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Abstract

Abstract

Studies of components of the insulin/class IA phosphatidylinositol 3-kinase
(PI3K) pathway in Drosophila, and more recently in mammals, have revealed a major
function in the intrinsic control of cell size and organ growth during development.
However, growth and cell size can be regulated through other signalling mechanisms
such as those involving the small GTPase, Ras, and the transcription factor, Myc. The
possibility that these systems are part of a common growth-regulating signalling
network was investigated using an immunofluorescence-based assay to monitor
insulin/PI3K pathway activity in vivo. This assay was based on the use of
phosphorylation state-specific antibodies to detect phosphorylation and, hence,
activation of a major transducer of this pathway, Drosophila Akt (dAkt). The
phosphorylation and activation of dAkt by insulin was confirmed biochemically using
Drosophila Schneider cells. The control of dAkt phosphorylation in vive by
Drosophila PI3K was analysed during development by in sifu immunofluorescence of
imaginal discs.

The phosphorylation of dAkt was then analysed in clones of cells that lacked
Drosophila Ras1 (dRasl) or ectopically expressed constitutively active dRas1 (dRas""?)
or Drosophila Myc (dMyc). Significantly, dAkt phosphorylation was increased in
dRas1""? clones, but was not altered in dRas1-null clones. However, the analysis was
complicated by the presence of an intense ‘pyknotic’ cell staining pattern revealed by
immunostaining with one of the phospho-specific dAkt antibodies. This unexpected
and intriguing observation was characterised and found to originate from cells
undergoing apoptosis.

Experiments in imaginal discs and in Schneider cells demonstrated that the
pyknotic signal and the induction of apoptosis were accompanied by the appearance
of an 80kDa signal on phospho-dAkt western blots that co-migrated with the 80kDa
isoform of dAkt. Significantly, the appearance of this signal was caspase-dependent.
However, further experiments ruled out the possibility that the 80kDa protein was
dAkt.
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Chapter 1: Introduction

1.1 Overview

The development of a multicellular organism involves a myriad of complex cellular
and extracellular processes that must integrate in order to achieve the necessary functional
outcome. The intricate co-ordination of these molecular processes within defined spatial
and temporal parameters is fundamental to the generation of properly developed tissues,
organs, and organisms. However, as will be discussed in later sections, eukaryotic
development, despite its intricacies and complexities, is also remarkably robust and
resistant to perturbation. This is perhaps testament to the power of the intrinsic control
mechanisms that regulate development, which are able to sense and compensate for such
perturbations.

The cellular and extracellular processes that underlie eukaryotic development can
be grouped into several major categories that are involved in the regulation of cell size, cell
death, cell division, and cell differentiation. Communication between cells, as well as
signalling within a cell, is essential for the stimulation, regulation, and co-ordination of
these general cellular activities. A common way in which intercellular communication is
achieved is through the generation of extracellular factors that activate receptors on the
surface of cells, resulting in the stimulation of intracellular signalling pathways. One such
class of receptors are the receptor tyrosine kinases (RTKs), which, upon activation by
extracellular ligands, have been shown to stimulate many cellular processes including
differentiation, mitogenesis, metabolism, and cytoskeletal rearrangement (van der Geer et
al., 1994). Signals from activated RTK complexes can be transduced to the intracellular
machinery through the activities of enzymes, such as kinases, phosphatases and
phospholipases, which are recruited to RTKs directly or indirectly through interactions with
other proteins. Several signalling mechanisms triggered by activated RTKs have been well
characterised and one key example is the class IA phosphoinositide 3-kinase (PI3K)
pathway, which is proposed to represent a major branch of RTK-mediated signalling
(Pawson, 1995).

The evolutionarily conserved insulin receptor pathway is one such RTK signal
transduction system that is in part mediated by the class IA PI3K signalling cassette.

Studies in mammals, the nematode Caenorhabditis elegans and the fruit fly Drosophila

13



Chapter 1: Introduction

melanogaster have shown that the insulin/PI3K pathway is an essential regulator of
development that co-ordinates a number of intracellular processes with extracellular cues.
One such developmental process that has become evident through studies initially
performed in Drosophila is the regulation of growth (i.e. increase in mass) during
organogenesis. The sections in this introduction will introduce insulin/PI3K signalling in
mammals and Drosophila and then describe the role of this pathway in the control of
growth.

A second developmental process that is proposed to be controlled by class IA PI3K
signalling is the promotion of cell survival through the inhibition of apoptosis. However,
PI3K signalling impacts on a number of anabolic processes that are crucial for the
maintenance of cellular homeostasis. Thus, it is not clear whether PI3K-mediated
promotion of cellular survival is a result of the direct regulation of apoptosis or an indirect
consequence of its other cellular functions such as the control of protein synthesis and
metabolism. The second part of this introduction will therefore describe the regulation of
apoptosis in Drosophila during development and the role of the Drosophila insulin/PI3K

pathway in cell survival.

1.2 The Insulin/PI3K signalling pathway

1.2.1 Generation of phospholipid second messengers

Phosphoinositide 3-kinases are an evolutionary conserved family of lipid kinases
that catalyse the phosphorylation of inositol phospholipids on the 3’-OH position of the
inositol ring (Stephens et al., 1993). The lipid products, 3’-phosphorylated
phosphoinositides (3’-PI), are important second messengers that have been implicated in a
range of cellular functions including growth factor receptor signalling, cell survival,
cytoskeletal organisation, chemotaxis, protein trafficking and, more recently, tissue growth
(as reviewed by (Katso et al., 2001). PI3Ks are grouped into three main classes with two
additional sub-classes (IA, IB, II and III) according to their in vitro lipid substrate
specificity, structure and mode of regulation (Vanhaesebroeck ez al., 1997a). Both class TA
and class II PI3Ks are involved in insulin signalling. However, the role of class IA PI3K

has been best characterised and will be the focus of discussion below.

14
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Class IA PI3Ks form heterodimeric complexes with adaptor proteins that link them
to upstream signalling events (see figure 1.1). Binding of growth factors such as insulin and
PDGF to their cognate receptor tyrosine kinases results in the transphosphorylation of the
receptor complexes on key tyrosine residues and, in the cases of the insulin receptor, the
phosphorylation of insulin receptor substrate proteins (IRS). The generation of
phosphotyrosine residues in specific consensus motifs promotes the recruitment of PI3K
heterodimers to the plasma membrane where they preferentially phosphorylate the

pﬁ:ﬁ?ﬁﬁgﬁoﬁggfﬁﬁgggds phosphatidylinositol 4-phosphate (PtdIns(4)P) and
A PtdIns(4,5)P2 to generate PtdIns(3,4)P: and PtdIns(3,4,5)Ps, respectively (reviewed by
Katso et al., 2001).

Class IA PI3K activity is physiologically antagonised by the lipid phosphatase and
tumour suppressor PTEN (phosphatase and tensin homolog deleted on chromosome ten).
The gene encoding PTEN is mutated or deleted in a large fraction of sporadic cancers as
well as autosomal dominant cancer-predisposing syndromes (Li et al., 1997a). Despite the
fact that PTEN shares homology with protein tyrosine phosphatases, the recombinant
protein is a poor catalyst towards phospho-peptide/protein substrates (Maehama and Dixon,
1998). Rather, PTEN can dephosphorylate PtdIns(3,4)P2 and PtdIns(3,4,5)Ps at the 3’-OH
position of the inositol ring in vitro and therefore acts as a negative regulator of class 1A
PI3K signalling (Machama and Dixon, 1998). This conclusion has been further supported
by studies in vivo using pten deficient transgenic mice (see for example Stambolic et al.,
1998).

Class IA PI3K activity can also be antagonised by the cell permeable low molecular
mass compound, wortmannin, which irreversibly inhibits class IA PI3Ks by Schiff base
formation with a lysine in the kinase domain (Wymann et al., 1996). An unrelated
compound, LY294002, is also inhibitory but through a reversible mechanism (Vlahos et al.,
1994). Both these compounds have been used extensively to investigate the role of PI3K

signalling in cell biology.

1.2.2 Downstream targets of PI3K: the AGC Kinases

Once generated, PtdIns(3,4)P2 and PtdIns(3,4,5)P3 function as signal transduction

intermediates, influencing the activity of a number of downstream signalling molecules.
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Chapter 1: Introduction

These 3’-PI targets are proposed to include several guanine-nucleotide exchange-factors
and GTPase-activating proteins such as GRP-1, ARNO and cytohesin-1, as well as
members of the Tec family of intracellular tyrosine kinases, and phospholipase C y
(reviewed in Vanhaesebroeck et al., 2001). However, much of the work on class IA PI3Ks
targets has focused on members of the AGC class of protein kinases, a broad sub-family of
sequence-related serine/threonine kinases. A large number of studies have indicated that
many of the downstream events controlled by class IA PI3Ks are mediated by the AGC
kinase, Akt/protein kinase B (PKB), the cellular homolog of the protein encoded by the
AKTS8 retrovirus oncogene, v-akt (Staal, 1987; Bellacosa et al., 1991). Mammals have three
closely related akt/pkb genes termed aktl/pkba, akt2/pkbf, and akt3/pkby. These genes
encode structurally similar proteins with predicted molecular weights of approximately 57
kDa. All three isoforms show a broad tissue distribution pattern, although their specific
levels of expression may vary: for example, akt3 is expressed at higher levels in the brain
and testis than in other tissues. Each isoform is composed of an amino-terminal pleckstrin
homology (PH) domain and a carboxy-terminal kinase catalytic domain, both of which are
evolutionarily conserved in Akt from different species (see figures 1.2 and 3.1).
Furthermore, all Akt proteins identified to date, with the exception of C. elegans Akt2
(Paradis and Ruvkun, 1998) and, possibly, a splice variant of mammalian Akt3 (Walker et
al., 1998), also possess a carboxy-terminal regulatory tail.

Another AGC kinase that is regulated by PI3K signalling is S6 kinase (S6K). This
protein has been shown to be involved in the selective translation of a subset of mRNAs
that are characterised by an oligopyrimidine tract at their 5’ transcriptional start site, or
5’TOP (Jefferies et al., 1994; Jefferies et al., 1997). S6K is proposed to control 5’TOP
mRNA translation through the phosphorylation of the 40S ribosomal protein, S6. The
5’TOP family members constitute 20-30% of the total cellular mRNA and encode for
components of the translational apparatus, including ribosomal proteins and translational
elongation factors, whose increased expression is essential for growth and proliferation. In
addition to being regulated by pathways which involve PI3Ks, the S6 kinases are also
regulated by the PIK-related kinase, mTOR (for mammalian-target of rapamycin), which
may serve an additional function as a checkpoint for amino acid availability (Dufner and

Thomas, 1999).
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Chapter 1: Introduction

Both Akt and S6K are phosphorylated and regulated by a third AGC kinase, 3-
phosphoinositide—dependent kinase 1 (PDK1). This serine/threonine kinase was first
identified by its ability to phosphorylate threonine 308 of Aktl in vitro in a manner
dependent on the presence of lipid vesicles containing a low molar fraction of PtdIns(3,4)P:
or PtdIns(3,4,5)P3 (Alessi et al., 1997a; Alessi et al., 1997b). PDKI1 is a ubiquitously
expressed 63kDa protein that consists of an amino-terminal kinase domain and a carboxy-
terminal PH domain (Stephens et al., 1998; Currie et al., 1999). The role of PDK1 in PI3K-

mediated Akt activation is discussed below

1.2.3 Activation of c-Akt

1.2.3.1 Pleckstrin homology domain and phosphoinositide binding

The PH domain is an approximately 100 amino acid globular protein motif that was
originally identified in pleckstrin, the major phosphorylation target for protein kinase C
(PKC) in platelets (Mayer et al., 1993). Since then, more than 150 PH domains have been
identified to date in numerous eukaryotic proteins. Although the primary amino acid
sequence of PH domains is not highly conserved, their tertiary structure is, forming a
hydrophobic pocket that is capped by a carboxy-terminal amphipathic helix (Lemmon et
al., 1996). Some PH domains have been shown to bind specific phospholipids with varying
affinities. This binding of phospholipids to PH domains provides a mechanism by which
membrane-bound lipids convey signals to the cytosol (Isakoff et al., 1998; Fruman et al.,
1999). The PH domains of both Aktl and PDK1 were found to bind preferentially to
PtdIns(3,4)P2 or PtdIns(3,4,5)P3 over other Pls in vitro (James et al., 1996; Stephens et al.,
1998; Currie et al., 1999). Interestingly, surface-plasmon-resonance-based binding assays
have shown that PDK1 has a high affinity for PtdIns(4,5)P2, a constitutive component of
the plasma membrane (Currie et al., 1999). However, other studies employing either lipid-
vesicle binding assays or protein/lipid overlay assays failed to observe significant

interaction between PDK1 and PtdIns(4,5)P2 (Stephens et al., 1998; Dowler et al., 1999).
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1.2.3.2 Phosphorylation of Akt

The binding of phosphoinositides to PH domains can influence the activity of target
molecules by different mechanisms, for example, by changing the protein’s conformation,
subcellular localisation, activation state, and /or interaction with other proteins. Franke and
colleagues found that mutation of the PH domain in Akt could block activation of this
kinase by PDGF in cultured NIH3T3 cells (Franke et al., 1995). Furthermore, initial
observations suggested that synthetic or PI3K-generated 3’-PIs could activate Aktl in vitro,
indicating that Akt activation may be regulated through the direct binding of these
phospholipids to its PH domain (Franke et al., 1995; Frech et al., 1997; Klippel et al.,
1997, Stokoe et al., 1997). However, other studies have failed to observe direct activation
of Aktl by 3’-PIs (James et al., 1996). Moreover, previous studies had shown that activated
Aktl was inhibited by serine/threonine-specific phosphatases, but not tyrosine-specific
protein phosphatases, suggesting that Akt activity may also be dependent on
phosphorylation on serine/threonine residues (Burgering and Coffer, 1995; Cross et al.,
1995; Andjelkovic et al., 1996). Consistent with this observation, Alessi and colleagues
demonstrated by phosphoamino acid analysis that the activation of Aktl by insulin or
insulin-like growth factor-1 (IGF-1) in cultured cells is accompanied by increased
phosphorylation on serine and threonine residues (Alessi et al., 1996a). Two major
phosphorylation sites were mapped: threonine 308 in the activation- or T-loop of the kinase
domain, and serine 473 in a hydrophobic motif of the carboxy-terminal regulatory domain.
Activation of Aktl and phosphorylation of both these sites was inhibited in cells incubated
with wortmannin prior to insulin or IGF-1 treatment. Moreover, phosphorylation of both
residues was shown to be required for maximal activation of Aktl. Interestingly, mutation
of either site to alanine did not prevent the phosphorylation of the other suggesting that

they could be phosphorylated independently of each other (Alessi ez al., 1996a).

1.2.3.3 PDK1 and phosphorylation of the activation loop of Akt

Subsequent studies revealed that threonine 308 on Aktl and the equivalent sites on
Akt2 and Akt3 were phosphorylated by PDK1 (Alessi et al., 1997b; Stokoe et al., 1997,
Stephens et al., 1998; Walker et al., 1998). As mentioned above, this phosphorylation was
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enhanced 1000-fold in the presence of vesicles containing PtdIns(3,4)P2 or PtdIns(3,4,5)Ps.
These phospholipids, which bind the PH domains of both Akt and PDK1, are suggested to
allow PDK1 and Akt to co-localise and/or to allow a conformational change in Akt such
that threonine 308 becomes accessible to PDK1. This hypothesis is supported by three main
observations. First, full length Akt is not phosphorylated by PDKI1 in the absence of
PtdIns(3,4,5)P3, whereas a truncated Akt mutant lacking the PH domain is phosphorylated
and activated by PDK1 (Alessi et al., 1997a). Second, Akt carrying point mutations in the
PH domain that abolish its ability to bind PtdIns(3,4,5)P3 is not phosphorylated by PDK1
(Stokoe et al., 1997, Stephens et al., 1998). Third, a truncated PDK1 mutant that lacks the
PH domain still requires PtdIns(3,4,5)Ps in order to phosphorylate and activate Akt (Alessi
et al., 1997a; Stephens et al., 1998).

1.2.3.4 Phosphorylation of Akt in the hydrophobic motif

The mechanism of phosphorylation of serine 473 on Aktl and equivalent sites in
other Akt isoforms is far from clear. Several candidate proteins tentatively referred to as
‘PDK?2’ have been proposed to be responsible for serine 473 phosphorylation in vivo, based
on their ability to specifically phosphorylate Aktl on this residue in vitro and in cell
culture. For example, ectopically expressed MAPKAP kinase-2 was shown to
phosphorylate Aktl on serine 473 in a p38- and PtdIns(3,4,5)P3-dependent manner, which
in turn was suggested to promote the dissociation of Aktl from an inhibitory complex with
Hsp27 (Rane et al., 2001). Similarly, insulin-stimulated integrin-linked kinase (ILK) was
also proposed to phosphorylate the hydrophobic motif of Aktl in a 3’-PI dependent
manner, consistent with the reported observation that both ILK and Akt activity is
constitutively elevated in PTEN deficient prostate carcinoma cells (Delcommenne et al.,
1998; Persad et al., 2001). Moreover, inhibition of ILK in this cell line was suggested to
suppress phosphorylation of Akt on serine 473 but not threonine 308.

However, the physiological relevance of these observations is unclear. For example,
MAPKAP kinase-2 activation and phosphorylation of Aktl on serine 473 can occur
independently of each other in HEK 293 cells (Alessi et al., 1996a). Similarly, wortmannin
can inhibit Aktl phosphorylation and activation but not activation of MAPKAP kinase-2 by

arsenite in L6 myotube or HEK293 cells. Furthermore, it is not evident whether ILK is a
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true kinase since it lacks both the canonical HRDLXXN motif, containing the catalytic
aspartate residue, and the DFG motif, involved in the co-ordination of Mg* (Lynch et al.,
1999). Indeed, ILK immunoprecipitates do not show any significant kinase activity against
a variety of substrates including AKkt.

PDK 1 was also suggested to be able to phosphorylate Aktl on serine 473 following
interaction with PIF, a carboxy-terminal fragment of the AGC kinase, PRK2 (Balendran et
al., 1999). Paradoxically, a subsequent study by the same group revealed that PDK1 in
complex with PIF could only phosphorylate catalytically inactive Aktl on threonine 308
and not serine 473. Nevertheless, the authors suggested that the kinase dead Akt mutant
they used may have been misfolded and therefore not recognised by PDK1 complexed to
PIF. Alternatively, serine 473 may be an autophosphorylation site (Toker and Newton,
2000). According to this model, phosphorylation of threonine 308 by PDKI1 partially
activates Akt and allows it to phosphorylate itself on the hydrophobic site, thereby
becoming fully activated. Intriguingly however, Akt is still phosphorylated on serine 473
following IGF-1 stimulation of embryonic stem cells deficient in PDK1, despite being
neither phosphorylated on threonine 308 or catalytically active (Williams et al., 2000).
Thus, it is likely that, in these cells at least, a separate kinase phosphorylates Akt on serine
473.

1.2.3.5 Summary of Akt activation

The mechanism of Akt activation is subject to continuous revision, expansion and
debate. Nevertheless, the following basic model has been proposed. In unstimulated cells,
Akt is believed to reside in the cytosol in a low activity conformation (see figure 1.3). Upon
activation of PI3Ks, PtdIns(3,4)P: and PtdIns(3,4,5)P3 are generated at the plasma
membrane, which in turn interact with the PH domain of Akt. The increased concentration
of these phospholipids is thought to induce the translocation of Akt from the cytosol to the
inner leaflet of the plasma membrane, thereby promoting a conformational change in Akt
such that it can become phosphorylated by PDK1 and, possibly, PDK2. It should also be
noted that a fraction of the active Akt is then proposed to detach from the plasma

membrane and to translocate to the cytosol or the nucleus (Andjelkovic et al., 1997; Meier
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