), treatment of Neuro-2a cells with 20mM LT 

induces morphological differentiation; this concentration was used for subsequent 

experiments.

3.3 Neurite induction by Lî  is not due to inositol depletion

To confirm that replacing the depleted endogenous inositol does not rescue the neurite- 

outgrowth induced by Li^, cells were untreated or treated with LT alone, myo-inositol 

alone, or Li^ in combination with myo-inositol. As shown in Figure 3.2, in this 

representative experiment, 1 0 % of the cells differentiated in the absence of any 

treatment or in the presence of myo-inositol alone. In contrast, over 20% of the cells
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Figure 3.1 Induction of neurites by Li+. (A) Neuro-2a cells were treated with various 
concentrations of Li+ for 48 hours. The number of neurite bearing cells was counted for each 
condition; 20mM was the concentration of Li+ that induced neurite outgrowth in the highest 
percentage of cells. Concentrations higher than 20mM caused increasing levels of cell death. Error 
bars represent the standard deviations from triplicates of one representative experiment. (B) Neuro-2a 
cells were cultured in D-MEM containing 5% serum (untreated) or in D-MEM containing 5% serum 
and 20mM Li+ for 48 hours, after which time they were fixed. Scale bars represent 10pm.
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Figure 3.2 Myo-inositol does not prevent Li+ induced neurite outgrowth. Neuro-2a cells were 
treated with no drug, or with 20mM Li+, lOmM myo-inositol or both in combination, as indicated. 
After 48 hours, the number of neurite bearing cells was counted for each treatment. Myo-inositol 
alone had no effect compared with no treatment (p=0.0689). Li+ treatment induced neurite outgrowth 
in approximately 25% of the cells; the presence of myo-inositol as well as Li+ was similar to the effect 
of Li+ alone. Error bars represent the standard deviations from triplicates of one representative 
experiment.



differentiated in the presence of Li^, regardless of the presence or absence of myo

inositol. This is in agreement with the findings of Garcia-Perez et al. (1999), and 

suggests that inositol depletion is not required for LT-induced neurite outgrowth to 

occur.

3.4 Neurite induction by Li is due to GSK-3 inhibition

Since the neurite outgrowth that occurs in response to Li^ is not due to inositol 

depletion, one could assume that it is due to the other well-established effect of Li^, 

namely GSK-3 inhibition. However Davies et al. (2000) showed that in addition to its 

effects on GSK-3, Li^ inhibits three other kinases (albeit to a lesser extent): CKII, 

MAPKAP-K2 and PRAK. To investigate whether the neurite-inducing effect of Li^ 

was really due to GSK-3 inhibition, rather than inhibition of another kinase, an 

alternative GSK-3 inhibitor was used.

A maleimide derivative, SB-415286, was recently identified as a selective inhibitor of 

GSK-3 (Coghlan et al., 2000). Various concentrations (OpM, 5^iM, lO^iM,

IS^iM and 20pM) of this compound were applied to Neuro-2a cells for 48 hours, to test 

whether the compound is able to induce neurite outgrowth (Figure 3.3). Indeed SB- 

415286 did  induce neurite outgrowth, and was most effective at 10-15pM. This 

compound was in fact more effective than LF: it caused differentiation of over 40% of 

the cells, compared with around 2 0 % in the case of LV treatment.

Thus a selective inhibitor of GSK-3, SB-415286, is able to induce neurite outgrowth in 

Neuro-2a cells. This result supports the hypothesis that LP-induced neurite outgrowth 

in Neuro-2a cells is due to inhibition of GSK-3.

75



c/3

I
G
ùü
a
'BV
X i

c/3

13
o

<uî
<u

I

60

50

40

30

20

10

0

Concentration of SB-415286 (piM)

Figure 3.3 A selective inhibitor of GSK-3 can induce neurite outgrowth in Neuro-2a cells.
Neuro-2a cells were treated with various concentrations of SB-415286 for 48 hours. The number of 
neurite bearing cells was counted for each condition; 10-15|iM SB-415286 induced neurite 
outgrowth in the highest percentage of cells. Error bars represent the standard deviations from 
triplicates of one experiment.



3.5 Characterisation of the cytoskeleton of Lr-treated cells

To characterise the Li^-induced neurites, Neuro-2a cells that had been treated with Li^ 

for 48 hours were fixed and stained with phalloidin and an anti-acetylated tubulin 

antibody, to visualise filamentous actin and stable microtubules, respectively (Figure 

3.4). As a comparison, cells in which neurite outgrowth had been induced by serum 

starvation for 48 hours were also fixed and stained for these proteins (Figure 3.5). 

Serum-starved cells tended to have very thin neurites with small growth cones. In 

contrast, Li^-treated cells generally had much thicker neurites with larger, more spread 

growth cones.

The actin staining was similar in serum-starved and Li^-treated cells, but the tubulin 

staining showed differences. While the microtubules in neurites of serum-starved cells 

were generally straight, Li^-treated cells had regions of curly microtubules, particularly 

in the growth cones. In addition, there were often areas of microtubule unbundling 

along the neurite shafts in LT-treated cells. These observations regarding the effects of 

Li^ on the morphology and microtubule structure of Neuro-2a cells is in agreement with 

previous reports on the effects of LT in various neuronal cultures (Goold et aL, 1999; 

Hall et aL, 2000; Lucas and Salinas, 1997; Williams et aL, 2002).

3.6 Localisation of components of the Wnt signalling pathway in L i - 

treated cells

GSK-3, p-catenin and Axin are all components of the Wnt signalling pathway that have 

been shown to have roles in neuronal development (see Chapter one). Thus the 

distribution of these proteins in LT-treated or serum-starved cells was investigated by 

immunostaining (Figure 3.6). In both Li^-treated and serum-starved cells, GSK-3p was 

localised predominantly to the cell bodies. Little GSK-3P was present in the nuclei or 

in the neurites, although about 10% of the serum-starved cells displayed an 

accumulation of GSK-3p at the tip of the neurite (arrow). In contrast, none of the Li^- 

treated cells examined exhibited similar staining at the tips of their neurites.
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Figure 3.4 Staining of Li+-treated Neuro-2a cells for cytoskeletal components. Neuro-2a cells 
were treated for 48 hours with 20mM Li+, then fixed and stained with phalloidin (red) to detect 
filamentous actin, and with an anti-acetylated tubulin to detect stable microtubules (green). Scale bars 
represent 10pm.
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Figure 3.5 Staining of serum-starved Neuro-2a cells for cytoskeletal components. Neuro-2a cells 
were treated for 48 hours with serum free medium, then fixed and stained with phalloidin (red) to 
detect filamentous actin, and with an anti-acetylated tubulin to detect stable microtubules (green). 
Scale bars represent 10pm.



Staining for p-catenin showed that the protein was present in the cell bodies, and to a 

slightly lesser extent, in the neurites of cells. In Li^-treated cells, p-catenin was also 

present in the nuclei: this is particularly apparent in cells that had been MeOH fixed. 

By comparison, cells that had been differentiated by serum deprivation did not exhibit 

significant levels of nuclear p-catenin, regardless of the fixation method. As expected, 

given that Li^ inhibits GSK-3, which normally promotes P-catenin degradation, Li^- 

treated cells had much more intense P-catenin staining than serum-starved cells.

There is a paucity of anti-Axin antibodies that can detect the endogenous protein. 

However, after testing a number of antibodies I found that an antibody from R Nusse 

worked well. This anti-Axin antibody was used to probe a Western blot of Neuro-2a 

cell lysate (Figure 3.7, left-hand lane). The results demonstrate that this antibody 

recognises two non-specific bands, one above and one below the Axin band (which is 

indicated by the arrow). These bands are actually more intense than the Axin band, 

suggesting that the anti-Axin antibody might not be specific for Axin if used for 

staining cells. However, when antibodies are used for Western blotting, they are 

exposed to denatured proteins, whereas the proteins they are exposed to when used for 

staining have not been denatured; thus specificity in a Western blot is not a good 

indication of how specific an antibody will be for staining.

The anti-Axin antibody was therefore used to immunoprecipitate the Neuro-2a cell 

lysate, a process in which the antibody is exposed to non-denatured proteins, just as in 

staining. Western blotting shows that the major band after immunoprécipitation is Axin 

(Figure 3.7, right-hand lane), suggesting that the antibody predominantly recognises 

Axin among non-denatured proteins in Neuro-2a cells; therefore the antibody was used 

to stain for Axin (Figure 3.6). Axin staining was apparent in the cell bodies, and at low 

levels in the neurites of cells. As described for GSK-3, Axin was sometimes found to 

accumulate at the tips of neurites in serum-starved cells (arrowheads), but not LF- 

treated cells. As expected, given that lithium destabilises Axin (Willert et aL, 1999b; 

Yamamoto et aL, 1999), Axin staining was more intense in serum-starved cells than in 

Li^^-treated cells.
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Figure 3.6 Staining of differentiated Neuro-2a cells for components of the Wnt signalling 
pathway. Neuro-2a cells were treated for 48 hours with serum free medium (left hand column) or 
20mM Li+ (right hand column). Cells were then fixed with paraformaldehyde (para) or methanol 
(MeOH), and stained with anti-GSK-3 (top), anti-p-catenin (middle) or anti-Axin (bottom) antibodies. 
In order to detect p-catenin in serum starved cells, the laser power was set to three times that used for 
all the other pictures. Scale bars represent 10pm.



Immuno- 
Lysate precipitate

175-

Figure 3.7 Specificity of the anti-Axin antibody. Neuro-2a cells were lysed, and 
immunoprecipitated using the anti-Axin antibody. Lysates and immunoprecipitates were then blotted 
with the same antibody. Multiple bands were recognised in the lysate, suggesting that the antibody 
was not specific. However, these bands could not be seen in the immunoprecipitate; the low intensity 
band is likely to be a break-down product of Axin. The arrow indicates the expected position of Axin 
( lOOkD). The positions of the 175kD and 83kD markers are indicated on the left.



3.7 Lr stabilises P-catenin in Neuro-2a cells

p-catenin is a substrate of GSK-3, and the phosphorylation of p-catenin by GSK-3 

targets p-catenin for ubiquitination and ultimately for degradation (Aberle et aL, 1997). 

In the presence of Li^, however, GSK-3 is inhibited and therefore p-catenin is 

stabilised. In agreement with this, the p-catenin staining in Figure 3.6 shows that p- 

catenin is much more abundant in Li^-treated than serum-starved cells. To confirm that 

P-catenin is stabilised in Li^-treated cells compared with untreated cells, and to 

investigate the time course with which stabilisation occurs, Neuro-2a cells were treated 

with LT for various times (0, 0.5, 1, 2, 4, 8 , 24 or 48 hours), followed by lysis. Total 

cell extracts were blotted with a monoclonal anti-P-catenin antibody, followed by a 

monoclonal anti-y-tubulin antibody, and the y-tubulin levels were used to normalise for 

loading.

As shown in Figure 3.8A, p-catenin was stabilised rapidly by LT: after 30 minutes, the 

amount of the protein had doubled. P-catenin continued to accumulate, and after eight 

hours it was almost seven times more abundant than at the 0 hours time point. By 24 

hours of treatment, the level of P-catenin was beginning to decrease slightly, but even 

after 48 hours there was 2.6-fold more p-catenin than in untreated cells. Thus p-catenin 

is stabilised by LT over the 48-hour period during which neurite outgrowth occurs. 

This is consistent with a role for GSK-3 and p-catenin in inducing the neurite 

outgrowth.

To find out where the stabilised p-catenin was localised, cells were either untreated or 

treated with LT for 48 hours, after which time they were fixed and stained for P-catenin. 

Untreated cells had low levels of cytoplasmic P-catenin staining, and virtually no 

nuclear staining (Figure 3.8B, left-hand panel), while LU-treated cells showed 

considerably more intense staining (Figure 3.8B, right-hand panel). The stabilised p- 

catenin in the lithium treated cells was present in the cell bodies, the neurites and the 

nuclei of cells.
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Figure 3.8 p-catenin is stabilised by Li+ treatment of Neuro-2a ceils. (A) Neuro-2a cells were 
treated with 20mM Li+ for the indicated times. The cell lysates were blotted for p-catenin and for y -  

tubulin as a loading control. The fold increase in p-catenin at each time point is shown below the 
blots, p-catenin levels increased progressively until the 8 hour time point. After this the level of P- 
catenin fell, but was still higher than the basal level after 48 hours. (B) Staining of untreated Neuro- 
2a cells (left) showed that they had very low levels of cytosolic p-catenin and virtually no nuclear p- 
catenin. In contrast, after 48 hours treatment with Li+ (right), cells had much more intense p-catenin 
staining. The stabilised p-catenin was present throughout the cell bodies and in the nuclei. Both 
pictures were taken using the same settings and laser power.



3.8 Li activates p-catenin/TCF dependent signalling in Neuro-2a cells

To investigate whether the increased pool of nuclear (3-catenin was associated with an 

increase in p-catenin/TCF dependent signalling, transcription assays were carried out. 

Untreated cells had low levels of luciferase activity (normalised to P-galactosidase 

activity to correct for transfection efficiency), indicating that the basal level of P- 

catenin/TCF dependent signalling was low; cells that had been treated with Li^ showed 

approximately three-fold higher luciferase activity (Figure 3.9). This experiment 

showed that the nuclear p-catenin that accumulates upon Li^ treatment of Neuro-2a 

cells is transcriptionally active.

3.9 P-catenin/TCF dependent signalling is not required for neurite 

outgrowth

Since p-catenin/TCF dependent signalling is activated by Li^ treatment in Neuro-2a 

cells, it is possible that this is what causes neurite outgrowth. A GFP-tagged dominant- 

negative TCF construct (AN-TCF-GFP) was used to investigate this possibility. This 

construct encodes a TCF protein that lacks the N-terminal domain, which normally 

binds P-catenin. Therefore the protein competes with endogenous TCF for DNA 

binding, but lacks the transactivation domain that is normally provided by p-catenin, 

and therefore it cannot activate transcription.

To confirm that AN-TCF-GFP repressed P-catenin/TCF dependent signalling, cells

were transfected either with GPP as a control or with the AN-TCF-GFP construct and treated 

with Li^ for 22-24 hours to activate P-catenin/TCF dependent signalling. Transcription assays 

were then performed. Cells transfected with GFP had relatively high levels of 

luciferase activity, whereas cells transfected with AN-TCF-GFP had approximately 

three fold lower luciferase activity (Figure 3.10A), confirming that AN-TCF-GFP 

blocks P-catenin/TCF dependent signalling.
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Figure 3.9 Li+ increases TCF dependent transcription. Transcription asays were carried out using 
Neuro-2a cells which were either untreated or had been treated with Li+. The graph shows the level 
of luciferase activity (normalised to the P-galactosidase activity) in each case. Li+ treated cells had 
approximately three fold higher luciferase activity than untreated cells. The error bars represent the 
standard deviations from triplicates of one representative experiment.
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Figure 3.10 AN-TCF-GFP inhibits TCF dependent signalling but does not inhibit neurite 
outgrowth. (A) Transcription assays were carried out using cells that had been transfected with GFP 
or with AN-TCF-GFP, and treated with Li+ to activate transcription. AN-TCF-GFP-transfected cells 
had approximately three fold lower luciferase activity (normalised to P-galactosidase activity) than 
GFP-transfected cells. (B) GFP- or AN-TCF-GFP-transfected cells were treated with Li+ for 48 
hours. The number of neurite-bearing cells was counted in each case. There was no significant 
difference between the two groups (p=0.1585). Error bars represent the standard deviations from 
triplicates of one representative experiment.



Since AN-TCF-GFP inhibits P-catenin/TCF dependent signalling, the neurite outgrowth 

induced by LT will also be inhibited if it is due to an increase in the activity of this 

signalling pathway. However, when cells were transfected with GFP or AN-TCF-GFP 

and treated with Li^ for 48 hours, AN-TCF-GFP expressing cells had a similar number 

of neurite-bearing cells compared with GFP expressing cells (Figure 3.10B). This 

experiment suggests that Li^-induced neurite outgrowth is not caused by increased p- 

catenin/TCF dependent signalling.

3.10 Discussion

I have shown that LT induces neurite outgrowth in Neuro-2a cells, confirming the work 

of Garcia-Perez et al. (1999). In their study, Garcia-Perez et al. showed that treatment 

of Neuro-2a cells with 20mM LF for 48 hours induces neurite outgrowth in 

approximately 90% of the cells, but I found that only about 20% of the cells 

differentiated under identical culture conditions. Treating the cells with Li^ for longer 

than 48 hours did not significantly increase the percentage of neurite-bearing cells (data 

not shown). The reason for this discrepancy is not clear.

I repeated these experiments using a sub-clone of Neuro-2a cells (N2a-W28) from R 

Ledeen (New Jersey Medical School), who has studied their neurite outgrowth in 

response to other agents (Wu et al., 1998). However, using this clone I obtained similar 

results, i.e. a low proportion of neurite-bearing cells. The original source of our Neuro- 

2a cells and those of Garcia-Perez et al. is the same (American Type Culture 

Collection), but the cells may have been selected over time for their ability to 

proliferate or differentiate. This could result from growth in serum from different 

sources, since differentiation can be induced in low serum.

Although the increase in the number of neurite-bearing cells upon treatment with Li^ 

was considerably less in our hands than the increase reported by Garcia-Perez et al., it 

was significant. In addition to inducing neurite outgrowth, Li causes a slight flattening 

and spreading of Neuro-2a cells. This may be because of an increase in the 

adhesiveness of the cells to their substrate, which may be an important factor for
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inducing neurite outgrowth. To ensure that the effect of Li^ is not due to changes in the 

osmolarity of the culture medium, I tested the effect of adding 20mM NaCl instead of 

LiCl; this did not induce neurite outgrowth (data not shown).

Like Garcia-Perez et aL, I found that the presence of lOmM myo-inositol does not 

inhibit Li^-induced neurite outgrowth. Although there is no evidence that the addition 

of myo-inositol to the culture medium is able to replace endogenous inositol in Neuro- 

2a cells, it is common practice to add an excess of extracellular inositol in order to use 

L r  as a more specific inhibitor of GSK-3 in cultured cells. Moreover, this approach has 

been shown to rescue some effects of Li^ in cultured cells (for example see Williams et 

al. [2002]), indicating that the addition of myo-inositol to the culture medium can 

indeed replace endogenous intracellular inositol. Myo-inositol is most commonly 

added at lOmM, but Williams et al. used ImM, as this was found to be most effective in 

rescuing the effects of Li^ in their system. I carried out the experiment in the presence 

of ImM or 20mM myo-inositol, but like lOmM, these concentrations had no effect on 

the induction of neurites by LT (data not shown).

The fact that myo-inositol does not inhibit LT-induced neurite outgrowth suggests that 

neuritogenesis occurs due to GSK-3 inhibition rather than inositol depletion. In support 

of this hypothesis, I found that another inhibitor of GSK-3, SB-415286, also induces 

neurite outgrowth in Neuro-2a cells. Although SB-415286 is often described as a 

selective inhibitor of GSK-3, like Li^ it also inhibits other protein kinases, albeit to a 

much lesser extent (Coghlan et al., 2000). However, it does not inhibit any of the 

kinases other than GSK-3 that were found by Davies et al. (2000) to be inhibited by Li :̂ 

SB-415286 has no inhibitory activity towards MAPKAP-K2 or PRAK, and very little 

inhibitory activity towards CKII (Coghlan et al., 2000). Thus GSK-3 is the only 

common target of Li^ and SB-415286, and therefore it is likely that both agents induce 

neurite outgrowth by inhibiting GSK-3 activity.

Staining for filamentous actin and acetylated tubulin revealed that serum-starved 

Neuro-2a cells generally have thin neurites with small or absent growth cones and 

straight, well-organised microtubules. In contrast, Li^-treated Neuro-2a cells usually 

have thick neurites, often with spread growth cones, and the microtubule network in the
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neurites shows regions of unbundling and regions where the microtubules are ‘curly’. 

Staining for acetylated tubulin reveals the population of stable microtubules, since 

acétylation occurs as a modification on tubulin in mature regions of microtubules. I 

also stained for total tubulin, to reveal the total population of microtubules (data not 

shown). Although it has been reported that acetylated microtubules do not extend as far 

into the growth cones as do unstable microtubules, I observed very little difference 

between cells stained for acetylated tubulin or total tubulin. It has previously been 

reported that acetylated microtubules extend abnormally far into the growth cones of 

Li^-treated neurons (Goold et aL, 1999; Williams et aL, 2002), which could explain the 

similarity between acetylated tubulin and total tubulin staining in Li^-treated Neuro-2a 

cells. In serum-starved cells, the lack of difference between acetylated tubulin and total 

tubulin staining is most likely to be because the growth cones are very small, with the 

result that differences in the microtubule localisation are difficult to see.

Staining the cells for GSK-3 showed that this protein has similar distribution in serum- 

starved and Li^-treated cells: the strongest staining is in the cell bodies, with a low level 

in the neurites and virtually none in the nuclei. However, in serum-starved cells there is 

sometimes an accumulation of GSK-3 at the tips of neurites, which is not seen in L i - 

treated cells. Axin has a similar distribution to GSK-3 in serum-starved cells, with most 

of the protein in the cell body and occasional sites of accumulation at neurite tips. The 

level of Axin staining in Li^-treated cells was very low in the cell body and neurites, 

and almost completely absent from the nuclei. (3-catenin is extremely scarce in serum- 

starved cells; what protein is present is mainly in the cell body and neurites. In LT- 

treated cells, however, p-catenin is much more abundant, and is present throughout the 

cell body, neurites and nuclei of cells. The nuclear staining of p-catenin was most 

apparent when the cells were MeOH fixed; MeOH fixation did not reveal significant 

nuclear staining with GSK-3 or Axin antibodies (data not shown).

Treatment of Neuro-2a cells with LT for 48 hours increases the level of p-catenin in the 

cells, presumably by inhibiting GSK-3 such that p-catenin is no longer phosphorylated 

and targeted for degradation. The protein is stabilised very rapidly, and reaches a peak 

after eight hours. After this time, however, the level of P-catenin decreases again 

(although after 48 hours it is still significantly higher than that in untreated cells). It has
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been shown that transcription of the conductin/AXIN2 gene is induced by activation of 

the Wnt signalling pathway; since conductin, like Axin, promotes the degradation of (3- 

catenin, this acts as a negative feedback loop (Jho et aL, 2002; Lustig et aL, 2002; Yan 

et aL, 2001b). This negative regulation of the Wnt pathway could explain the decrease 

in P-catenin levels. However, conductin requires the kinase activity of GSK-3 in order 

to promote p-catenin degradation; in this situation Li^ is present and therefore GSK-3 

activity is inhibited, making it unlikely that the negative feedback loop is responsible 

for the decrease in P-catenin levels after eight hours. Given that overexpression of p- 

catenin causes apoptosis (Kim et aL, 2000), another explanation for the decrease in P- 

catenin levels is that those cells with particularly high levels of p-catenin die over time, 

so that only cells with lower levels of p-catenin remain at the 24 and 48 hour time 

points. Staining confirms that while untreated cells have extremely low levels of p- 

catenin (and virtually no nuclear p-catenin), cells that have been treated with Li^ for 48 

hours have high levels of P-catenin in their nucleus, cell body and neurites.

Since treatment of Neuro-2a cells with Li"̂  upregulates nuclear P-catenin, this treatment 

was expected to increase P-catenin/TCF-dependent transcription. Using a TCP- 

responsive reporter plasmid, this was found to be the case: cells treated with LF have 

approximately three-fold higher transcriptional activity than untreated cells. AN-TCF- 

GFP, a dominant negative form of TCF, inhibits the LF-induced increase in p- 

catenin/TCF-dependent transcription: cells expressing AN-TCF-GFP have 

approximately three-fold lower transcriptional activity in the presence of LC than cells 

expressing GFP. It is likely that this three-fold decrease represents a complete 

inhibition of Li^-induced transcription, since, as discussed above, untreated cells have 

approximately three-fold lower levels of p-catenin/TCF-dependent transcription than 

LF-treated cells. Although AN-TCF-GFP inhibits LC-induced p-catenin/TCF- 

dependent transcription in Neuro-2a cells, it does not inhibit Li^-induced neurite 

outgrowth. This indicates that P-catenin/TCF-dependent transcription is not required 

for LF-induced neurite outgrowth. Therefore Li^ must act through some mechanism 

other than induction of Wnt target gene transcription in order to induce neurite 

outgrowth in Neuro-2a cells.
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Chapter four: the effect of p-catenin stabilisation 

on neurite outgrowth in Neuro-2a cells

4.1 Introduction

The results presented in the previous chapter, demonstrating that |3-catenin/TCF 

dependent transcription is not required for Li^-induced neurite outgrowth, do not 

completely rule out a role for p-catenin in neurite induction. Instead, the stabilised P- 

catenin could be acting in its role as a crucial component of the cadherin cell-cell 

adhesion complex to induce neurite outgrowth. Alternatively, excess p-catenin could 

cause neurite outgrowth by directly inducing reorganisation of the cytoskeleton: P- 

catenin binds APC (Su et al., 1993) and also dynein (Ligon et aL, 2001), both of which 

interact with microtubules (Ligon et aL, 2001; Munemitsu et aL, 1994; Smith et aL, 

1994), and it has also been reported to bind the actin filament-bundling protein fascin 

ÇTdiOetaL, 1996).

To investigate the possibility that stabilisation of p-catenin causes neurite outgrowth, 

we wanted to mimic the stabilisation of p-catenin in Neuro-2a cells without inhibiting 

GSK-3. An obvious approach would be to express p-catenin ectopic ally. However, p- 

catenin overexpression has been shown to induce apoptosis (Kim et aL, 2000), and it 

had previously been found in our laboratory that ectopically expressed P-catenin 

accumulates in rod-like structures in cell nuclei (see Giannini et ai. [2000]), blocks cell 

growth and induces cell death.

A way of avoiding this problem would be to tether ectopic P-catenin to the plasma 

membrane: it would be unable to enter the nucleus and form aggregates there, but might 

still be able to perform its cell adhesion function at the membrane. A previous attempt 

at restricting p-catenin to membranes involved fusing the transmembrane domain of 

Xenopus N-Cadherin to the N-terminus of p-catenin (Miller and Moon, 1997). When 

expressed in Xenopus animal cap cells, this construct was localised to intracellular 

vesicles and organelles (Miller and Moon, 1997), suggesting that it was associated
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primarily with the endoplasmic reticulum or Golgi complex rather than the plasma 

membrane. Therefore we tried an alternative method, using an AKAP.

AKAPs are scaffold proteins that function to compartmentalise the cAMP-dependent 

protein kinase, PKA, along with other kinases and phosphatases, into discrete 

subcellular locations (reviewed by Michel and Scott [2002]). AKAP79 is a neuronal 

AKAP that anchors PKA, PKC and the Calcium/Calmodulin-dependent protein 

phosphatase-2B, Calcineurin (CaN), to the plasma membrane (Coghlan et al., 1995; 

Klauck et a l, 1996). This targeting is mediated by three N-terminal basic-rich regions, 

which bind acidic phospholipids (Dell'Acqua et aL, 1998).

4.2 Targeting p-catenin to the plasma membrane

It has been shown that amino acids 1-153 of AKAP79 are sufficient for membrane 

targeting (Dell'Acqua et aL, 1998), so this region was fused to the N-terminus of P- 

catenin (see Materials and Methods for details). In order that the fusion protein could 

be visualised easily, it was tagged with GFP at the C-terminal end of p-catenin. The 

resulting construct was termed m-p-GFP, and is shown schematically in Figure 4.1. It 

should be noted that the region of AKAP79 used in this construct contains a PKC 

binding domain, and may also contain part of the CaN binding domain (Dell'Acqua et 

aL, 1998; Kashishian et aL, 1998). In order to control for potential effects of PKC and 

possibly CaN binding, a control construct (m-GFP), consisting of amino acids 1-153 of 

AKAP79 fused directly to GFP, was used (Figure 4.1).

Both m-GFP and m-p-GFP were expressed well in Neuro-2a cells (Figure 4.2), although m- 

GFP was expressed to a higher level than m-p-GFP; both proteins ran at approximately 

their predicted sizes of 145kD and 50kD, respectively. As expected, the proteins were 

localised to the plasma membrane (Figure 4.3). They were evenly distributed across the 

membrane, including the shafts and tips of neurites. Cells that expressed very high levels 

of m-GFP or m-P-GFP showed accumulation of these proteins intracellularly as well as at 

the plasma membrane; such cells were ignored in subsequent analyses.
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Figure 4.1 Schematic representation of the membrane-targeted constructs. Full length P-catenin is shown at the top, with the recognition site of the C-terminal 
polyclonal anti-P-catenin antibody indicated in black. Stippled boxes represent the membrane-targeting sequence (amino acids 1-153 of AKAP79). Green boxes 
represent GFP. The positions of the point mutations in m-pAAA-GFP are indicated.
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Figure 4.2 m-GFP and m-P-GFP encode proteins that are expressed. Lysates
were prepared from COS cells transfected with m-GFP or m-|3-GFP, and probed using a monoclonal 
anti-GFP antibtxly. In both cases, intact proteins of the predicted size were detected in the lysate. 
The positions of the 175, 83, 62 and 47.5kD markers are indicated on the left.
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Figure 4.3 m-GFP and m-p-GFP are localised primarily at the plasma membrane. Neuro-2a 
cells were transfected with m-GFP or m-p-GFP, followed by serum starvation for 48 hours in order to 
induce differentiation. Using fluorescence microscopy to visualise the fusion proteins showed that 
both constructs were correctly targeted to the plasma membrane, although there was a small amount 
of accumulation in the cell body as well. Scale bar represents 10pm.



4.3 m-p-GFP is non-toxic

To test whether m-p-GFP is indeed non-toxic, Neuro-2a cells were transfected with P-GFP 

(p-catenin with GFP fused to the C-terminus), m-p-GFP or m-GFP, and fixed five days 

later. Hoechst stain was used to visualise the cell nuclei; any cells with condensed or 

fragmented nuclei were regarded as dying cells. The number of dying cells was counted for 

cells expressing m-P-GFP, m-GFP or p-GFP (Figure 4.4). As reported by Kim et al. 

(2000), P-GFP causes cell death: approximately 45% of the cells that were expressing p- 

GFP at the time of fixation were counted as dying. In contrast, only 10-15% of the cells 

expressing m-P-GFP were dying (p=0.0011). This level is similar to that seen in cells 

expressing the control construct (m-GFP), suggesting that this is a normal background level 

of death in cells grown under these conditions. Thus targeting p-catenin to the plasma 

membrane using the first 153 amino acids of AKAP79 successfully created a non-toxic 

version of P-GFP.

4.4 m-p-GFP stabilises endogenous p-catenin

Interestingly, Neuro-2a cells expressing m-p-GFP had higher luciferase activity in 

transcription assays compared with cells expressing m-GFP, or with untransfected cells (R 

Kypta, unpublished data), suggesting that there were increased levels of nuclear p-catenin 

in cells expressing m-P-GFP. However, as shown in Figure 4.3, m-p-GFP localised 

exclusively to the plasma membrane in the majority of transfected cells, and was not found 

in the nucleus; therefore m-P-GFP itself cannot account for this increased nuclear P-catenin 

pool. An alternative explanation for the increased transcriptional activity is that 

endogenous p-catenin is stabilised in cells expressing m-P-GFP; this would be in 

accordance with the observations of Miller and Moon (1997) that expression of a 

membrane-anchored form of p-catenin leads to the accumulation of soluble P-catenin.

To see if this was the case, a polyclonal antibody raised against the C-terminal 13 amino 

acids of P-catenin was used (see Figure 4.1). The process of cloning m-P-GFP resulted in 

the deletion of 19 amino acids from the C-terminus of p-catenin; since this region of the 

protein, which is not conserved in Drosophila p-catenin (Armadillo), has no known
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Figure 4.4 m-P-GFP is not toxic. Neuro-2a cells were transfected with P-GFP, m-P-GFP or m-GFP. 
Five days after transfection, Hoescht stain was used to visualise the nuclei; any cells with condensed 
or fragmented nuclei were counted as dying cells. Nearly 50% of the cells expressing P-GFP were 
dying, but only about 10% of the cells expressing m-GFP or m-p-GFP were dying. Error bars 
represent the standard deviations from three separate experiments.



function, its loss should not have any effect. However, as a result of this deletion, the C- 

terminal |3-catenin antibody should not recognise the m-|3-GFP protein; it will only 

recognise endogenous (3-catenin in cells expressing m-P-GFP. This should make the 

antibody a useful tool for examining the subcellular localisation of endogenous P-catenin in 

cells expressing m-P-GFP. I first tested the C-terminal p-catenin antibody in Western blots 

using extracts from cells transfected with m-P-GFP. As predicted, no m-p-GFP was 

detected using this antibody, although the transfected protein could be detected using anti- 

GFP antibodies (see Figure 4.2). Interestingly, expression of m-p-GFP resulted in higher 

levels of endogenous p-catenin than expression of m-GFP (Figure 4.5). Quantitating P- 

catenin levels and normalising using the y-tubulin levels showed that extracts from cells 

transfected with m-p-GFP had approximately three-fold more p-catenin than extracts from 

cells expressing m-GFP. Since the extracts included the entire cell populations, 

approximately 30% of which did not express the transfected protein, three-fold is an 

underestimation of the increase in endogenous P-catenin in m-P-GFP expressing cells.

Further evidence that P-catenin is stabilised by expression of m-p-GFP is provided by 

immunocytochemistry using the C-terminal anti-P-catenin antibody: cells expressing m- 

GFP had a low intensity of endogenous p-catenin staining, whereas cells expressing m-P- 

GFP had much more intense staining (Figure 4.6). The arrows in the middle panels of 

Figure 4.6 indicate a cell that does not express m-P-GFP: comparing the intensity of the 

endogenous p-catenin staining in this cell directly with that in the adjacent cell, which does 

express m-P-GFP, shows that endogenous P-catenin has been stabilised and has entered the 

nucleus in the latter cell.

4.5 Stabilisation of endogenous P-catenin is due to titration of components 

of the degradation complex

m-P-GFP may stabilise endogenous P-catenin by competing for interaction with 

components of the p-catenin degradation complex, such as Axin or APC. If these 

components are limiting in the cell, endogenous p-catenin would no longer be degraded 

efficiently, and would accumulate. To investigate this possibility, I made a mutant of m-P-
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Figure 4.5 m-P-GFP expression stabilises endogenous P-catenin. Neuro-2a cell lysates were 
prepared from cells which had been transfected with m-GFP, m-P-GFP or m-PAAA-GFP, and blots 
were probed with the C-terminal polyclonal anti-P-catenin antibody, or with an anti-y-tubulin antibody 
as a loading control. P-catenin levels were found to be almost three-fold higher in lysates from m-P- 
GFP transfected cells than in cells transfected with m-GFP or m-PAAA-GFP.
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Figure 4.6 m-p-GFP expression stabilises cytoplasmic and nuclear p-catenin. m-GFP, m-P-GFP 
or m-pAAA-GFP transfected cells were stained using the C-terminal polyclonal anti p-catenin 
antibody to visualise endogenous p-catenin. Cells expressing m-GFP (top) or m-pAAA-GFP (bottom) 
had a low intensity of staining. In contrast, cells expressing m-P-GFP (middle) had much more 
intense p-catenin staining. The stabilisation of P-catenin by expression of m-P-GFP is particulartly 
clear when the intensity of the staining in a transfected cell is compared with an un transfected cell in 
the same field (arrow). Scale bars represent 10pm.



GFP that does not bind Axin or AFC. It has been shown that the point mutation H260A in 

p-catenin abrogates Axin binding, and the two point mutations W383A and R386A 

abrogate AFC binding (von Kries et aL, 2000). It was not possible to use these mutations 

individually to prevent interaction with either Axin or AFC. This is because Axin and AFC 

bind each other, and therefore H260A mutated m-p-GFF would still be able to form a 

complex with Axin via AFC, and conversely, the W383A/R386A mutated version would 

still be able to interact with AFC indirectly via Axin. Thus the mutations were used in 

combination to make a mutant of the m-p-GFF protein that does not bind Axin or AFC (m- 

PAAA-GFF; Figure 4.1).

To confirm that these mutations prevent m-P-GFF from interacting with Axin, co

precipitation studies were done. However, at the time these experiments were being done, 

no useful anti-Axin antibodies were available, so it was not possible to detect endogenous 

Axin; instead, the cells were co-transfected with Axin tagged with a myc-epitope (myc- 

Axin) in addition to m-p-GFF, m-pAAA-GFF or m-GFF. As shown in Figure 4.7, myc- 

Axin co-precipitated with m-p-GFF but not with the control construct (m-GFF), as 

expected. Only a trace of myc-Axin co-precipitated with m-pAAA-GFF, confirming that 

the point mutations greatly reduce Axin binding.

The same approach was applied to investigate the binding of AFC to m-pAAA-GFF, but 

neither endogenous nor exogenous AFC could be successfully co-precipitated with the 

positive control, m-p-GFF. As an alternative approach, co-localisation studies were carried 

out. Endogenous AFC could not be detected by staining, so myc-AFC was co-transfected 

with m-P-GFF or m-pAAA-GFF. As expected, myc-AFC co-localised with m-p-GFF 

(Figure 4.8A). Co-localisation was seen at the cell periphery, where m-p-GFF is normally 

localised, but often also in intracellular aggregates (even in cells with relatively low 

expression levels, in which m-P-GFF would normally be exclusively membrane- 

associated), suggesting that the exogenous AFC sequesters m-P-GFF from the plasma 

membrane. In contrast, m-pAAA-GFF did not co-localise with myc-AFC (Figure 4.8B); 

instead, the AFC was located intracellularly, and the GFF fluorescence indicative of m- 

pAAA-GFF was peripheral to this. These data support the assertion that the point 

mutations block the interaction of p-catenin with AFC as well as with Axin.
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Figure 4.7 m-PAAA-GFP does not co-precipitate Axin. COS cells were co-transfected with myc- 
Axin and m-GFP, m-p-GFP or m-(3AAA-GFP. Lysates were immunoprecipitated with a polyclonal 
anti-GFP antibody, and blots were probed with 9E10 monoclonal antibody. Lysates all contained 
similar amounts of myc-Axin protein (bottom panel). m-(3-GFP co-precipitated myc-Axin, whereas 
m-GFP did not and m-pAAA-GFP only co-precipitated a very small amount (top panel).
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Figure 4.8 m-pAAA-GFP does not co-localise with APC. Neuro-2a cells were co-transfected with 
myc-APC and m-p-GFP (A) or m-pAAA-GFP (B), and subsequently stained with 9E10 moncxlonal 
antilxxly. m-p-GFP co-localised with myc-APC both at the cell membrane and in intracellular 
aggregates. In contrast, m-pAAA-GFP did not co-localise with myc-APC.



Thus m-(3AAA-GFP is a mutant of m-P-GFP that is unable to bind Axin or APC. 

Therefore, if the prediction that m-p-GFP stabilises endogenous p-catenin by competing for 

Axin and/or APC is correct, then the m-pAAA-GFP mutant should be unable to stabilise P- 

catenin. Indeed, lysates from cells expressing m-pAAA-GFP have low levels of 

endogenous P-catenin, similar to the levels in cells expressing the control construct, m- 

GFP, rather than the high levels seen in cells expressing wild-type m-P-GFP (Figure 4.6A). 

Furthermore, the bottom panel of Figure 4.6B shows a field of cells, some of which express 

m-pAAA-GFP. All of the cells have a similar level of endogenous p-catenin, regardless of 

whether or not they express m-pAAA-GFP. This confirms that m-pAAA-GFP expression, 

unlike m-P-GFP expression, does not stabilise endogenous p-catenin. These experiments 

suggest that the mechanism by which m-p-GFP stabilises endogenous P-catenin is titration 

of Axin and/or APC away from endogenous p-catenin.

4.6 m-P-GFP does not induce neurite outgrowth

m-P-GFP stabilises endogenous P-catenin, as does treatment with LT. Therefore if 

stabilisation of P-catenin by LT causes the differentiation of Neuro-2a cells, expression of 

m-p-GFP would also be expected to induce neurite outgrowth. However, this is not the 

case. As shown in Figure 4.9, LT treatment caused differentiation of over 20% of the cells 

in 48 hours. In contrast, expression of m-p-GFP only resulted in differentiation of about 

10% of the cells in the same period of time. This figure is similar to the numbers obtained 

for cells expressing GFP or m-GFP, i.e. it represents the pool of cells that differentiate 

spontaneously.

4.7 Wnt-3A-conditioned medium does not induce neurite outgrowth

I also wished to use a less artificial method of stabilising P-catenin in Neuro-2a cells in 

order to test the hypothesis that stabilisation of P-catenin causes neurite outgrowth. It has 

been shown that Wnt-3A activity is present in conditioned medium collected from L-cells 

that have been stably transfected with Wnt-3A (Shibamoto etal., 1998). If Neuro-2a cells
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Figure 4.9 m-P-GFP does not induce neurite outgrowth. Neuro-2a cells transfected with GFP, m- 
GFP or m-P-GFP were either treated with Li+ or were untreated, as indicated. After 48 hours, the 
number of neurite-bearing cells was counted for each condition. Li+ treatment of GFP-transfected 
cells induced neurite outgrowth in over 20% of the cells, whereas only about 10% of the untreated 
GFP-transfected cells bore neurites. Expression of m-GFP or m-^-GFP in untreated cells did not 
induce neurite outgrowth. Error bars represent the standard deviations from triplicates of one 
representative experiment.



were able to respond to this activity, it would be a more physiological method of stabilising 

(3-catenin than expression of m-(3-GFP. As shown in Figure 4.10A, Wnt-3A-conditioned 

medium was indeed able to increase the levels of P-catenin in Neuro-2a cells, to 

approximately the same extent as LF. In contrast, control-conditioned medium, i.e. 

conditioned medium from L-cells that had been stably transfected with the empty DNA 

vector, did not stabilise p-catenin.

If stabilisation of p-catenin causes differentiation of Neuro-2a cells upon Li treatment, 

treatment with Wnt-3A-conditioned medium should have the same effect. However, when 

cells were treated with Wnt-3A-conditioned medium for 48 hours, only 10% of the cells 

differentiated (Figure 4.1GB); this is comparable to the background level of differentiation 

seen in untreated cells and in cells treated with control-conditioned medium. Conversely, 

Li^ treatment caused differentiation of over 20% of the cells in parallel cultures. Thus, a 

physiological approach to stabilising p-catenin (using Wnt-3A-conditioned medium) leads 

to the same conclusion as the previous data (section 4.6), suggesting that P-catenin 

stabilisation does not induce neurite outgrowth in Neuro-2a cells.

4.8 m-P-GFP does not affect characteristics of differentiated cells

Stabilisation of p-catenin is not sufficient to cause differentiation of Neuro-2a cells. 

However, it is possible that p-catenin exerts effects at a later stage in this system: rather 

than initiating neurite outgrowth, it may alter the morphology of differentiated cells. To 

investigate this possibility, the m-P-GFP construct was utilised, since it allowed us to study 

the effects of stabilised cytosolic and nuclear p-catenin, as well as membrane-associated p- 

catenin. Cells were transfected with m-p-GFP, or with m-GFP as a control. LT was not 

used to induce differentiation the cells, as it stabilises p-catenin, and therefore cells 

expressing the control construct would also have higher-than-normal levels of p-catenin. 

Instead, the cells were starved of serum to induce their differentiation (Figure 4.11 A). This 

is an easy and robust method, which does not cause p-catenin stabilisation (Figure 4.1 IB): 

serum-starved cells had a similar level of P-catenin compared with untreated cells, unlike 

the high levels seen in LF-treated cells.
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Figure 4.10 Wnt*3A-conditioned medium stabilises P-catenin but does not induce neurite 
outgrowth. Neuro-2a cells were untreated or treated with Li+, control-conditioned medium or Wnt- 
3A-conditioned medium for 48 hours. (A) Cell lysates were prepared and blotted for P-catenin and 
for Y-tubulin (as a loading control). Both Li+ and Wnt-3A-conditioned medium stabilised P-catenin 
compared with no treatment or control-conditioned medium. (B) The number of neurite-bearing cells 
was counted for each treatment. Li+ increased the percentage of neurite-bearing cells above basal 
levels (p=0.0102), but neither control-conditioned medium nor Wnt-3A-conditioned medium had any 
effect. Error bars represent the standard deviations from triplicates of one representative experiment.
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Figure 4.11 Serum starvation induces neurite outgrowth in Neuro-2a cells without stabilising p- 
catenin. (A) Neuro-2a ceils were untreated or serum-starved for 48 hours, after which they were 
fixed. Untreated cells were mostly round and undifferentiated, whereas many of the serum-starved 
cells had neurites. Scale bars represent 10pm. (B) Neuro-2a cells were serum-starved or treated with 
Li+ for 48 hours. The cells were then lysed and blotted using the monoclonal anti-p-catenin antibody, 
serum-starved cells had low levels of p-catenin compared with Li+ treated cells.



There were no gross morphological differences between differentiated cells expressing m- 

P-GFP or m-GFP. Three morphological characteristics were examined in greater detail: the 

number of neurites per cell body, the number of branch points per primary neurite (i.e. the 

longest neurite protruding from any particular cell), and the average neurite length. These 

are important characteristics, because during neuronal development in vivo, each one could 

determine how many connections an individual neuron makes and the exact location of 

each synapse.

Approximately 50% of the control cells (those expressing m-GFP) remained 

undifferentiated, i.e. they had zero neurites per cell body (Figure 4.12A). Those cells that 

had differentiated most commonly had one neurite per cell body (approximately 25%); 

about 15% of cells had two neurites, 5% had three neurites, and the remainder had four or 

more neurites. This trend was the same for cells expressing m-p-GFP, suggesting that p- 

catenin stabilisation and expression at the plasma membrane did not have any effect on the 

number of neurites supported by each cell body.

When analysing the number of branch points per neurite (Figure 4.12B), it was found that 

about 80% of the primary neurites on control cells were unbranched, while approximately 

15% of neurites had one branch point, and the remainder had two or more. As with the 

number of neurites per cell, the trend for cells expressing m-P-GFP was very similar to the 

trend for control cells, suggesting that m-P-GFP expression had no effect on neurite 

branching.

The neurite lengths were found to vary greatly between individual cells (Figure 4.13). 

While cells expressing m-GFP had an average neurite length of approximately 75 [xm, those 

expressing m-p-GFP had a shorter average neurite length of approximately 50[xm (Figure 

4.13A). Despite the large standard deviations, the difference between the average neurite 

lengths was statistically significant (p=0.0222), suggesting that expression of m-P-GFP 

may decrease neurite length slightly. Figure 4.13B shows that expression of m-P-GFP 

shifted the distribution of neurite lengths towards the shorter end of the scale. This result is 

the opposite of what one would expect to see if p-catenin promoted neurite outgrowth, and 

therefore was not pursued further.
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Figure 4.12 m-P-GFP expression does not affect the number of neurites per cell or the degree of 
branching of neurites. Neuro-2a cells were transfected with m-GFP (white bars) or m-|3-GFP 
(shaded bars) and starved of serum for 48 hours to induce differentiation. (A) The number of neurites 
per cell body was counted; there was no significant difference between cells expressing m-GFP and 
cells expressing m-(3-GFP. (B) The number of branch points on the primary neurite of each cell was 
counted; there was no significant difference between cells expressing m-GFP and cells expressing m- 
(3-GFP. Error bars represent standard deviations from three separate experiments.
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Figure 4.13 m-P-GFP expression causes a slight decrease in neurite length. Neuro-2a cells were 
transfected with m-GFP (white bars) or m-(3-GFP (shaded bars) and starved of serum for 48 hours to 
induce differentiation. The length of the primary neurite of each differentiated cell was measured. 
(A) The average neurite length is shown for cells expressing each construct. Cells expressing m-P- 
GFP were found to have a slightly shorter average neurite length than cells expressing m-GFP. Error 
bars represent standard deviations from two separate experiments. (B) The range of neurite lengths is 
shown; this graph is representative of two separate experiments.



4.9 Discussion

Western blotting showed that transfection of Neuro-2a cells with the constructs m-GFP and 

m-p-GFP results in the expression of proteins of approximately the predicted sizes. Of the 

two, m-GFP is slightly more highly expressed, which is most likely a reflection of the fact 

that it is a smaller protein than m-p-GFP. In cells that express low or medium levels of the 

proteins, the GFP fluorescence is located solely at the plasma membrane, indicating that 

targeting the proteins to the plasma membrane using a phospholipid-binding domain was a 

successful strategy. However, in cells that express higher levels of either protein, 

intracellular accumulations were seen in addition to the plasma membrane localisation. 

This may be due to saturation of the available binding sites at the membrane.

To examine whether overexpression of m-p-GFP causes apoptosis, as has been reported for 

overexpression of GFP-tagged wild type P-catenin (Kim et al., 2000), Neuro-2a cells 

expressing P-GFP, m-P-GFP or m-GFP were stained using Hoechst stain. This has a high 

affinity for DNA, and can therefore be used to visualise the nuclei of cells. Morphological 

characteristics of cells that are undergoing apoptosis include chromatin condensation and 

DNA fragmentation, so any cells that had small or fragmented nuclei were taken to be 

apoptotic. Necrotic cells do not usually show either of these characteristics, so the assay 

does not detect cell death occurring by necrosis. Overexpression of p-GFP causes high 

levels of apoptosis, whereas cells expressing m-p-GFP, like cells expressing m-GFP, have 

only low levels of apoptosis. Therefore by preventing the accumulation of overexpressed 

P-catenin in the nuclei, targeting the protein to the plasma membrane prevents its toxic 

effects.

Expression of m-p-GFP in Neuro-2a cells results in the stabilisation of endogenous p- 

catenin protein, as indicated by Western blotting and by staining cells using an anti-P- 

catenin antibody that recognises only endogenous P-catenin. To investigate why this 

occurs, I made a mutant form of m-P-GFP that cannot bind to Axin or APC (m-pAAA- 

GFP). As expected, this mutant does not co-precipitate with Axin. Co-precipitation was 

not a successful approach for confirming that m-pAAA-GFP does not bind APC, since 

neither endogenous nor exogenous APC could be co-precipitated with m-p-GFP; this is 

probably due to the very large size of APC (around 300kD). Instead, co-localisation studies
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were carried out, but endogenous APC was not detectable, indicating that there are low 

levels of this protein in Neuro-2a cells. Therefore the localisation of transfected myc-APC 

was observed. Since myc-APC is present throughout the cytoplasm, right up to the plasma 

membrane, it is difficult to be certain whether or not it co-localises with the membrane- 

bound GFP-constructs. In the presence of overexpressed APC, m-p-GFP often 

accumulates intracellularly, even in cells with relatively low levels of the GFP construct. 

This may be because the over-expressed APC recruits m-p-GFP away from the membrane. 

Such intracellular accumulations were not seen in cells expressing low levels of m-pAAA- 

GFP, supporting the idea that this mutant does not bind APC.

Unlike m-p-GFP, m-pAAA-GFP expression does not stabilise endogenous p-catenin. This 

suggests that m-p-GFP acts by titrating Axin or APC away from endogenous p-catenin. It 

is not possible to tell whether Axin or APC is the limiting component, since binding of m- 

P-GFP to these proteins must be abrogated simultaneously in order to prevent the formation 

of Axin/A PC/m -p-G FP complexes. Staining showed that, like LP-treatment, 

overexpression of m-p-GFP results in increased levels of cytoplasmic and nuclear P- 

catenin. Thus if stabilisation of P-catenin is what causes LP-induced neurite outgrowth, 

overexpression of p-catenin also ought to induce neurite outgrowth. However, cells 

expressing m-p-GFP do not have a higher percentage of neurite-bearing cells compared 

with cells expressing m-GFP (in which p-catenin is not stabilised).

It is possible stabilisation of p-catenin does induce neurite outgrowth, but that the 

expression of m-p-GFP at the membrane somehow antagonises this effect. Therefore I 

used Wnt-3A-conditioned medium as an alternative (and more physiological) method of 

stabilising P-catenin. Western blotting confirmed that the addition of Wnt-3A-conditioned 

medium to the culture medium for 48 hours stabilises p-catenin in Neuro-2a cells; this 

indicates that the Wnt-3A-conditioned medium contains active Wnt-3A, which is capable 

of activating the Wnt signalling pathway in these cells. The magnitude of the increase in 

the level of P-catenin is similar to that caused by Li^, so the two treatments are equivalent 

in terms of their effects on P-catenin. However, unlike LP-treatment, treatment with Wnt- 

3A-conditioned medium does not cause neuritogenesis in Neuro-2a cells. Therefore these 

experiments indicate that stabilisation of P-catenin does not induce neurite outgrowth, 

suggesting that Li^ must have some other effect that causes neurite outgrowth.
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To further investigate the possible role of |3-catenin in neurite outgrowth, the effect of 

expressing m-p-GFP in serum-starved cells was examined. Like LP-treatment, serum 

starvation induces neurite outgrowth in Neuro-2a cells, but unlike LP-treatment, it does not 

cause the cells to become flatter. Importantly, it does not stabilise P-catenin, so the effects 

of expressing m-p-GFP can be studied specifically, m-P-GFP does not affect the number 

of neurites per cell body. Approximately half of the cells expressing m-P-GFP or m-GFP 

have no neurites {i.e. they remain undifferentiated); with both constructs, about half of the 

cells that do differentiate have one neurite, and the proportion of cells with two, three, four 

or five or more neurites is similar regardless of which construct is expressed. The degree of 

neurite branching is also unaffected by the expression of m-P-GFP. The majority of the 

primary neurites have no branch points in cells expressing either construct. The proportion 

of neurites with one, two, three or four or more branch points is very similar for cells 

expressing either construct.

However, expression of m-p-GFP does have a small effect on neurite length: cells 

expressing m-p-GFP on average have slightly shorter neurites than cells expressing m-GFP. 

Such a decrease in neurite length could be due to an increase in the branching of the 

neurites, but as discussed above, no difference was detected in the level of neurite 

branching between cells expressing m-GFP or m-p-GFP. Therefore, this result indicates 

that P-catenin may act to inhibit the protrusion of neurites. It should also be noted that the 

induction of neurite outgrowth by serum starvation is not equivalent to the induction of 

neurite outgrowth by treatment with LP (see sections 3.5 and 3.6), and therefore the 

conclusions drawn from these experiments cannot be applied directly to Li^-induced neurite 

outgrowth.
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Chapter five: the role of Axin in regulating 

neurite outgrowth in Neuro-2a ceils

5.1 Introduction

The neurite outgrowth induced by LT in Neuro-2a cells is dependent on GSK-3, but is 

independent of P-catenin. GSK-3 has many substrates in addition to P-catenin (for 

reviews see Ali et al. [2001], Cohen et al. [2001] and Grimes and Jope [2001]); changes 

in the regulation of any of these could potentially be responsible for the differentiation 

of Neuro-2a cells in response to \a .

Axin is a negative regulator of the Wnt signalling pathway (Zeng et al., 1997). It is a 

component of the p-catenin degradation complex, binding both P-catenin and GSK-3, 

and thus promoting phosphorylation of the former by the latter (Ikeda et al., 1998; 

Sakanaka et al., 1998). Axin itself is also a substrate for GSK-3 (Ikeda et al., 1998), 

and its phosphorylation by GSK-3 has been reported to result in its stabilisation: LT 

treatment leads to downregulation of Axin in COS cells (Yamamoto et al., 1999) and in 

the mammary epithelial cell line C57MG (Willert et al., 1999b). Thus Axin is a good 

candidate for involvement in the GSK-3 mediated differentiation of Neuro-2a cells.

5.2 Li destabilises Axin in Neuro-2a cells

To investigate whether Axin is destabilised by LT treatment Neuro-2a cells, as it is in 

COS cells and C57MG cells, Neuro-2a cells were treated with Li^ for either four hours 

(Figure 5.1 A) or 48 hours (Figure 5. IB). After these times, the cells were lysed and the 

extracts probed with an anti-Axin antibody. LT caused a shift in the mobility of 

endogenous Axin within four hours of treatment (Figure 5.1 A; compare first [untreated] 

and second [LT-treated] lanes). Since LT inhibits GSK-3, the more mobile Axin 

species observed in the presence of Li^ probably represents a less phosphorylated form. 

After 48 hours, the amount of Axin protein in LT-treated cells was significantly reduced
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Figure 5.1 Li+ destabilises Axin. Neuro-2a cells were untreated or treated with Li+, control- 
conditioned medium or Wnt-3A-conditioned medium for four hours or for 48 hours. The cell lysates 
were probed with anti-Axin and anti-y-tubulin antibcxiies; the latter was used as a loading control. (A) 
After four hours, Li+-treatment induced a shift in the mobility of Axin. Wnt-3 A-conditioned medium 
caused only a very slight mobility shift. (B) After 48 hours, treatment with Li+ caused a decrease in 
the level of Axin protein, whereas treatment with Wnt-3 A-conditioned medium did not.



compared with untreated cells (Figure 5.IB): quantitation of the bands using y-tubulin 

to normalise for variations in loading revealed that Li^-treated cells had only about two- 

thirds as much Axin as untreated cells. Evidence for the destabilisation of Axin by LF 

can also be seen in Figure 3.6: the Axin staining was less intense in LF-treated cells 

than in serum-starved cells.

Since Axin was destabilised by treatment with Li^, and Li"" mimics activation of the 

Wnt signalling pathway, one might expect that Wnt-3A-conditioned medium would 

also cause destabilisation of Axin. In fact, however, we found that Wnt-3 A-conditioned 

medium did not have such strong effects on Axin as did LF. After 4 hours of treatment 

(Figure 5.1 A), when LF had caused a significant mobility shift of the Axin protein, 

Wnt-3 A-conditioned medium had only caused a small shift in comparison with control- 

conditioned medium. Similarly, after 48 hours (Figure 5. IB), when cells treated with 

LF had much lower levels of Axin than untreated cells, cells that had been treated with 

Wnt-3 A-conditioned medium had higher Axin levels than cells treated with LF.

The experiments described above are consistent with the hypothesis that destabilisation 

of Axin in the cell triggers neurite outgrowth: LF destabilises Axin and induces neurite 

outgrowth, whereas Wnt-3A-conditioned medium does not destabilise Axin to such an 

extent and does not induce any noticeable neurite outgrowth.

5.3 Exogenous Axin inhibits Lî  induced neurite outgrowth

If lowering the level of Axin in the cell is indeed the key effect of LF that results in 

neuritogenesis, then it should be possible to inhibit the LF-induced neurite outgrowth 

by introducing exogenous Axin into the cells, to counteract the loss of endogenous 

protein. To investigate this, GFP-tagged Axin (shown schematically in Figure 5.2) was 

used to make the transfected protein easily detectable. GFP-Axin did not affect the 

differentiation of Neuro-2a cells in the absence of LF (data not shown). However, of 

those cells that expressed GFP-Axin, approximately 10% differentiated after 48 hours
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of Li"” treatment (Figure 5.3). This is similar to the percentage of differentiated cells 

seen for untreated cells in previous experiments (e.g. Figure 3.1, OmM Li^), i.e. it 

represents only spontaneously differentiating cells. This suggests that cells expressing 

GFP-Axin do not undergo differentiation in response to treatment with Li .̂

To ensure that the lack of neurite outgrowth in response to Li"̂  was really due to GFP- 

Axin expression, the experiment was also carried out using GFP-AxinP. This mutant 

form of GFP-Axin has a leucine to proline point mutation in the GSK-3 binding domain 

(Figure 5.2), which has been reported to result in greatly diminished GSK-3 binding 

(Smalley et aL, 1999). To confirm this, Neuro-2a cells were transfected with GFP, 

GFP-Axin or GFP-AxinP, and immunoprecipitated using a polyclonal anti-GFP 

antibody. Probing the immunoprecipitates with an anti-GSK-3 antibody (Figure 5.4, 

top panel) showed that while wild-type GFP-Axin co-precipitated GSK-3, GFP-AxinP, 

like GFP, did not. Re-probing the immunoprecipitates using a monoclonal anti-GFP 

antibody (middle panel) showed that GFP-Axin and GFP-AxinP were 

immunoprecipitated to similar extents, and probing the lystes for GSK-3 (bottom panel) 

showed that this protein was present at similar levels in all three lysates. Thus GFP- 

AxinP does not bind GSK-3, and is therefore an inactive form of GFP-Axin. Of those 

cells that expressed GFP-AxinP, over 20% differentiated upon Li^ treatment (Figure 

5.3). So GFP-Axin, but not the inactive mutant GFP-AxinP, inhibits the induction of 

neurites by Li^. This supports the hypothesis that Axin depletion causes neuritogenesis.

5.4 Deletion of the APC, GSK-3 and p-catenin binding domains of 

Axin

To investigate the mechanism by which Axin prevented differentiation of Neuro-2a 

cells, three GFP-Axin deletion mutants were made (see Materials and Methods), 

lacking the APC (GFP-Axin^^^^; Ikeda et aL, 1998), GSK-3 (GFP-Axin^‘̂ '^°"'^-  ̂Hinoi 

et aL, 2000) or (3-catenin (GFP-Axin'^^^‘̂ '̂̂ '̂̂ ‘̂®"'"; Hinoi et aL, 2000) binding sites (Figure

5.2). Since APC binds both |3-catenin and Axin, simply removing the (3-catenin binding 

site of Axin would not prevent an Axin/p-catenin association: they would still be able to 

form a complex via APC. Therefore to make an Axin mutant that could not associate
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Figure 5.3 GFP-Axin inhibits neurite outgrowth, dependent on its GSK-3 binding domain.
Neuro-2a cells were transfected with GFP-Axin, GFP-AxinP, GFP-Axin^'^^, GFP-Axin^^PC/^P-catemn 
or GFP-Axin^' '̂^^^*^^’̂ "̂ , and treated with Li+ for 48 hours. Li+ failed to induce neurite outgrowth 
above the basal level in cells expressing GFP-Axin, GFP-Axin^"^*^ or GFP-Axin^^^^P'^^^^"'". 
However, expression of GFP-AxinP or GFP-Axin^'^’̂ ^̂ ^̂ **"'̂ , neither of which are able to bind GSK- 
3, did not inhibit neurite outgrowth (p=0.0055 and 0.0008, respectively, compared with GFP-Axin). 
Error bars represent the standard deviations from triplicates of one representative experiment.
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Figure 5.4 GFP-AxinP does not bind GSK-3. Neuro-2a cells were transfected with GFP, GFP- 
Axin or GFP-AxinP. Lysates were immunoprecipitated using a polyclonal anti-GFP antibody. 
Blotting for GSK-3 (top panel) showed that GFP-Axin, but not GFP or GFP-AxinP, co-precipitated 
endogenous GSK-3. Blotting for GFP (middle panel) shows that GFP-AxinP was expressed to at least 
as high a level as GFP-Axin (The positions of the 175, 83, 62, 47.5 and 32.5kD markers are indicated 
on the right). Probing the lysates with an anti-GSK-3 antibody showed that GSK-3 was present in 
similar amounts in all three lysates.



with (3-catenin, the |3-catenin-binding domain was deleted from the mutant that lacked 

the APC binding domain. In order to be able to make valid comparisons, the GSK-3- 

binding domain deletion was also made in the non-APC binding mutant.

To confirm that GFP-Axin^^^^^ '̂ '̂^ and were unable to bind GSK-3 and

(3-catenin, respectively, these constructs or GFP, GFP-Axin or G FP-A xin^^ were 

transfected into Neuro-2a cells. The cell lysates were immunoprecipitated using a 

polyclonal anti-GFP antibody, and blotted for GFP, P-catenin or GSK-3 (Figure 5.5). 

Blotting for GFP (Figure 5.5, top panel) confirmed that all of the GFP constructs were 

immunoprecipitated to similar levels. The weaker bands below the main band in each 

lane are probably breakdown products of the proteins. Blotting for P-catenin confirmed 

that, as expected, GFP-Axin, GFP-Axin'^^^ and GFP-Axin^^’̂ ^̂ ^̂ '̂̂  co-precipitated p- 

catenin, whereas GFP and GFP-Axin̂ ^̂ ^̂ ^̂ "̂ ^̂ "̂'" did not (Figure 5.5, middle panel). 

Similarly, GFP-Axin, GFP-Axin^^'^^ and GFP-Axin^^^ /̂^ -̂""'""'" co-precipitated GSK-3, 

while GFP did not and GFP-Axin^ '̂'^^^° '̂^^ only co-precipitated a very small amount 

(Figure 5.5, bottom panel). Thus, GFP-Axin"̂ ^̂ "̂̂ '̂̂ '̂®"*" could not bind p-catenin, and 

GFP-Axin^^^^^°^^"^ bound GSK-3 to a greatly reduced extent.

5.5 Inhibition of neurite outgrowth by exogenous Axin is dependent on 

GSK-3 binding, but not APC or p-catenin binding

Cells expressing GFP-Axin^^’’̂  did not differentiate in response to Li^ treatment (Figure

5.2); in other words, this construct had a similar effect to wild-type GFP-Axin. Since 

GFP-Axin"^^^ cannot bind APC, this result suggested that Axin does not require APC to 

mediate its inhibitory effect on neurite outgrowth. Similarly, the number of 

differentiated cells did not differ significantly between cells expressing GFP-Axin and 

cells expressing (p=0.0555). Thus Axin does not require binding

of p-catenin for its ability to inhibit neurite outgrowth, confirming that p-catenin is not 

important in Li^ induced neurite outgrowth (see Chapter 4).
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Figure 5.5 The GFP-Axin GFF-Axin“ >̂ "̂  " “"‘" and GFP-Axin“ '’™GSK-3 deletion mutants do 
not bind P-catenin or GSK-3, respectively. Neuro-2a cells were transfected with GFP, GFP-Axin, 
GFP-Axin'^'^^, GFP-Axin^'^^''^^’'-̂’'̂ "'" or GFP-Axin '̂^^ '̂^*^ '̂ '̂- .̂ Lysates were immunoprecipitated 
using a polyclonal anti-GFP antibody. Probing with a GFP monoclonal antibody (top) showed that all 
of the constructs were immunoprecipitated successfully and to similar levels. Blotting for P-catenin 
(middle) showed that GFP-Axin, GFP-Axin^^'^ and GFP-Axin '̂^^ '̂^^^*^"  ̂ co-precipitated P-catenin, 
but the negative control (GFP) and GFP-Axin '̂^*’̂ ^̂ P‘‘̂ ‘̂®"'" did not. Blotting for GSK-3 (bottom) 
showed that GFP-Axin, GFP-Axin^'^'^ and GFP-Axin^^*^''^P'‘̂‘*‘̂ "'" co-precipitated GSK-3, while the 
negative control did not and GFP-Axin^'^'^*^^^*^^'^co-precipitated only a very small amount. The 
positions of the 83, 62 and 47.5kD markers are indicated on the left.



Cells expressing however, differentiated normally (there was a

significant difference compared with cells expressing GFP-Axin [p=0.0055]). This 

indicated that GSK-3 binding is required in order for Axin to be able to inhibit neurite 

outgrowth, a conclusion that is supported by the fact that GFP-AxinP (which is also 

unable to bind GSK-3 because of a point mutation in the GSK-3 binding domain) could 

not inhibit neurite outgrowth (Figure 5.2; see section 5.3). This is consistent with 

previous data suggesting that GSK-3 activity regulates neurite outgrowth (Chapter 3).

5.6 Inhibition of neurite outgrowth by exogenous Axin is not due to 

aggregate formation

GFP-Axin and all of the mutants used so far form aggregates when expressed in Neuro- 

la  cells (Figure 5.6), since they are all able to homo-oligomerise. It is possible that the 

inhibition of neurite outgrowth observed with the GSK-3 binding constructs is a direct 

result of this aggregation: sequestration of GSK-3 (and possibly other proteins) into 

large aggregates may prevent their normal activity.

To test this possibility, a GFP-Axin mutant that does not homo-oligomerise was made. 

The C-terminal region of Axin, including the DIX domain, mediates the self-interaction 

of Axin (Hedgepeth et al., 1999b; Hsu et al., 1999; Kishida et al., 1999; Sakanaka and 

Williams, 1999). Thus the last 119 residues of GFP-Axin were deleted, to make GFP- 

Axin̂ ^Dix (pjguj-e 5  2 ). Rather than forming large aggregates like GFP-Axin, GFP- 

Axin^°^  ̂ was diffuse within the cytosol (Figure 5.6), confirming that it cannot form 

homo-oligomers.

When expressed in LF-treated cells, the non-oligomerising construct GFP-Axin^”̂^̂  had 

the same effect as GFP-Axin, i.e. it was able to inhibit neurite outgrowth (Figure 5.7), 

despite lacking the ability form aggregates. As a control, the leucine to proline point 

mutant version of the construct (GFP-Axin^^^^P) was generated; as expected for a non- 

GSK-3-binding construct, its expression did not inhibit neurite outgrowth (compared 

with cells expressing GFP). This suggests that the inhibitory effect of GFP-Axin on 

neurite outgrowth is not simply due to sequestration of GSK-3 into large aggregates.
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Figure 5.6 Deletion of the DIX domain of GFP-Axin prevents aggregate formation. Neuro-2a 
cells were transfected with GFP-Axin, GFP-AxinP, GFP-Axin^^^, GFP-Axin^P^^'^P ‘̂ ‘̂®"'", GFP- 
AxinAAPC/AGSK-3̂  GFP-Axm^Dix GFP-Axin^Dixp GFP-Axin(298-506) or GFP-Axin(298-506)P. The 
localisation of the GFP-fusion proteins was analysed by fluorescence microscopy. GFP-Axin, GFP- 
AxinP, GFP-Axin^P*^, GFP-Axin'^f^^'^P ‘̂®̂®™" and G F P - A x i f o n n e d  aggregates in the 
cytosol. GFP-Axin^Dix GFP-Axin^Dixp GFP-Axin(298-506) and GFP-Axin(298-506)P, all of which 
lacked the DIX domain, were distributed diffusely in the cytosol. GFP-Axin(298-506) and GFP- 
Axin(298-506)P were also present in nuclei. Scale bars represent 10pm
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Figure 5.7 GFP-Axin does not require the DIX domain to inhibit neurite outgrowth, and the 
central region of the Axin is sufHcient for inhibition to occur. Neuro-2a cells were transfected 
with GFP, GFP-Axin^^^, GFP-Axin^^^^P, GFP-Axin(298-506) or GFP-Axin(298-506)P, and treated 
with Li+ for 48 hours to induce neurite outgrowth. GFP-Axin^^^^ and GFP-Axin(298-506) inhibited 
neurite outgrowth, but GFP-Axin^'^^^P and GFP-Axin(298-506)P, like GFP, did not. Error bars 
represent the standard deviations from triplicates of one representative experiment.



5.7 The central region of Axin is sufficient to inhibit Li -induced 

neurite outgrowth

It has already been demonstrated that GFP-Axin does not require AFC or (3-catenin in 

order to inhibit neurite outgrowth (section 5.4); however, Axin has many other binding 

partners, which could potentially be involved. To further investigate this, another GFP- 

Axin mutant was made: GFP-Axin(298-506). At the time these experiments were done, 

GFP-Axin(298-506) was thought to contain only the GSK-3 and P-catenin binding 

domains (Figure 5.2). This small central region of Axin was found to be sufficient to 

inhibit LT-induced neurite outgrowth (Figure 5.7). Again, the leucine to proline 

version (GFP-Axin[298-506]P) was used as a control; as expected, it did not inhibit the 

induction of neurites (Figure 5.7). Since the p-catenin binding domain of Axin has 

been shown to be dispensable for Axin’s ability to inhibit neurite outgrowth (Figure

5.2), this experiment suggests that Axin only requires the GSK-3 binding domain to 

exert its effect.

5.8 Discussion

Treatment of Neuro-2a cells with LT leads to an increase in the mobility of Axin in 

acrylamide gels within four hours, followed by a reduction in the level of Axin protein 

within 48 hours. Similar results have been obtained in COS cells (Yamamoto et al., 

1999) and in the mammary epithelial cell line C57MG (Willert et al., 1999b). The 

increase in the mobility of the protein in the presence of Li^ is most likely due to its lack 

of phosphorylation by GSK-3; although there is no proof that this is the case for LT, it 

is true for Wnt-3A (Willert et al., 1999b). It would be interesting to know whether 

phosphatase treatment of untreated cell lysates results in Axin migration similar to that 

seen in LT-treated cells: if this were the case, it would indicate that the change in 

mobility upon treatment with Li^ is indeed due to lack of phosphorylation.

In contrast to the results of Yamamoto et al. and Willert et al., I found that treatment of 

Neuro-2a cells with Wnt-3A-conditioned medium does not greatly destabilise Axin. This is not
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due to inactivity of the Wnt-3A-conditioned medium, since it is able to stabilise |3- 

catenin to approximately the same extent as Li .̂ The difference between the effects of 

LT and Wnt-3A-conditioned medium may be due to the fact that Li"" inhibits the 

enzymatic activity of GSK-3 (such that it can no longer phosphorylate any of its 

substrates), while Wnt-3A instead acts to disrupt the P-catenin degradation complex. In 

the presence of Wnt-3A, therefore, GSK-3 is still enzymatically active and may still be 

able to phosphorylate and stabilise Axin.

Overexpression of Axin inhibits LT-induced neurite outgrowth. This could be because 

overexpression of Axin is toxic to the cells, compromising their ability to differentiate. 

However, cells that have been transfected with GFP-Axin do not appear to be any less 

healthy than cells expressing GFP-AxinP, which does not inhibit neurite outgrowth. A 

more likely possibility is that a decrease in Axin levels is required for neurite outgrowth 

to occur, so the process is inhibited by excess exogenous Axin. Co-precipitation 

experiments confirmed that neither GFP-AxinP nor GFP-Axin̂ '̂ *̂̂ '̂̂ ^̂ '̂̂  are able to bind 

GSK-3. Neither of these constructs inhibit neurite outgrowth, therefore the association 

of Axin with GSK-3 is necessary for Axin to inhibit neurite outgrowth.

GFP-Axin^^^^ lacks the first 297 amino acids of Axin, which contain the APC binding 

domain. As discussed in Chapter four, I was unable to precipitate endogenous or 

exogenous APC protein, and therefore it was not possible to confirm by co-precipitation 

that GFP-Axin^^^ does not bind APC. However, co-precipitation confirmed that GFP- 

does not bind p-catenin; this indicates that deletion of the APC binding 

domain does indeed prevent Axin from binding APC, otherwise GFP-Axin^^*^^^^‘̂ “‘®"'" 

would be able to co-precipitate with p-catenin via APC. Both GFP-Axin"^^^  ̂and GFP- 

inhibited LT-induced neurite outgrowth, indicating that these proteins 

are not involved in the inhibition.

Immunofluorescence shows that the constructs discussed so far form large intracellular 

aggregates, due to their ability to homo-oligomerise. This oligomerisation could cause 

the inhibition of neurite outgrowth by sequestering GSK-3 and its binding partners into 

the large aggregates, preventing them from performing their normal function. A GFP- 

Axin construct lacking the C-terminal Axin-Axin interaction domain (GFP-Axin"^^^^)
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does not form aggregates; rather the proteiri is diffuse in the cytoplasm, but is excluded 

from the nucleus. This construct, like full length GFP-Axin, inhibits neurite outgrowth, 

suggesting that aggregate formation is not the cause of the inhibition. GFP-Axin'^^^^P, 

which contains the leucine to proline point mutation that prevents GSK-3 binding, does 

not inhibit neurite outgrowth; this is further evidence that Axin inhibits neurite 

outgrowth by binding GSK-3.

The smallest construct tested, GFP-Axin(298-506), but not GFP-Axin(298-506)P (the 

non-GSK-3 binding mutant) inhibits neurite outgrowth. This region of Axin lacks the 

binding sites for the majority of Axin’s known binding partners, including APC, Axin, 

CKI, Dvl, PP2A, LRP and Axam, indicating that none of these proteins mediate the 

inhibition of neurite outgrowth by Axin.

130



Chapter 6: Final discussion

6.1 Inhibition of GSK-3 results in neurite outgrowth in Neuro-2a cells

Neuro-2a cells extend neurites when GSK-3 kinase activity is inhibited, suggesting that 

GSK-3 activity is inhibitory to neurite outgrowth. This is consistent with evidence 

suggesting that GSK-3 activation can mediate the opposite effect, i.e. growth cone 

collapse and neurite retraction (Beffert et al., 2002; Eickholt et al., 2002; Sayas et al., 

2002). It is possible that some GSK-3 substrates promote neurite outgrowth when in 

their non-phosphorylated form. Alternatively, the process of neuritogenesis in Neuro- 

2 a cells may be a constitutive pathway, which is inhibited under normal culture 

conditions; this would suggest that some substrate or substrates of GSK-3 prevent 

neurite outgrowth when in the phosphorylated form. Either way, it seems likely that 

upon GSK-3 inhibition, phosphatase activity in the cell results in dephosphorylation of 

GSK-3 substrates, facilitating neurite outgrowth.

MAPs are able to stabilise microtubules, but their capacity to do so is regulated by their 

phosphorylation state (Drewes et al., 1998; Gordon-Weeks and Fischer, 2000; Sanchez 

et al., 2000; Sayas et al., 2002). Generally, hypophosphorylated MAPs bind 

microtubules strongly and stabilise them, while hyperphosphorylated MAPs have low 

affinity for microtubules, which therefore become unstable and are easily disorganised. 

MAPs with intermediate levels of phosphorylation bind to microtubules and maintain 

them in a dynamic state. Tau, MAP-IB and MAP-2 are substrates of GSK-3, and are 

therefore likely to be involved in the neurite outgrowth that occurs in Neuro-2a cells 

upon Li^-treatment. Furthermore, tau promotes process extension in insect cells, but 

this is inhibited by phosphorylation of tau in its proline-rich domains, which are targets 

for GSK-3 (Biemat and Mandelkow, 1999).

Inhibition of GSK-3 by LT in Neuro-2a cells may result in a lower level of 

phosphorylation of MAPs such as tau, MAP-IB and MAP-2, increasing their ability to 

bind and stabilise microtubules, and promoting neurite outgrowth. In accordance with 

this hypothesis, Garcia-Perez et al. (1999) demonstrated that MAP-IB phosphorylation
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decreases at an epitope that can be phosphorylated by GSK-3 (and CDKs) upon 

treatment of Neuro-2a cells with Li^. It has also been demonstrated that treatment of 

Neuro-2a cells with Li^ decreases the level of phospho-tau (Phiel et al., 2001). 

However, in my experiments, endogenous tau was not detectable in untreated or Li^- 

treated cells, using either phospho-specific or total tau antibodies, suggesting that tau is 

not very abundant in Neuro-2a cells. Thus it is more likely that regulation of the 

phosphorylation status of other MAPs by GSK-3 is involved in the LT-induced neurite 

outgrowth of Neuro-2a cells.

Although my experiments indicate that GSK-3 activity must be inhibited in order for 

neurite outgrowth to occur, there is evidence demonstrating that the opposite is true in 

some other systems. For example, LF inhibits neurite outgrowth in cultured 

hippocampal neurons (Takahashi et a i, 1999), and when PC I2 cells are treated with 

NGF to induce differentiation in the presence of Li^, the average neurite length is much 

shorter than in the absence of Li^ (Goold and Gordon-Weeks, 2001). This suggests that 

in hippocampal neurons and PC I2 cells, GSK-3 activity is required for neurite 

outgrowth. Furthermore, Munoz-Montano et at. (1999) demonstrated that in cultured 

cerebellar granule cells, the levels of GSK-3 and GSK-3-dependent tau phosphorylation 

are highest during the first five days in vitro, which coincides with the time when most 

neurite outgrowth occurs. This suggests that GSK-3 activity is required for neurite 

outgrowth to occur. In support of this, they also demonstrated that high levels of LT 

inhibit neurite outgrowth in this system. However, low levels of Li^ (l-5mM) were 

found to promote neurite outgrowth, and expression of exogenous GSK-3 inhibited 

neurite outgrowth, indicating that excess GSK-3 activity impairs neurite extension.

Therefore it seems that there is an optimal level of GSK-3 activity that promotes neurite 

outgrowth, and that too little or too much GSK-3 activity will inhibit the process. This 

may reflect the need for a particular level of phosphorylation of MAPs, such that 

microtubules are not too highly stabilised and not too highly destabilised. If this is the 

case, the basal GSK-3 activity and the amount of phosphatase activity in different cell 

types will dictate the effects of Li^ in each case. For example, in cerebellar granule 

cells, there may initially be a very low level of MAP phosphorylation, perhaps due to 

high phosphatase activity, such that high GSK-3 activity is required in order to promote
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MAP phosphorylation, resulting in optimal microtubule dynamics for neurite induction. 

In contrast, untreated Neuro-2a cells may contain highly phosphorylated MAPs, due to 

low phosphatase activity and/or high GSK-3 activity. Thus inhibition of GSK-3 by Li"" 

is required to reduce the degree of MAP phosphorylation to the optimal level.

6.2 Localisation of components of the cytoskeleton and of the Wnt signalling 

pathway

Staining of Li^-treated and serum-starved Neuro-2a cells for actin and tubulin revealed 

that the neurites induced by Li^-treatment were generally thicker and had larger, more 

spread growth cones than those induced by serum starvation. In addition, neurites that 

had been induced by treatment with LT often displayed, ‘curly’ microtubules and 

regions of microtubule unbundling. These differences are similar to those seen in other 

studies, which compared the neurites in untreated neuronal cultures (analogous to 

serum-starved Neuro-2a cells) with those in LP-treated cultures (Goold et al., 1999; 

Hall et al., 2000; Lucas and Salinas, 1997; Williams et al., 2002). The reasons for such 

effects of LT are not clear, although it has previously been demonstrated that GSK-3 

activity reduces the outspread morphology of growth cones (Eickholt et a l, 2002). The 

appearance of regions of microtubule unbundling in Li^-treated cells may be due to the 

disruption of MAP function, resulting from changes in the phosphorylation state of 

MAPs because of GSK-3 inhibition.

Staining Neuro-2a cells for Axin and GSK-3 showed that these proteins are sometimes 

accumulated at the tips of neurites in serum-starved cells. Eickholt et al. (2002) 

demonstrated that in dorsal root ganglion neurons, there is a pool of inactive GSK-3 at 

the leading edge of the growth cones, and that upon Semaphorin 3A-induced growth 

cone collapse this pool becomes activated. Although the activation status of the 

accumulated GSK-3 at the tips of Neuro-2a cells is not known, it is possible that it 

represents a similar inactive pool. Go-staining serum-starved Neuro-2a cells for GSK-3 

and Axin (data not shown) showed that the two proteins often (but not always) 

accumulate at the tips of the same neurites. This suggests that there may be Axin/GSK- 

3 complexes at the tips of neurites, performing some function that modulates neurite
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outgrowth. There have been no reports of similarly localised complexes in other in 

vitro neuronal models or in vivo, although this may simply reflect the lack of studies of 

Axin localisation in neurons. (3-catenin is very rarely seen to accumulate at the tips of 

neurites, suggesting that it is not associated with the Axin/GSK-3 complexes. Neither 

Axin nor GSK-3 accumulates at the tips of the neurites of L^-treated cells; this may be 

due to redistribution or dissociation of the complexes when GSK-3 is inhibited.

6.3 p-catenin is not involved in Li-induced neurite outgrowth

Despite the evidence from studies of Armadillo suggesting a role for p-catenin in 

neuronal development (Loureiro and Peifer, 1998), I found that P-catenin signalling is 

not required for the Li"’-induced neurite induction in Neuro-2a cells, nor is stabilisation 

of P-catenin sufficient to induce neurite outgrowth. Thus it seems that P-catenin does 

not play a positive role in neuritogenesis in this system. One possible reason for this is 

that Neuro-2a cells do not express cadherins, and one of the main functions of 

Armadillo in neuronal development requires events at the membrane, in association 

with cadherins (Loureiro and Peifer, 1998). I also found that stabilising P-catenin by 

expressing a membrane-targeted form of the protein (m-p-GFP) does not alter the gross 

morphology of serum-starved cells, or affect the number of neurites per cell or the 

degree of branching of those neurites. This is in keeping with a report that expression 

of a stable form of Armadillo does not affect the outgrowth of axons in Drosophila 

(Loureiro et a l, 2001).

However, stabilised p-catenin does have a small effect on the length of neurites in 

Neuro-2a cells: cells expressing m-p-GFP have a slightly shorter average neurite length 

than cells expressing the control construct (m-GFP). This suggests that p-catenin may 

retard neurite extension, and is consistent with the observation that the neurites induced 

by treatment with LL tend to be shorter than those induced by serum deprivation: 

although Li^ stimulates neurite outgrowth, the coincident stabilisation of p-catenin may 

act to inhibit extension of the neurites. A negative regulatory role for p-catenin in 

process extension is not unprecedented: expression of an N-terminally truncated (and 

therefore stabilised) form of p-catenin in Madin-Derby Canine Kidney cells almost
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completely abolishes their ability to extend processes in response to hepatocyte growth 

factor/scatter factor (Pollack et ah, 1997).

It is possible that P-catenin has other, more subtle effects on neurite outgrowth, but that 

the Neuro-2a cell model is not sensitive enough to detect such effects. For example, 

Loureiro and Peifer (1998) showed that flies expressing a cell adhesion-incompetent 

Armadillo mutant have defects in the axonal scaffold as well as neurite outgrowth and 

fasciculation defects in specific groups of axons; however, the early stages of neurite 

outgrowth are relatively normal in such flies. It is therefore possible that Neuro-2a cells 

that have been induced to differentiate over a 48-hour period represent too early a stage 

in neuronal development to reveal later effects of P-catenin.

6.4 Destabilisation of Axin is necessary for Li-induced neurite outgrowth

Overexpression of GFP-Axin prevents Li^-induced neurite outgrowth in Neuro-2a cells, 

suggesting that destabilisation of Axin is necessary in order for neurite outgrowth to 

occur. However, Axin destabilisation is unlikely to be a general requirement for neurite 

outgrowth, since Axin is not destabilised by serum-starvation or by other treatments 

that induce neurite outgrowth in Neuro-2a cells (see Figure 3.6 and data not shown). In 

order to determine whether destabilisation of Axin is sufficient to induce neurite 

outgrowth, I attempted to use an antisense oligonucleotide to reduce the level of Axin 

protein in untreated Neuro-2a cells. Preliminary results suggested that the Axin 

antisense oligonucleotide induced neurite outgrowth (compared with a scrambled 

version of the oligonucleotide), but I was not able to demonstrate that the levels of Axin 

were reduced by the oligonucleotide. Given more time, I would have attempted to 

reduce Axin expression using RNAi.

APC was a good candidate for mediating the effects of Axin on neurite outgrowth, 

since APC associates with microtubules, and has been shown to promote their 

polymerisation and to protect them from shrinking in vitro (see Bienz [2002]). 

Destabilisation of Axin by Li^ would free APC protein molecules that were formerly in 

Axin complexes, allowing them to interact with microtubules, promoting their
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elongation and thus promoting neurite outgrowth; overexpression of Axin would titrate 

APC away from the microtubules and prevent neurite outgrowth. However, deletion of 

the APC binding site of Axin (GFP-Axin^^^*^) does not affect its ability to inhibit neurite 

outgrowth, indicating that the effect is independent of APC.

An Axin mutant that is not able to bind p-catenin (GFP-Axin'^^'^^‘̂ ““'"“’) also retains the 

ablility to inhibit neurite outgrowth. This suggests that P-catenin does not mediate 

Axin’s effect on neurite outgrowth, and is consistent with the previous data showing 

that P-catenin does not affect neurite outgrowth. Further deletion analysis showed that 

deletion of the C-terminus of Axin is also dispensable for its ability to induce neurite 

outgrowth. Removal of, or mutation of, the GSK-3 binding site, however, prevents 

Axin’s ability to inhibit Li^-induced neurite outgrowth.

6.5 Possible mechanisms for the inhibitory effect of Axin

Overexpression of Axin has been shown to stimulate INK activity (Zhang et a l, 1999) 

so inhibition of Li^-induced neurite outgrowth by overexpression of GFP-Axin may be 

due to activation of the INK signalling pathway. However, Axin requires its 

dimérisation domain and its Dvl-binding domain in order to be able to activate INK. 

Since a GFP-Axin construct that lacks both of these domains (GFP-Axin[298-506]) is 

still able to inhibit Li^-induced neurite outgrowth when overexpressed, it seems unlikely 

that JNK activation mediates the inhibition. Axin has also recently been reported to 

bind actin (Capelluto et a l, 2002), which is an important protein during neuritogenesis. 

However, the interaction occurs through the DIX domain of Axin, which is not required 

for the inhibition of neurite outgrowth. Therefore it is unlikely that the interaction 

between Axin and actin is important for the effects of Axin in this system.

At the time when these experiments were carried out, GSK-3 was the only protein 

known to bind to the site of Axin that is immediately N-terminal to the p-catenin 

binding site. Recently however, two other proteins, Diversin and I-mfa, have been 

shown to bind the same site on Axin as GSK-3 (Kusano and Raab-Traub, 2002; 

Schwarz-Romond et al., 2002). Thus, it is possible that the inhibitory effects of Axin
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require binding to Diversin or I-mfa rather than GSK-3. However, given the fact that 

GSK-3 inhibition has been demonstrated to be important for the Li^-induced neurite 

outgrowth in Neuro-2a cells, it seems most likely that Axin’s ability to inhibit this 

process is due to its GSK-3 binding capacity.

One explanation for the inhibitory effect of Axin on neurite outgrowth is that Axin or 

GSK-3-binding fragments of Axin protect GSK-3 from inhibition by Li^, by masking 

the site at which Li^ acts. However, there is no evidence to support this possibility. 

Furthermore, Li^ appears to increase p-catenin/TCF-dependent transcription to a similar 

extent in cells expressing GFP or GFP-Axin (data not shown), which would suggest that 

L r  inhibits GSK-3 even in the presence of overexpressed Axin.

Another possibility is that Axin and GSK-3 together bind a substrate, which must be in 

its unphosphorylated form in order for neurite outgrowth to occur. A schematic 

diagram showing the interactions between this hypothetical protein ("protein X"), Axin 

and GSK-3 is shown in figure 6.1. In the absence of L i ,  Axin levels in Neuro-2a cells 

are relatively high, and protein X is associated with Axin/GSK-3 complexes. The 

protein is phosphorylated, and so is unable to induce neurite outgrowth. Therefore in 

the absence of Li^, Neuro-2a cells do not differentiate. In the presence of LP, the 

kinase activity of GSK-3 is inhibited, with the result that Axin is no longer 

phosphorylated and becomes destabilised, so there are less Axin/GSK-3 complexes 

with which protein X can associate. Furthermore, since GSK-3 kinase activity is 

inhibited, those molecules of protein X that are associated with GSK-3 do not become 

phosphorylated. Thus, in the presence of L^, protein X is unphosphorylated and is free 

to promote neurite outgrowth. Finally, in the presence of Li^ and overexpressed Axin, 

GSK-3 is inhibited and therefore protein X is not phosphorylated. However, the 

unphosphorylated protein X is associated with the excess Axin, and is not free to 

promote neurite outgrowth. Therefore, in the presence of LT and excess Axin, as in the 

absence of Li^, Neuro-2a cells are not differentiated.

Since GFP-Axin(298-506) was sufficient to inhibit neurite outgrowth, and deletion of 

amino acids 468-498 of Axin did not alter its ability to inhibit neurite outgrowth, this 

substrate must bind Axin in the region of amino acids 298-468 (or 498-506, although
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Axin A-yin I
PP-Avin

F P - A y iii-J
GFP-Axin

Figure 6.1 Diagram showing a model for the effects of GSK-3 and Axin on neurite outgrowth in Neuro-2a cells. (A) In untreated Neuro-2a cells, protein X is 
phosphorylated by GSK-3 in the presence of Axin, and is therefore inactivated; neurite outgrowth does not occur. (B) In Li+-treated cells, GSK-3 is inhibited. Protein X is 
not phosphorylated and is therefore able to induce neurite outgrowth. (C) In the presence of Li+ and overexpressed Axin, GSK-3 is inhibited and therefore does not 
phosphorylate protein X. However, protein X is sequestered by excess Axin, and therefore is not able to induce neurite outgrowth. Active proteins are shown in green, 
inhibited proteins are shown in red. The black star represents Li+.



this would be a very small binding region). Furthermore, GSK-3 binds to amino acids 

373-428, meaning that it is unlikely that the hypothetical Axin/GSK-3 substrate also 

binds to this region. It is therefore most likely that the binding site for the protein in 

question is either the region containing amino acids 298-373 or the region containing 

amino acids 428-468. It would be interesting to identify novel proteins that bind 

specifically to either of these regions.

6.6 Summary

I have demonstrated that upon treatment of Neuro-2a cells with Li^, the inhibition of 

GSK-3 and the destabilisation of Axin result in neuritogenesis. Given the diverse 

changes required to initiate and maintain neurite outgrowth, it seems likely that more 

than one GSK-3 substrate is involved. As discussed above, MAPs are good candidates 

for playing a role in the process by modulating microtubule stability. Changes in the 

actin cytoskeleton are also required in order for neurite outgrowth to occur, so it is 

possible that GSK-3 somehow directly regulates actin filament organisation in addition 

to microtubule organisation. This idea is consistent with the fact that the GSK-3- 

mediated growth cone collapse in response to Semaphorin 3a is independent of 

microtubule dynamics, suggesting that it must instead be mediated solely by actin 

reorganisation. It is also possible that rather than GSK-3 directly affecting the actin 

cytoskeleton, changes in the microtubule network induce changes in the actin network 

due to cross-talk between cytoskeletal components.

The ability of GSK-3 to phosophorylate tau is reduced in the presence of Axin (Orme et 

al., submitted; Stoothoff et al., 2002). However, this is unlikely to explain the 

inhibition of Li^-induced neurite outgrowth by GFP-Axin, since GSK-3 is inhibited in 

the presence of Li^, and therefore tau would not be phosphorylated by this kinase 

regardless of the presence of Axin. Furthermore, amino acids 289-506 of Axin are 

sufficient to inhibit neurite outgrowth, but have only a very small effect on GSK-3- 

mediated tau phosphorylation (Orme et al., submitted). Thus there must be at least one 

other GSK-3 substrate that is important for neurite outgrowth, which is presented to
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GSK-3 by Axin. The identity of new substrates for the Axin/GSK-3 complex may shed 

light on the mechanism of neurite outgrowth in Neuro-2a cells.
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List of abbreviations

AKAP A-kinase-anchoring protein

cAMP Adenosine 3’,5’-cyclic monophosphate

APC Adenomatous polyposis coli

APP Amyloid precursor protein

sAPP Soluble APP

BDNF Brain-derived neurotrophic factor

BSA Bovine serum albumin

Calcium ions

GBP CREB-binding protein

CDK Cyclin dependent kinase

cDNA Copy DNA

CIAP Calf intestinal alkaline phosphatase

CK Casein kinase

CNS Central nervous system

CPRG Chlorophenolred-p-D-galactopyranoside

CREB c AMP-response element binding protein

DCC Deleted in colon cancer

Dkk Dickkopf

D-MEM Dulbecco’s Modified Eagle Medium

DNA Deoxyribose nucleic acid

Dsh Dishevelled

EDTA Ethylenediamine-tetraacetic acid

ERK Extracellular signal-regulated kinase

FBS Foetal bovine serum

FRAT Frequently rearranged in advanced T-cell lymphomas

sFRP Secreted Frizzled related proteins

GBP GSK-3 binding protein

GFP Green fluorescent protein

GSK-3 Glycogen synthase kinase-3

HMG High mobility group
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HIC Human I-mfa-domain containing protein

IMPase Inositol monophosphatase

IP3 Inositol (l,4,5)-trisphosphate

IPPase Inositol polyphosphate 1-phosphatase

JNK c-Jun N-terminal kinase

LDL Low density lipoprotein

LEF Lymphocyte enhancer binding factor

LP Lithium ions

LRP LDL receptor-related protein

MAP Microtubule-associated protein

MAPK Mitogen-activated protein kinase

MAPKAP-K MAPK-activated protein kinase

MeOH Methanol

MES 2-[N-morpholino]ethanesulfonic acid

mRNA Messenger RNA

NCoR Nuclear receptor co-repressor

NF-AT Nuclear factor of activated T cells

NFkB Nuclear factor kB

NGF Nerve growth factor

PBS Phosphate-buffered saline

PDKl 3 -Phosphoinositide-dependent protein kinase 1

PI3K Phosphatidylinositol 3-kinase

PI(3,4,5)P3 Phosphatidlyinositol-3,4,5-trisphosphate

PIAS Protein inhibitor of activated STAT

PKA Protein kinase A

PKB Protein kinase B

PKC Protein kinase C

PP2A Protein phosphatase 2A

PRAK p38 regulated/activated kinase

RGS Regulation of G-protein signalling

RNA Ribose nucleic acid

RNAi RNA interference

RSV Rous sarcoma virus
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SDS Sodium dodecyl sulphate

Sina Seven in absentia

STAT Signal transducers and activators of transcription

TBS Tris-buffered saline

TCP T-cell factor

TPK Tau protein kinase

PTrCP p-transducin repeat-containing protein

UV Ultraviolet

ZAK Zapbod kinase
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