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Abstract

Abstract

This thesis aimed to characterise the Gl-S phase rcle of Drosophila Ebl, dÛbl, which

was identified in a cyclin E genetic screen.

A dominant modifier screen was undertaken to identifu novel regulators of cyclin E,

and cell cycle progression using a hypomorphic allele of cyclin E' One suppressor from

this screen,Su(DmcycErP)2.5,was identifiedas apotentialDrosophiløhomologue of the

microtubule binding protein Ebl, dEbl. Southern and northern analysis confirmed that

Su(DmcycErP)2.5 isan allele of dEbl,and other dEbl alleles were shown to also be able

to suppress cyclin ErP.

The Ebl family of proteins are highly conserved through evolution and known to

regulate microtubule dynamics in all organisms studied to date. Human Ebl was first

identifled in a yeast-two-hybrid screen for interactors of Adenomatous Polyposis Coli

(ApC) tumour suppressor protein. APC is a negative regulator of Wnt/IVg signaling,

aiding in the degradation of p-catenin/Armadillo. Based on maÍìmalian studies, dEbI

was proposed to regulate Gl-S phase progression, and cause suppression of cyclin RP,

through interactions with dAPC and regulation of the Wg signaling pathway'

To determine how dEbI may negatively regulate cyclin E and/ot Gl-S phase

transition, the d\bl mutant and overexpression phenotypes were characterised. While

overexpression of dEbl resúted in flies with small eyes compared with wtldtype, dEbI

transheterozygous mutant escapers had enlarged eyes and wings compared with wildtype.

This suggested that dEbl may have a role in the regulation of cell growth- dÛbl

transheterozygous escaper flies also exhibited ectopic large bristles in the wing veins,

suggesting possible patterning defects, perhaps through deregulation of Wg signaling.

To determine if dEbl may work with dAPC to regulate Wg signaling in Drosophila,

protein-protein interactions between dEbl and dAPC were examined' Yeast two-hybrid

and co-immunoprecipitation analysis showed that there are no direct interactions or

complexes formed between dEbl and dAPC. Also, overexpression of Wg pathway

members, arm, sgg, and TCF, had no effect on Gl-S progression in third instar eye

imaginal discs. Therefore the initial hypothesis, "dEbl will function with dAPC to

regulate the lhg signaling pathway and regulate GL-S phase via the Wg pathway" was

rejected.

The dEbl transheterozygous mutant phenotype suggested that dEbl may be involved

in the regulation of cell growth, therefore genetic interactions between dEbl a¡d cell

growth pathways were tested in the Drosophila eye. This analysis indicated that dEbl

acts downstream of myc, PI3K and the Z^SC complex, and upstream of cyclin D/cdk4.

Consistent with this, biochemical analysis showed that overexpression of dEbl reduced

the amount of Cyclin D protein in third instar larvae.

Therefore, this thesis has identified a novel role for dEbI inthe negative regulation of

cell growth mediated via Cyclin D, providing a connection between a cytoskeletal protein

and cell growth in Drosophila. I propose that dÛbl srtppresses the cyclin E/P phenotype

and Gl-S phase progression through the regulation of cell growth and the tight coupling

of cell growth and cell proliferationtn Drosophila.
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Chapter 1

Chapter 1.: Introduction

1.1 Cancer and the importance of the cell cycle and growth

Cancer is a disease affecting approximately 1 in 3 people and is the leading cause of

death in people over 70 years of age. A small proportion of cancers have been found

to have a genetically inheritable pattern, however, the majority of cancers arise from

sporadic mutations in the genome. These mutations cause overexpression of genes

required for tumour formation (oncogenes), or underexpression of genes required to

prevent tumour progression (tumour suppressors). 
'When these genes are mutated the

cell is no longer able to regulate its proliferation - generally the cells become immortal

and they continue to divide inappropriately in the absence of normal stimuli. In simple

terms, cancer results from inappropriate cell division and a failure to remove excess cells.

Regulation of the cell cycle is therefore essential to maintain proper cell proliferation and

tissue growth, which is one of the processes necessary to limit cell numbers and prevent

the development of tumours.

The 'classical' cell proliferation cycle consists of four phases: Synthesis (S) phase

where the DNA is replicated, Mitosis (M) where the replicated DNA is segregated, and

two intervening gap phases (Gl and G2). Order and timing of these phases is tightly

regulated to prevent genome instability and tumour formation. In addition to cell

proliferation, cell growth (defrned by an increase in cell mass over time; Johnston and

Gallant, 2002),is an essential process that occurs during the cell cycle. While cell growth

and cell proliferation are considered to be separate processes, they are tightly coupled

since cells need to reach a critical mass before dividing.

1.1.1 Use of Drosophílø melanogaster zs a model organism

The study of genetics has always made use of Drosophila as a model organism'

Homologues ofmany genes identified as tumour suppressors or oncogenes in humans have

been found in Drosophila. The advantage of Drosophila over mammalian model systems

is that in general there is a reduction in protein redundancy, making mutant analysis less

complicated. There are extensive collections of deficiencies and P-element mutations

spanning the genome, as well as databases of existing mutations. The development of
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RNA interference (RNAi) has also made the depletion of maternal and early zygotic

transcripts, and hence the mutant analysis of genes without existing mutations, possible.

Also many tools and techniques are available tn Drosophila such as overexpression

constructs using the yeast GAL4 system and the FLP/FRT and FRT-GAL8O system for

clonal analysis (reviewed by Dufff, 2002), making Drosophila an ideal model organism

to study the fi,lnction of genes throughout development.

1.2 Regulation of the cell cycle by cyclins and cyclÍn Dependent

Kinases

Cell cycle progression, in all eukaryotes, is mediated by Cyclin Dependent Kinases

(Cdks). Cdks are serine/threonine kinases that are maintained at constant levels throughout

the cell cycle. Cdks are only active when bound to their partner Cyclins, which oscillate

throughout the cell cycle, providing the primary mode of regulation for Cdks. Complex

assembly, inhibitors and phosphorylation further regulate these Cyclir/Cdk complexes.

The Cyclin/Cdk complexes important for the progression from G2 to M phase and

Mitotic events are Cyclin A/Cdkl and Cyclin B/Cdkl (reviewed by Sauer and Lehner,

1995), while in the Gl to S phase transition, the important Cyclin/Cdk complexes are

Cyclin Dlcdk{ and Cdk6, Cyclin Elcdk2 and Cyclin NCüA (reviewed by Sauer and

Lehner, 1995).

During G2 to M phase progression, the activity of the Cyclin/Cdk complexes is

regulated by phosphorylation. These complexes are kept inactive by phosphorylation of

the tyrosine 15 (Yl5) by weel kinase in yeast (Schizosaccharomyces pombe) and higher

eukaryotes (reviewed by O'Farrell ,2001). In Mammalian systems there is another kinase,

Mytl, capable of phosphorylating Y15 as well as T14 (reviewed by O'Farrell, 2001;

Mueller et al,1995). When cells are ready to enter mitosis, the inhibitory phosphate is

removed by the Cdc25 phosphatase (called string in Drosophila; reviewed by O'Farrell,

2001). As Mitosis progresses, Cyclin A levels decline, and Cyclin B levels increase.

The active Cyclin B/Cdkl complex is required in mid-late M phase for nuclear envelope

breakdown, chtomosome condensation and other mitotic events (reviewed by Smits and

Medema, 2001). When Cyclin B is degraded at the metaphase-anaphase transition, the

mitotic processes are completed and the cell can progress into Gl phase (reviewed by

2



Chapter I

Smits and Medema, 2001).

L.2.1 Gl to S phase regulation in mammalian cells

Cyclin D and E are both necessary for progression through Gl into S phase. This has

been shown in mammalian tissue culture studies where neutralising antibodies against

Cyclin E and Cyclin D cause a Gl arrest (Ohtsubu et al, 1995; Baldin et al, 1993).

Overexpression of either Cyclin also leads to a shortening of Gl and a decrease in cell

size indicating that Cyclin D and Cyclin E are rate limiting for Gl progression (Ohtsubu

and Roberts, 1993; Quelle et al,1993). When Cyclin D and E are overexpressed together

they synergistically initiate entry into S phase and cause an even shorter Gl phase

(Resnitzky et al,1994; Ohtsubu and Roberts, 1993).

During Gl, active Retinoblastoma (pRb) and other pocket proteins (p107, p130)

prevent transcription of genes required for S phase by binding to and inhibiting the

E2FIDP transcription factor complexes. In the Gl to S phase transition, pRb proteins are

sequentially inactivated by phosphorylation, primarily by the D type Cyclins complexed

with Cdk4 or Cdk6 and Cyclin Elcdk2 (reviewed by Ortega et a|,2002). When pRb

proteins are inactivated, they disassociate from the E2F/DP transcription factors, enabling

transcription of downstream targets necessary for progression in to S phase (Figure 1.1;

reviewed by Planas-Silva and'Weinberg, 1997; Ortega et a|,2002)'

For a long time phosphorylation of pRb was thought to be the major function of

Cyclin D for progression from early to late Gl, since Cyclin D is no longer required for

the Gl to S phase transition in pRb/'cells (Lukas et al,1994). The activation of E2FIDP

transcription factors results in expressi on of cyclin E, which subsequently promotes Gl-S

progression (Figure 1.1; reviewed by Ortega et a\,2002). While active Cyclin Elcdk2

complexes are required to phosphorylate pRb as well as Cyclin Dlcdk4l6 complexes, this

is not the only function of Cyclin Elcdk2 in promoting S phase progression. 'Knock-

downs' of cyclin E in pRb/- cells results in a Gl arrest showing pRb is not the only

essential targetof Cyclin Elcdk2kinase (Ohtsubo et al,1995). Other targets of Cyclin E/

Cdk2 are genes involved in centrosome duplication (reviewed by Hinchcliffe and Sluder,

2001) and genes involved in histone gene expression such as NPAT (Zhao et a1,2000) and

chromatin remodelling such as brgl and BAPL55 (Shanahan et al,1999). Cyclin Elcdk2

may also be required to phosphorylate other proteins required for Gl-S phase progression

J
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G2/M

Proliferation

G1 S

Figure 1.1 Regulation of Gl-s phase progress¡on. Adapted from ortega
et al200l.
Entry in to G1 from G0 or M phase results from an increase in Cyclin D levels
and a decrease in lNK4 inhibitors (pl6, p15, p18, p19) due to Growth factors
and nutrient stimuli. The increase in Cyclin D levels allows complex formation
between cyclin D and cdk4 or cdk6 with the aid of clp/Klp prote¡ns (p27,p2'1,
p57). The active cyclin D/cdk4/6 complex is able to phosphorylate pRb and
other pocket proteins (p107, p130), allowing transcription of E2F/Dp target
genes and progression form early to late Gl. one of the E2t/Dp target genes
is cyclin E. The increase in Cyclin E levels allows the formation of Cyclin Elcdk2
complexes. Complex formation combined with the sequestration of the Cyclin
Elcdk2 inhibitors, clP/KlP family, by cyclin D/cdk4/6, allows active cyclin
Elcdk2 to also phosphorylate pRb. The added phosphorylation of pRb plus
phosphorylation of other (unknown) target genes by cyclin Elcdk2 promotes
the progression from G1-S phase.

Cyclin E
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such as replication initiation factors (reviewed by Sauer and Lehner, 1995) and other

DNAreplication proteins such as Cdc6 (Furstenthal et al,200l).

It is now evident that Cyclin D/Cdk complexes have another essential role in

promoting the progression from early to late Gl phase. Cyclin Dl Cdk4l6 complexes

bind a family of cell cycle inhibitors (CKI) known as the CIP/KIP family. Normally the

CIP/KIP family of CKI, which include p27,p2l andp57, inhibit the activity of Cyclin E/

Cdk2 complexes, keeping them in an inactive state until the appropriate time of activation

(reviewed by Coqueret, 2003). Recently however, the CIP/KIP family have been found

in complexes with Cyclin Dlcdk4l6 and have been shown to be required for the assembly

and activation of the Cyclin D complex (Figure 1.1; reviewed by Ortega et a|,2002). It

has been proposed that the CIP/KIP family of CKIs actually promote the assembly of

Cyclin D/Cdk complexes and that the complexes are less stable without these 'inhibitors'

(reviewed by Ortega et a\,2002). So it appears that another essential function of Cyclin

D complexes is to sequester away inhibitors of Cyclin Elcdk2 to allow their activation

and hence progression into S phase.

Cyclin Dlcdk4l6 complexes themselves are inhibited by another family of CKIs, the

INK4 family. This family, including pl6, pl5, p18 and p19, is specific for Cdk4/Cdk6

proteins and when they bind they cause a conformational change that prevents Cyclin D

proteins from associating with their kinase partners (Figure 1.1; reviewed by Ortega et

a|,2002).

As well as a pivotal role in proliferation, in Drosophila, the Cyclin Dlcdk4 complex

has been shown to have an important role in cellular growth, a process tightly linked to

proliferation (as discussed below).

1.3 Regulation of Cellular Growth

Another process essential for cell viability and tightly linked to cell cycle progression

is cellular growth. While considered separate phenomena, proliferation and growth are

tightly coupled events in normal cells. Cells must reach a critical mass before they are

able to divide, otherwise cells would become smaller with every division.

Growth itself can be a difficult term to deflne. Essentially, growth refers to an increase

in mass over time. This can refer to individual cells (cell growth) or whole organs, tissues
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or animals (tissue growth; Johnston and Gallant,2002).

There are two main classes of growth genes (Johnston and Gallant,2002). Firstly

those involved in synthesis of proteins and cell metabolism, usually regulated by external

signals such as nutrient availability. The second class of growth genes are involved in

determining the identity, pattern, structure and final size of tissues and organs, but the

precise function of this class of genes is not well understood (Bryant and Simpson,

1e84).

The overall size of an organ or animal results from coordination of cell growth with

cell division and apoptosis. In many developmental settings, the rate of cell growth is

coordinated with the rate of cell division, such that cell size does not change over time.

How these processes are coordinated in multi-cellular organisms is not clear, but they are

known to be separate processes since they are able to be uncoupled. An example of this

is the Drosophila wing imaginal disc, where cell division can be blocked or accelerated

without affecting cell growth, resulting in large or small cells, respectively (Neufeld er ø/,

1998; Johnston et al,1999).

There are several main pathways known to be involved in the regulation of cell growth.

The growth pathway most well defined in both mammalian systems and Drosophila is the

Insulin receptor pathway, which is important for stimulating protein synthesis, nutrient

import and lipid storage (Britton et al, 2002). Some of the Insulin receptor processes

are mediated through TOR (Target of Rapamycin), which is also able to sense nutrient

availability and result in ribosome biogenesis (reviewed by Oldham and Hafen, 2003).

Other well-characterised growth pathways are mediated by the Myc transcription factor,

which transcribes ribosomal genes, and the Cyclin Dlcdk{ complex.

1.3.1 Insulin receptor pathway

In flies, as in mammals, the Insulin receptor pathway stimulates the synthesis of

proteins, lipid storage and hence the rate of cell growth through a signaling cascade. The

end results of this cascade are fat biosynthesis, protein synthesis (Britton et al, 2002)

and activation of the protein translation machinery including the ribosomal proteins

(collectively known as Minute genes in Drosophila) and ribosomal RNA (reviewed by

Cantley,2002).

In Drosophila therc is only one Insulin receptor (InR; c/human Insulin receptor and
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Insulin-like growth factor receptor-l; reviewed by Avruch, 1998). Null mutations in InR

are lethal to the organism, but viable hypomorphic mutations result in a reduction in cell

size, a delay in larval development and small adult flies (Bohni et al, 1999; Montagne e/

al, 1999). This phenotype implies that InR signaling is involved in the regulation of cell

and tissue growth, most probably through the coordination of nutrient availability with

cell growth (reviewed by Edgar, 1999; Stocker and Hafen, 2000; Weinkove and Leevers,

2000).

When the ligand binds to the InR (a tyrosine kinase) the InR substrate, Chico, is

phosphorylated (Figure 1.2). Hypomorphic mutations in chico also result in small adult

flies with reduced cell size (Bohni et al,1999) consistent with InR signaling having a role

in the regulation of cell and tissue growth during development. Activated Chico binds to

and activates downstream targets including phosphoinositide 3-kinase (dPI3K).

pI3K is comprised of two subunits, dp110 (the catalytic subunit) and p60 (the

SH2 domain containing adaptor subunit), which is required to link dp110 to Chico

(Weinkove et al, 1999). Null mutations in dp110 and p60 are lethal due to a growth

arrest or delay in third instar larvae (Weinkove et al,1999). Active PI3K phosphorylates

phosphoinositol lipids at the 3' position and converts phosphoinositol(4,5)P, (PPr) to

phosphoinositol(3,4,5)P, (PPr; reviewed by Cantley, 2002). This process is inhibited by

PTEN (Gao et al, 2000; Goberdhan et al, 1999; Figure 1.2) or the drug wortmannin (a

specific inhibitor of PI3K activity).

Overexpression ofwildtype p60, or a deletion construct that removes the dpl10 binding

sites, Åp60, (V/einkove et al,1999) blocks functional p60/dp110 from binding to Chico

(Weinkove et aI, 1999; Kodaki et al, 1994; Rodriguez et al, 1997). Thus, ubiquitous

overexpression of p60, Àp60, or PTEN results in growth arrested lawae whose tissues

are also proportionally reduced (Britton et al, 2002). This phenocopies the effects of

starvation and protein synthesis inhibition (Britton and Edgar, 1998; Galloni and Edgal."

te99).

PIP, is able to promote localization of proteins containing pleckstrin homology (PH)

domains to the membrane through directbinding (Lietzke et a1,2000). The accumulation

of PH domain containing proteins at the membrane stimulates signaling cascades for

protein synthesis, glucose transport, glycogen synthesis and lipid storage (Figure 1.2).
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Using a GFP tagged PH domain containing peptide to measure PI3K activation, Britton

et al (2002) showed that PI3K activation, and therefore InR signaling, are responsive to

nutrient (protein) starvation. Activation of the InR pathway promotes nutrient uptake,

while inhibition of the pathway promotes mobilisation of nutrients, mimicking starvation

conditions (Britton et al, 2002). Under starvation conditions, activation of the InR

pathway continues to promote lipid storage, and is catastrophic to the larvae (Britton et

a|,2002). This conclusively shows that nutrient availability is sensed through the InR

signaling pathway.

Phosphoínositíde-dependent kínase I (PDK|), AKf, S6 Kinøse (S6K) and Target of

røpamycìn (TOR)

When PIP, is activated at the membrane, two examples of PH domain containing

proteins that are recruited are PDK1 and Akt (also known as protein kinase B (PKB).

The recruitment of PDK1 to the membrane places it in a position to phosphorylate its

downstream targets, including Akt, which subsequently starts its own signaling cascade

(reviewed by Cantley, 2002; Kozma and Thomas,2002).

One of the major targets of PDK1 signaling is S6K (reviewed by Cantley, 2002;

Kozma and Thomas, 2002), which activates the 40S ribosomal protein 56, increasing

translation rates and subsequent protein synthesis of 5'TOP mRNAs, many of which

encode ribosomal proteins and translation factors (reviewed by Prober and Edgar, 2001;

Cantley, 2002). Previously, activated Akt was also thought to activate S6K through the

phosphorylation of TOR (Duffner et al, 1999; reviewed by Abraham, 2002; Kozma and

Thomas, 2002), however, Akt is now believed to act in a parallel pathway to S6K and

TOR (reviewed by Cantley, 2002). In mammalian systems, Akt is thought to negatively

regulate proteins such as GSK3 (which in turn negatively regulates Myc and Cyclin D

(reviewed by Cantley, 2002)). While being regulated by PI3K in part, TOR also acts

as a nutrient sensor in Drosophila, coordinating growth factor signaling and nutrient

availability (Zhang et al, 2000). TOR is thought to activate S6K and inhibit transcription

initiation factor 4E binding partner (4E-BP1) to allow ribosomal biogenesis and

translation (reviewed by Kozma and Thomas,2002;Abraham, 2002).

Recent studies in Drosophila have shown that the PI3K pathway acts through

TOR, since P/3K is unable to stimulate cell growth in TOR mutants (Zhang et al,
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Figure 1.2 Schematic representation of Insulin Receptor signalling
pathway.
Ligand binding to the lnsulin Receptor (lnR) causes a cascade of events

teãdlng to the nutrient uptake, protein synthesis and subsequent growth.

lnR phosphorylates and activates Chico which in turn activates Pl3K by

phosphorylation. The two subunits of Pl3K are the catalytic subunit,

Dp1 10,and the adaptor subunit, p60. Pl3K converts PlP, to PIP'which can

be reversed by PTEN. PlP, recruits Plextrin homology domain containing
proteins such as dPDKI and dAKT to the membrane. dPDKI activates

dTOR which subsequently activates dS6K which activates transcription

of ribosomal subunit, 56, and increases protein synthes¡s. dPDKI also

phosphorylates and activates dAkt,which inhibits GSK3 activity preventing

degradation of dMyc and Cyclin D in mammalian cells. dAkt also inhibits

thãTSC comlex by phosphorylating TSC2 causing disassociation of TSC1

and TSC2. This relieves inhibition of dTOR by TSC complex and increases

activation of S6K and inhibition of 4E-8P1. lnhibition of 4E-BP1 allows

elF4E to increase prote¡n synthes¡s and along with 56,leading to growth.

These are the major components of the lnR signalling cascade for growth.

The Pl3K pathaway also promotes nutrient import and lipid storage,

independently of TOR. Grey lines and arrows indicate process which have

only been confirmed in mammalian systems.

dAkt

I
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2000). However, while dS6K is regulated by dPDKl, it is not directly regulated

by dAkt in Drosophilø (Radimerski er al, 2002) consistent with recent mammalian

studies. Consistent with this, Drosophila TOR was shown not to have the putative Alf
phosphorylation sites that were proposed to mediate the Akt dependent activation of TOR

in mammalian systems (Oldham et a\,2000; Zhang et a\,2000) further supporting the

theory that Akt is involved in a parallel pathway to S6K and TOR. Genetic analysis in

the Drosophilawing showed epistatic interactions between dS6K and dPDK1, suggesting

dPDKI is an upstream activator of dS6K. The absence of interactions between dS6K and

dAkt in the wing also suggesting dAkt works in an alternative pathway to that of dS6K

(Radimerski et a\,2002). This was confirmed with in vitro studies, which showed that

nutrient deprivation blocked insulin induced activation of dS6K, but not insulin induced

phosphorylation of dAkt, and conversely, nutrient stimulation promoted dS6K activation,

but not dAkt (Radimerski et a|,2002).

Further genetic interactions showed that dPDKI is required for dS6K activation,

but dp1l0 (PI3K) is not (Radimerski et a\,2002). These findings suggest that dPDKI

regulates dTOR and subsequently dS6K. Surprisingly, these results suggest that dTOR

and S6K are not downstream targets of InR signaling, but perhaps involved in a parallel

pathway that converges on InR signaling via PDKI. This may suggest that PDKI activity

is constitutively active or activated by an as yet unknown kinase, and that the recruitment

of PDKI to the plasma membrane by PIP, and PI3K signaling is primarily to activateAkt.

These findings are inconsistent with the findings of Zhang et al (2000), which showed

that PI3K is unable to stimulate cell growthin TOR mutants, however this may have also

been through recruitment of PDK1 to the membrane.

Tuberous Sclerosis Complex GSC)

Tuberous sclerosis is an autosomal dominant human disease, affecting 1 in 6000

people (reviewed by McManus andAlessi,2002; Marygold and Leevers,2002). People

who suffer from Tuberous sclerosis develop benign growths called hamartomas that

cause skin rashes, seizures and mental retardation (reviewed by McManus and Alessi,

2002; Marygold and Leevers,2002). The genetic cause of this disease was determined to

be due to loss of heterozygosity in either one of two genes - hamartin QSCI) or tuberin

QSC2 the homologue of gigas in Drosophila). Drosophila and subsequent mammalian

10



Chapter I

studies showed that TSC| and TSC2 work in a complex and are involved in antagonism

of cell growth via the InR pathway (reviewed by McManus and Alessi, 2002; Marygold

and Leevers,2002). Mammalian TSC1 was also shown to have anBzrinbinding domain

(Lamb et a1,2000). Ezrtnbelongs to a protein family known as ERM (Eztin,Radixin and

Moesin), which are a super-family of membrane-cytoskeletal-linking proteins that bind

to the actin cytoskeleton (F-actin) and are important for cellular adhesions (Hiscox and

Jiang, 1999).

Mutations in Drosophita TSCI or TSC2 have similar phenotypes, resulting in

large cells with large nucleoli as well as an increase in cell number, suggesting an increase

in protein synthesis and cellular growth, as well as cell proliferation (Goa and Pan, 200I;

Tapon et al,200l; Ito and Rubin, 1999). Double TSCI and TSC2 mutations phenocopy

individual mutants (Goa and Pan, 2001; Tapon et al,200l) indicating that they work

in the same pathway, and co-immunoprecipitation experiments confirm that TSCI and

TSC2 work in a complex to regulate cell growth and proliferation (Goa and Pan, 2001;

Potter et al,200l).

BrdU incorporation in third instar lawal eye imaginal discs showed that cell cycles in

TSCI or TSC2 mutant clones are perturbed (Tapon et al,200I; Potter et al,200l)' While

the asynchronous cycles were not affected, there was increased BrdU incorporation in

the posterior of the eye disc, as well as additional mitosis (Tapon et al,2ùDl;Potter et al,

2001). However, mitosis in the anterior of the eye disc, or the synchronous mitotic band

posterior to the furrow occurred normally (Tapon et al,200l).

Consistent with the cell cycle effects, cyclin E and cyclin A wete shown to be

upregulate dinTSCI or TSC2 mutant clones (Tapon et al,200l). Analysis of DNAcontent

with FACS confirmed that cells mutant inTSCl or TSC2 passed through Gl quicker than

control cells, and that S and G2 phases were unaffected or slightly lengthened (Tapon et

al, 2001), but it is still unclear whether the increas ed cyclin E and cyclin A levels are a

cause or effect of the shorter Gl phase.

Overexpression of TSC ! or 2 alone have no phenotype, however, overexpression

of TSCI and TSC2 together in wings or eyes results in small organs with small cells (Goa

andPan,2}}l;Potter et al,200I; Tapon et al,200I) indicating that both TSC1 and TSC2

are required for the function of the TSC complex. Overexpression of anti-apoptotic
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protein p35 with TSC1 and TSC2 had no effect on the phenotype, indicating that the

resulting small eye was not due to an increase in apoptosis (Tapon et al,200I), further

supporting the theory the TSC complex regulates cell growth inDrosophila.

Analysis of epistatic interactions between TSCI and TSC2 and known growth

regulatory pathways indicate that TSC1 and TSC2 act primarily in the Insulin receptor

pathway, downstream of PI3K and upstream of dS6K (Goa and Pan,200l;Potter et al,

200I; Tapon et al, 200I; Radimerski, 2002). The TSC complex was shown to act on

S6K signaling, but not Akt (Gao et a\,2002; Potter et a\,2002; reviewed by McManus

and Alessi, 2002; Marygold and Leevers, 2002). Instead, TSC2 was shown to be a

target of Akt (Figure 1.2;Potter et a\,2002; McManus and Alessi, 2002; Marygold and

Leevers, 2002) and phosphorylation of TSC2 by Akt causes it to disassociate from the

TSC complex (McManus and Alessi,2002; Marygold and Leevers,2002). The effects

of the TSC complex on S6K activity were determined to be indirect through TOR (Goa

et a|,2002;Inoki et a|,2002; McManus andAlessi, 2002; Marygold and Leevers,2002).

Mutations inTSCl orTSC2 didnotaffectgrowthwhen TORwasalsomutatedindicating

that the TSC complex antagonises TOR activity (Figure 1.2; McManus andAlessi, 2002;

Marygold and Leevers,2002). These studies show that nboth Drosophila and mammals,

the TSC complex antagonises cell growth through inhibition of TOR activity (and

subsequently S6K activity) and is in turn regulated by Akt (McManus and Alessi, 2002;

Marygold and Leevers, 2002). TSCI and TSC2 have also been shown to genetically

interact with other known cell growth regulators such as dmyc and cyclin D (Tapon et al,

2001), which most likely reflects the cross talk between these pathways.

1,3,2 dmyc transcription factor

The mammalian Myc family of transcription factors (c-myc, N-myc and L-myc) are

basic helix-loop-helix zippt proteins (bHLHZ) which heterodimerise with another

bHLHZ regulatory partner, Max (reviewed by Luscher, 200r; Amati et al, 2001;

Eisenman, 2001; oster et al, 2002). other bHLHz proteins, such as Mad (a family

of transcriptional repressors, including madL, mad3, mad4 and mxil), compete with

Myc proteins for Max binding. This constant competition provides an important mode

of regulation of Myc (reviewed by Luscher, 2001). Myc/Max dimers binds to DNA at

specific sequences known as E box sequences and act to promote transcription of their
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specifrc target genes (reviewed by Luscher, 2001). Microarray technology has enabled

identifrcation of marLy myc targets, which include genes involved in regulation of cell

cycle, DNAbiosynthesis, cell growth, cell adhesion and apoptosis (Grandori et a|,2000).

Ectopic expression of myc is oncogenic, causing increased cell growth, proliferation and

endoreplication resulting in genomic instability (reviewed by Luscher, 2001).

ln Drosophila there is only one homologue of each of the mammalian genes myc

(dmyc), max (dmax) and, mad (dmad). Hypomorphic dmyc mut¿tions result in small

flies with a reduction in cell size as well as cell number (Johnston et al, 1999), while

overexpression of dmyc increases cellular growth resulting in large cells (Johnston et

at,1999; Prober and,Edgar,2000). The Gl phase of the cell cycle is shortened when

dmyc is ectopically expressed due to a post-transcriptional increase in Cyclin E, but

a compensatory lengthening of G2 means that the doubling time remains unchanged

(Johnston et al,I999;Prober and Edgar, 2000). It was previously thought that the primary

role of dMyc was to promote proliferation, however, these studies clearly show that dmyc

can have a role in cell growth as well as proliferation. Co-overexpression of myc with

string (the cdc25 homologue that is rate limiting factor for G2-M progression) is able

to reset the cell cycle defects caused by myc overexpression, but does not influence the

effects on cell growth (reviewed by Johnston and Gallant, 2002). This suggests that the

primary function of dMyc is to regulate cell growth and the effects seen on proliferation

are secondary or via the effects on cell growth and the coupling between cell growth and

cell proliferation. Consistent with dMyc acting as a regulator of growth, pitchoune (a

gene involved in ribosome biogenesis; reviewed by Johnston and Gallant ,2002) and cdk4

(Orian et a\,2003) have been identified as transcriptional targets oî myc, and cdk4 and

cyclinD transcription can be regulated by dMax (orian et a|,2003).

In mammalian systems, Myc is also thought to have roles in growth regulation and D

type Cyclins are known to be a direct target of Myc in mammalian systems (reviewed by

Luscher, 2001). Models whereby Myc promotes cell growth and subsequent proliferation

through the activation of CyclinDlCdk4l6 complexes and subsequent activation of Cyclin

Elcdk2through the sequestration of the Cyclin Elcdk2 inhibitor p27 by Cyclin Dlcdk4l6

have been proposed (Figure 1.3; reviewed by Luscher, 2001).
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Figure 1.3 Myc Transcr¡pt¡on factor effects cell proliferation
through Cyclin D.
Myc Transcription Factor induces expression of Cyclin D and Cdk4,
as well as inhibiting transcr¡ption of p27 inhibitor. This promotes
G1-S phase transition in two ways,firstly the active Cyclin DlCdk4 (or
Cdk6) complex promotes proliferation through phosphorylation of
pRb and also promotes growth. Secondly, the active Cyclin Dlcdk4
(or Cdk6) complex sequesters the p27 inhibitor from Cyclin Elcdk2
complexes, allowing Cyclin Elidk2 to phosphorylate pRb and
promote S phase entry.

Cyclin D

Cyclin D Cyclin E

Cyclin E
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1.3.3 Cyclin D/Cdk4 comPlex

Cyclin Dlcdk4 complexes have been shown to promote Gl-S phase progression and

hence cell proliferation, through the phosphorylation of pocket proteins (see section I .2 'l) .

In mammalian studies, Cyclin Dlcdk4l6 complexes are thought to be the primary kinase

involved in the phosphorylation of pocket proteins hence the essential factor for Gl-S

phase progression (reviewed by Ortega et a\,2002).ln Drosophila however, it has been

shown that Cyclin Elcdk2complex is the essential factor for Gl-S phase progression and

phosphorylation of pRb (Meyer et al, 2000). Indeed, Cyclin E "knock-ins" can rescue

the developmental defects of mice deficient for Cyclin Dl (Geng et al, 1999), as can

mutations inp27 (Geng et a\,2002), suggesting that by sequestetingpZT away from the

Cyclin Elcdk2 complex, Cyclin Dl can regulate Gl-S phase progression through Cyclin

E in mammalian systems. As well as displaying developmental defects in tissues such as

the eyes and mammary glands, Cyclin D null mice are proportionally runted compared

with heterozygous and wildtype litter mates (Fantl et al, 1995), suggesting a possible

role in cell growth as well as cell proliferation, however, the number and size of cells

needs to be examined in Cyclin D null mice. InDrosophila, cdk4 mutations also result in

proportionally runted adult flies (Meyer et a1,2000), and overexpression of cyclin D/cdk4

result in enlarged tissues such as the eyes and wings (Datar et a1,2000), suggesting that in

Drosophilaand mammals Cyclin D/Cdk4 has a role in the promotion of growth, as well

as proliferation.

In Drosophila, clonalanalysis in wing discs showed that clones overexpressing Cyclin

Dlcdk4 had no effect on cell size, but resulted in an increase in the number of cells in

the clone compared with the control cells (Datar et a\,2000). This suggests that both cell

growth and proliferation are increased, resultingin a shorter doubling time and therefore

more cells, showing that in proliferating tissues Cyclin Dlcdk4 affects both cell growth

and proliferation.

In non-proliferating eye cells however, overexpression of Cyclin Dlcdk4 had drastic

effects on cell size, causing hypertrophy in almost all cell types present (Datat et al,

2000). Overexpression of Cyclin E or E2F, however, is unable to increase cell growth

(Datar et a\,2000) even though ectopic DNA replication is promoted (Richardson et al,

1995;Asano et al, 1996; Du et al, 1996). In these post-mitotic cells, overexpression of
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Cyclin E or Cyclin Dlcdk{ was able to perturb the normal ratelpattemof cell cycles, but

only Cyclin Dlcdk{ was able to increase cell size, assessed by FACS (Datar et a1,2000).

These results in non-proliferating cells are consistent with results from proliferating

cells, whereby both Cyclin E and Cyclin Dlcdk| are able to promote cell proliferation

(although there was not a complete prevention of Gl arrest in differentiating cells), but

only Cyclin Dlcdk{ complex is able to promote growth in both types of cells (Datar er

a|,2000).

No effect on cell growth or proliferation was seen when Cyclin D or Cdk4 was

overexpressed alone, suggesting both are limiting and active Cyclin Dlcdk| is required to

phosphorylate downstream targets to mediate these effects invivo. So far the only known

targets of Cyclin Dlcdk4 is Rbf (the Drosophila homologue of pRb). Overexpression of

Rbf in cyclin D/cdk4 overexpressing wing discs is able to inhibit cell cycle entry but cell

growth was not affected resulting in an increase in cell size (Du et al,l996;Du and Dyson,

1999). Overexpression of Cyclin D/Cdk4 is able to overcome the inhibitory effects of

Rbf on cell proliferation (Datar et a\,2000), however the cells are still substantially larger

than control cells (Datar et al,2000), indicating that Cyclin Dlcdk4 was responsible

for the extra cell growth. Mosaic analysis of Rbf mutants also showed that Rbf minus

cells do not have a growth advantage in the eye and display phenotypes reminiscent of

increased cell divisions without increased cell growth similar to overexpression Cyclin E

(Richardson et a|,1995) or E2F (Du et al,1996). Thus, while Rbf is atarget for Cyclin

Dlcdk4 for cell proliferation effects, other targets of Cyclin Dlcdk4must exist to mediate

the effects on cell growth.

1.3.4 Cross-talk between cell growth pathways

While cell growth is a distinct process to proliferation, it is clear that both are required

in conjunction for normal cell divisions. While some growth pathways, such as the InR

pathway, act solely on growth, others, such as the Myc and Cyclin Dlcdkl pathways, act

both on cell growth and proliferation, emphasizing the importance of the coordination of

these processes. As with all developmental processes however, growth pathways do not

act in isolation and increasingly more evidence for cross-talk between growth pathways

as well as proliferation pathways is being generated.

In mammalian systems, several mechanisms of cross-talk between these pathways have
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been suggested. The InR pathway has been shown to stabilise Myc and Cyclin D through

the inhibition of GSK3 which normally promotes degradation of these proteins (Cantley,

2002). Furthernore, Myc is known to induce expression of Cyclin D2 (Bouchard et al,

lggg) and Ras signaling has also been shown to promote cell growth through both the

Myc and PI3K pathways (Prober andEdgar,2002). ln Drosophila,Fias is required for

maintenanc e of dmyc expression (Prober and Edgar, 2002). Pocket proteins (Rb family)

have also been shown to be able to inhibit InR signaling by preventing PDK1 from

localising to the plasma membrane upon activation of PIP, (Makris et aL,2002), further

illustrating the communication between growth and proliferation pathways.

1.4 Drosophilø cyclin E (DmcycE) and cell cycle regulation in

Drosophila

Cell cycle and proliferation has been studied extensively in mammalian systems, and

components homologous to mammalian proteins (eg. Cyclins, Cdks and regulators) have

been identifi ed,inDrosophilamelanogasterwithapparent conservedfunctions in cell cycle

maintenanc e. ln Drosophila, Cyclin E (DmcycE/ complexes with the Drosophila CdÞ'2

homologue and this complex is necessary for progression from Gl into S phase (reviewed

by Edgar and Lehner, 1996). During Drosophila embryogenesis, proliferating cells

express Cyclin E, and rn cyclin E mutants, cells arrest in G I of cy cle 17 , corresponding to

the depletion of maternally deposited cyclinE (Knoblich et al,1994). Ectopic expression

of Cyclin E induces ectopic S phases in embryos and later in development (Richardson

et al, 1995). Thtts cyclin E is essential and rate limiting for cell cycle progression in

Drosophila. Transcriptional regulation of cyclin E is an important step in controlling

cell cycle progression and analysis of the cyclin E promoter has revealed that cyclinE is

developmentally regulated (Jones et a\,2000). What regulates cyclin E expression and

Cyclin Elcdk2 activity, however, is still not clearly understood during development'

1.4.1 Cell cycle regulation in the eye imaginal disc

The eye imaginal disc is a good model for studying developmental controls. At

the third instar larval stage, cells of the eye disc start to differentiate and display

developmentally regulated cell cycles. Cells in the anterior ofthe eye imaginal disc divide
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asynchronously before arresting in Gl prior to differentiating (Figure 1.4). Since this is

strict developmental control of cell proliferation, any genes important for development

and cell cycle regulation can be identified by mutation analysis.

The eye imaginal disc develops into the adult Drosophila eye, which is composed

of approximately 750 ommatidia (lenses). Small bristles project from between the

ommatidia across most of the eye surface. Each ommatidium is comprised of eight light

gathering cells known as the photoreceptor cells and 11 accessory cells - the cone cells

and the pigment cells (Wolffand Ready, 1993). In third instar larvae, the eye disc is a

cellular monolayer and the cells differentiate in a precise order from the posterior to the

anterior of the eye disc. The photoreceptor cells are the first cells to differentiate followed

by the cone cells, developing one row of ommatidia at a time. During pupation, the

pigment cells and bristles form (Wolffand Ready, 1993). In the anterior of the larval eye

disc, before differentiation, the cells proliferate asynchronously, before arresting in Gl

phase (Figure 1.4). Cells in the Gl arrested state undergo a morphological change that

causes an indentation called the morphogenetic furrow (MF), which occurs just prior to

differentiation. The Gl-arrested cells of the MF then enter a synchronous round of cell

division before differentiating (Figure 1.a). Any perlurbation to the precise regulation of

the cell cycle in the eye imaginal disc, results in disorganisation, or roughening, of the

eye.

The Gl arrest seen prior to the MF in third instar larvae is associated with a decrease

in Cyclin E protein levels, however it is also possible that inhibition of low levels of

Cyclin E protein that may be remaining in these cells may be important. This Gl arrest is

important for proper eye development since a rough eye phenotype results from ectopic

expression of cyclin E inthe developing eye (Richardson ¿l al,1995).

1.5 A genetic screen for novel interactors of DmcycU

The importance of cyclin E and the Gl arrest in the developing eye for correct eye

development provides a good system to examine regulators of cyclin E. A hypomorphic

allele of Cyclin F,, DmcycErP, was generated by imprecise excision of a P-elemenl I4.llG

causing an internal deletion within the P-element (Secombe et al, 1993). DmcycEP

results in viable adult flies, which have rough eyes. Immunohistochemistry and BrdU

18



Chapter I

MF movement
,-J_\

U ndifferentiated cells
(asynchronous cell

divisions)

Differentiated
ommatidia

MF;G1

arrested cells Mítosis
Synchronous

S phase

Figure 1.4 Diagramatic representat¡on of the eye imagainal disc.
Anterior to the left, posterior to the right. The cells differentiate from the
posterior to the anterior of the eye imaginal disc, one row of ommatidia at a

time. Before differentiating,the asynchronously dividing cells in the anterior of
the eye imaginal disc arrest in G1 phase. Here they undergo a morphological
change which results in a visible indentation known as the morphogenetic
furrow (MF). After arresting in G1, cells undergo a synchronous cell cycle

before differentiating.
Diagram courtesy of Ms. N.Amin.
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analysis of homozygous DmcycErP lawae revealed that this roughening is caused by a

decrease in the level of Cyclin E protein, resulting in a decrease in the number of S phase

cells during imaginal disc development (Secombe et al, L998).

This allele of Dmcycî provides a new means by which to conduct a dominant modifier

scfeen to identifii new regulators of cyclin E and Gl-S phase transition. In this screen,

DmcycErP male flies were exposed to X-ray or EMS mutagenesis and then crossed to female

DmcycHP flies and progeny were screened for dominant enhancement or suppression of

the DmcycUrP rough eye phenotype (Secombe, PhD thesis, 1999). Suppressors of the

rough eye phenotype are likely to encode proteins that negatively regulate DmcycE or the

Gl-S phase transition. Conversely, enhancement of the rough eye phenotype indicates

a positive regulator of DmcycE has been mutated. Studies so far have been focused on

the suppressors found in the DmcycErP genetic screen. 130 mutations that suppressed

the rough eye phenotype rwere identified from the genetic screen, and complementation

analysis was used to group these into 15 multiple allele complementation groups as well

as several single allele groups (Secombe PhD thesis, 1999; Richardson, unpublished data).

Some of the suppressors have already been identified as brahma and moira (chromatin

remodelling genes; Brumby et a|,2002), scribble and lethal giant larvae (cell polarity

genes) andphyllopod (newal differentiation gene), suggesting novel roles for these genes

in cell cycle regulation (Richardson, unpublished data). This thesis focuses on one of

these suppressor group s, Su (Dmcy cEP ) 2, 5 (2. 5),

1.5.1 Suppressor of DmcycErP complementation group 2,5 - Su(DmcycErP)2.5

Two X-ray generated suppressors,42Sll and 58S12, were grouped together based

on their failure to complement one another, forming the complementation group

Su(DmcycErP)2.5 (2.5). Both alleles suppress the rough eye phenotype of DmcycErP by

increasing the number of S phases during eye development (Secombe, PhD thesis, 1999).

2.5 alleles have no effect on the rough eye phenotype caused by the overexpression of

DmcycU I or II. V/hile this suggests that 2.5 acts upstream of DmcycE transcription or

in a parallel pathway, it could also suggest the overexpression phenotype of DmcycE is

not sensitive enough to detect an interaction with 2.5 or that the 2.5 alleles are not strong

enough to cause an effect on the DmcycE overexpression phenotype (Secombe, PhD

thesis, 1999).
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The cytological location of 2.5 was determined by crossing the alleles to a sub-set of

second chromosome deficiencies. This identified a minimal region of 4283-5 to 42Cl-7

for 2.5. p-element alleles in the region were then crossed to 2.542s11 (2.5sastz stock had an

untimely death, and was therefore not used for these complementation analyses; Secombe,

PhD thesis ,lggg). This identified one P-element allele, l(2)04524,which was semi-lethal

in combination with 2.542s11. A rescue of the 5'flanking DNA of l(2)04524 showed that

the flanking DNA has homology to the human EbI gene (BDGP), and therefote 2.5a2stl

and l(2)04524 were likely to mutations in the Drosophila homologue of EbL.

1.6 dEbl - A candidate gene for 2.5

The Eb1 family of proteins are a family of small (average size approximately 35 kDa)

and highly conserved proteins, across all species. The highly conserved nature of Ebl

proteins implies they have a critical role throughout development, yet mutations n EbI

are not lethal in yeast, dictyolstelium oÍ Drosophila (Schwartz et al,1997;Muhua et al,

1998; Rehberg and Graf, 2002; Rogers et a|,2002). The Ebl family of proteins were

shown to interact with microtubules in all species examined (reviewed by Tirnauer and

Bierer, 2000; section 1.6.1) and the Eb1 family was dubbed "End-binding - 1" since Ebl

predominantly interacted with the plus ends of microtubules.

In humans, Eb 1 was originally identifred as an interactor of the Adenomatous Polyposis

Coli (APC) tumour suppressor protein (Su er al, 1995) in a yeast-two-hybrid screen.

APC proteins have also been shown to interact with microtubules, which is thought to be

mediated through its interaction with Ebl in human cells (Bienz,2002).

1.6.1 Ebl proteins of many species are important for microtubule dynamics and

orientation

Microtubules (MT) polymers are essentially hollow tubes comprised of cr,- and p-

tubulin dimers organised in a "head to tail" manner (reviewed by Schuyler and Pellman,

2001;Galjart andPerez,2003). MTs are essential components ofthe cellular cytoskeletal

system, especially important during mitosis where they form the mitotic spindles required

for alignment of the chromosomes and segregation of sister chromatids (reviewed by

Galijart andPercz,2003). This is by no means the only function of MTs, they are also

required to "traffic" proteins and organelles around the cell (reviewed by Schuyler and
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Pellman 2001; Galijart and Perez, 2003).

The "head to tail" organization of the MT gives them polarity. The minus, or proximal,

ends are nucleated and located at microtubule organising centres (MTOC), usually the

centrosomes (reviewed by Schuyler and Pellman,200l), while the plus or distal ends are

"free" in the cytoplasm and capable of growing or shrinking (reviewed by Schuyler and

Pellman, 2001). Growth of MTs is usually directed toward specialised structures e.g.

membrane domains or chromosomes (reviewed by Schuyler and Pellman, 2001).

MTs grow by adding GTP-tubulin dimers to the plus ends, which is followed by GTP

hydrolysis (capping), and the balance between MT growth and shrinkage is referred to as

dynamic instability or catastrophe (reviewed by Schuyler and Pellman,200I). The Ebl

family of proteins has been shown to be important for the dynamic instability of MTs and

is known to localise to the plus end of MTs in most species.

Yeøst and lower eukøryotíc Ebl

The Eb1 homologue tn Saccharomyces cerevisiae, BIM1 (binding to microtubules),

was identified in a yeast two hybrid screen for interactors of o-tubulin (Schwartz et al,

L997). S.cerevisiae strains deficient in BIM1 grow poorly and show spindle defects and

asymmetric localisation during mitosis (Schwartz et al, 1997). Using GFP-Tubulin,

the mitotic defects were shown to be due to a failure of MT elongation during mitosis

(Trinauer et al,1999). Since the overall dynamic instability of the MTs was reduced, and

not just the stability of elongated MTs, BIM1 is thought to promote MT dynamics and

elongation, and not just stabilisation (Trinauer et al,1999). Despite these mitotic defects,

BIMl minus yeast is not lethal, presumably because the phenotype is not 100% penetrant

and some cells still undergo a normal mitosis (Schwartz et al,1997).

BIM1 was also shown to interact with cytoplasmic MTs during interphase, and cells

lacking BIM1 were shown to have shorter cytoplasmic MTs during Gl (when MTs are

normally very dynamic; Trinauer et al,1999). This suggests that BIM1 is important for

MT dynamics throughout the cell cycle and not solely for the mitotic spindle dynamics.

BIM1 has also been proposed to mediate a checkpoint control mechanism in

S.cerevisiae (Muhua et al,1998). While cells with misaligned spindles fail cytokinesis

and arrest in M phase, cells lacking BIMI often enter cytokinesis regardless of the

spindle orientation (Muhua et al, 1998). This suggests that BIM1 is not only required
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to orientate the spindles during mitosis (Korinek et a\,2000; Lee et a\,2000; Adames

and Cooper,2000;Miller et a\,2000), but is also needed to initiate a spindle checkpoint

control (Muhua et al,1998). The orientation of the microtubules by BIM1 occurs via a

microtubule capture site involving BIM1 and a novel cortical protein, Kar9 (reviewed by

Bloom,2000).

An Ebl homologue, called Ma13, has also been identified in Schizosaccharomyces

pombe. Mal3 was identified in a screen for novel genes required for chromosome

segregation (Beinhauer et al,1997). Fluorescence microscopy was used to show Mal3 is

capable of localising to the MTs and loss of Ma13 has been shown to affect MT dynamics

both in the cytoplasm and the nucleus (Beinhauer et al,1997).

In Dictyostelium a DdEbl homologue has been identified and shown to localise to

the microtubules, in particular to the kinetochores at the microtubule tips (Rehberg and

Gruf,2002). The microtubule interaction is mediated through the N-terminal region of

Eb1 (Rehberg and Graf,2002), a region most highly conserved between species' The

predicted coiled-coil domain in the C-terminus of DdEbl (another highly conserved

region) was determined to facilitate homotetramerisation of the DdEbl molecules, a

process essential for microtubule interactions (Rehberg and Graf,2002)'

Mutant analysis of DdEbI showed delays in prometaphase due to the failure of

initiation of microtubule growth, as opposed to microtubule elongation defects seen in

yeast (Rehberg and Graf,2002; Trinauer et al, 1999). This prevents proper segregation

of the chromosomes, and due to the lack of spindle checkpoints in Dictyostelium, often

results in aneuploidy (Rehberg and Graf,2002). Despite the mitotic defects observed in

these cells, DdEbI mutants are not lethal (Rehberg and Graf, 2002), presumably due to

the lack of full penetrance of the phenotype.

Drosophila EbI

Recent studies tn Drosophila confrrm that dEbl is a microtubule binding protein.

Rogers et at (2002) used fluorescent microscopy to show that like other Ebl homologues,

dEbl localised to the plus ends of microtubules during mitosis, prominently on the astral

microtubules during metaphase and later phases of mitosis. Using RNA interference

(RNAi), loss of dEbl was shown to be important for microtubule dynamics, required for

both growth and shrinkage of the microtubules, and organizalíon and positioning of the
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microtubules during mitosis (Rogers et a1,2002).

The most severe and most common phenotype from dÛbl RNAi was complete lack of

astral microtubules indicating that dEbl is required for the stability of these microtubules

(Rogers et a|,2002). The aberrant mitosis observed in dÛbl RNAi experiments are

enough to initiate the spindle checkpoint and prevent further cell cycles (Rogers et al,

2002). This is inconsistent with the results of Muhua et al (1998) in S.cerevisiae, andmay

indicate subtle differences in Ebl between the species, or to additional checkpoints in

higher organisms. Interestingly, dEb I RNAi did not have effects on microtubule dynamics

during interphase, suggesting the mitotic phenotypes may be due to an unknown, mitotic

specific factor which dEbl would normally antagonise (Rogers et a\,2002).

Other studies inDrosophila also demonstrate the importance of Eb1 (andAPC) in the

orientation of microtubules. Using RNAi to ablate dEbl or ùAPC2 (see section 1.7.3 for

details of APC homologues) in Drosophila embryos, Lu et al (2001) showed that both

proteins were important for the orientation of mitotic spindles during the asymmetric

divisions of neuronal cells. APC is thought to mediate the cell polarity defects through

its interactions with the adherens junctions and positioning of subsequent proteins

required for asymmetric divisions such as Bazooka (Baz) and Partner of Numb (Pon;

Lu et al,200l). Ebl is thought to act more directly on microtubule orientation but the

mechanisms for this are not understood. (For more details on APC and cell polarity see

section 1.7 .4).

Mammalìøn Ebl

The Ebl family of proteins was first discovered in humans in a yeast two-hybrid

screen for novel interactors of APC tumour suppressor protein (Su er al, 1995). hEbl

binds to the C-terminus of APC1 (Su et al, 1995), a region that is commonly deleted in

colorectal cancers (reviewed by Bienz, 2002). APC proteins have been shown to regulate

the Wnt signaling pathway (discussed in detail in section L7 .I), and can also interact with

microtubules (reviewed by Bienz, 2002).

Like Ebl, APC interacts predominantly with the plus ends of microtubules, an

interaction that was previously thought to be mediated via Ebl (Askham et a\,2000;

Mimori-Kiyosue et aL,2000). Recent studies however, show that while both Ebl and

APC localise to the plus ends of microtubules, the endogenous proteins remain in two
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distinct foci (Barth et a|,2002).

Despite the distinct foci of Ebl and APC, they are still located adjacent to one another

(Barth et al, 2002) and functional studies of MT polymerisation in murine cell lines

indicated that Ebl and APC act synergistically to increase the elongation speed of MTs

from centrosomes, and that overexpression of Ebl alone resulted in poor polymerisation

and growth of the MTs (Nakamure et al,200l). This suggests that Ebl may require

a binding partner for its effects on MT dynamics, and in mammalian systems that this

binding partner is APC (Nakamure et al,200I).

Human Ebl was also identifred in a yeast screen for genes that interfered with the

cell cycle arrest caused by mating pheromones (Edwards et al, 1997). In this screen

overexpression of human Ebl was able to overcome a Gl arrest in S. cerevisiae due to

ectopic mating pheromone signaling (Edwards et al,1997) suggesting that overexpression

of hEbl may be able to block this signaling pathway. How this relates to normal Ebl

function, however, is not clear.

The role of Ebl proteins in microtubule dynamics has been the most studied function

of the Ebl family. The bindingpartner of human Eb1, APC, also has role in microtubule

dynamics and in mammalian systems this may explain the purpose of the interaction

between Ebl andAPC. However, it is difficult to imagine how this MT role can explain

why dEbl should suppress the DmcycErP phenotype. There are many other functions

of APC tumour suppressor proteins, such as antagonism of Wnt signaling, inhibition of

Cyclin Elcdk2 activity and regulation of cell polarity. If Eb1 and APC function together

in MT dynamics, it seems plausible that Eb1 may function withAPC in some of its other

roles. This thesis hypothesises that one way in which Ebl may regulate Gl-S phase (and

suppression of DmcycÛrP) is by regulating the Gl cell cycle function(s) ofAPC.

1.7 The involvement of APC in Wg signaling, the cell cycle and

colorectal cancer

Analysis of colorectal cancers has shown that mutations in APC are found in

approximately 80% of all colorectal cancers (reviewed by Polakis , 1999; Bierø,2002).

Almost all APC mutations associated with colorectal cancer result in a truncation of the

C-terminus of the protein (reviewed by Dikovskaya,200l; Polakis, 1999;Bienz,1999;
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Moon and Miller, 1997). These truncations remove several domains of APC, including

the Ebl binding region, and a study of Italian FAP families had also identifred a point

mutation in the Ebl binding region of APC in one family (Resta et al,200I). Together

this infers the interaction between APC and Ebl may be necessary for correct cell cycle

control (reviewed by Polakis, 1999;Bienz,1999; Moon and Miller, 1997). To date there

have been no EbI mutations identified in colorectal cancers (Jais et al,1998), however

this does not rule out the possibility of EbI being involved in cancer.

APC is a complex protein with multiple roles in the cell cycle and in other cellular

processes. As detailed above, APC has also been shown to be a microtubule binding

protein (reviewed by Bienz, 2002) and human APC localizes to the tips of microtubules,

which may require other docking protein such as hEb 1 . Some functions ofAPC protein are

conserved across all species tested, such as antagonism of the Wnt/Wg signaling pathway

(reviewed by Bienz, 2002). But the APC proteins are only highly conserved in specific

regions such as the armadillo repeat region (reviewed by Bienz, 2002;Dikovskaya,200l;

detailed description of APC domains in section 1.7.3), raising the possibility thatAPC

may have distinct functions in different organisms.

APC has two proposed functions at the Gl to S phase transition, antagonism of the

v/ntllÏVingless signaling pathway (reviewed by Polakis, 1999; Bietu, 1999; Moon

and Miller, 1997) and inhibition of the Cyclin Elcdk2 complex (Baeg et al, 1995).

Other functions of APC such as cell polarity regulation may also impact on cell cycle

progression.

1.7.1 Wnt signaling pathway in mammalian cells

In mammalian cells, the Wnt pathway is a complex pathway that can result in three

different signaling cascades depending on the cell type and the Wnt ligand involved. In

humans there are 19 Wnt molecules that bind to the transmembrane receptor Frizzled

(Fzl), of which there are 10 types (reviewed by Jones and Jomary 2002). This binding

initiates a signaling cascade that activates Dishevelled (Dvl), aPDZ domain containing

protein (reviewed by van Es et a\,2003). Dvl initiates one of three alternative signaling

cascades; (1) the classical or canonical pathway (which I will discuss here), (2) the

planar cell polarity (PCP) pathway (which can also be IVnt independent) important for

morphological changes within epithelia tissues such as the gut (reviewed by van Es et al,
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2003; Povelones and Nusse, 2002) or (3) the Calcium Phosphate pathway (Kuhl et al,

2000). The mechanism by which Dvl decides which pathway to activate is still unknown

(reviewed by Povelones and Nusse, 2002).

The canonical Wnt pathway is responsible for changes in gene expression, which

determines cell fate, apoptosis and proliferation (reviewed by Povelones and Nusse,

2002; reviewed by Moon et al, 2002). Activated Dvl inhibits Glycogen synthase kinase

3P (GSK3P; Figure 1.5; reviewed by van Es et a\,2003; Polakis, 1999;Bienz, 1999;

MoonandMiller, 1997;Bienz 2002). ActiveGSK3Baidsinthedegradationof B-catenin,

a multipurpose protein in the cell. One function of B-catenin, in conjunction with E-

cadherin, is to mediate cell-cell adhesion at the adherens junctions. Free cytoplasmic

B-catenin can ac| to mediate Wnt signaling and it is generally believed that p-catenin is

translocated to the nucleus, where it acts as a co-transcription factor with TCF and LEF

transcription factors (Figure 1.5; reviewed by: van Es et aL,2003; Polakis, 1999;Bienz,

1999; Moon and Miller, 1997; Bienz 2002). However, in a recent study, Drosophila

B-catenin, Armadillo (Arm), was shown to activate TCF dependent transcription while

being tethered to the membrane (Chan and Struhl, 2002). This was reproducible in an

arm mvtant background, indicating that it is not because the membrane tethered Arm

frees endogenous Arm allowing nuclear translocation (Chan and Struhl, 2002). Chan and

Struhl (2002) propose that regulation of TCF dependent transcription byArm is mediated

through the removal of alternate TCF repressors from the nucleus by Arm, keeping them

inactive in the cytoplasm or at the cell membrane. These findings, which imply a novel

mechanism for regulation of TCF dependent transcription, are still quite controversial

since they have only been shown for one allele of arm and are a direct contradiction to the

earlier results of Cox et at (1999), which showed that membrane tetheredArm could not

activated the Wg signaling cascade alone.

GSK3B causes the destruction of B-catenin by phosphorylating specific ser/thr

residues of B-catenin, thus targeting it for ubiquitin dependent degradation (reviewed by

Bienz,2002). APC and Axin are also required for this process, forming a multi-protein

complex to phosphorylate B-catenin (Figure 1 .5 ; Hart et al, 1998; reviewed Bienz, 1999 ;

Bienz,2002). The requirement for the interaction between Axin and APC is not well

understood since loss of Axin can be overcome by increased expression of APC or vice
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versa (reviewed by Peifer and Polakis, 2000; Bienz, 2002). One theory is that Axin

anchors both APC and p-catenin to GSK3B, placing B-catenin in the conect position and

proximity to be phosphorylated by GSK3p (Hart et al,1998; Ikeda et al,1998; reviewed

by Polakis, 1999; Bienz, 1999). APC itself is also phosphorylated by GSK3P, which

enhances the interaction between APC and B-catenin (reviewed by Bienz, 1999). APC

is therefore important in keeping B-catenin localised to the complex and may also be

necessary for correct phosphorylation of B-catenin.

The V/nt signaling cascade is conservedtnDrosophila,withWingless (Wg) activating

the Dishevelled (Dsh) signaling cascade in which Shaggy (Sgg, also known as Zeste

white-3 (Zw3), the GSK3B homologue) is inhibited, preventing degradation ofArmadillo

(Arm, the B-catenin homologue) by the Sgg/Axir/APC multiprotein complex (reviewed

by Bienz, 1999). This leads to nuclear translocation of Arm where it acts as a co-

transcription factor with the TCF/LEF homologue, Pangolin (Figure 1.5; reviewed by

Bienz,1999).

The importance of APC binding to p-catenin for degradation of B-catenin has been

known for a long time, however more functions of this interaction have recently come to

light. Only recently have researchers been able to show that there is APC localised to the

nucleus and thatAPC is actively exported from the nucleus by the CRM-l nuclear export

receptor (reviewed byBienz,2002), as shown by inhibition ofAPC export with the CRM-

I specific inhibitor Leptomycin B (LMB; reviewed by Bienz, 2002; Rosin-Arbesfeld et

a|,2000; Henderson, 2000; Neufeld et a1,2000).

Nuclear import of APC is, at least in part, mediated through the armadillo repeat

domain (ARD; reviewed by Bienz, 2002). Mammalian APC homologues have potential

nuclear localisation sequences (NLS) thatmay also have a role in the import ofAPC into

the nucleus, but there are no NLSs in Drosophila APCs, suggesting that their presence in

the nucleus is solely mediated through the ARD (reviewed by Bienz, 2002). B-catenin is

also translocated to the nucleus through the ARD, but the shuttling of B-catenin out of the

nucleus is thought to be mediated through the interaction with APC (reviewed by Bienz,

2002). The shuttling of p-catenin from the nucleus to the cytoplasm is proposed to have

two main functions; to remove B-catenin from TCF complexes and prevent B-catenin

from behaving as a transcription factor and to allow cytoplasmic function of p-catenin
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Figure 1.5 Wnt signalling is conserved from mammalilan systems to
Drosophila.
A. The Wnt ligand act¡vates its receptor Frizzled (Fzl) which is a 7 transmembrane

domain prote¡n. Activation of Fzl causes a signaling cascade to act¡vate gene

transcription. Fzl act¡vates Dishevelled (Dvl) which can then choose to go down

the canonical pathway (as depicted) or alternate pathways such as the Planar cell

polar¡ty (PCP) pathway or Calcium Phosphate pathway (Ca+). ln the canon¡cal

pathway, Dvl phosphorylates and inhibits Glycogen Synthase Kinase 3P (GSK3B)

which prevents phosphorylisation of B-catenin by GSK3B and the APC/Axin complex.

Phosphorylated B-catenin is targeted for ubiquitinated degradation, therefore

Wnt signaling prevents B-catenin degradation and the increase ¡n cytoplasmic

concentrations allows B-caten¡n to be translocated to the nucleus where ¡t acts

as a co-transcription with TCF/LEF transcript¡on factors. The genes targeted for

transcription by Wnt are usually involved in cell proliferation, apoptosis or cell fate.

B. The Wnt pathway is conserved in Drosophila with Wingless (Wg, the Wnt

homologue) activating dishevelled (Dsh) through the Frizzled receptor (Fz). Dsh

activation can signal through one of three pathways - the canonical, the PCP or

the Ca+ pathway. ln the canonical pathway Dsh phosphorylates Shaggy (Sgg, the

GSK3B homologue). This prevents Sgg from phosphorylating Armadillo (Arm) and

targeting it for degradation. As the cytoplasmic concentratíons of Arm increase,

Arm is able to be translocated to the nucleus and act as a co-transcription factor

with Pangol¡n transcript¡on factor (Pan;TCF/LEF homologue).

I \Ill I IIll
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or to enable degradation (reviewed by Bienz,2002). B-catenin has also been shown to

be exported in the presence of LMB, suggesting that there may also be other APC/CRM-

I independent mechanisms for B-catenin export from the nucleus (reviewed by Bienz,

2002). However, these studies have been done with overexpressed B-catenin, since low

levels of B-catenin are difficult to detect. Since B-catenin is overexpressed, these studies

may not be physiolo gícally relevant (reviewed by Bienz, 2002).

In most polyposis colorectal cancers, the APC protein is C-terminally truncated.

These truncations remove several domains of the APC protein including those required

for the binding and subsequent phosphorylation of B-catenin, as well as the Ebl binding

region (reviewed by Polakis, 1999). Mutations in any of the proteins comprising the

multiprotein complex will lead to an increase in p-catenin stability and therefore an

increase in the transcription of 'Wnt 
target genes. One such target gene is c-myc (He et

al,1998), a known proto-oncogene. c-Myc is able to indirectly activate Cyclin Elcdk2

by causing an increase in cyclin D transcription (Bouchard et al, 1999) and an increase

in Cyclin Dl and D2 protein synthesis (Perez-Roger et a|,1999). The increase in Cyclin

D protein sequesters Cdk inhibitors,p2T andp2l, away from Cyclin Elcdk2,leaving the

complex active (Perez-Roger et al, 1999; Obaya et al, 1999). Therefore, uncontrolled

transcription of c-myc will lead to inappropriately active Cyclin Elcdk2 and hence,

uncontrolled cell proliferation. cyclin DI has also been shown to be upregulated by

Wnt signaling (reviewed by Morin, 1999). ln Drosophila, dmyc can affect Cyclin E by

causing an increase in the translation or protein stability of Cyclin E (Prober and Edgar,

2000). This suggests another mechanism by which Wg signaling may affect G1-S phase

progression, however, it is not known whether myc is upregulated by V/g signaling in

Drosophila.

1.7.2 Inhibition of Cyclin F.lCdlA acfivity by APC

In mammalian tissue culture cells, APC protein has been shown to inhibit the kinase

activity of Cyclin Elcdk2, but not Cyclin Dlcdk4 or 6 (Baeg et al,1995). In contrast, C-

terminal truncations ofAPC, mimicking those found in polyposis colorectal cancers, were

shown to be less inhibitory on cell cycle progression (Baeg et al,1995). The mechanism

for this regulation of Cyclin Elcdk2 activity by APC is poorly understood, however, APC

had no effect on the protein levels of Cdk2 (levels of Cyclin E protein were not examined;
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Baeg et al, 1995). Therefore APC may work by inhibiting the activity of the Cyclin

Elcdk2 complex, or by inhibiting the transcription/translation or stability of Cyclin E,

however, the activity of the Wnt pathway was not examined. Whether the abilþ ofAPC

to inhibit the cell cycle is direct or indirect, is still not known, however, recent reports

have shown that APC is able to bind to A/T rich sequences in DNA (Deka et al,1999),

raising the possibility that APC may act as a transcription factor to induce the expression

of a Cyclin Elcdk2 inhibitor, or that the APC complex acts as a transcriptional repressor,

preventing the transcription of cyclin E.

1.7.3 Homologues ofAPC in mammals and Drosophìla

In Drosophila there are two homologues of human APC, called dAPC 1 and APC2 (or

E-ApC). dAPCI is the larger ofthe two homologues and is more closely related to hAPC,

being highly conserved at both the N and C termini. ilAPC2, however, while still highly

conserved at the N terminus, has a truncated C terminus relative to hAPC and dAPCI

(Figure 1.6; reviewed by Bienz,2002). Neither of the Drosophila APC homologues

have a conserved Ebl binding domain or other recognisable protein interaction domains

such as a Discs large (Dlg) binding domain (PDZ, Figure 1.6; reviewed by Bienz 2002;

Johnston and Gallant 2001).

There is another humanAPC-like protein referred to as APCL (also calledAPC2, not

to be confused withDrosophila dAPC2). This protein is quite similar to hAPC, but lacks

some protein interaction domains such as the basic domain, and the Ebl and Dlg binding

regions (Figure 1.6) and has fewer armadillo repeat regions (Figure 1.6; reviewed by

Bier.¿,2002). While APCL is capable of rescuing the LAPC mutant phenotype, little

is known about the function of APCL since all studies to date have focused on hAPC

(reviewed by Bienz 2002).

dAPCI is expressed predominately in neuronal cells eg the CNS and PNS, while

dAPC2 is expressed more generally in epithelial cells, predominately at the cell cortex

and adherens junctions (reviewed by Bienz 2002: Dikovskaya, 200I). Like human

APC, DrosophilaAPCs can also interact with microtubules, adherens junctions, shuttle

between the nucleus and cytoplasm, and antagonise V/g signaling (reviewed by Bienz,

2002 ; Dikovskay a, 200 l).
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Oligomerization Armadillo 15 aa

domain repeats (x7) repeats
20aa

repeats

llrlrl lh

Basic

domain
Ebl binding

domain

hAPC

hAPCL

+- 2843tttrtrl lF
SAMP repeats

Coiled-coil
PDZ binding

domain

2303F
D-APCl 2416

D-APC2 : il ll ll lrr
1067

Figure 1.6 schematic representat¡ons of APc homologues. Adapted from
Dikrovskaya et o1,2001 .
Shematic diagrams to illustrate the differences between the two human APC
homologues and the two Drosophilo APC homologues. N-terminal domains
shown to be important for dimerisation are shown in purple. Predicted coiled-
coil regions shown by dashed white line. Armadillo repeat regions shown in pale
blue. Amino acid (aa) repeats involved in p-catenin binding shown in orange (15
aa) and dark blue (20 aa). SAMP repeats involved in the binding of APC to Axin are
shown in red. Basic region is shown in green. Eb1 binding region shown in grey
and PDZ binding domain (mediated by the C-terminal 15 aa) shown in pink. The
number of amino acids for each protein is indicated on the right.
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1,7.4 APC and regulation of cell polarity and microtubule dynamics

In mammalian systems, APCI was shown to bind directly to MTs through the C-

terminalMTbindingregion(reviewedbyMimori-Kiyosue andTsukita,200l;Dikovskaya,

2001). Surprisingly, íAPC2 differs to APC1 in the C-terminal region and lacks the MT

binding region, yet APC2 still binds microtubules (reviewed by Dikovskaya, 2001), and

the armadillo repeat regions of dAPCI were shown to be able to mediate the interaction

betweenAPC and microtubules (reviewed by Dikovskaya, 2001).

APC proteins have been found at cell-cell adhesion sites such as adherens junctions

(reviewed by Mimori-Kiyosue and Tsukita,200l). The C-terminus of hAPC can interact

with the human homologue of Drosophila Discs large (Dlg; reviewed by Dikovskaya,

2001). Dlg proteins are important for apical-basal polarity and arc located at septate

junctions, basal to adherens junctions (reviewed by Humbert et a|,2003). Dlg belongs

to a group of proteins known to cause neoplastic growth when mutated. The two other

known neoplastic tumour suppressor proteins rn Drosophila arc Lethal giant larvae (Lgl)

and Scribble (Scrib; Bilder et a\,2000; reviewed by Humbert et a\,2003). Interestingly

both scrib and lgl were identifled as suppressors of DmcycEP in the screen, which

suggests a novel role for this group of proteins in the coordination of cell polarity and

proliferation.

Interactions between MTs and the cell cortex are essential for orientation of the

spindles, as well as signaling events at the cellular membrane (reviewed by Allan and

Nathke, 2001). One mechanism for these interactions has been dubbed the "Search and

Capture" mechanism, whereby MTs grow towards specialised points on the membrane

such as adherens junctions, and are tethered there by attachment to the actin cytoskeleton

(reviewed by Small and Kaverina,2003). The exact mechanism for search and capture

is not understood, however, APC andArmadillo are thought to be involved (reviewed by

Small and Kaverina, 2003).

It has been suggested that Drosophila APC} is involved in attaching the actin and MT

cytoskeleton to the plasma membrane. The sub-cellular localisation of APC2 overlaps

with actin throughout the cell cycle, localising to actin caps during interphase and within

pseudocleavage furrows during mitoses of syncytial blastoderms (McCartney et al,

2001). Normally, nuclei migrate to the cortex and divide, but in ùAPC2 maternal, zygotic
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null mutants the nuclei migrate to the cortex normally, but do not remain there and fall

into the interior of the embryo (McCartney et a1,2001). When nuclei fall from the cortex

it is usually a mechanism of removing aberrant nuclei that result from defective mitoses,

suggesting that loss of dAPC2 results in aberrant mitoses. Alternatively, dAPC2 may be

required to tether the nuclei to the cortex. The latter explanation is preferred since there

is no evidence of irregular nuclei or disrupted spindle or actin organization in dAPC2

mutants (McCartney et a|,2001). This explanation is consistent with the localisation

of hAPC with the actin cytoskeleton, and with the localisation of hAPC to puncta

where MTs terminate (Nathke et al, 1996). Wg signaling is important for this function

of dAPC2 since mutations in sgg or arm phenocopy the íAPC2 mutant, in regards to

the nuclear fallout in syncytial embryos (McCartney et a|,2001). This suggests that

the interaction between dAPC2 and Arm is important for the tethering of spindles to

the membrane (since phosphorylation of APC by GSK3B increases binding of APC to

B-catenin; Rubinfeld et al, 1996). As in humans, Arm interacts with cr-catenin, which

is known to interact with E-cadherin (a component of adherens junctions) and F-actin

(reviewed by Perez-Moreno et a|,2003). In APC mutants, both Arm and o-catenin

are mislocalised away from the adherens junctions (McCartney et aL,2001) which has

prompted models whereby complexes between AP C2, Arm and cr-catenin link the MTs to

the actin cytoskeleton (Figure |.7;McCartney et al,200l). Indeed this tethering function

of APC2 may help explain the results of Lu et al (.2001) where APC2 has effects on

microtubule orientation and subsequent cell polarity. Since'Ebl is also known to play a

role in microtubule organization, its possible that Ebl is involved in a tethering complex

withAPC andArm, or perhaps Ebl is important in MT orient¿tion such that the MTs can

be tethered to the corlex.

Mammalian tissue culture studies showed that the microtubule motor protein Dynein

localises to the adherens junctions and this localisation is dependent on actin filaments,

but not MTs (Ligon et al,200I). Since Dynein has been shown to interact with B-catenin

(Ligon et al,200l) and the Dynactin complex, specifically, p150cru'd, with hEbl (Ligon

et a|,2003; Beuretta et al,1999), it is plausible to hypothesise that the Dynein/Dynactin

complex may also be an important part of these complexes linking the two cytoskeletal

components, microtubules and actin, together and that Dynein complex may further help

34



Chapter I

ArrnArm

Scrì b

sL.pt.lte
ju nctions

F-actin

rrt

E
IÀ

Figure 1.7 Attachment of Microtubules to actin cytoskeleton.
Sgg phosphorylates APC, increas¡ng the bond between APC and Arm. Arm

¡n1éracts with cr-catenin which binds to E-cadherin at the adherens junct¡ons.

Apc interacts w¡th the MTs connecting the MTs to the cytoskeleton through

a large complex of proteins, which may involve Eb1. hEbl also interacts with

Oynãn and hence the Dynactin complex, which is also known to interact with

Aim at the cell cortex. Other proteins important at the cortex are Lgl, Dlg and

Scrib, located at the septate junctions. Dlg is also known to interact w¡th APC

in mammalian systems and this may provide a link between the cell membrane

and the MT/actin complexes, ln mammalian system, APC has believed to be

transported along the MTs by the Kinesin superfamily of motor proteins (Kar3),

and p-catenin is thought to piggy-back along in some cases.
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tether these complexes to the cell cortex and adherens junctions.

Other microtubule motor proteins, such as the Kinesin famil¡ have been shown to

indirectly associate withAPC in mammalian studies. APC interacts with Kinesin family

proteins via the kinesin superfamily associated protein 3 (I(AP3; Jimbo et a\,2002), and

it has been proposed that this interaction mediates the shuttling ofAPC to the microtubule

tips (plus ends) since expression of a dominant negative KAP3 results in loss ofAPC and

B-catenin localisation to the MT tips (Jimbo et a\,2002). Through interactions with APC,

B-catenin is thought to shuttle along the MTs in a similar fashion (Jimbo et a\,2002).

The linking of the cellular cortex to the actin or microtubule cytoskeleton is an

important process for cellular functions, such as the orientation ofthe microtubules during

mitosis. These recent studies indicate that many proteins are involved in this process

including APC and Ebl, as well as characterised cell polarity proteins such as Lgl, Scrib

and Dlg. How these proteins are linked to cell proliferation is presently unclear, however

further investigation of proteins such as Ebl will provide insight into the link between the

cytoskeleton and cell cycle.

1.8 Aims of thesis

Using Drosophila melanogaster as a model organism, we are studying the regulation

of DmcycE during the cell cycle. Cyclin E is an essential protein for Gl to S phase

progression, and elucidating how this protein is regulated will in turn lead to a better

understanding of the cell cycle in general, and also diseases such as cancer. From a

genetic screen for novel regulators of DmcycE, alleles that may be affecting dEbl,

Su (DmcycErP ) 2. 5, werc isolated.

The focus of this thesis is the confirmation of dEbl as Su(DmcycEP)2.5 and

subsequent characterisation, to investigate possible pathways by which dEbI may affect

Gl-S phase progression and suppress the phenotypes of cyclin ErP. Aninitial hypothesis

was proposed based on known functions of human EBI andApC.

The hypothesis is that: dEbl will function with dAPC to regulate the Wg signaling

pathway and regulate Gl-S phase via the V/g pathway. dAPC is involved in the

degradation ofArmadillo protein and subsequent inhibition of the Wg signaling cascade.

Downstream targets of Wnt signaling (mammalian equivalent of the V/g pathway) are
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genes such as myc and cyclínD, which are known to be involved in cell growth and cell

cycle progression. ln Drosophila, dÚyc is also known to increase the translation rate or

protein stability of Cyclin E. If dEbl is involved in antagonism of the Wg pathway, this

mechanism may explain the regulation of Gl-S phase by dEbl'
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2.1 Abbreviations

Ade: Adenine

AP: Alkaline phosphatase

APS : Ammonium persulPhate

BCIG: 5-bromo-4-chloro-3-indolyl B-D-

galactopyrano side (X- gal)

BCIP: 5-bromo-4-chloro-3-indolyl

phosphate

Bisacrylamide : N,N' -metþlene-

bisacrylamide

Blotto: Skim milk powder in 0.1% PBT

BME: Beta-mercaptoethanol

BrdU: 5-bromo 2' deoxyuridine

BSA: Bovine Serum Albumin

CIP: Calf intestinal alkaline phosphatase

DAB: 3,3' Diaminobenzidine

DEPC: Dietþlpyrocarbonite

DMF: Dimetþlformamide

DTE: Dithioerythritol

DTT: Dithiothreitol

ECL: Enhanced chemiluminescence

EDTA: Etþlenediaminetetraacetic acid

FCS: Foetal Calf Serum

Gal: Galactose

GFP: Green Fluorescent Protein

Glu: Glucose

GS: Goat Serum

HEPES : N-2-hydroxyetþlpiperazine-N-

2-ethanesulphonic acid.
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His: Histidine

HRP: Horseradish peroxidase

Hö : Hoech st 333 42 (bis-Benzamide)

IPTG: Isopropyl B-D-

thiogalactopryanoside

Leu: Leucine

MOP S : 3 fN-morpholino]ProPane-

sulphonic acid

MQ: MilliQ

NBT: 4-nitro blue tetrozolium chloride

NEB: New England Biolabs

NP-40: Nonident P-40

ONPG: O-nitrophenyl-D-

galactopyranoside

PAGE: Polyacrylamide gel electrophoresis

PBS: Phosphate buffered saline

PBT: PBS plus 0.1% Triton X-100

PEG: Polyethylene glycol

Raff: Raffinose

SDS: Sodium dodecyl sulPhate

SEM: Scanning electron micrograPh

TEMED:N,N,N,N,-

tetramethylenediamine

T ril : In v itro Transcription/Translation

procedure

Trp: Tryptophan

Ura: Uracil
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2.2 Materials

2,2.1 Chemicals and reagents

All chemicals were obtained from laboratory and departmental stocks and were of

analytical grade or the highest purity available.

Most chemicals and reagents were obtained from a range of suppliers, the major sources

of the more important chemicals and reagents are listed below.

Ameresco: Acrylamide, Tris

Applied Biosystems: BIG DYE Terminator Mix (for sequencing reactions)

BDH. Ltd: Chloroform, Sodium Chloride, and Sodium Hydroxide

Bio-rad: Ammonium persulphate, bisacrylamide and TEMED

Kiwi Australia: Sodium Hypochlorite (White King)

Sigma: Agarose, BSA, dNTP's, ethidium bromide, glycerol, IPTG and sugars

Roche: FUGENE

2.2,2 Enzymes

Enzymes were obtained from the following sources:

Gibco BRL: Elongase DNA polymerase

NEB: Restriction endonucleases

P erkin EImer Pfu DNA polymerase :

Pharmacia: Restriction endonucleases

Promega: Restriction endonucleases

Roche: CIP, Expand PCR kit, Klenow, Proteinase K, Restriction endonucleases, T4 DNA

ligase, T3 and T7 RNApolymerases

Sigma: Lysozyme, Restriction endonucleases, RNase A

2.2.3 Kits

Amersham Pharmacia: ECL plus

Bio 101: Gene Clean

Pierce: BCA ProteinAssay reagent

Promega: TnT kit

Oiagen: Qiagen Plasmid preparation kit, QlAquick gel extraction kit, QlAqucik PCR

purification kit, Oligotex PolyApurification kit, RNeasy mRNAkit

Vector laboratories inc: Vectastain ABC
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2.2.4 Antibodies

Mouse anti-Cyclin E #8810

Mouse anti-BrdU monoclonal

Mouse anti-Cyclin D

Mouse anti-Armadillo

Mouse anti-Spectrin

Mouse anti-Tubulin

Mouse anti-Actin

Mouse anti-Gigas (TSC2)

Rabbit anti-dEbl

Rabbit anti-dAPCl

Rabbit anti-dAPC2

Rabbit anti-PH3

Rat anti-Cyclin E

Rat anti-Geminin

Rabbit anti-Pgal

Anti-creature biotin

Anti-creature HRP

Anti-creature LRSC

Anti-creature Rhodamine

Anti-creature Cy5

Chapter 2

Dr. H. Richardson

Becton Dickinson

Dr. W. Du

Hybridoma bank

Hybridoma bank

Hybridoma bank

Hybridoma bank

Hybridoma bank

Dr. H. Okhura and Dr. R. Vale

Dr. B. McCartney

Dr. E. Wieschaus

Upstate cell signaling solutions

Dr. H. Richardson

Dr. H. Richardson

Rockland

Amersham

Jackson Immuno-Research Laboratories

Jackson Immuno-Research Laboratories

Jackson Immuno-Research Laboratories

Jackson Immuno-Research Laboratories

ur0
y20

v60#

v3

v3

U3

U3

U3

*

*

1/300

1/100

r/300

U400

1/s00

1/1000

U400

U400

U400

U400

U400

U400

*

*

Streptavidin-FlTC 11400 Jackson Immuno-Research Laboratories

Streptavidin-AP 11400 Roche

Streptavidin-Alexa 488 11400 Molecular Probes

Streptavidin-Alexa 688 11400 Molecular Probes

*Dilutions refer to common use dilutions for immunolocalisation and co-

immunoprecipitation. For western blot analysis antibodies were commonly diluted 100-

fold more. #Only used on westerns at this concentration'
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2.2.5 Antibiotics

Ampicillin and Tetracycline were obtained from Sigma.

Chloramphenicol was obtained from Progen.

Penicillin and Streptomycin were obtained from Trace.

2.2.6 Radio-isotopes

o-rzp-4fp and cr-3sS-Methionine obtained from Geneworks

2.2,7 Molecular weight standards

DNA ladder molecular weight markers and Benchmark prestained protein markers

obtained from Invitrogen.

Kaleidoscope prestained protein markers obtained from Bio-rad.

2.2.8 Cloning vectors and Constructs

pB lues uipt KS + (Stratagene)

pCaSpeR-hs (hsp70 promoter) andpUAST (UAS promoter) vectors were obtained from

Dr. H. Richardson.

YCpG2A - modified YCPG2 vector with galactose inducible promoter, withAde selection

marker obtained from Dr. H. Richardson.

pGilda - GALI promoter expresses LexA (l-202aa) DNA binding domain (Origene

technologies).

PEG202 -ADH promoter expresses LexA (I-202aa) DNAbinding domain (Gyuris et al,

ree3).

pJG4-5 - GALI promoter expresses activation domain (Gyuris et al, 1993).

pcDNA3.I (ToPo) - cMV promoter for mammalian expression (Invitrogen).

pEGFP-ü under control of the CMV promoter for mammalian expression

(Clonetech).

pEþ-gal - þ-Sol under control of the CMV promoter for mammalian expression

(Clonetech).

Constructs generated b]¡ others used in this thesis:

PSHL8-34 - six LexA operators direct transcription of lacZ (Gyuris et al, 1993).

PJGDAP - dap cdi4 clone in pJG4-5 (obtained from Dr. D. Crack, University ofAdelaide,

SA).
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pGildaDmcycEl - dmcycEl in pGilda (obtained from Dr. D. Crack, University of

Adeliade, SA).

pCR-p2T - human p27 lnder control of CMV promoter (obtained from Dr. S. Dalton,

University of Adelaide, SA).

pTOpFLASH andpFOPFLASII- trimeric optimaVmutant TCF binding region upstream

of luciferase geîe (obtained from Prof. H. Cleevers, University Medical Center, Utrecht,

Netherlands).

Constructs generated from this work:

YCpG2A-dEbI, PEG202-dEb1, pJG4-s-dEbl, PEG2|2-úAPCLC, pJG4-S-dAPClC,

7EG202-1APC2, UAST-dEbl- cloned into respective vectors from PCR products from

primers listed :rr_22.9 with appropriate restriction enzymes'

pCDNA3.l-dEb1, pCDNA3.I-hÛbl - cloned into pCDNA3.l TOPO (Invitrogen) from

PCR products from primers listed n 2.2.9, according to supplier's protocol (by A

tailing).

UASTLFLAG-ilE|| , Hs-FLAG-dEbl -sub-cloned tuompCDNA3.l-dEB l into appropriate

vectors with appro priate restriction enzymes.

2.2.9 Oligonucleotides

Sequencing grade oligonucleotide primers were ordered through Pacific Oligos or

Geneworks.

Oligos for sequencing dEbl cDNA:

IN\CTNAI TEYCTS C EB 1 -305R: 5' GGACTGACAGTAAGCTGCACC 3'

Internal þrw ard EB 1 -47 I F : 5' TAGTCAAGGGTCGCTTCC 3'

End reverse EB 1-3: 5' AGGGTAGGCTGGCTTTCC 3'

Oligos for cloning yeast* constructs:

Forward EB I 5N: 5' GGGAAITCATGGCTGTAAACGTCTAC 3'

Revers e EB 1 3C: 5' GGGAATTCTTAATACTCCTCGTCCTC 3'

Forward APC25N: 5' GGGAATTCATGACGCTGAACGAG 3'

Revers eAPC23 C: 5' GGGAAITCCTAGTGCTGACGCCCAGC 3'

F orw ard APC 1 5C: 5' GGGAAITCTCGGCGATGACAGTACGC 3'

Revers eAPC 1 3C: 5' GGGAAITCCTATTTCCGCGCGCCCAC 3'

*The Ebl oligos were used to make yeast and initial UAS-EBI constructs'
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Oligos for cloning into mammalian expression vector:

F orward HEB 1 FOR' 5' GAAGAIGGCAGTGAACGTAIACTC 3'

Rev ers e HEB I REV: 5' CCCTCCATACTCTTCTTGCTCCTCCTG 3'

F o Tw aTd EB 1 FLAG5, E : 5, GGGAATTCAC CATGGACTACAAGGACGAC GATGAC

AAGGCTGTAAACGTCTACTCCAC 3'

Rev ers e DEB 1 REV: 5' ATACTCCTCGTCCTCTGGTGGTGC 3'

Oligos used for genomic PCR for SouthernsÆ.{ortherns:

Forward GEB 1 STHRN5' : 5' AITAGGAACAGGCGTGTGAAIC 3'

Reverse GEB 1 STHRN3' : 5' GCTGTGGCAAGAACAAACA AACG 3'

Forward CoAF: 5' ACTTTTAGCGCTTGCATAGC 3'

Rev er s e CoAR : 5' GTTCTATTGCACAGGAú{ITA..¿{ 3'

2.2.10 Bacterial strains

E. coli DH5o was obtained from Mr D. Kortschak.

2.2.11 Bacterial media

The composition of media is given per litre. Antibiotics were added from sterile stock

solutions after the media had been autoclaved.

Liquid media

L-Broth: 10g NaCl, 10g bactotryptone and 59 yeast extract. H2O was added to 1L and the

pH adjusted to 7.0 before autoclaving.

soC:2o/o bactotryptone,0.5o/o yeast extract, 1OmM NaCl, 2.5mM KCl, lOmM MgCl2,

10mM MgSO4, 20mM glucose.

Solid media

L-agar plates: contained L-Broth with I.\Yo (w/v) bactoagar. Plates were also available

with 5Opg/ml ampicillin,2$tg ml tetracycline or lO¡rg/ml chloramphenicol.

For X-gal plates: add 10¡rl IPTG l0mg/ml and 75ml X-gal 2}pglmlto plates.

2,2.12 Yeast strains

EGY48 - MATa, trpI, his3, ura3, 6lexAops-LEU2 (obtained from Dr. R. Brent, Harvard,

usA)

For DmcycU/Cdk2 inhibition analysis in yeast the following yeast strain was used:

Dmc)¡cEI#70 - pGAL-DmcycEI ADEI, pGAL-cdk2 (obtained from Dr. H. Richardson).

DmcycEI was cloned into the BamHl site of pGAL ADEI that was constructed
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from YCpG2 (Mendenhall et al, 1938) by removal of the URA3 and LEU2 genes

and replacement with the ADEI gene into the EcoRI and ^Srnal sites. Plasmids were

transformed into the yeast strain l5D ura3 leu2 his2 adel trpl containing Dmcdk2

under the control of the pGAI promoter (constructed from YCpG2 Dmcdk2; Lehner and

O'Farrell 1990) integrated into the his2 gene. Co-expression of DmcycE and Cdk2 was

achieved by growth on galactose media.

Y2370 - MAT a; ura3-1;leu2-3, 112; his3-11, I5; ade2-1; trpl-l; GAL +; canl-100;

TUBI-GFP::URA3 (Tirnauer et al, 1999).

Y2376 - MAT a; ura3-1; leu2-3, 112; his3-11, l5; ade2-l; trpl-l; GAL +; canl-100;

bim 1 : : KAl,lR ; TUB I - GF P : : tJM 3 (Tirnauer et al, 1999) -

2.2.13 Yeast media

The composition of media is given per 900m1. Amino acids (1x) and sugar sources (2%)

were added from sterile stock solutions after the media had been autoclaved'

Liouid media

Broth: Yeast nitrogen base7.69, ammonium sulphate 59, HrO up to 900m1

Sugars: 20o/o wlv stock solutions.

100x amino acids stocks: Ade: Q. o/o,His;0.4o/o,Leu:0.4o/o,Trp:0.4o/o (filter sterilised),

Ura0.25o/o.

Solid media

Agar: yeast nitrogen base 1.7g, ammonium sulphate 59, 5M NaOH lml, agar 20g,HrO

up to 900m1.

For X-gal plates: to molten agar add25ml 0.7M KOo pH7, 5O0pl2ÙmglmlX-gal as well

as sugars and amino acids.

2,2,14 Tissue Culture Cell Lines

SV/-480: obtained from Mr. N. Roczo (Peter MacCallum Cancer Centre, VIC)'

HEK293: obtained from Mr. N. Roczo (Peter MacCallum Cancer Centre, VIC).

HCT-116: obøined from Dr. A. Cuddihy (Peter MacCallum Cancer Centre, VIC)'

Liouid Media

The cell lines were grown in RPMI 1640 + HEPES media with 10% FCS and 1%

penicillin/streptomycin at 37 o C.
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2.2.15 Fly strains

Unless otherwise indicated, deficiency and P-element stocks (Spradling P-element stocks

were available in the lab) were obtained from Bloomington Stock Centre, Bloomington,
Indiana, or generated in the laboratory. All fly stocks used are described on Flybase

(www://fl ybase.bio. Indiana. edu/).

dEbl alleles:42SII, 58512 obtainedfromDr. H. Richardson(generatedinthe cyclinHP
dominant modifier screen); l(2)04524 obtained from Bloomington Stock Centre; GJ63/
9, lDL, IA4 EMS alleles obtained from Dr. J. Roote (http:llflybase.bio.indiana.edu/);
10.5, 14 generated in this study as imprecise excisions from the original P-element,
t(2)04s24.

w*;DmcycErP, dEbIGr63/e: w*;DmcycHP, dEbltDL: w*;DmcycÛrP, dEblt(2)04524 recombinant
stocks generated in this study.

The following stocks were obtained from:
Dr. H. Richardson

w*; DmcycHP

b, DmcycErP, bw

b, p4 cn, bw, wy*'l
dp, b, cyclinUP, cn

dp, b, cyclinErP, cn, bw

Dr. G. Hime. Universit)¡ of Melbourne. VIC
UAS-armadillo
UAS-armadillosz(wt)

UAS-armadillostoØÜ)

UAS-sggB{'o

UAS-sggloeØu¡

UAS-rggaglr@N)

UAS-PTEN

Dr. L. Johnston. Columbia Medical Center. NY
UAS-TCFDN

Dr. S. Leevers.ICRF. London. UK
UAS-dpII0
UAS-dpllPN
Dr. B. McCartne)¡. Universit)¡ of North Carolina. NC
UAS-dAPC2

Dr. B. Edgar. Fred Hutchinson Cancer Research Center. Seattle.'WA
UAS-cyclin D, UAS-cdk4

Dr.R. Eisenman. Fred Hutchinson Cancer Research Center. Seattle. WA
UAS-dmad

Dr. P. Gallant. University of Zurich. Zurich
UAS-dmyc

Dr. I. Hariharan. MGF Cancer Center. Boston. MA
UAS-TSC],UAS-TSC2

Grimm and Pflugfleder. 1996

O^þP1-tacz

Fly stocks were routinely maintained at25oC.
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2.2.16 Fly media

Fortifled(Fl)Drosophilamedium I%(wlv)agar,18.750locompressedyeast, l0o/oteacIe,

l0% cornmeal (polenta),2.5o/otegosept mix(10%pora-hydroxybenzoate in ethanol) and

L5%o acidmix (47% propionic acid,4.7 % orthophosphoric acid).

Grape juice agar plates: 0.3%o agar,25o/o grapejuice, 0.3olo sucrose, 0.03olo tegosept mix.

2.2.17 Buffers and solutions

Agarose gel loading buffer: 50o/o (w/v) glycerol, 50mM EDTA, 0.1% (wlv) bromophenol

blue.

Alkaline phosphatase (AP) buffer : 100mM NaCl, 50mM MgCl2,lOOmMTris-HCl, pH

9.5, 0.lo/o Triton X- 1 00.

Church buffer (prehybridisation of Southerns) 0.5M phosphate buffer, lmM EDTA, 1%

BSA,7% SDS (add last).

1 00x Denhardts : 2% BS A, 2o/o F icoll, 2o/o P olyvinylprollidone.

HEBS: 4.92gNaC1, 3.57gHEPES acid, 0.0639 NarHPOo in 300m1MQ-H2O, pH7.l2.

HoB buffer: 25mM HEPES pH 7 .4, 150mM NaCl, 5mM NaR lmM EDTA, pH 8, lmM

DTT, 0.1mM NarVOo, 0.1% Triton-X-l0O and I Complete Mini-EDTA free Protease

Inhibitor cocktail tablet (Amersham).

Injection buffer: 5mM KCl, 0.lmM NaPO4, pH 6.8.

Luciferase Assay Buffer: 25mM glycylglycine, pH 7.8, 15mM potassium phosphate, pH

7.8, 15mM MgSOo, 4mM EGTA, ZÍTNIATR lmM DTT added just before use.

Luciferin Stock: lmM D-Luciferin, synthetic crystalline (Sigma), 25mM glycylglycine,

pH 7.8, 10mM DTT.

Northern prehybridisation buffer: 5X SSC, 50o/o wlv deionised formamide, 5X denhardts

solution, 1% SDS, 10% Dextran sulphate (Na salt).

Northern running buffer: 0.2M MOPS, l0mM EDTA, 50mM NaAcetate, pH to 7.0 make

up in DEPC treated water.

10x PBS: 1.35M NaCl, 25mM KCl, 10mM NazHPO¿, 15mM KH2PO4, pHto 7.4.

lM Phosphate buffer: 577mllM NarHPOo plus 423m1of lM NaHrPOo.

Potassium Phosphate (KPO.): 2 parts lM K2HPO o,I part 1M KH2PO4.

Protein gel loading buffer: l0o/o glycerol, 2% SDS, 5yo þl|r4F,,0.05% bromophenol blue,

12.5% 0.5M Tris-HCl, pH 6.8.
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Protein gel running buffer : I.5Yo Tris-base, 7.2% Glycine, 0.5% SDS.

Protein gel transfer buffer : 48mM Tris-base, 39mM Glycine, 0.037% (w/v) SDS,20o/o

methanol.

10x SD buffer: 300mM Tris-HCl, pH 7.8, 625mM KAc, 100mM MgAc, 40mM

spermadine, 5mM DTE.

2OxSSC: 3M NaCl, 300mM Tri sodium citrate,pH 7.0.

STET: 50mM Tris-HCl, pH 8, 50mM EDTA, 8% (wlv) sucrose, 5o/oTriton-X-100.

TAE: 40mM Tris-acetate, 20mM sodium acetate, lmM EDTA, pH 8.2.

TBS: 50mM Tris-HCl, pH7.5,150mM NaCl.

TE: 0.5m12M Tris, pH 8.0, 20p10.5M EDTA, 100m1HrO.

Triton/gl)¡c)¡lglycine l)¡sis buffer (Triton-Gly-Gly): I% (v/v) Triton X-100, 25mM

glyclglycine, pH 7.8, 15mM MgSOo, 4mM EGTA, lmM DTT added just before use.

ZBtffer:996¡tlZ Solution, ad F - mercaptoethanol,326¡tl ONPG (10mM solution).

Z Solution: 60mM NarHPO4.7HrO, 40mM NaHrPO4.HrO, 10mM KCl, lmM

MgSO..TH rO, pH 7 .0.

2.3 Methods

2.3.1 Restriction endonuclease digestions

DNA was dissolved in water and 0.1 volume of 10x SD buffer or specified NEB buffer

was added. If needed, BSA was added to the digest. For complete digestion 3-5 units of

etrzyme were added per pg of DNA and incubatedat3ToC for at least t hour.

2.3.2 Agarose gel electrophoresis

Molten agarose in TAE, containing 250¡tglml ethidium bromide, was poured onto plastic

slides, with plastic combs to form well slots. The gels were horizontally submerged

in TAE in an electrophoresis tank and the DNA samples containing a suitable amount

of loading buffer were loaded into the gel slots. 70-90V was applied until the dye had

migrated the required distance. The DNA was visualised by illumination with short or

long wave UV light.

Typical agarose percentages used to separate DNA fragments were :

Agarose % (ilv) DNA size (kb)
1.0 0.4-t5

2.0 0.1-0.5
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2.3.3 Isolation of DNA restriction fragments from agarose gels

DNA was isolated from agarose gels by excising the band of DNA under long wave UV

light. DNA was isolated from the gel slice using the QlAquick gel extraction or Gene

Clean kits following the supplier's protocol.

2.3.4 Dephosphorylation of vector DNA

After the vector DNA was linearised by restriction enzyme digestion, 2 units of CIP or

AP were added to the restriction endonuclease digestion mix and incubated at37oC for 30

minutes. The enzyme was then deactivated by incubating at 65oC for a further 30 minutes

and gel purified.

2.3.5 Ligation of restriction fragments to vector DNA

DNA fragments to be ligated were placed in a mix containing 1/10th volume 10x T4 DNA

ligase buffer and 1 unit of T4 DNA ligase in a total volume of 20p1. The reaction was

placed at 18oC overnight or at room temperature for at least one hour.

2.3.6 Phenol Chloroform extraction of DNA

Add equal amount of PhenoVchloroform to the solution (200¡rl is a good volume) and

shake well or vortex. Spin at 14K for l-2 minutes and remove top layer into fresh

microfuge tube.

2.3.7 Ethanol precipitation of DNA

Add 1/10 volume of 3M NaAc to solution (and lpl of glygogen if small amount of DNA

being precipitated). To this add 2.5 volumes 100% ethanol, mix and then incubate at

minus 20oC for at least 20 minutes. Spin at l4K for 15 minutes. Wash the pellet with

70%o ethanol, then dry it (65 degree heating block or speedy-vac) and resuspend the pellet

in an appropriate amount of lx TE or sterile MQ-H2O.

2.3.8 Transformation procedure for plasmid recombinants

Electroooration method

For high efficiency transformation, cells were prepared for electroporation. Cells

(DH5cr) were grown to an ODOOO of 0.5-1.0 and harvested by centrifugation. The cells

were resuspended in 1 volume of ice-cold water, pelleted, resuspendedínll2 volume of

ice-cold water, pelleted and resuspended in Il25 volume of ice-cold I0% sterile glycerol.

The competent cells \Mere snap frozen and stored as 45pl aliquots at -80oC.

For transformation, cells were thawed on ice and 10¡rl of ligation reaction mixture or
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approximately lng of DNA was added to the cells followed by an incubation on ice

for 30 seconds. Cells were then transferred to an ice-cold electroporation cuvette and

electroporated in a Bio-Rad "Gene Pulser" at 2500V. The cuvette was then washed out

with 1 ml of SOC, and the suspension incubated at 37oC for 30 minutes.

Heat Shock method

CaClrcompetent cells were prepared by growing the cells (DH5cr) to an ODuoo of 0.3-0.6

and harvested by centrifugation. Cells were resuspended in ll20 original volume of ice-

cold CaCl, and incubated on ice for at least I hour before use.

For transformation, l0¡rl of ligation reaction mixture or approximately lng of DNA was

added to 100¡rl of the cells. This was incubated at 37oC for five minutes, on ice for five

minutes and at room temperature for frve minutes. 1ml of L-Broth was then added and the

suspension incubated at37oC for 30 minutes before being spun down, excess supematant

removed, then resuspended and plated onL-agar plates.

For both types of transformation, the cells were then plated onto L-agar plates

supplemented with 5Opg/ml ampicillin (plus chloramphenicol or tetracycline if required)

and incubated at 37oC overnight. If selection for B-galactosidase activity (blue/white

selection) was required, l0¡rl of l0o/o IPTG (in water) and lOpl of 20Yo BCIG (in DMF)

were added prior to plating.

2.3.9 TFansformation of yeast

Preparing the competent )¡east cells

From a 5ml (in 50 ml flask) overnight culture in minimal yeast broth plus appropriate

amino acids, inoculate another 5ml culture at an ODuoo of 0.2 and grow for 3 hours.

Pellet the yeast by spinning at 2K for 5 minutes. Then resuspend the yeast in lml of

0.9M LiOAIITE and transfer to a microfuge tube. Spin again for 30 seconds at 8K and

resuspend in a maximum of 50¡rl of 0.9M LiOAo/TE for every 0.2 OD units / 5ml. The

yeast is now competent.

Yeast transformation

For each transformation use 8¡rl of DNA (including 1¡rg of ss carrier DNA if no RNA

is present in the DNA preparation) , I2¡t"l of the competent yeast and 45pl of steile 50%o

PEG. Incubate at 30oC for one hour and then heat shock n a 42 degree water bath for 5

minutes before plating onto selective yeast media.
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2.3.10 Glycerols

Glycerols of vectors in bacteria or yeast are made for long term storage at minus 80 oC.

Bacterial: 500p1 of bacterial overnight culture (in L-broth plus appropriate antibiotics)

plus 500p1 of 80% glycerol.

yeast: 780¡rl of yeast overnight culture (in minimal yeast broth plus sugar and amino

acids) plus l20p1of 80% glYcerol.

Store at minus 80 oC.

2.3.11 Isolation of plasmid DNA

Small scale preparation - rapid boiling lysis method

A single colony was inoculated into 2ml of L-broth supplemented with ampicillin (or

chloramphenicol or tetracycline if required), and incubated overnight at 37oC with

shaking. Cells were harvested by centrifugation at 15K for 5 minutes and resuspended

in 200¡rl STET, followed by addition of 10¡rl of l0mg/ml lysozyme and incubated at

room temperature for flve minutes. The suspension was heated at 100oC for 40 seconds

and centrifuged at 14K for 15 minutes. The pellet was then removed using a tooth-

pick. Plasmid DNA was precipitated from the supernatant by the addition of 420p1 of

isopropanol, followed by an incubation at -20oC for at least 20 minutes and then pelleted.

The pellet was washed with coldT0o/o ethanol, dried and resuspended in 20¡rl MQ-H20

or lxTE.

Large scale preparation

A single colony was inoculated into 50ml of L-broth supplemented with ampicillin

(and chloramphenicol or tetracycline if required), and incubated overnight at 37oC with

shaking. Cells were harvested by centrifugation atgK for 5 minutes, and the bacterial

pellet resuspende din2mlof buffer 1 (50mM Tris-HCl pH 8.0, 10mM EDTA) containing

8mg/ml lysozyme. 2ml of buffer 2 (0.2MNaOH, 1% SDS) was added and incubated at

room temperature for five minutes. Then 2ml ice-cold buffer 3 (3.0M KAc pH 5.5) was

added to the bacterial suspension and incubated on ice for 15 minutes. Debris was pelleted

by centrifugation at 15K for 15 minutes. The supernatant containing the plasmid DNA

was removed and 5¡rl of lOmg/ml RNase A was added before incubating at 37oC for 30

minutes. Aphenol extraction was performed and the plasmid DNAwas then precipitated

by the addition of an equal volume of isopropanol. The pellet was washed with 70o/o
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ethanol and resuspended in an appropriate amount of HrO.

Large scale plasmid DNA preparations, for micro-injecting of Drosophila embryos and

for use in TnT reactions, were done using the Qiagen Plasmid preparation kit (Qiagen).

2.3.12 Determination of DNA concentration

The concentration of a DNA sample was estimated by comparing it to bands of known

concentration on an agarose gel or by determining UV absorbance at 260nm (assuming

50¡rg of DNAper absorbance unit). The concentration of single stranded oligonucleotides

was determined by UV absorbance at 260nrn assuming 30¡rg of DNA per absorbance

unit.

2.3.13 Tlansfection of human cell lines

Transfections - FUGENE

Cell lines were plated at l, - 1.5 x 10s cells per 60mm plate, and allowed to adhere and

grow overnight at 37oC. The cell lines were transfected using FUGENE at a DNA (¡rg)

: FUGENE (¡rl) ratio of 2:3. The appropriate amount of FUGENE was added to media

with no additives and incubated for 5 minutes at room temperature. The FUGENE/media

mix was then added to the DNAmix (equalised for concentration with empty vector) and

incubated for 15 minutes at room temperature. The FUGENE/DNA/media mix was then

aliquoted dropwise to the plated cells - 100¡rl per 60mm plate, and incubat ed at 37 oC for

24-72 hours.

Transfections - Calcium phosphate

Cell lines were plated at 2.5 X 105 cells per 10cm plate and allowed to adhere overnight

at 37 oc. Mix 122¡lof2M caclrand plasmid DNA, make up ro lml with Me-Hro. Add

the DNA/CaCI, mix to lml of warmed HEBS drop-wise over 1-15 seconds whilst gently

agitating (solution should go cloudy). Incubate for 30 seconds at room temperature and

then at drop-wise to the plate. Incubate overnight at37oC, then wash the transfection

solution off with warm PBS and replace with fresh media.

2,3.14 Luciferase Assays

Harvesting cells

The transfected cells were harvested between 24-72 hours after transfection (routinely at

36 hours). Cells were harvested in Triton Gly-Gly (plus fresh DTT) after washing three

times in PBS by scrapping with a rubber cell scraper. The lysates were then spun at 14K
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for 5 minutes at 4oC and the supernatant transferred to a fresh microfuge tube. The lysate

was then frozen at minus 20oC until needed.

Luciferase Assa)¡

50pl of cell lysates were aliquoted to a 96 well microtitre plate. To this 100¡11 of

Luciferase Assay Buffer and 50ul of 200¡rM luciferin (diluted in 25mM glycylglycine

pH7.S) was added and the luciferase activity measured on a luminometer.

Ê-Galactosidase Assay

12pl of cell lysates were aliquoted to a 96 well microtitre plate. To this 100p1 of Z

solution was added. The plate was incubatedat3ToC until a sufficient yellow colour had

developed and then read in a plate reader at 405nm'

2,3.15 TnT Reaction

Prepare TnT reaction with 20¡11 TnT Quick Master Mix, lpl "S methionine, 1¡rl DNA

or control (0.5¡rg/p1) and nuclease-free HrO to a total of 25pr1. Perform transcription/

translation reaction according to manufacturers protocol by incubating for 60-90 minutes

at 30oC. The TnT reaction is then run on an SDS-PAGE gel of appropriate density and

then fixed n 50% MeOH, 40Yo glacial acetic acid for 30 minutes, then transferred toTo/o

glacial acetic acíd,7o/o MeOH, Io/o glycercl for 5 minutes. Dry the gel down for at least

30 min and expose to X-ray film overnight'

2.3.16 Fluorescent Activated Cell Sorting (FACS)

Preoaration of the cells

Cell lines were plated at appropriate concenhations to prevent confluence before

harvesting, and allowed to re-attach overnightat3ToC. The following day the cells were

transfected with appropriate amounts of DNA as well as GFP as a marker for transfection.

Afterwards cells were incubated a further 36-48 hours at37oC-

Hoechst staining of cells

The cells were harvested with 300p1 of trypsin at 37oC for approximately 5 minutes

followed by re-suspension in lml of PBS and transferred to a 5ml FACS tube. The cells

were spun at 1500 r.p.m for 5 minutes at 4oC, then resuspended in lml PBS + 5% FCS

per 1x106 cells (approximately). To this Hö was added to a final concentration of 10¡rM,

and the cells were incubated ina37 degree incubator for 30 minutes. The cells were then

spun at 1500 r.p.m for 5 minutes at 4oC and washed by resuspending in cold PBS + 5%
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FCS and spun again. The cells were then resuspended in 300¡rl of cold PBS + 0.25% FCS

and kept on ice until analysed.

FACS anal)¡sis

The cells were analysed by the FACStar cell sorter by Mr. Ralph Rossi and Mr. Andrew

Fryga and cell cycle profiles determined using the V/INMDI program for PC platforms.

2.3.17 PCR amplification

PCR amplification was obtained using 100-200ng of the appropriate 5'and 3'primers

(detailed in section 2.2.9) 5-10ng of appropriate template, 2ntNl dNTPs, appropriate

amounts of PCR enzyme and buffer according to the supplier's protocol, made up to

20¡rl with HrO. The PCR mix was then amplifred using the MJ Research DNA Engine

(PT 200 Peltier Thermal Cycler) PCR machine with a hot lid. Denaturing and elongation

temperatures and times were calculated from the supplier's protocol and the length of

expected PCR product. Renaturation temperature was determined based on the melting

temperature of the primer pairs. An example of conditions are as follows: 96oC for 30

seconds, 60 oC for 30 seconds, 68 oC for 5 minutes, repeated for 35 cycles.

2.3.18 Preparation of PCR products for cloning

PCR products were gel purified using Qiagen gel extraction kit according to supplier's

protocol, resuspended in water, then digested with appropriate restriction enzymes. The

digested fragments were then gel purified again (as above).

2.3.19 Preparation of plasmids for cloning

The plasmid vectors were digested with the approprtate enn¡me and dephosphorylated.

The dephosphorylated fragments were then gel purified using the Qiagen gel extraction

kit and appropriate amounts were added to the ligation reaction.

2,3.20 DNA sequencing

Plasmid DNA for sequencing was prepared using Qiagen kit according to the supplier's

protocol. 1pg of the DNA was added to 8.0¡rl of the BIG-DYE Reaction Mix plus 50ng-

100ng of the appropriate primer, and made up to 20pl with MQ-Hro. The sequencing

mixture was amplified using a MJ Research DNA Engine (PT 200 Peltier Thermal Cycler)

PCR machine with a hot lid according to the following conditions: 96oC for 30 seconds,

50oC for 15 seconds, 60oC for four minutes, repeated for 30 cycles with fast Ramp rate.

The PCR product was purified using a G-50 column (Amersham-Pharmacia) according
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to supplier's protocol, and then sent to automated DNA analysis facility at the University

of New South Wales for processing.

2.3.21 DNA analysis

Analysis of sequences was carried out using the Chromas and Generunner computer

program for PC platforms. This computer program performs alignments of sequences.

2.3.22 Genomic DNA PreParation

15-20 adult flies were snap frozenat minus 80oC and then homogenised in 100¡rl of ice

cold 0.lM Tris-HCl, pH 9.0/0.1M EDTA, pH 8. To this l00pl of pre-warmed 2% SDS

was added and then incubated at 65oC for t hour. After cooling to room temperature,

42y,1of 5MKAc pH 5.5 was added and incubated on ice for 15 minutes.

The preparation was then spun at l4Kfor 10 minutes and the supernatant put back on ice

for 10 minutes and spun agarn as above. The supernatant was then phenol/chloroform

extracted and RNase treated with lpg of RNaseA (l0mg/ml) at 37oC for 10 minutes,

followed by phenoVchloroform extraction. The extract is then ethanol precipitated and

resuspended in 20¡rl of HrO or lxTE.

2.3.23 Southern blot

Preparing the gel for transfer

The genomic preparations are digested for 8 or more hours with the appropriate enzyme

at37 oC. Once the DNA has been completely digested, it was run on alarge lo/o agatose

gel for 4-5 hours at 80-90V. The gel was checked by staining with ethidium bromide,

washed with 0.lM HCL for 15 minutes, then rinsed in HrO. The gel was then transferred

to a nylon membrane (Hybond-N, Amersham Pharmacia) in 0.4M NaOH in MQ-H2O

overnight.

Hybridisation and detection

The membrane was baked at 80oC for 30-60 minutes to fix the DNA to the membrane.

Afterwards the membrane was rinsed 2xSSC then prehybridised for 2 ot more hours at

65oC in church buffer plus single stranded (ss) salmon sperm DNA (denatured at 100oC

prior to addition). The probe is then added to the church buffer and hybridised at 65oC

overnight. The following day the membrane was rinsed in 0.2x SSC plus 0.1% SDS,

followed by two additional washes in O.2xSSC plus 0.1% SDS for 15 minutes 65 oC. The

membrane is then exposed to X-ray film or to the phospho-imager plate.
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Preparation of the radio-labelled probe

The probe was made from dEb I cDNA (full length), genomic dEB 1 5 'UTR (PCR product)

or genomic CoA (PCR product). l0pl of appropriately diluted DNAwas boiled at 100oC

for 5 minutes then chilled on in ice for a further 5 minutes. To this 1¡rl dCTP, 1¡rl dTTP,

lpl dGTP, 2¡rl hexanucleotide mixture, 4¡r1 of 32P-dAIP and lpl Klenow enzyme was

added and incubated at37 oC for 30-45 minutes. The probe is then spun through a G-50

column (Amersham Phamacia Biotech) to remove excess unincorporated nucleotides,

and denatured at 100"C prior to addition.

Stripping the membrane

Membranes were strþed by placing the membrane in a solution of 400m1boiling 0.5%

SDS in HrO with agitation till the solution cooled to room temperature.

2.3,24 RNA preparation

100-200 flies were homogenised in l00pl of Trizol reagent then another 900¡rl of Trizol

reagent was added and the mixture incubated for 5 minutes at room temperature. Add

200pl chloroform, shake and incubate for 3 minutes. Spin at lOK for l5 minutes at 4oC,

then remove and keep the aqueous phase. To the aqueous phase add 1 Vol 70Yo ethanol

while vortexing and then added to the RNeasy mini column and RNeasy protocol (for

animal cells 1, step 5 onwards) followed. The RNA was then PolyA purified using the

Oligotex mRNAkit þrotocol for animal cells) and stored at minus 80 oC until needed.

2.3.25 Northern Blot

Preparing the gel for transfer

Make a l%o agarcse gel as follows: for 125m1 - 1.259 agarose, I2.5ml TAE, 102.5m1

MQ-H20, 6ml37Yo formaldehyde (add formaldehyde once agarose is molten and cooled

to less than 60 oC). Resuspend RNApreparations in RNA sample buffer (for 500¡rl: 50¡rl

10xTAE, 250¡tl deionised formamide, 90¡rl 37o/o formaldehyde, 108¡rl DEPC-treated HrO

2pl ethidium bromide (l0mg/ml) and heat at 65 oC for 5 minutes and then add 3¡rl of

RNA loading buffer (0.25% bromophenol blue, 0.25% Xylene Cyanol in20%o Ficoll in

DEPC-treated HrO). Add the RNA to the gel and submerge in northern running buffer

in an electrophoresis tank. Run the gel between 100-200V till the blue dye has migrated

213'd down the gel (several hours). Once run, the gel was photographed, then soaked in

20x SSC while setting up the transfer.
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Northern transfer

Wet the membrane (Hybond-NC, Amersham Pharmacia) in MQ-H2O till hydrated then

soak in 10x SSC for 15 minutes. Transfer overnight in 10x SSC. The following day, rinse

the membrane in 2X SSC briefly and bake at 80 oC for 2 hours.

H)¡bridisation and detection

Prehybridise the membrane in a minimum volume of prehybridization buffer at 42oC

for 2-4 hours, then add the denatured probe to the prehybridisation buffer and hybridise

overnight. The following day the membrane was washed in 2x SSC for 15 minutes at

room temperature, then in 2x SSC plus 2o/o SDS at 65 oC for 45 minutes (2x) then in 0.lx

SSC plus 1% SDS at 65 oC for 30 minutes (2x). The membrane was then exposed to X-

ray film or to a phospho-imager plate.

Preparation of the radio-labelled probe

See Southern protocol.

Stripping the membrane

See Southern protocol.

2.3.26 SDS-polyacrylamide gel electrophoresis

Protein extracts were run on a 0.75mm analytical, SDS-polyacrylamide gel with a 4Yo

stacking gel using the Mini-PROTEAN II Duel Slab Cell (Bio-Rad) according to the

manufacturers instructions.

The Separating/Stacking gel preparations were as follows:

4%(stacking) I 0%(separating)

lF'zO 6.1m1 4.0m1

0.5M Tris-HCl pH 6.8 2.5m1

1.5M Tris-HCl pH 8.8 - 2.5m1

10% (w/v) SDS 100P1 100P1

30o/o Acrylamide/Bis 1.3m1 3.35m1

I0%APS 100¡rl 100¡11

TEMED 1Oul 1 0ul

10ml 10ml

Protein samples were loaded and electrophoresed at 200V for 45-60 minutes.

Analytical gels were stained for 30 minutes in Coomassie Blue (0.25%) in destain (40%

methanoVl0o/o acetic acid), and destained to remove background (l-3hours).
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2.3,27 Western blot

Gels to be transferred to nitrocellulose for western blotting were soaked in protein

gel transfer buffer. Protein was then transferred from the gel to nitrocellulose using a

Bio-Rad semidry electroblotter according to the manufacturer's protocol. Protein was

transferred ar 3m1^lcrú of gel, the ûlter was allowed to dry at room temperature. After

rinsing with PBT, the filter was stained with Ponceau S water based stain to determine

efficiency of transfer. The filter was then blocked using 5% blotto at room temperature

for I-2 hours and incubated with the l" antibody at an appropriate dilution in 5o/o blotto

at 4oC overnight. After extensive washing in PBI an appropriate dilution of the 2o{b

(anti-creature HRP) in5%o blotto was added and incubated at room temperature for 2

hours. The filter was then washed in PBT and protein expression detected with the ECL

plus chemiluminescence kit (Amersham Pharmacia) according to the manufacturer's

protocol.

Stripping westerns

Millipore filters to be re-probed with another primary antibody were stripped in a

solution of l00mM PME, 2% SDS, 62.5r11N1Tris-HCl pH 6.8 at 50oC with agitation for

30 minutes.

Schleicher and Schuell filters to be re-probed were stripped in a solution of 0.5M acetic

acid, 0.5M NaCl, for 2-5 minutes with agiøtion.

2.3.28 Protein Concentration Assay

Lowry assa]¡

lOpl aliquots of neat andt/z dilution of the samples are made up to 200¡rl with sterile

MQ-H2O. To these samples lml of freshly made 2Yo sodiumtartrate,l% CuSO4 in 2o/o

NarCO, (in 0.1M NaOH) is added and incubated at room temperature for 15 minutes.

Folin reagent is diluted % in sterile MQ-H2O and 100¡,rl was added to each sample and

incubated at room temperature for 30 minutes. 200¡rl of each sample was then aliquoted

to a 96 well plate and the absorbance was read at 750nm using a plate reader. Standards

of known concentrations of BSA are also included to give a standard curve (to compare

the readings).
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BCA protein assay reagent

protein concentrations were also determined using the BCAprotein assay reagent according

to manufacturers protocol and read at 750nm. Standards ofknown concentrations of BSA

were also included to give a standard curve (to compare the readings).

2,3.29 Co-immunoPreciPitaion

Preparation of the beads

In order to prepare the protein A CL-48 beads for coupling to the antibody of interest, an

appropriate amount of beads were swelled in sterile MQ-HrO and several washes were

performed over a couple of hours. The beads were then washed twice in HoB buffer 1x10

minutes, 1x60 minutes. The beads were then made into a 50% slurry of swelled beads/

HoB buffer and kept at 4oC until needed.

Preparation of the protein lysate

Ovemight collects of embryos (w11l8 unless other wised specified) approximately 0-14118

hours old (at zsoc)were collected into a "basket" and dechorionated l.r;.50% bleach for 3

minutes. The embryos were washed thoroughly with PBT (0.1%) and then transferred to

a microfuge tube using a paintbrush. The excess PBT was removed and the embryos were

then given the appropriate heat-shock and recovery (if required) before being snap frozen

at minus 80oC till needed. On the day of use, the embryos were thawed on ice and then

homogenised in an equal amount of HoB. The embryos were then spun twice at l4K for

15 minutes at 4oC,removing the supernatant to a fresh cold tube each time.

Co-IP - method 1:

40¡11 of the appropriately diluted primary antibody (diluted in HoB buffer) was added

to 40pl of the S}Yobead slurry. The mixture was then placedat4oC for 4 hours -

overnight with nutation. A Lowry assay was performed on the lysates to estimate a

protein concentration, and then diluted appropriately in HoB buffer to give between 500

- l500ng of protein per 100p1. The diluted 100p1 of lysate was then pre-absorbed against

50ul of 50% bead slurry for 4 hours - overnight at 4oC with nutation. The embryonic

lysate/protein A bead mix was then spun at 14K for 5 minutes al 4oC, the supernatant

added to the antibody/protein A bead complex and incubated at 4oC overnight with

nutation. The next day the tubes were spun at 14K for 15 seconds at 4oC to pellet the

bead/antibody/protein complex and the supernatant was carefully removed and kept at
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4oC as a control. Washes were then performed three times in HoB buffer (2x quick,

1xl5 minutes) by flicking the tubes to resuspend the bead/antibody/protein complex and

spinning in between each wash at l4K for l5 seconds at 4oC.

Co-IP - method 2:

The antibodies were added to 150-200¡rl of protein lysate to give an appropriate dilution

in HoB buffer and incubated at 4oC overnight with nutation. The next day 50¡rl of the

50Yobead slurry was then added to the protein lysate/antibody mixture and incubated for

at least 4 hours at4oC with nutation. The tubes were then spun at l4K for 15 seconds

at 4oC to pellet the bead/antibody/protein complex and the supernatant was removed

and kept at 4oC as a control. Washes were then performed three times in HoB buffer

(2Xquick, 1xl5 minutes) by flicking the tubes to resuspend the bead/antibody/protein

complex and spinning in between each wash at l4K for l5 seconds at 4oC.

Western anal)¡sis

50pl of 3x sample buffer was then added to the bead/antibody/protein complex or to an

appropriate amount of supernatant control and boiled at 100oC for 2 minutes followed by

a 15 second vortex to ensure the antibody and proteins had dissociated from the beads.

The tubes were then spun for 5 minutes to pellet the beads and then an appropriate amount

of supernatant was loaded onto SDS-PAGE protein gels of an appropriate percentage and

western trans fers performed.

2.3.30 Fixation of embryos

General method

Embryos were collected from ovemight lays (unless otherwise specified) in "baskets"

and dechorionated n 50% bleach for 3 minutes. The embryos were then rinsed well

with O.IYo PBT and transferred to a microfuge tube with a paintbrush. If required the

embryos would be subjected to a heat-shock at 37oC for 60 minutes and a recovery time

at25oC for 60 - 180 minutes. The embryos would then be fixed in a two-phase solution

of 4%o formaldehyde in lx Buffer from Hell made up in PBT and heptane for 20 - 30

minutes with nutation. The embryos were then devitellinized by removing the bottom

layer, adding equal amount of methanol and shaking vigorously for 30 seconds. The

devitellinized embryos sink to the bottom and are collected and transferred to a fresh

microfuge tube. The embryos were then either rinsed several times in methanol and
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stored at minus 20oC in 100% ethanol or washed several times n 50% methanol/S0%

PBT and several washes in PBT.

Taxol fix for anti-tubulin staining

The embryos were collected and dechorionated as above, and then fixed in a two phase

solution of 8% formaldehyde, 50¡rM EGTA, 5pM taxol in lx Buffer from Hell made up in

0.1% PBT andheptanefor l-2hours withnutation. The embryos were then devitellinised

and stored as above. For better permilisation of the embryos 0.3yoPBT, instead of 0.1%

PBT, was used when rehydrating the embryos.

2.3,31 Fixation of third instar larvae

General method

For immunohistochemistry on larval discs, the larval heads of third instar larvae were

removed with forceps in PBT. The discs were then fixed in 4o/o formaldehyde in lx

Buffer from Hell made up in PBT for 20 minutes. Prior to the removal of their heads,

the larvae, if required, would be subjected to a heat-shock at 37oC for 60 minutes and a

recovery time at 25oC for 60 - 180 minutes.

Cvclin E method

For immunohistochemistry on unstable proteins, e.g. Cyclin E, or to reduce background

with particular antibodies, larval heads of third instar larvae were removed with forceps

and fixed in ice-cold 4Yo formaldehyde in lx Buffer from Hell for 40 minutes. Prior to

the removal of their heads, the larvae, if required, would be subjected to a heat-shock at

37oC for 60 minutes and a recovery time at 25 oC for 60 - 180 minutes.

2.3.32 Antibody stainings of embryos and third instar larval discs

General method

After fixation the embryos/discs were rehydrated into PBT (serial dilution for embryos

or 3x20 minute washes in PBT for discs), then blocked in SYo blotto unless otherwise

specified for at least one hour at room temperature. The embryos/discs were then

incubated with the primary antibody(s) of interest at an appropriate dilution in5 o/o blotto

overnight at 4oC with nutation. The following day the embryos/discs were washed

3x20 minutes in PBT with nutation, then incubated with the secondary antibody(s) at an

appropriate dilution in 5o/o blotto for 2 hours at room temperature with nutation. This

is followed by 3x20 minutes washes in PBT and then an incubation with the tertiary
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antibody (if required) at the appropriate dilution in PBT for t hour at room temperature or

overnight at 4oC with nutation. The embryos/discs were then washed in PBT and stored

at 4oC in 80% glyceroVPBT. All fluorescence stainings were done wrapped in foil to

prevent fading, and analysed with fluorescence microscopy.

C)¡clin E method

Cyclin E method was performed as above except all washes and blocks are performed at

4oC. The embryos/discs were blocked inl0o/oblotto in}.3o/oPBTplus 5mg/ml BSA. The

primary antibody was added overnight at 4oC in block. The embryos/discs were washed

in0.3%o PBT plus 5mg/ml BSA for at least 2 hours at 4oC. The secondary antibody was

added in the afore mentioned blocking solution at 4oC for 4 hours or overnight and then

washed. The tertiary antibody (if required) was added in the wash solution for two hours

at 4oC. The embryos/discs were then washed and stored at 4oC in 80% glycerol/PBT.

Saponin treatment

Antibodies against membrane proteins (such as anti-spectrin) were treated with saponin.

After fixation the embryos/discs were incubated in 3Yo saponin in PBT for 30 minutes

before blocking and detection as usual.

BrdUAntibody

The larvae heads were removed from the body of the lawae in PBT and incubated in

BrdU solution (lmg/ml BrdU, 10% FCS in Schneider's tissue culture media) for one

hour at 25oC. Tissues were fixed in 60%o ethanol, 30% chloroîorm, lïYo acetic acid for

30 minutes at room temperature and rehydrated in PBT. Samples were hydrolysed in 2M

HCI for 30 minutes at25oC and washed extensively with PBT. BrdU labelled cells were

detected afterblocking with 2o/o goatsenrm in PBT (PBTG) for thour, with a monoclonal

primary antibody used at a dilution of ll20 in2o/o PBTG at 4oC overnight, followed by an

anti-mouse biotinylated secondary antibody at a dilution of 1/400 in PBTG for 2 hours at

room temperature. BrdU incorporation was then detected using analexa-488 conjugated

streptavidine tertiary antibody, or a horse-radish conjugated streptavidine tertiary and

colour detected using 1.6% NiCl2, DAB (0.5 ¡rglml) and H2O2 Q.0a5 pglml) in PBT.

The eye discs were stored and mounted in 80% glycerol in PBT and visualised with

fluorescence microscopy or brightfield microscopy.
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2.3.33 \ilhole mount in sítu hybridisation to embryos using digoxygenin (DIG)

labelled probes

Embryos were collected and fixed (as described above). The embryos were washed in a 1 : 1

solution of PBT:Hybe buffer (Hybe buffer: 50% deionized formamide, 5XSSC ,200¡tglml

heparin tRNA, 0.1% Tween 20) for five minutes. The embryos were then washed in Hybe

buffer for five minutes, then incubated in Hybe buffer plus 1O0¡rg/ml sonicated boiled ss

salmon speïm DNA for at least I hour at 55oC. 50pl of denatured probe diluted in Hybe

buffer (final concentration of O.lpglul) was then added to the embryos and hybridised

overnight at 55oC. The following day, as much probe as possible (store at minus 20oC

for future use) was removed and the embryos washed in lml of pre-warmed Hybe buffer

for 20 minutes at 55oC, then washed in a l:l solution of PBT:Hybe buffer for 20 minutes

at 55oC, followed by frve washes in PBT, 20 minutes each, at 55oC. The embryos were

then blocked in 5%o blotto/PBT for at least 30 minutes at 25oC with nutation, and then

the anti-DIG-AP antibody (l:2000 ín5Yoblotto/PBT) added and incubated at 25oC for at

least one hour with nutation. The embryos were washed four times in TBST, 20 minutes

each, at 25oC followed by two washes inAP buffer. Amix of 3.5¡rl BCIP and 4.5p1NBT

per lml AP buffer was then added to the embryos and incubated in the dark. Once the

colour had developed sufficiently the reaction was stopped with several washes in PBT

plus 20mM EDTA. The embryos were stored in 80% glycerol/PBT and mounted on

slides with double sided tape ready for analysis.

2.3.34 Whole mount ìn sìtu hybridisation to imaginal discs using digoxygenin

(DIG) labelled probes

Lawaldiscs were fixed as described above, before washing in a 1:l solution of PBT:Hybe

buffer (Hybe buffer: 50% deionized formamide, 5XSSC,2}}pglmlheparin tRNA, 0.1%

Tween 20) for 10 minutes. The discs were then washed in Hybe buffer for 10 minutes,

then incubated in Hybe buffer plus 100pg/ml sonicated boiled ss salmon spenn DNA

for at least I hour at 48oC. The heat denatures DIG labelled probe was added at a frnal

concentration of 40ng/100¡rl and hybridised overnight at 48oC. The following day, as

much probe as possible (may be kept at minus 20oC for future in situs) was removed and

the discs washed in Hybe buffer for 20 minutes at 48oC. The discs were then washed in

a 1:l solution of PBT:Hybe buffer for 20 minutes at 48oC followed by three 20 minutes
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washes in PBT at 48oC. The discs were then RNase A treated with 125¡rg RNase A

in 1ml PBT for t hour at 37oC. The discs were then blocked in l0o/o blotto/TBST at

room temperafure for 30 - 60 minutes, followed by an incubation with anti-DIG-AP

antibody (112000 in l0%o blotto/TBST) for at least one hour at room temperature (or 4oC

overnight). The discs were then washed 5x20 minutes in TBST, followed by a wash in

AP buffer. A mix of 3.5¡rl BCIP and 4.5¡rl NBT per lml AP buffer, was added to the

discs and incubated in the dark. Once the colour had developed sufficiently, the reaction

was stopped with several washes in PBT plus 20mM EDTA and the discs stored in 80%

glycerol/PBT.

2.3,35 Digoxygenin (DIG) labelled probes

The probe was made from a linearised template with T7 and T3 RNApolymerase sites. In

this thesis dEbl cDNAinpBS (clone GM06050) was digestedwithEcoRl andtranscribed

with T7 RNApolymerase for the sense (experimental) probe, and digested with XhoI and

transcribed with T3 RNA ploymerase for the anti-sense (control) probe. The linearised

templates were purifred in an RNase free environment by gel purification with the

QlAquick spin column according to the manufacturers protocol and eluted in 100p1

of sterile MQ-H2O, then ethanol precipitated in 1Opl of sterile MQ-H2O. The template

was transcribed by adding lpg of lineaized template, 5¡rl of fresh 1OxNTP (1OmM ATP,

l0mM GTR 10mM CTR 6.5mM UTR 3.5mM DIG-Il-UTP), 2¡tI of fresh 10xBuffer

(0.4M Tris-HCl pH 8.0, 60mM MgCl2,100mMDTT, 20mM spermadine, l00mM NaCl),

1¡rg RNasin, 2 Units of appropriate RNA polymerase in a 20¡;i' reaction and incubated

for 2 hours at 37oC. The reaction was stopped by adding 0.8¡rl of 0.5M EDTA pH 8.

The RNA was precipitated by adding 2.5¡tl 4M LiCl and 75pl cold 100% ethanol and

incubated at minus 80oC for 30 minutes. The RNA was then spun for 20 minutes at I4K

at4oCandthepelletwashedwithT}%ethanolandairdryforseveralminutes. Thepellet

was resuspend in 50pl of DECP treated water with I pg RNasin and stored at minus 80oC

until needed. The strength of the probes was tested on a Dot Blot before using.

Dot Blot

Wet nitrocellulose membrane in 20x SSC and air dry. Add 2¡rl drops of serial dilutions

of the probes (as well as a control probe) onto the membrane and air dry. Cross-link the

membrane with a UV-cross-linker. Rinse the membrane in TBST twice and block in 5Yo

64



Chapter 2

blotto/TBST for 30 minutes. Add anti-DIG-AP at a dilution of 1:5000 in 5o/o blotto/TBST

and incubate for 30 minutes at room temperature. Wash twice in TSBT for 15 minutes

each and once inAP buffer for 10 minutes. Incubate inAP buffer plus 4.5p1NBT + 3.5¡rl

BCIP per lml AP buffer) in the dark in an airtight container till colour has developed

sufficiently. Wash the membrane several times in PBT to stop the reaction, then dry the

membrane and store in plastic.

2.3.36 Adult eye sections

Sectioning of Drosophila ad.ult eyes was carried out Dr. H. Rogers-Irving (University of

Adelaide). Samples were flxed in 2.5o/o glutaraldehyde in 0.1 M Na phosphate buffer

GtH 7 .2),washed in Na phosphate buffer. The following steps were performed by Dr. H.

Rogers-Irving (University of Adelaide). The samples were post-fixed with OsO4, then

washed in water and dehydrated in acetone. The samples were mounted in epoxy resin

and sectioned.at2 microns using an RMC MT7 ultramicrotome and mounted onto slides.

Sections were stained with methylene blue.

2.3.37 Preparation of adult wings

Adult flies were fixed in xylene for at least 24 hours and then mounted in Canadian

Balsam (diluted in xylene) on a microscope slide.

2.3.38 Microscopy

Brightfield microscop]¡ was carried out on a Zeiss Axioplan 2 with Normanski optics.

Images were captured with the SPOT advanced CCD cooled digital cameta.

Fluorescence microscop)¡ was carried out using the Zeiss Axioplan 2 with epi-

fluorescence and images captures as above, or using the Bio-rad MRC-1000 confocal on

aLeicaDMRBE microscope excitedby a 488nm excitation line and a522DF32 emission

filter (green), a 568nm excitation line and a 605DF32 emission filter (red), or a 647nm

excitation line and a 680DF32 emission filter (far red). Images were captured with the

LaserSharp 2000 computer programme and Z-section images were projected with the

Confocal Assistant computer programme for PC platforms.

Digital images were t¿ken on an Olympus Dpl1 digitalcamera connected to an Olympus

SZ60-54TR dissecting microscope.
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2.3.39 Scanning electron microscopy

Drosophila eyes were prepared for scanning electron microscopy by dehydration in serial

acetone dilutions (25o/o, 50yo,7 5yo and I00Yo acetone), air dried, mounted onto EM studs

and viewed at lmV accelerating voltage by field emission scanning electron microscopy

using a Philips FEGSEM microscope.

2.3.40 Imaging Programmes

The imaging progranìmes used to generate the figures of this thesis were Adobe

Photoshop, Adobe Illustrator andAdobe In Design.

2.3.41 Microinj ection of Drosophila Embryos

Preparation of DNA

DNA for injection was prepared using the Qiagen Plasmid preparation kit according to

the supplier's protocol, and 4-7mg DNA was added to the injection mix containing 0.5-

I¡tgl¡ilinjectionbufferand0.3¡tgl¡tlL2-3helperplasmid. Theinjectionneedlewasback

filled using a drawn out capillary containing a2¡l aliquot of the injection mix, which had

been centrifuged briefly to remove any particulate matter.

Embryo Preparation

Flies were allowed to lay eggs on Eîapejuice agar plates at25"C for 30 minutes before

the embryos were collected. The embryos were then dechorionated in S}%obleach for 2

minutes, rinsed in HrO and aligned along a strip of non-toxic rubber glue on a microscope

slide.

Micro-injection

Micro-injection was done by Ms. M. Coombe using a Nikon Narishige microinjector

(model MMl88). A drop of liquid parafin was placed over the eggs and the slide placed

on the stage of an inverted microscope. The micromanipulator was used to position

the needle and injection was carried out by moving the microscope stage and pushing

the posterior end of the embryo onto the needle. After penetration of the embryo,

the needle was drawn back as far as possible without leaving the embryo and a small

amount of DNA was injected into the most posterior embryonic cytoplasm, where the

pole cells (presumptive germ cell) will develop. Cellularisation of the pole cells occurs

approximately 90 minutes after egg deposition, therefore the embryos were allowed to

develop for a maximum of one hour before injection to ensure maximum integration into
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the pole cells.

Post iniection care

Slides of microinjected embryos were placed in a petri-dish containing moist tissue and

kept at 25oC to allow the embryos to hatch. A small amount of yeast was placed around

the embryos for the larvae to feed on when they hatch. Lawae were collected after 2 days

using strips of filter paper and placed in a fly food vial where they developed into adult

flies. Flies were then crosse¿ 1e ¡71118 to identiff transformants (detailed in Appendix

4.1).
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2.4 Glossary

2.4.1 Fly terms

Balancer chromosome: A chromosome canying multiple reanangements that inhibit

pairing, and therefore recombination, with a homologous chromosome.

black (h):Arecessive body colour mutation on the second chromosome, flies homozygous

for ó have a black body colour.

Black cell (Bc.l: A dominant larval marker on the second chromosome, larvae with the Bc

mutation display numerous black cells throughout.

brown (bvl: A recessive eye colour marker on the second chromosome, flies homozygous

for bw mutations have brown eyes.

Canton-S: Red eyed flies that lack mutations.

cinnabar (cn): A recessive eye colour marker on the second chromosome, flies

homozygous for the cn mutation have bright orange eyes.

Curly (CyI: A dominant mutation on the second chromosome that results in curly wings

and is Iawal lethal when homozygous.

Curly-Tubby (Cy-Th): A second chromosome balance that has part of TM6B translocated

onto the second chromosome. Has both Cy andTb markers and is homozygous lethal.

Curl:t of O:¡ster (Cl¡O.): A second chromosome balancer carrying the Curly (Cy), purple

(pr) and cinnabar (cn) mutations.

dumpy (dp,l: A recessive mutation on the second chromosome, flies homozygous for the

dp mutation have square wings and/or staple marks on the thorax.

ebonl¿ (e.): Arecessive body colour mutation on the third chromosome, flies homozygous

for the e mutation have a black body colour.

Glazed (Gla,): A dominant mutation on the second chromosome that results in flies with

small, shiny eyes and is larval lethal when homozygous.

Humoral (Hu.l: A dominant mutation on the third chromosome that results in a cluster of

bristles on the shoulders of the adult fly, larval lethal when homozygous.

P-element: A stable insertion into the Drosophila genome, modified transposable

element.
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putplelpù: A recessive eye colour mutation on the second chromosome, flies homozygous

for the pr mutation have dull reddish eyes.

rosy (t.tt): A recessive eye colour mutation on the third chromosome, flies homozygous

for ry have dull red eyes.

Scutoid (Sco.l: A dominant mutation on the second chromosome that results in a reduced

number of scutella bristles, lethal when homozygous'

Serrate (Ser,): A dominant mutation on the third chromosome that results in rough wing

edges, lethal when homozygous.

TM6B:A third chromosome balancer carrying the Tubby (Tb), Humoral (Hu), and ebony

(e) markers.

Tubby (Tb.l: A dominant mutation on the third chromosome resulting in short, fat larvae

and pupae.

white (w): A recessive eye colour mutation on the X chromosome, flies homozygous for

the w mutation have white eYes.

wildtype (wt): The normal appearance of a fly as seen by the absence of any mutations.

In this thesis wildtype usually refers to flies containing only the wt118 mutation-

XB3: Achromosome containingthe Serrate (Ser) marker on the third chromosome.

WIIpwþ): A recessive body colour mutation on the X chromosome, flies homozygous

for they mutation have yellow bodies.

2.4.2 General terms and abbreviations

APC: Adenomatous Polyposis Coli, tumour suppressor protein.

Arm : Armad lllo, D r o s o p h i I a homolo gue o f B - c atenin.

BDGP: Berkeley Drosophila Genome Project.

Co-IP : Co-immunoprecipitation.

CNS: Central Nervous System.

Ftc: Fail to complement.

Gl or G2: Gap phases which intervene Mitosis and S phase.

HCTI16: Human colorectal cell line.

Hs: Heat-shock, heat shock driver - hsp70 promoter.

Imaginal disc: Epithelial monolayer in developing larvae, which develops into adult

organs.
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InR: Insulin Receptor Pathway.

MF: Morphogenetic Furrow, Gl arrested cells in the third instar eye imaginal disc.

MT: Microtubule.

NCBI: National Center for Biotechnology Information.

ORF: Open Reading Frame.

PNS: Peripheral Nervous System.

S6K: 56 Kinase.

SW480: Human colorectal cell line.

TOR: Target of Rapamycin.

UTR: Untranslated Region.

V/g: Wingless.

ZNP: Zone of non-proliferating cells, located in the third instar wing imaginal disc.
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chapter 3z Drosophila Ebl (dEbl) is a suppressor of

DmcycErP

3.1 Introduction

Two X-ray generated suppressor mutations, 42511 and 58512, failed to complement

each other and were classed together as suppressor group 2.5 (Secombe, PhD thesis,

Iggg). Both alleles showed suppression of cyclin ErP adult eye roughening and BrdU

labeling showed a pafüal rescue of the S phase defect in the eye disc (Secombe, PhD

thesis, lggg). Overexpression of cyclin Elresults in a rough eye phenotype in the adult,

which neither allele of 2.5 was able to modify. This suggests that 2.5 acts either upstream

of, or in an alternate pathway to cyclin.E (Secombe, PhD thesis, 1999). Reducing the

dose of 2.5 was also unable to affect the mutant phenotype of rux, a gene required to

establish the Gl arrest in the MF during eye development (Secombe, PhD thesis,1999)'

This indicates that the 2.5 gene does not effect the Gl-S phase transition through the rux

pathway.

The ch¡omosomal location of Su(DmcycErP)2.5 was identiûed as region42C-D on the

second chromosome by deflciency mapping (Secombe, PhD thesis, Iggg). P-elements

within this region were used to further nanow down the location of the group. One P-

element, t(2)04524,partially failed to complement (ftc) 2.5 alleles (Secombe, PhD thesis,

ßgg). Two individual groups (BDGP; Harvie et al, 1998) have rescued the genomic

DNA flanking the t(2)04524 P-element with varying results. The sequence obtained

of the l(2)04524 flanking DNA after plasmid rescue from Harvie et al (1998) showed

homology to a hypothetical Caenorhabditis elegans protein, which shows homology to

carboxylase CoA genes. Carboxylase CoA proteins are usually involved in fatty acid

synthesis (reviewed by Cronan and Waldrop,2002), and mutations in these genes seem

unlikely to suppress the cyclin HP phenotype (reviewed in Secombe, PhD thesis, 1999).

The sequence obtained from the BDGP by reverse PCR using P-element specifrc primers

showed homology to the human Ebl protein, a microtubule binding protein, and is

predicted to be a Drosophilahomologue of this gene (reviewed by Secombe, PhD thesis,

Iggg). Indeed, after further analysis it was clear the l(2)04524 P-element lies between the

dEbl andthe carboxylase CoA genes (Secombe, PhD thesis,1999). This chapter focuses

7l



Chapter 3

on identifying the Su(DmcycEP)2.5 gene as a functional Drosophila homologue of the

dEbl gene.

3.2 Mutations in,Sz(DmcycErP)2.5 disrupt expression of dEbI

The genomic structure of the dEbI gene was determined using NCBI genome

programme. The dEbI gene is comprised of eight exons (Figure 3.1 1-8), with an

altemate exon 1 (Figure 3.1 1a). The P-element,l(2)04524 islocated in exon 1, just prior

to the translation start site located in exon 2 (Figure 3.1 anow).

Due to the ambiguous data on whether the P-element l(2)04524 affects the

downstream Ebl gene or the neighbouring upstream gene, a potential carboxylase CoA

gene (CG3267), PCR analysis was used to determine the precise location of P-element

l(2)04524. A forward primer specific to the 3' end of the P-element (based on known

sequences of Spradling P-elements from BDGP) and a reverse primer located within the

5' end of dUbl gene (based on partial dEbI sequences from the BDGP) were designed

for the PCR analysis. If the l(2)04524 P-element is located in the 5'UTR of dEbI as

predicted, then a 350bp PCR product is expected from the amplification (Figure 3.2A).

A genomic DNA preparation was made fuom l(2)04524/CyO adult flies, which was then

used as the template for PCR. When PCR amplified with the P-element and dEbt specifr,c

primers, a product of 350bp was produced (Figure 3.28), confirming that t(2)04524 is

located in the 5'UTR of dEbI. This suggests that l(2)04524 is indeed an allele of dEbl

and that the partial failure of l(2)0a524 to complement 2.J alleles is due to a disruption

to the dEbl gene.

3.2.1 dEbI is disrupted ín 2.542s11alleles

The PCR analysis confirmed the location of l(2)04524, but does not provide

conclusive evidence whether dEbl is the only disrupted gene in Su(Dmcyc4rP)2.50tt,,,

Su(DmcycErP)2.558s12 or I(2)04524 mutations. Therefore, Southern analysis was used to

determine whether 2.5 mutations disrupt the dEbl or neighbouring genes.

Unfortunately one of the 2.5 alleles,2.5ttt", had an untimely death and all future

analysisiswith2.Sa2sl/only. Sincethe2.542stt allelewasgeneratedwithX-raymutagenesis

it is likely to be a deletion or translocation and therefore easily identifiable with Southern
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Figure 3.1 Genomic structure of dEbl including P-element insertion and restriction sites for EcoRV and Pstl.

Schematic representation of dEbl genorn¡c structure. Boxes 1-8 represe nt dEbl exons. Open boxes represent untranslated regions (UTR), dark

grey boxes represent the open readìng frame (ORF), small arrow indicates the start posit¡on, and the pale grey box represents alternate exon 1 (1 a).

Alternative exon 1 creates one splice variant, but doesn't affect the ORF. lntrons are represented as lines between exons. The P-element,l(2)04524,

is located in the 5'UTR in exon 1.

position of EcoRV restr¡c¡ton s¡tes are indicated in green (RV) and Pstl restriciton sites in red. Green and red lines represent expected sizes of the

wild type and p-element chromosomes when digãsted with EcoRV and Pstl, respect¡vely. Expected sizes are also tabulated with respect to the

genomic probe.
pale blue bar indicates size and position of genomic PCR fragment used to generate radio-labelled probe (approximately 1kb,500bp either side

of P-element insertion).
Scale of introns and exons located bottom right, P-element not to scale.
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Figure 3.2 P-elementl(2)04524 is in the 5'UTR ol dEbI gene.
A: Schematic representation (not to scale) of the dEb t cDNA showing coding region
of the gene in grey,and untranslated regions (UTR) in white. The P-elem entt(2)04524
is located in the 5'UTR of the gene. Arrows show the relative positions of the primers
used for the PCR. The forward primer is located in the 3'end of the P-element and
the reverse primer is located within the dEbI coding region, approximately l00bp
from the start site. The expected product size of 0.35 kb is indicated by the bar
below the gene.
B: 1olo agarose gel showing the PCR products. Lane I - product from l(2)04524
genomic preparation. Lane 2 - negative control (same primers, no DNA). pCR of
l(2)04524 with P-element and dEbl specific primers shows product size of 350bp.
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analysis. This is consistent with the attempts made to rescue the 2.542stt chromosome. All

attempts to date have failed to recombine cyclin HP allele offof the 2.542stl chromosome

(Appendix 3.1), suggesting that the 2.542s11 chromosome is reananged or contains a

translocation to another chromosome'

Genomic preparations were made ftom cyclin ErP 2 .542si I /CyO, w' ; cyclin ErP /CyO, and

b cyclin HP bw/CyO adult flies. cyclin ErP genomic preparations were used as controls

since the 2.5 mutation was unable to be crossed away ftom cyclin ErP, and since 2.5a2s11

is homozygous lethal, all genomic preparations were made from heterozygous stocks,

balanced over the CyO balancer chromosome. The genomic preparations were digested

with EcoRV andPs/ restriction enzymes individually. These enzymes were chosen to

give informative product sizes such that any lesion present within the dEbI gene would

be easily identifiable. Southern blots of these digests were probed with radioactively

labeled cDNA or genomic DNAprobes.

Two gDNA probes were made, one only containing the dEbl open reading frame

(ORF; Figure 3.1 dark grey boxes), and the other containing the ORF plus the 5' and 3'

UTRs (Figure 3.1 open plus dark grey boxes). When either of these two probes were

used to hybridize to the Southern blots, there was no detectable change in the length or

intensity of the hybridizing bands (data not shown). Thus there is no apparent lesion in

the dEbI coding region, prompting analysis of the dEbI promoter region.

To test if the dEbl promoter region is affected, a genomic probe spanning the

promoter region and first exon of dEbl was generated (Figure 3.1 blue bar), using PCR

amplifrcation. 'When the Southern blots were hybridized with the genomic PCR probe, an

obvious lesion in the promoter region of dEbl was observed (Figure 3.3). Preparations

ftom 2.5 heterozygous flies showed an additional band at 7kb in the EcoRV digest

(Figure 3.34) and at 7.5Kb in the Psrl digest (Figure 3.38) that were not seen in the

control preparations. The EcoRV digest produced 2 bands at 2.4kb and lkb in control

preparations (Figure 3.34), but from band intensity it was not clear which band was

shifted to 7kb in the 2.542stt chromosome. However, based on the factthat there were no

lesions detected within the oDNA region, it is most probable that the 5' lkb band (Figure

3.1) in the promoter region is the band that has been affected.
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7.0

2.4+

1.0 ->

EcoRV digest

-)>

B

.1þ
\Cì

Kb
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Pstl digest

Fi g u re 3.3 southern analysis of the DmcycEJP, 2.s42s| 1 ch romosome, usin g the
dEbl genomic probe.
southern blots from gsnoTiç_preparations of w ; DmcyclP/cyo, w+; b DmcycErP
bw/CyO and DmcycErP, 2.5+zstt/Cyo digested with EcoRV (A) or pstl (B) and
hybridised with dEbl genomic probe (top) and actin 5C cDNA probe for loading
control (bottom).
A: EcoRV digest shows wildtype bands aT 2.4kb and 1kb in all lanes and an
additional band at 7kb in the DmcycErP,2.5tzsrt/cyo /ane when hybridised with
dEbl genomic probe (top¡ Relatively equal loading of all lanes (slightly higher
loading in the w-;DmcycP'/CyO lane) is shown by hybridisation to actin 5C cDNA
probe (bottom).
B: Pstl digest shows a wildtype band at 5.3kb in all lanes and an additional band
at 7.5kb in the DmcycErP,2.542stt/cyo lane when hybridised with dEbl genomic
probe (top¡. ¡uSridisation with actrn 5c cDNA probe shows that the w-; DmcycErP/
CyOisoverlo,^aded qnd the b DmcycErP bw/CyO lane is underloaded compareá with
the D m cycEJP, 2.5tzs r 1 /Cyo la ne.
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3.2.2 Su(DmcycÛtP)2.542s11 mutations affect dEbl trznscription

The results from the Southerns probed with cDNA and genomic DNAprobes showed

thatthereisalesioninthepromoteror5'region of dEbl in2.5 mutations. Sincethelesion

in 2.5 mutations is in the promoter region of dEbI it is likely that the dEbl Iranscription

will be decreased in these mutations. To determine whether, or not, the 2.5 mutation

does affect dEbl transcription, and if so to what extent, northern analysis was performed

using the çDNA (including 5'UTR) probe that was used originally in the Southern

analysis. RNA was extracted from cyclin ErP 2.542s11 , w'; cyclin EE, and b cyclin HP bw

homozygous third instar larvae (distinguished by the absence of Cy-Tb larval marker) and

Poly A purified. The northern blot (performed with the aid of Dr. R. Dickins) showed

that there is a complete loss of dEbl transcript in cyclin EIP 2.542sI1larvae compared with

controls (Figure 3.48). This shows that the 2. 5 lesion within the promoter region of dÛb I

disrupts the dEbI transcript and hence protein product.

Since the neighbouring 5'gene, carboxylase CoA, is only 293bp upstream of the dEbl

gene (Figurc 3.4A), a genomic probe containing the 3' end of the carboxylase CoA gene

was designed (CoA genomic probe; Figure 3.44 grey bar). PCR primers were designed

to ampliSr the genomic probe based on sequences from the NCBI database. The l.5kb

probe produced from this covers the 3' end of the carboxylase CoA gene (Figure 3.44

grey bar) and finishes where the dEbI genomic probe starts. To make sure the 2.5

mutation, which possibly extends into the carboxylase CoA 3'UTR, does not affect

carboxylase CoA transcription, the northern was probed with the CoA genomic probe

(which covers substantial ORF of carboxylase CoA). The northern blot hybridized with

the CoA genomic probe (performed with the aid of Dr. R. Dickins) showed that there is

no signiflcant effect on the carboxylase CoA transcript compared with controls (Figure

3.4C). Together these results clearly show that Su(DmcycBP)2.5 affects the dEbI gene

and therefore is allelic to dEbl. It is therefore likely that the suppression of cyclin ErP

caused by 2.5 is due to a decrease in levels of dEbI and not neighbouring genes'
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lzwt1t8; 2:w- cyclin ErP;3zbcyctin EJP bw;4zcyclin ErP 2.542s11

Figure 3.4 The 2.5a2stt mutation affects dEbI, but not carboxylase coA
transcription.
A: Schematic representation of the 42C region on chromosome 2 showing dEbl
(green), potential carboxylase CoA (pink) and the upstream Phtf gene (blue). The
l(2)04524 P-element is located in the 5'UTR of dEbt (triangle),the translational start
site of dEbl is located in the third exon (arrow) and the stop codon in the 9th exon
(circle). lntrons are represented for dEbl only. EcoRV and Pstl restriction sites are
indicated by green and red lines respectively. dEbf cDNA probe size and position is
indicated by the white ban CoA genomic probe size and position is indicated by the
grey bar. Direction of transcription indicated by arrows for all genes. Scale bottom
left.

Northern blots were prepared with the aid of Dr. R. Dickins. Northern blots from
RNA poly A preparations of wildtype (wl118), w ; cyclin ErP, b cyclin ErP bw, cyclin EJP

2.542s1t homozygous third instar larvae I ybridised with dEbI cDNA probe (B) or
CoA genomic probe (C). RNA loading as determined by ethidium bromide stained
gel (D) shows lanes 1 and 2 are slightly overloaded compared with the other lanes
which have relatively equal loading.
B: Nothern hybridised with dEbl cDNA probe shows two bands. The band at
2.4kb corresponds to the dEbl transcript, and the band at2.2kb corresponds to the
alternate dEbl transcript produced from alternate exon 1 . 2.542s1t has significantly
less dEb I transcript.
c: Northern hybridised with coA genomic probe shows one band at 2.5Kb as
expected. There is relatively equal amounts of CoA transcript for all genotypes.

hrf CoA
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3.3 Other dEbl alleles also suppress the cyclín,E/P rough eye

phenotype

dEbl EMS alleles (dEb||DL, dúblcr63/e and dEbItAl) were isolated from mutagenesis

of the 42 chromosomal region and generously given to us by Dr. J. Roote. To confirm

that these E}¡1¡S dflbl alleles were true alleles, they were firstly crossed to deflciencies to

determine their chromosomal locations. Three deficiencies from the 42-43 region on the

secondchromosome(Df(2R)napg,Dft(2R)STI andln(2R)pk7Ss)werecrossedtothed4bl

EMS alleles to test for complementation. From deficiency mapping (Secombe, PhD thesis,

lggg), dqbl42stt is known to complement one of these defrciencies (In(2R)pk7Bs), andfall

to complement the other two (Figure 3.5). dEbllDL anddÛblcr63ß EMS alleles both failed

to complement Df(2R)nap9 and Df(2ÐSn and complemented In(2R)pk7\s (Figure

3.5), showing that they both map to the same region as dEbla2stl, making them possible

dEbI alleles. The other EMS allele, dEbItA4, did not fail to complement Df(2R)nap9 not

In(2R)pk78s (Dft(2R)STI not tested; Figure 3.5) suggesting that it is either a very weak

allele of dEbI or not an allele of dEbl. Due to the possibility that 144 is not an allele

of dqbl it was not used in any further analyses. The P-element allele, dEblt(2)04524, was

also tested and shown to complement In(2R)pk78sbut failed to complement Df(2R)nap9

(Df(2R)Sn was not tested; Figure 3.5), placing its chromosomal location in the 424-E

region, consistent with the PCR data (Figure 3.2).

Having confirmed the dEbI EMS alleles map to the 42C rcgion their ability to

complement dEb|42stt and one another, and hence their relative strengths was tested by

comparing transheterozygous combinations (Table 3.1). The dEbl alleles were semi-

lethal in transheterozygous combinations with a percentage of escaper flies developing to

adults. The EMS allele, dEBlcrîve appeared to be the most severe allele, giving only 2Yo

escapers in combination with dEb|42stt þresumed null based on northern analysis; Table

3.1). The next strongest allele was the P-element, dEblØ04524, which produces 7o/o and

8Yo of escapers wlth dEbla2stt aîd dùblcrís/e, respectively (Table 3.1). dEbIlD¿ was the

weakest of the alleles, producing 32Yo and2lo/o of escapers with dEbl42stt and dEblt(2)04s24,

respectively (Table 3.1). These percentages of escapers were quite high fot dEblrDL

transheterozygous combinations with t(2)04524 and 42Sll compared with the low 5.5%
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Figure 3.5 Deficiency mapping of the 2.5 gene and dEbt alleles.
Diagramatic representation of deficiencies used to map dEbl alleles to region 42C
on the second chromosome. Chromosome position indicated by numbered letters
at top of diagram. Extent of Deficiencies tested indicated by lines and arrows.
Percentage of escaper flies when the dEbl alleles are transheterozygous with
the deficiencies is expressed on the left (nd indicates not determined). Coloured
arrows indicate the defined region of the corresponding alleles.
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of escapers in combination wíth dEbLcr63/e (Table 3.1), suggesting that both the IDL

and GJ63/9 chromosomes contain another lethal allele. The 32% of escapers produced

fromdEbltDL/dEbl42sli transheterozygous combinations is almostthe33.3Yo of escapers

expected if the alleles complemented each other. However, dEbltDL in combination with

dqblt(2)04524 (which is thought to be a weaker allele than dEbla2sll) only produced 2lo/o

of escapers, therefore the high number of escapers in combination with dEbla2stl may

reflect the presence of one copy of cyclin ErP, which could possibly affect the lethality of

dÛbl42slt. Consistent with all alleles affecting the same gene, transheterozygous escaper

flies showed female sterility (see section 4.3). Therefore, dEbltDL will be treated as a

weakallele of dEbl.

Table 3.1 dEbl alleles are semi-lethal in transheterozygous combinations.

Ebl 
42s1 1

Eb1cr6lte Ebl1DL Eb1 
r(2)04s24 Ebl

Eb1GJ63/e

Eb1

Eb1 
(2)04s24

't0 5

lDL

Oo/o

n=258Ebl 
to t

Ebrto
5o/o

n=ó1

15o/o

n=41

2Oo/o

n=1 0

Oo/o

n=143
OVo

n=30

Table displays the percentage of escaper fl¡es from transheterozygous combinat¡ons

of dEbl alleles. dEbI alleles balanced with the CyO balancer chromosome were

crossed to one another and scored for the percentage of straight winged (versus

curly w¡nged) flies produced. Since CyO is homozygous lethal, alleles which

complement one another are expected to give 33.3o/o stra¡ght winged flies.

3.3.1 Imprecise excision of the P-element to create more dEbl alleles

Since the alleles of dEbI that are available for further genetic testing are not null

alleles, excision of the l(2)04524 P-element was employed in an attempt to generate more

severe alleles. This is achieved by mobilising the P-element with the A2-3 transposase and

0o/o

n=1 85
2o/o

n=107

Oo/o

n=l 34
32o/o

n=427
5.5o/o

n=457

Oo/o

n=400
21o/o

n=423
7o/o

n=1 88
8o/o

n=1 68

Oo/o

n=228
13o/o

n=52
19o/o

n=115
2o/o

n=57
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selecting for the ry-mtÍation (since this P-element contained the ry* gene;Appendix 3.2).

In Drosophila, when P-elements are mobilised they can excise imprecisely, removing

some of the neighbouring genomic DNA, which usually results in a homozygous lethal

allele. This technique is commonly used to try andgenerate more severe loss of function

alleles of genes.

Two ry- alleles from the imprecise excision crosses (l(2)04524L10.5 (Ebttl.5), and

l(2)04524L14 (EbI14), were determined to be imprecise excisions since they were

homozygous lethal, and percentage of escapers in transheterozygous combinations with

other dEbl alleles was low (Table 3.1). Many revertants to wildtype were obtained and

one of these,l(2)04524L,2,was kept for future analysis.

Southern analysis was used to show that l(2)04524L2 was a true revertant and that

EbLtq's was an internal deletion of the P-element (Figure 3.6). Genomic preparations

oî l(2)0a524L2/CyO, dEbIt05/CyO, dÛbL@oas2a/Cyo, and an unrelated deficiency on the

second chromosome D(2L)s1402/CyO (located at3}CI-2)were digestedwithEcoRV and

Psl individually. The Southern blots were then hybridised with the dEbI genomic probe

(describedinsection 3.2.|;Figure 3.1). The Southernblots showedwildtypebands of 1kb

and 2.4kb as expected (see Figure 3 . 1 for expected sizes) when digested with EcoRV and

5.3kb when digested with Psl/(Figure 3.6). The P-element lane showed additional bands

atTkb and2kb when digested with EcoRV and 7.5kb and 3.5 kb when digested with PstI,

which are no longer present in the revertant lane (Figure 3.6), indicating that l(2)04524L,2

is a clean excision of the P-element. When digested with EcoRV, the dÛbLtq5 lane has a

band at 2kb as expected but the 7kb has shifted to 4.5 kb (Figure 3.64), which indicates

that the 3'end of the P-element has been removed, but the 5' end is still present (Figure

3.1). When digested with PstI, the dEbll}'5 lane has a band at 3.5kb as expected but the

7.5kb band has shifted to 6.5kb (Figure 3.68), which indicates that the 5'end of the P-

element has been removed but the 3' end remains (Figure 3.1). When the information

from the two digests is taken together, it suggests that dEbl|| 5 is an internal deletion of the

P-element, but the two ends of the P-element remain intact in the chromosome.

To determine how the P-element and imprecise excisions affect the dEbI transcript,

northern analysis was performed (with the aid of Dr. R. Dickins). RNA preparations

were made from wildtype (wt"\, dEblrzt1ts24, dÛbll|'s and dEblta homozygous third
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Figure 3.6 Southern analys¡s of imprecise excisions of the P-element
ll2lo4s24.
Lane 1: P-element revertant as determined by viability over dEbl alleles.

Lane 2: P-element imprecise excision l.0.5 as determined by lethality over dEbl
alleles.
Lane 3: Origínal P-element allele, ¿¡67t(2)ots2a.

Lane 4: Deficiency on the second chromosom e (DF(2L)s1402), used as a control.
Southern blot of genomic preparations from l(2)04525L2(revertant)/CyO,

dEbtl0's/Cyo, dEblt(2)0452a/Cyo and Df(21)s1402/Cyo digested with EcoRV (A) or
Pstl (B) and hybridised with the dEbI genomic probe.
A: EcoRV digest shows wildtype bands at 2.4kb and 1 kb in all lanes and additional
P-element ipecific bands at 7kb and 2kb in the ¿¡67t(2)ots2a/Cyo lane. The

revertant has lost both P-element specific bands,while retaining wildtype bands

of expected sizes. ¿¿67r0's has one P-element specific band at the expected size,

2kb, while the other has shifted from 7kb to 4.5kb.
B: Pstl digest shows a wildtype band at 5.3kb in all lanes and additional P-element
specific bands at 7,5kb and 3.5kb in the ¿¡67t(4oes2a/Cyo lane. The revertant has

lost both P-element specific bands, while retaining the wildtype band at the
expected size. dEblta's6^t one P-element specific band at the expected size,

3.5kb,while the other has shifted from 7.5kb to 6.5kb.
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instar larvae (distinguished by the absence of the Gla Bc larval marker) and Poly A RNA

was purified. The northem blot was hybridised with the oDNA dEbI probe (see Figure

3.4A), which showed that dEbltQt04s24, dUbIl0 s and dEbll/ all produce less transcript than

wildtype (Figure 3.7 A), however none of these alleles are null, and there is no significant

difference in the transcript levels between all three alleles (Figure 3.7A). The transcript

produced from the P-element and imprecise excisions, however,frãy initiate from within

the P-element, and not from the wildtype promoter and therefore may not produce a

functional protein. To ensure that the P-element alleles do not affect the neighbouring

CoA gene, the northem was probed with the CoA genomic probe (described in Figure

3.44), which showed that there was no disruption to the CoA tanscript in any of the P-

element alleles. This clearly shows that the P-element l(2)04524, is an allele of dEbI and

not the neighbouring CoA gene. While neither dEbLlq'5 nor dEbLla are more severe than

the original P-element allele, dEblt(2)04524, they are both alleles of dEbI therefore were

used in future analyses.

3.3.2 dEbI EN'IS and P-element alleles also suppress the cyclín E/P phenotype

To confirm that dEbI is a dominant suppressor of cyclin HP the P-element and EMS

alleles of dUbI weretestedfortheirabilitytosuppress cyclinErP. SinceboihcyclinEand

dUbI arc both on the second chromosome (35D4 and 42C7 respectively), the cyclin ErP

allele was recombined onto the dEbI mutant chromosomes (Appendix 3.3). The dEbI

mutant alleles were then tested for their ability to suppress cyclin ErP phenotype at both

the adult eye level and at the level of S phases in the eye imaginal disc (Figure 3.8).

At the adult eye level, scanning electron microscopy showed that cyclin ErP eyes are

much smaller than wildtype with disorganized ommatidia (Figure 3.8). The ommatidia

were larger and sometimes fused creating bulbous patches over the eye. Bristles were

also either duplicated or absent (Figure 3.8). Both EMS alleles and the P-element alleles

of iEBI were able to suppress the rough eye phenotype of cyclin HP,but not to the

extent of wildtype (Figure 3.8). The eyes were larger than cyclin HP alone, but were still

moderately smaller than wildtype (although there was some variability). The ommatidia

were more organized in general with less frequency of fused ommatidia compared to

cyclin ErP eyes (Figure 3.8). There was also less disruption to the bristles inall dEbl,

cyclin ErP rccombinants (Figure 3.8).
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Figure 3.7 The l(40a524 P-element affects dEbl, but not carboxylase CoA,

transcription.
Northern blots were prepared with the ts from

RNA poly A preparations of wildtype (wr 524L14

homozygous third instar larvae hybridi or CoA

genomiã probe (B). RNA loading as determined by ethidium bromide stained gel

iC) sho*r lane I is slightly overloaded compared with the other lanes which have

relatively equal loading.
A: Northern blot hybridised with dEbl cDNA probe shows two bands. The band at

2.4kb corresponds to the dEbl trancript, and the band at 2.2kb corresponds to the

alternate dEbl tanscript produced from alternate exon 1. All P-element mutations

reduce the level of dEbl transcript.
B: Northern hybridised with CoA genomic probe shows one band at 2.5Kb as

expected. There is relatively equal amounts of CoAtranscript for all genotypes.
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To determine if the suppression of the cyclin RP rotgh eye phenotypeby dEbI ís

caused by an increase in the number of S phases during larval development (similarly

ß dEbl42st1) BrdU incorporation was tested in third instar lawal discs (Figure 3'8).

Compared with wildtype, the eye discs of cyclin ErP Iawae were small and had fewer

S phases all over the eye and antennal discs, in particular in the S phase band posterior

to the morphogenetic furrow (MF; Figure 3.8)' Lowering the dosage of dEbl in this

background (by having one copy of the dEbl mutant allele) was able to rescue not only

the size of the eye disc, but also the number of S phases (Figure 3'8)' Compared with

cyclin E/P discs, dqbI recombinant discs were much largt and there were clearly more S

phases, especially within the S phase band posterior to the MF (Figure 3.8)'

The dEbI alleles were not able to rescue the cyclin ErP phenotype to a complete

wildtype level (Figure 3.8), which is consistent with the level of suppression of cyclin EP

by dEbla2sl1 (Figure 3.8), the most severe allele. However, it is clear that even though

the available alleles are not null, they are able to suppress the cyclin -E'rP phenotype to

a similar level to that of dqbl42stl. The apparent similarity in phenotypes despite the

difference in transcript levels in some of the dEbl alleles may be explained by the activity

or turnover of the protein product.

To determine if the increase in S phase cells observedincyclin EP, dÛbl recombinants

was due to an increase in Cyclin E levels, third instar larval eye discs were stained with ct-

CyclinEantibody(Figure3.9). Thisshowedthatmutatingoneallele ofdEbl(dEblr<z>otsza¡

in the cyclin EP background increased the level of Cyclin E protein compared with cyclin

EP alone, although this was not to the same level as wildtype discs (Figure 3'9)' This

suggests that dEbl may normally negatively regulate cyclin E transcription or protein

accumulation to mediate its affect on Gl-S phase progression.

The results of this chapter show that there is a lesion in the dEbI gene iî 2.542s11

mutations and that the p-element that failed to complement 2.5a2stt also contains a lesion

in the dEbt gene. Furthermore, the P-element and EMS alleles of dEbI are able to

suppress the cyclin EP rougheye phenotype. Therefore I conclude that 42511 is an allele

of dEb I and further examinatio n of dÛb I alleles will be used to determine how dEb 1 may

regulate G1-S phase progression and possibly regulation of cyclin E.
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wildtype cyclin ErP/

b,cyclin EJP,bw

b,cyclin ErP,

dEblt(2)04s24/

b,cyclin EJP,bw

Figure 3.9 Cyclin E Ievels are increased in cyclin dP' ¿tbl2)04524
recombinants.
a-Cyclin E staining in third instar larval eye discs. Anterior to the left, posterior
to the right. Bar denotes the MF. Genotypes as indicated.
Cyclin E levels are decreased in cyclinErP mutants. When one allele of dEbl is
mutated in the cyclin EJP background, the levels of cyclin E are increased.
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3.4 Drosophíla dØbl homologues and comparison of Ebl in evolution

Su(DmcycEP)2.5 was conclusively shown to be allelic to dÛbl by Southern, northern

and phenotypic analysis, which now raises the question "what is dEbl and how does

it regulate Gl-S phase progression?" In order to start answering such a question, the

ful1-length sequence of dEbI was determined from DNA sequencing analysis of several

gDNA clones. Sequence comparisons from the cDNA clones, LD08743, GM06050,

LDIB72I,LD33315 and LP01137 (from cDNA clotT; BDGP), were used to determine

the consensus sequenc efor d\bl (Figure 3.10A). These cDNAs have been obtained from

ovaries, embryos and,Iawal/pupal stages (BDGP) demonstrating that dEbl is expressed

in a range of developmental stages and tissues. Forward primers were designed to the

known 5' sequence and internal primers were designed based on the sequence retrieved

(Figure 3.104 arrows). From this sequence, protein prediction programs were used to

determine the most probable protein sequence from this transcript (Figure 3.108), which,

since the completion of the Drosophila genome project, has been confirmed by BDGP.

Apart form the alternate exon 1 present in the dEbI genome, there was no evidence of

other splice variants or alternate transcripts from the sequence retrieved indicating that

there was no tissue specific transcripts produced.

Now that the BDGP is complete, BLAST searches of the dEbl protein sequence

have identified other potential dEbl homologues (BDGP; Rogers et a\,2002). BLAST

searches identified four predicted gene products with sequence similarity greater than

40o/o to human Eb1: CG3265, CGl8190, CGl5306 and CG2955 (Rogers et a|,2002;

supplementary figure at: CG3265

(termed Drosophila EbI (dEbi) and located at 42C) has the highest similarity to human

Ebl and is therefore the most likely orthologue (Rogers et a\,2002). While dEbl is the

only Drosophila homologue that has been studied to date, there are three other possible

homologues, whose presence needs to be taken into consideration when analyztng the

mutant phenotypes of dEbI.

3.4.1 Ebl is highly conserved throughout evolution

The BLAST searches show that dEbl has high similarity to human Ebl, and the

similarity between dEbl and Ebl of other species was determined with multiple
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A CGCTGGGCGGCCGATGCATCAGTGTACATTTTACATCCCTAGCGCTCcCTCGTTTAGCAG.AÀ

GACGGTTTTTCATAGAATTA.ACATTTCCTTGTTT AÄAGCCAGGAATCATTTAGTTCTCCGTC

GCCCCGAAGOO-X."O.CAACTGATTAGTGCCGcTAAcTA.AAccAGAGGAcAc cAccAA,cA
TGGCTGTA.AACGTCTACTCCAC AÄ ATGTGACGTCAGAGAATCTCTCGCGC CACGATATGCTA

GCTTGGGTTAACGATTGCCTCCAGTCGC AATTCTCA.AÄ.AATCGAGGAGCTqT6 SACAGGTGC

AGCTTACTGTCAGTTCATGGACATGCTGTTTCC C.AATTCAGTGC CAGTAAAGCGTGTCAAAT

TTCGTACCAATCTGGAGCACGAGTACATACAGAACTTCÀAGATATTGCAGGCGGGCTTCAAG

.A.A'GATGT CTGTGGATAA,GAT TATAC C CATTGAC AAATTAGT CAAGGGT CGC TT C CAAGACAA

TTTCGAGTTTTTGCAATGGTTT A,A.AÀAGTTCTTCGATGCCAA,TTACGATGGCAGGGATTACG

ATGCCAGCGCGGTG CGCGAGGGAGC C CCAATGGGCTTCGGATCGGGAGCGGTAAAGTCACTG

CCCGGCACGGCGGCAAGCGGCGTGTCCAGCAGCTATCGACGTGGC CCATCGGCAACGACACG

C C CAGCAATGACGTCTGCAGTGAAGCCCACAGTATCCAAGGTGCTGCCGCGCACG AÃC AACG

CAGCCCCAGCGAGCAGÄATA.AACGCCTGTGC C.AACAGCACGGGCACGGTC AAGAAGAACGAC

GTGAGCAATT CGGT CAAC AAT C AAC AAATAGA.AGAGATGT CAÄAT CAGGTGATGGATATG C G

CATAAACCTGGAGGGATTGGAÀ.AAGGAGCGAGACTTTTACTTCTCTAAGTTGCGGGATATTG

A AATTCTTTGCCÄAGAAGCCGATGACGCCGAGGCGCATC CGATCATACA.A.AÀGATTTTGGAC

ATCTTATAÎGCGACTGAGGATGGTTTTGCGC CGC CTGACGATGCAC CACCAGAGGACGAGGA

GTATTAATTTGÀ AACGTGAACGAAAACCCACT AÄATTCATTTGCTGCATACATATTC A,UU\C

AT AAGT C A.AGAAG CATGATGAAGGGGACAGAGTTTATTATTTAGACAGAATC CAAGAAGACG

TTÄAGCAAAAACGAGAAGACTAI\C NU\TGAAGAGTGT TTGATTT C C TAGGC CGAGGC TGACA

GCAGGATCGCCACGTGATTA,\ì\TAGTTATTCTTC N\'\CATTTATTTGATACGAACGCGTCGT

CGCTTAACAGATAGAGACGGGATTTTTTTCGATTC A,¡U\,¡\TTGTACCCACGATAATTTTGCTG

ATGTTGCCGATGTGTGTGAACCATCAAC CATTTCATATTTAAATTGTTTGTATATTAGCGGA

ATAÄACGAAC C A.AATCTCGATATCTAATGGAÄAGCCAGCCTACC CTTTTC A AAATTCTTTTT
TGÆU\GGTTCACAGACTCGTÆ\CTAJ\GA A,U\TTTAGAATGCTCAGCTTGC AAATTTACTTTG

ATTTAGATTAGCTCTTTGTATCACATGGTTTACATGGTTGATTTATATC CTATTAAGCACAT

TTATAATTTTTGTTTAAGTzuUU\CTTTTCACTAGCTGACTTTTGTCGTTTTGAGTGTTGTAT

GTAGTGGATCACAAGAGCCGAAC CAACGGTATTTTGTACTTTCGATTTCTATTTTTAIU\TAJ\

TTGGCTTCATAI\CNUU\TGATTGTAT AÄAATAAGTGATTTTTGCTCTC AATTTTTTAAGTTC

TATATTTATGTGTAAAACAGGCA CTCGTTAAAÄAGTTTGN\TAJUU\GCG.AACGTCTAAA

CAC A,¡U\ AJUUUUUU\ NUUUUU\

B MAVNVYSTNVTSENIJSRHDMLAWV}TDCIJQSQFSKIEEIJCTGAAYCQFMDMTJFPNSVPVKRVKF

RTNIJEHEYI QNFKT LQAGFKKMSVDKI I P I DKTVKGR FQDNFE FLQWFKKF FDANYDGRDYDA

SAVREGAPMGFGS GAVKS L PGTAÀS GVS S S YRRG P SATTR PAIvITSAVKPTVS KVL PRTNNAAP

ASRTNACANSTGTVKKNDVSNS\¡IüNQQTEEMSNQVMDMRINTJEGLEKERDFYFSKTJRDIEIIJC

QEADDÀEAHP I I QKI LD I LYATEDGFAP PDDAP PEDEEY

Figure 3.10 cDNA and protein sequence ol Drosophilo Ebl
A: Sequence of dEbl determined from cDNA clones. Translational start site and
all open reading frame indicated in green type. Untranslated regions (UTR, both 5'
and 3'poly A tail) indicated in black type. lnsertion position of P-elem ent t(2)04524
indicated by black triangle. Primer sets used for sequencing indicated by black
arrows.
B: Protein sequence of dEbl as predicted from the DNA sequence and confirmed
by BDGP database.
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sequence alignments (using webANGIS, Eclustalw and BoxShade Internet programmes).

Drosophila. human, mouse, yeast (S. cereviseae and S. pombe) and slime mould

(Dictyostelium) Ebls were aligned (Figure 3.11) and this revealed that the Ebl family

is a highly conserved family of proteins, especially between human and mouse (Figure

3.11). There are only 6 amino acid differences (from a possible 223 amino acids) between

the human and mouse Ebl protein sequences and most of these differences occur in less

conserved regions (Figure 3.ll). Sequence comparison showed that there are two main

domainsintheEbl family,oneintheN-terminus(Figure3.11.....)andoneintheC-terminal

region (Figure 3 . 1 1 
* ¡r"r' t< r'.). The N-terminal region has been shown to be important for the

microtubule binding of Ebls in humans (Barth et a\,2002), and Dictyostelium (Rehberg

and Graf, 2002). Domain searches have shown that the C-terminal region is a coiled-

coiled region, known to be important for protein-protein interactions and Dictyostelium

studies have shown this coiled-coiled region to be essential for homo-tetramerisation of

DdEbl (Rehberg and Graf, 2002). The high level of sequence and structural similarity

between the Ebls implies that Ebls are likely to play an important and conserved role in

evolution.

3.4.2 Drosophila Ebl is a functional homologue

Since there was such high sequence similarity between dEbl and S. cereviseaeBlMl,

dEbl was tested for its ability to rescue biml mutants. In S. cereviseae, BIM1 is known

to bind to the microtubules (MT; Schwartz et al, 1997, Trinauer et al, 1999). This is

important for MT dynamics, in particular MT elongation during mitosis in S. cereviseae,

as revealed by the phenotype of biml deletion mutations (Trinauer et al, t999)' In

yeast biml mutants the mitotic tubules do not elongate into the daughter cell as mitosis

progresses (Trinauer et al, 1999; Figure 3'I2).

Drosophilagá1 çDNA was cloned into a yeast specifrc conditional expression vector

(yCpG2A) under control of the yeastGAL4 promoter so that dEbI couldbe conditionally

expressed upon the addition of galactose in these biml mutant cells. The dEbl construct

was transformed into the biml deficient yeast, which contains GFP-tubulin (Figure 3.12

green) to view the microtubules, and expressed by growing the yeast on a galactose sugar

source. \ù/hen dnbl was expressed in these cells it was able to rescue the MT elongation

defectseenin thebiml mutantyeast(Figure3.l2,compareBwithC). The d0bl-rescted
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Figure 3.11 Sequence alignment of Ebt proteins.
The protein sequenceof Ebl homologues in Drosophila,Human,Mouse, S.cereviseae
(BlM1),S.pombe (Mal3),and Dictyostelium (ddEbt ) were obtained from GenPep data
base or predicted from the cDNA sequence obtained from the GeneBank data
base. The sequences were then aligned using Eclustalw programme in Web-ANGIS
and "boxshaded" using the Boxshade 3.21 website at http://www.ch.embnet.orgl
software/BOX-form.html. Grey shading indicates identity, black shading indicates
conserved amino acids.
The alignment shows that there is a highly conserved region in the N-terminus (......)
which is predicted to be the microtubule binding domain, and a conserved domain
in the c-terminal region ('*Ê***) is predicted to be a coiled-coired region.
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Figure 3.12 DrosophìtaEbl canrescuethe bilnt mutant phenotype

in S.cerevíseae.
A: S. cereviseae transformed with GFP-tubulin to follow microtubule

dynamics, strain Y2370 from Tirnauer et al (1999) show normal

microtubu le (MT) elongation.
B: S. cereviseae transformed with GFP-tubulin containing a biml
mutat¡on (strain Y2376 from Tirnauer et al (1999)) show MT elongation
problems.
Cz S. cereviseae with a biml mutation transformed with dEbl in the

YCpG2A inducible express¡on vector (under control of the galactose

promoter) show rescue of the MT elongation defect of the bim f

mutation.
S. cereviseae were grown in liquid culture (yeast broth) with required

amino acids (leu, his, trp and ade in A and B and leu, his, trp in C - no ade

in order to select for the YCpG2A vector which conta¡ns an ade marker)
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yeast was wildtype in appearance with respect to the MT elongation defects (Figure 3.12,

compareAwithC). Thisclearlydemonstratestheability of dEbI toreplacethefunction

of biml, showing that dEbl a functional homologue of BIMl.

3.5 Discussion and conclusions

This chapter has described the identification of Su(DmcycHP)2.5 as a Drosophila

homologue of EbI (dEbI). dEbI was identified as a potential candidate for the 2.5

suppressor group by deficiency and P-element mapping (Secombe, PhD thesis, lggg).

However, the controversy that was raised over the gene being affected by the P-element,

I(2)04524, due to the fact that it was inserted adjacent to both the dEbI and carboxylase

CoA genes, raised the possibility of another candidate, a carboxylase CoA, for suppressor

gtoup 2.5. The 2.542s1l mutation has been clearly shown to disrupt the dEbI promoter

region causing loss of the dEbl transcript. The 2.542s11 mutation was also shown not to

affect the carboxylqse CoA transcript. Combined with the evidence that the t(2)04524

P-element causes less dEbI transcript to be produced, but does not affect the carboxylase

CoAtranscript, and that both the P-element and EMS allele s of dEbI were able to suppress

the cyclin ErP phenotype, it is evident that Su(DmcycEP)2.5 is allelic to the Drosophila

Eål homologue.

The original X-ray mutation, dÛbL42stt, was not used in further analyses onthe dEbI

mutant phenotype becarse the cyclin EP mutation could not be recombined off the

chromosome. Therefore other dûbl alleles were tested for their relative strengths and

ability to suppress cyclin,E/P phenotypes. The EMS allele dÛblcr63/s was determined

to be the strongest and the EMS allele dEbltDL the weakest, while the p-element and

imprecise excision alleles were determined to be of relatively equal strength in between

the two EMS alleles. Both the P-element and EMS alleles of dEbI were shown to be

able to suppress the phenotypes of cyclin HP atboth the adult eye level and the level of S

phase in the developing eye discs. The dEbI alleles were also able to partially rescue the

eye disc size defects of cyclin ErP, producing much larger eye imaginal discs, almost to

wildtype size. The suppression of cyclin E'by dEbI alleles is similar to that seen with

2.542stt and 2.458s12 alleles (Secombe, PhD thesis ,1999). This shows that even though the
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P-element and EMS alleles are not null alleles they are still severe enough to phenocopy

the effects of dEbl42s11 oncyclin ErP,making them ideal for future analysis on Gl-S phase

progression and regulation of cyclin E.

3.5.1 Importance of dEbl through development

Ebl proteins have been identified in many species from yeast to humans. The Ebl

family of proteins is known to interact with microtubules and is important for microtubule

dynamics (reviewed by Tirnauer and Bierer, 2000). The dEbl homologue identified in

the cyclin ErP screen, was shown to be able to rescue EbI (biml) deficient yeast, making

it a functional homologue and not just a protein with high sequence similarity.

The effects of Ebl proteins on MTs have been studied extensively in many organisms

(reviewed in section 1.6.1). Recent studies in Drosophila have shown that dEbl also

localises to the plus ends of microtubules and is important for microtubule dynamics

during mitosis (Rogers et al, 2002). RNAi of dEbI was used to demonstrate the

importance of dEbl in the stabilisation of microtubules and creating astral microtubules

during mitosis (Rogers et a\,2002).

The importance of dEbl on MT dynamics is indisputable, but these effects do not seem

possible to account for the suppression of cyclin EP seenwith dÛbI alleles. Instead, this

thesis hypothesizes that a novel role for dEbI inthe regulation of Gl-S phase progression

is responsible for the suppression of cyclin ErP. Possible mechanisms for Gl-S phase

regulation have been proposed such as regulation of the Wingless (Wg) pathway (detailed

in section 1.7.I; Chapter 5). Human Ebl is known to interact with tumour suppressor

Adenomatous Polyposis Coli (APC), which is important in the degradation of B-catenin

(Armadillo inDrosophita) andsubsequent inhibition ofWnt signaling (reviewedby Moon

et al, 2002). One target of Wnt signaling in mammalian cells is myc, a transcription factor

known to increase translation of, or stabilise Cyclin E protein levels in the Drosophila

wing (Prober and Edgar,2000). If dEbl interacts and cooperates with Drosophila APC,

then inhibition of Wg signaling may account for the suppression of cyclin EP seen with

dEbI alleles (detailed in section 1.7.1; Chapter 5).
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Chapter 4: Characterisation oT Drosophila EbI (dEbI) and

potential regulation of Gl-S phase progression

4,1 Introduction

In a screen for dominant modifiers of cyclin E, dûbl was identifled as a potential

negative regulator of cyclin E andGl-S phase progression. The Ebl family of proteins are

microtubule binding proteins, important for microtubule dynamics and mitotic processes

(section 1.6.1). Recent studies in Drosophila have shown dÛb I to be important for cell

polarity through the orientation of the microtubules (Lu et al,200l) and also important in

mitotic processes through the growth and shortening ofmicrotubules (Rogers et a1,2002).

rü/hile these observations are consistent with the roles of Ebl homologues in yeast, they

are unlikely to account for the dominant suppression of the cyclin ErP phenotype seen

when dEbI is mutated. This chapter focuses on a potential novel role for dEbl inthe

Gl-S phase transition during development using mutant and overexpression analysis to

test this hypothesis.

4.2 Expression patterns of dEbl through development

The highly conserved nature of Ebl through evolution suggests that Ebl is an

important gene. To examine where dEbl was expressed during Drosophila development,

dEå1 6RNA and protein distribution was assayed during development.

4.2.1 dEbI mRNApatterns through development

The expres sion of dEbl mRNA was observed using in situ hybridisation in the embryo

and the eye imaginal disc (Figure 4.1). A DlG-labeled RNA probe was made using the

gDNAofd¿å1 fromthe GM06050 oDNAclone as atemplate (Figure 4.14). Both a-sense

(experimental; Figure 4.1C-R H) and sense (control; Figure 4.lG,I) probes were made

using the T7 and T3 RNA polymerase primers, respectively (Figure 4.14). The probes

were tested for strength using a dot blot (Figure 4.18) and equivalent concentrations

determined for each probe. Whole mount in situ hybridisation was then preformed on

embryos and third instar larval eye imaginal discs.
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Figure 4.1 In sÍtu hybridisation with dEót RNA probe in embryos and eye
discs.
A: Schematic representation of dEbl cDNA vector and primers used to generate
the DIG-labeled probe.
B: Dot blot to test the strength of the D|G-probe.
C-F"z dEbl mRNA detected in embryos with the cr-sense probe. There is high
expression of dEbl mRNA in early embryos (c-D) indicating a high maternal
contribution. As embryogenesis continues the expression of mRNA becomes
more specific and is localised to a group of muscles cells by stage '12-13 embryos
(E arrow). ln later embryogenesis, stage "15-17 (F),dtbf mRNA is localised to the
specific muscle cells (arrow), the brain lobes (white arrow) and the pole cells
(arrowhead). Fí high magnification of dEbl mRNA expression in the brain
lobe. F7 high magnification of dEbl mRNA in the pole cells and muscle groups
(arrow).

G: Sense control probe in embryos showed no unspecific or background
detection.
Ht dEbf mRNA detected in the eye imaginal discs with the o-sense probe.
dEbl mRNA is expressed throughout the eye disc at low levels with high level
expression within the morphogenetic furrow (MF, bar).
l: Sense control probe in the eye imaginal discs showed no unspecific or
background detection. Bar denotes the MF.

Anterior to the left in all examples. 20X magnification (40X in F'and F").

F
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dEå1 mRNA was expressed at high levels in the early embryo (Figure 4.1C-D)

indicating a high maternal contribution since zygotic transcription does not usually

occur till approximately stage 5 of embryo development. The high maternal contribution

suggests that dEbl may be important in early embryogenesis. The expression was more

specific in later embryogenesis (Figure 4.1E-F). dEå1 mRNA appeared to become

localised to muscle cells (Figure  .IB,arrow) at stage I2-l3,and in older embryos (stage

l5-I7) d¿'å1 mRNA was localised to the brain lobes (Figure 4.lF white alrow; close up in

Figure 4.1F'), pole cells (Figure 4.1F arrowhead; close up in Figure 4.1F"), and speciflc

muscle cells (Figure 4.lF arrow, close up in Figure 4.1F" arrow).

In the eye and antennal discs, døó1 mRNA was expressed at low levels throughout

the disc and at higher levels specifically within the morphogenetic furrow (MF; Figure

4.IH, bar) where it is likely that anegative regulator of cell cycle progression would be

expressed. Cyclin E levels are normally decreased within the MF enabling the cells to

arrest in Gl. It is believed however, that residual traces of Cyclin E remain in the MF,

which are inhibitedby decapentaplegic (dpp,TGFþ homologue) signaling as well as via

a dpp independent mechanism. The evidence for this is that cells within dpp mutant eye

clones that span the MF undergo ectopic S phases in the anterior of part of the MF but

arrest in the posterior part of the MF (Horsfield et al,1998). Expression of dEbl inthe

MF, where cells are arrested in Gl, is consistent with dEbl being a negative regulator of

Cyclin E in eye developmenl, andhalving the dosage of dEbl suppressing the cyclin ErP

phenotype.

4.2.2 Antibody detection to determine dEbl protein localization

DrosophilaEbl antibodies raised to the whole cDNA in rabbits was kindly donated by

Dr. H. Okhura (University of Edinburgh) and Dr. R. Vale (University of San Francisco).

Double antibody stains of dEbl and other cell markers were used to determine the

localisation of dEbl protein during embryogenesis'

The localisation of the dEbl protein was determined by immunohistochemistry in

Drosophila embryos (Figure 4.2 stage ll-I2, Figure 4.3 stage 4-5). Protein localisation

indicated that the dEbl protein was highly expressed in early embryos (Figure 4.2A, C-

E), confirming the mRNA expression, and that the protein was predominantly localised

to the cytoplasm during interphase (Figure 4.2A, C-E). Co-staining the embryos with
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Figure 4.2 lmmunohistochemistry of dEbl and other celt cycle or c¡rtoskeletal proteins in wildtype (w|rre, embryos.
Unmerged images top, merged images bottom.
A: Actin staining of the membrane (red) and cytoplasmic dEbl (green). ln mitotic cells (arrow) dEbl is diffuse through the cell.
Magnifi cation: 63X zoom: 2.3
B: dAPC2 (red) localises to the membrane, co-localising with actin (green; overlap in yellow). Magnification:63X zoom:2.5
C: dAPC2 staining of the membrane (red) and cytoplasmic dEbl (green). Magnification:40X zoom:2.5
D: Geminin (red) accumulates in S (arrow), peaks in G2 (arrowhead) and is then degraded in M phase (star). dEbl (green) is
cytoplasmic in interphase cells and diffuse through the cell in mitotic cells (star,yellow overlap). Magnification:40X zoom-.2.6
E: dEbl (green) is cytoplamsic in interphase cells, and diffuse through the cell in mitotic cells (star) denoted by PH3 sta¡ning (red)
of mitotic figures. Magnification: 40X zoom:2.3
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cytoskeletal or cell cycle proteins was used to determine the precise location of dEbl

throughthecellcycle (Figure4.2A,C-E). Actinisacytoskeletalproteinthatisconcentrated

around the cell membrane (Figure 4.2{red). V/hen merged with the dEbl stain (Figure

4.2Agreen) it was clear that there was no overlap between these two proteins indicating

that dEbl is not concentrated at the cell cortex. This was confirmed by co-staining with

|APC} (Figure 4.2C). IAPC2 is known to localise to the membrane (McCartney et al

200I Figure 4.28 LAPC2 in green, actin in red, overlap in yellow) and is capable of

regulating Wg signaling (reviewed by Bier:z,2002). When dEbl staining (Figure 4.2C

green) was merged with IAPC2 staining (Figure 4.2C red) there was no overlap of these

two proteins, which again implies that dEbl does not localise to the membrane. While

not localised to the membrane, dEbl was clearly cytoplasmic (Figure 4.2C green) wifh

no evidence of nuclear localisation in these interphase cells. In mitotic cells (Figure

4.2Aanow) however, dBbl appeared to be dispersed throughout the cell (Figure 4.24

affow green). To explore this further, embryos were co-stained with dEbl and cell cycle

regulated nuclear protein Geminin (Figure 4.2D) or phospho-histodine 3 (PH3) as a

marker of mitotic figures (Figure 4.28). Geminin protein (Figure 4.2D red) accumulates

in S phase (Figure 4.2D anow) before peaking inG2 (Figure 4.2D anowhead) and is then

degraded at the metaphase to anaphase transition (Figure 4.2D). When merged with the

dEbl stain (Figure 4.2D green), it was clear that in S phase cells (Figure 4.2D arrow) and

G2 phase cells (Figure 4.2D arrowhead) dEbl was cytoplasmic and not nuclear since it

does not overlap with Geminin protein. In early mitotic cells (Figure 42D star), there

was overlap between dEbl and Geminin proteins, showing that dEbl was throughout

the cell during mitosis. PH3 stains condensing chromosomes and was used to highlight

mitotic cells (Figure 4.2Bred). When merged with dEbl stain (Figurc 4.28 green), dEbl

was clearly shown to be cytoplasmic in non-mitotic cells (lack of PH3 stain), but cells

that were in mitosis lost this defined dEbl staining (Figure 4.28 star), instead dEbl was

general and diffuse throughout the cell. This is consistent with the interpretation of the

dEbl/Geminin co-localisation and is most likely due to the breakdown of the nuclear

envelope during mitosis allowing dEbl to diffuse throughout the cell.

To examine the location of dEbl during mitosis, embryos were fixed using taxol

to stabilise the microtubules (MT) and stained with o-alpha tubulin (Figure 4.3 red).
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Consistent with the study of Rogers et al (2002), dEbl was shown to interact with the MTs

during mitosis (Figure 4.3). dEbl (Figure 4.3 green) localised tightly to the MTs in early

prophase (Figure 4.34 yellow overlap) and while still co-localising to the MTs, by early-

metaphase (Figure 4.38 yellow overlap) the association was already less and dEbl could

be seen haloing the MTs as well as overlapping with them (Figure 4.3B). This haloing

most likely reflects an association with the astral MTs, consistent with the observations

of Rogers et al (2002). The association between dEbl and the MTs decreased as mitosis

progressed and by late mitosis the majority of dEbl was no longer associated with the

microtubules. In anaphase/telophase (Figure 4.3C) dEbl only associated with the MTs

in regions where the DNA was not located (Figure 4.3C blue) and was predominantly

cytoplasmic once again.

In the eye disc, cr-dEbl antibody stains showed dEbl localisation throughout the eye

disc(Figure4.4{-N')consistentwiththelowlevels of dEbI mRNAobserved. Similarly

to embryos, dEbl was localised to the cytoplasm in the eye disc (Figure 4.44-A') and

was dispersed throughout the cell in mitotic cells (Figure 4.4N'arrows). dEbl levels did

appeæ higher in the MF, however, the overall high levels of dEbl in the eye disc and the

change in cellular morphology in the MF make it difficult to determine if there were higher

levels of dEbl in the MF compared with the rest of the disc, as the mRNA expression

pattern suggested. In the third instar wing disc, dEbl was expressed throughout the disc

in the cytoplasm of the cells (Figure 4.48). dEbl levels appeared to vary across the wing

disc, although there did not appeat to be any pattern to this. dEbl was expressed in the

zone of non-proliferation (ZNP; Figure 4.48), a region of the third instar wing disc where

Wg signaling induces a Gl or G2 arrest, in contrast to the role of Wg signaling earlier in

development where it promotes proliferation (Johnston et al,1999).

4.3 Characterisation of dEbl mutants

To determine the function of dEbI during development and with respect to cell cycle

regulation,themutantphenotype of dÛbl wascharacterised. Sinceitwasnotpossibleto

recombine cyclin ErP away ftom dEblazsri, this allele was not used in future studies due

to the possibility that the presence of the cyclin HP mtÍation could influence the results.
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A: prophase B: metaphase C: anaphase/telePhase

Figure 4.3 dEbl co-localises to the microtubules during mitosis.
Wildtype (wrtra, sync¡tial embryos fixed with taxol to preserve the
microtubules. Confocal images with Z sect¡on projection.
dEbl (green),tubulin (red). Unmerged images top, merged bottom.
Prophase: in early mitotic phases dEbl co-localises to the microtubules

stained with tubulin (yellow merged image).
Metaphase: in central mitotic phases dEbl co-localised in part with tubulin,
but haloes the microtubules, associating with the astral microtubules and

the mid-body.
Anaphase/telophase: in late mitotic phases dEbl is dispersed throughout
cytoplasm. There is some overlap between dEbl and the MTs, mostly at

the midbody region and the astral MTs, but not in the region of the DNA

(propidium iodide, blue).
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A"
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Figure 4.4 dHbl localises to the cytoplasm in eye and wing imaginal discs
A,NN'zWildtype (wrrra, eye imaginal disc from third instar larvae,itained with
o-dEbl (green) and Pl (red, A'). lmages taken on confocal microscope at 40X
magnification (A) and 63X magnification with 2.5X zoom (A;4"). Anterior to the
left. Bar denotes the MF. dEbl is expressed throughout the eye disc, including
w¡thin the MF, and is clearly cytoplasmic in differentiated and undifferentiated
cells. dEbl is dispersed throughout the cell in mitotic cells (A'arrow).
B: Wildtype (wtt r8¡ wing imaginal disc from third instar larvae, stained with
a-dEb1 (green). lmage taken on confocal microscope at 40X magnification.
Dorsal orientated at the top. Box denotes the ZNP. dEbl is expressed generally
through the cytoplasm of the disc, including within the ZNP.
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Sinceallotheralleles of dEbl obtainedwereabletosuppress cyclinEP,these alleles

should be equally informative in understanding dEbl's function.

4,3,1 dEhl transheterozygous escaper flies display cell growth and proliferation

phenotypes

dqbl transheterozygous mutants are larval pupal lethal producing a small percentage

of escaper adult flies (see Table 3.1). Based on the numbers of escaper flies produced

in transheterozygous combinations, dEblcr63/e and dEblt(2)04524 are thought to be severe

alleles of dEbl and were therefore chosen for further analysis.

The small percentage of escapers flies that were produced in transheterozygous

combinations were analysed for a mutant phenotype. The escapers flies did not have any

gross abnormalities, however they were not as healtþ as heterozygous siblings and died

a few days after eclosing. While there were no obvious defects and the transheterozygous

escaper flies did not appear larger than wildtype controls, some tissues are considerably

larger than wildtype controls (Figure 4.5).

dÛbl transhetero4ygous tnulant eye and wíng phenotypes

The eyes of dEbI transheterozygous escaper flies were signifrcantly larger than

wildtype control eyes (Figure 4.5A). Lateral sections through adult eyes showed that

the large eye phenotype of d\bl transheterozygous mutants was due to an increase in

the size of the photoreceptor (R) cells (Figure 4.64 star). The pigment cells, however,

did not appear significantly larger than normal (Figure 4.64 anow), which may be due

to the fact that they differentiate later than the R cells. An increase in cell growth in the

proliferating pigment cells will presumably result in an increase in the proliferation rate.

By contrast, the R cells, which have stopped dividing, may continue to grow as occurs

when cyclin D/cdk4 is overexpressed (Datar et a\,2000). There was no disruption to

the number of R cells per ommatidia in dEbI transheterozygous mutant escaper flies.

Spectrin staining ofthe cellular membrane in third instar larval eye imaginal discs showed

that the differentiating ommatídia of dEbl transheterozygous mutants were also large in

comparison with wildtype controls and were generally more disorganised (Figure 4.68).

The average number of ommatidiain dEbI transheterozygous mutants was calculated by

counting the number of ommatidia in the lateral sections taken from equivalent regions

of the adult eyes (Table 4.1). These averages showed that the increased size of the eye
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¿¿6yrot
¿¿67t(40as2adta¡

dEblGJ63/e
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dEblGJ63/e
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dEbfr63/e

/

Figure 4.5. dEbI transheterozygous mutants have an enlarged eye and
wing phenotypes.
A: Adult female eyes. Genotypes as indicated. The adult eye of dEbt
transheterozygous mutants are significantly larger than wildtype (wr r re, control
eyes.
B: Adult wings.^Gg_!otypes-a_s-indicated. The wings of dEbf transheterozygous
mutants (dEblt(zl0¿sz4/dEblcr63/e) are large in comþarison with wildtype (itrra',
wings, especially in the posterior of the wing (arrow).
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wildtype dEblGr63/e t dEbllDL/
dEblØ0452a dEb/Q)04s24

A

B

Figure 4.6 dEbl mutants have large disorganised ommatidial cells

Genotypes as indicated.
A: Lateral sect¡ons through adult dEbl transheterozygous mutant eyes, images

taken at 63X magnification. ln the adult eye of dEbl transheterozygous mutants,

the ommatidia are larger in area than the wildtype control. The photoreceptor (R)

cells (star) are significantly enlarged compared with wildtype R cells, The.pigment

cells (arrow), however, are compãratively normal. Wildtype control is w+; Canton

5, so the pigment cells can be observed.
B: tVtem-brane (spectrin) stains of dEbl transheterozygous larvae eye imaginal

discs. lmages taken at 63X magnification with 2X zoom. Anterior to the left. Yellow

bar represents width of wildtype ommatidia. The differentiating ommatidia are

larger and more disorganised than wildtype controls.
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was not due to an increase in ommatidia number (Table 4.1), and therefore was entirely

due to an increase in the size of the cells. This is consistent with the large size of the R

cells observed in the sections (Figure 4.6A), and the large differentiated cells in the eye

imaginal disc (Figure 4.68).

Table 4.1. Average number of ommatidia in dEbf mutants

Ave no.
of

ommatidia
(t st. deu)

Canton S

430.4

t ro¿.s

dÊb1ct6tel
¿¡611(2)oas2+

384.4

t ttt.z

dEblctótel
4¡61to.s

424.7

! oo.t

dEbl lDL/

¿¡g1l(2)0a52a

424.9

! og.o

The number of ommatidia in dEbl transheterozygous mutant and control flies
were counted from lateral sections, taken from equivalent sections through the
adult eye, and averaged (n>5) and standard deviation (st. dev.) calculated.

The wings of dûb I transheterozygous escaper flies were also much larger than wildtype

control wings (Figure 4.58; Figure 4.7), especially in the posterior of the wing (Figure

4.58 arrow, Figure 4.7). To determine if the increase in wing size was due to an increase in

the number of cells, or the size of the cells in the wing, the number of cells in a designated

region in the posterior of the wing (Figure 4.7 A,box) were counted. If the wing was large

because the cells were larger, then fewer cells were expected in the designated region (due

to the increased size of each cell). Conversely, if the wing was large due to an increase

in the number of cells, then similar cell numbers were expected in the designated region.

In dEbl transheterozygous mutants, there was no signifrcant difference in cell number

in a designated region compared with wildtype controls (Figure 4.7 Ave). This suggests

that the large phenotype of the dUbl transheterozygous mutant wings in both males and

females (Figure 4.7A-C') was due to an increase in the total number of cells in the wing,

not the size of the cells. Closer inspection of dEbl transheterozygous wings showed that

there was often large bristles in the wing veins, especially wing vein I and II indEblcr63/e/

dEbltq s and dEbltDL/dEbII(2)04524 (Figure 4.78-C and E-F, close up in F'), which could be

due to excessive growth of the bristle at low penetrance. On one occasion a more severe

phenotype was observed with the beginnings of an ectopic wing vein (Figure 4.78' star,

close up in E'). This suggests that in dEbl mutants wing patterning is also disrupted, to
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some degree, at low penetrance.

dE b 1 trans h eterozy go us mutønt ster¡liîy p h enotype

As well as the eye and wing phenotype, dÛbl transheterozygous escaper flies were

female sterile, but the males were fertile. The female escapers laid eggs but these eggs

did not develop when fertilised with dEbl transheterozygous male escapers. However, if

the female escapers were crossed to wildtype or heterozygous males, the eggs developed

and the progeny were larval/pupal lethal, with occasional escapers produced. This

indicates that the sterility can be zygotically rescued with wildtype dEbI produced from

the dEbI allele inherited from the male.

Due to the small percentage and poor health of escaper flies produced from dEbl

transheterozygous mutants, the reasons for this sterility have not yet been determined.

Based on the cell growth and proliferation phenotype observed in dEbl mutants, its

possible the sterility is due to increased chorion gene amplification in the ovary perhaps

as a consequence of an increased cell growth rate in proliferating cells of the ovary.

The chorion is an essential part of oocyte development and too much or too little gene

amplifrcation in this tissue is a common cause of sterility in many cell cycle mutants

(Calvi and Spradling,1999). Conversely, early embryo development may be defective

in embryos lacking dEbl. Microtubule motor proteins, Kinesin and Dynein, have been

shown to be important for the appropriate distribution of patterning mRNAs such as

bicoid, gurken and osknr (reviewed by Cohen, 2002). The importance of dEbI fot

microtubule dynamics could therefore explain the lethality of embryos lacking dEbl .

4.3.2 Transheterozygous d&bl mutations do not significantly effect S phase entry

or Cyclin E protein levels in the eye disc

Lowering the dosage of dEbl is able to suppress the rough eye phenotype of cyclin

E' by increasing the number of S phases posterior to the MF (see Figure 3.8). It was

therefore hypothesised that dEbI was a negative regulator of Gl-S phase progression.

To explore this further, the effects of dEbI transheterozygous mutants on S phase were

tested using BrdU incorporation in eye imaginal discs. Since strong dEbl mutants ate

predominantly larvaVpupal lethal, homozygous or transheterozygous mutant larvae can

be obtained without the requirement for clonal analysis.

BrdU incorporation in the eye imaginal discs of dEbl transheterozygous and
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Figure 4.7 dEbl transheterozygous mutants have enlarged wings with bristle defects.
Genotypes as indicated.
A-C: Adult male wings. Æ-C': Adult female wings. D-F: higher magnification of wings at 20X (D-F) and 40X (D'-F). The wings
of both male and female dEbt transheterozygous adults (B,C) are largerthan witdtype(wl118,A) controlwings. Apartfrom the
overaf l enlarged phenotype, the wings of dEbl transheterozygous mutants also displayed enlarged bristles in the wing veins
(C star and close up_in F'arrow, E-F arrow), especially wing veins I and ll. The most severe phenotype observed was an ectopic
wing vein in dEbtcJ63/e/dEbt t0'5 (B'star and close up in E').
G: A region of the poster¡or of the wing disc was selected (A,box) and the numberof cells in this region was counted bycounting
the number of bristles in this region (assuming one bristle/cell). The cell number was averaged from severat examples of each
genotype and the percentage of cells in this region compared with wildtype is indicated. There was no significant difference
in the percentage of cells in this region in dEbl transheterozygous mutants compared with wildtype.
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homozygous mutants showed that there was no significant effect on the number or pattern

of S phase cells in the eye disc (Figure 4.84). This is surprising in light of the effect

of dEbI on the cyclin E/P phenotype, and suggests that the effect of dEbI on S phase

progression only manifests when there is a sensitised situation such as in a cyclin EP

background. If dEbI is a negative regulator of cyclin E, an increase in Cyclin E protein

levels ín dEBI transheterozygous mutants would be expected, however, this was not

observed (Figure 4.88). While this is consistent with the normal pattern of S phase cells

seen in these eye discs (Figure 4.84), it is also surprising since lowering the dosage of

dEbl inthe cyclin ErPbackground, not only increases the number of S phase cells, but also

the amount of Cyclin E protein (see Figure 3.9). One possible reason for this apparent

discrepancy is that the primary role of dEbI may be in another pathway, such as the

regulation of cell growth, which is able to feed into cell cycle regulation, but only results

in an apparent increase in Cyclin E and cell cycle progression when cell cycle regulation

is compromised. While the dEbI mutant larval tissue showed no apparent effect on the

number or pattern of S phase cells or Cyclin E levels, the eye discs were larger (data not

shown), consistent with the spectrin staining (Figure 4.68). Taken together these results

are consistent with a role for dEbI in the regulation of cell growth, with secondary effects

on cell proliferation.

4.4 Characterisation of the effect of dEbl overexpression on cell

proliferation and development

To complement the mutant analysis of dEbI, constructs were made to overexpress

dEbI in Drosophila tissues. One overexpression construct was made by amplifying dEbI

oDNA and subsequent cloning into the UAST expression vector (UAST-dEbl; Figure

4.9A). The UAST-dEbI construct did not contain a consensus kozak sequence (contained

a U at the critical -3 position instead of an A - 82% of natural Drosophila promoters

contain an A at the -3 position, while only lo/o of natural promoters contain a U at the

-3 position; reviewed by Cavener, 1987) and therefore expresses at low levels (data not

shown). Two other overexpression constructs, containing the consensus Kozak sequence,

were made by sub-cloning FlAG-tagged dEbl fuom the mammalian expression vector,
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Figure 4.8 dEbl mutants do not significantly effect S phase progress¡on

or Cyclin E Ievels in the eye d¡sc.
Genotypes as ¡ndicated. Anterior to the left in all examples. Bar denotes the
MF.

A: BrdU incorporat¡on to determine S phase cells showed no significant

effect on S phase progress¡on in dEbl transheterozygous mutants. Average

number of S phase cells +/- st. dev. (n=4) indicated below.

B: u-Cyclin E detection showed that the levels of Cyclin E protein (red) are not

signifi cantly increase d in dEbI transheterozygous mutants. Representative

images taken w¡th constant confocal settings.
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A + PCR + B sub-cloning
pCDNA3.l

/

uAsT-Eb1 UAST.FLAG-Eb1

hs-FLAG-Eb1

Figure 4.9 Diagramatic representation ol dEbl transgenic constructs.
dEbl wascloned into Drosophilaoverexpression constructs byPCR (A)orsubcloning
of FLAG tagged dEbl from mammalian expression vector pCDNA3.l (B). The PCR

construct contains the open reading frame of dEbl and was cloned into the UAST
expression vector (A). The subcloned construct contains the open reading frame
of dEBl plus an N-terminal FLAG tag and the consensus kozak sequence to ensure
maximal expression and was sub-cloned into the UAST and heot-shock expression
vectors.

UAST UAST

s-CaSpeR
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pCDNA3.l (see section 4.4.2), into the UAST (UAST-FLAG-ùE\l) and heat-shock fts-

FLAG-dEbf expression vectors (Figure 4.98). These constructs were injected into

white (wtna¡ Drosophila embryos and transgenic animals determined by crossing the

surviving progeny back to white flies (Appendix 4.1). The chromosome of insertion of

the transgenic flies was then determined by a series of crosses (Appendix 4.2 - Appendix

4.4;Table 4.2).

4.4.1 Overexpression of d&bl has no effect on Gl-S phase progression

When dEbl was overexpressed with the UAST-úEá1 construct with eye specific (GlvR-

GAL4 or eyeless-GAL4) or ubiquitous (actin-GAL4 or heat-shock (hsp70, hs)-GAL4)

drivers, there was no obvious effects the phenotype of the adult eye or other tissues (data

not shown), nor were there any obvious defects on S phase cells as determined by BrdU

incorporation in the third instar eye imaginal discs (Figure 4.10 and data not shown). It

is possible that it is necessary to obtain a threshold level of dEbl beforc a phenotype will

be seen, so dEbl was expressed with the higher expressing UAST-FLAG-dEUI and hs-

FLAG-flE\1 constructs. When UAST-FLAG-ùEîI was expressed with the GMR-GAL4

there was no effect on the adult eye phenotype (Figure 4.lI), nor any effects on the

number of S phase cell in the eye imaginal disc (Figure 4.12 E-I). However,when dEbl

was overexpressed using the ubiquitous actin-GAL4 driver or by expressing hs-FLAG-

dEbl únng third instar larvae development (by heat-shocking at 37 degrees for one

hour and recovering aI25 degrees for one hour), the adult eyes were significantly smaller

than wildtype controls (Figure 4.lI), although there was some variation in the eye sizes.

Overexpression of dEbI by heat-shock also resulted in small eye discs (Figure 4.12C),

which was unusual since the overexpression construct had only been expressed for atotal

ofthree hours (one hour heat-shock, one hour recovery and one hour BrdU incorporation)

before the discs were fixed, and therefore may be due to leaþ expression of the construct

from the hsp70 driver at 25 degrees. There was no significant effect on S phase

progression when hs-FLAG-dEbl was overexpressed, as detected by BrdU incorporation

(Figure 4.I2C). The lack of effect on cell proliferation in eye discs when dEbl was

overexpressed suggests that within this time frame dÛbl does not inhibit S phases, and

is consistent with the normal phenotype of the adult eye. The small eye phenotype when

dEbI is overexpressed from the actin-GAL4 driver or from the leaky expression of the
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Table 4.2 Summ ary of P[w+; IIAST::dEbl], P[w+; ITAST::FLAG-úEîI] and P[w+; hs::FLAG-dEbtJ transgenic fly lines.

homozygous
viability

Y
N

Y
Y
Y

Y

Y

Y
Y
Y
Y

Y

Y
Y

Y
Y

Y
Y
Y

Y

Y
Y

chromosome
of insertion

4th
3rd
3rd
2nd
2nd
3rd
2nd

3rd
2nd
2nd
3rd
3rd

3rd
3rd
3rd
X

3rd
3rd
2nd
2nd
2nd
4th

line
name

5

7

12

24
A
B

c

'r8.r b
28.1

28.3
29.8
29.9

4."1a

5.1a
5.3a
17."1a

18.1a

18.3a

24.1a
24.1b
24.3c
24.6c

# of transgenic
lines

7

5

9

# of adult
surv¡vors

32

36

37

# of larval
surv¡vors

83

69

96

# of embryos
injected

174

't46

210

Constructs

UAST:dEbt

UAST:FLAG-dEBl

hs::FLAG-dEBl

Summary of the transformant lines generated for P[w+; IJAST::dEîl],P[w+; IJAST::FLAG-ilE|l] and P[w+; hs::FLAG-dEbfJ. Heterozygous
stock were ma¡ntained over an appropr¡ate balancer chromosome.
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uA'-Eb|#24

oct-GAL4/
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Figure 4.10 Overexpress¡on oÍ ItAS-dEbt has no effect on S phase progress¡on.

S ónase cells indicaied by BrdU incorporation in third instar eye imaginal discs overexpressing tJAS-dEb\. Anterior to the left,

posterior to the right. Genotypes as indicated. Bar denotes the MF.

UAS-ilE|I was expressed witñ the ubiquitous heat shock (hs)-GAL4 driver (left; UAS-Ebl line #12),the eye specific GMR-GAL4 driver

(top right; uAs-Ebt line #24) and the ubiquitous oct-GAL4 (bottom right; uAs-Ebl line #24 and 7). with all drivers and overexpression

lines, there was no significant effect on the number or intensity of S phase cells posterior to the MF when compared to wildtype

discs (wt r 18¡ or the appropr¡ate controls discs.
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wl118

GMR-GAL4;
UAST-FLAG-E,I

t8.tb

GMR-GAL4;
UAST-FLAG-E,1

29.9
actin-GAL4/+

actin-GAL4;
UAST-FLAG.E,I

28.3

actin-GAL4;
UAST-FLAG-E,I

29.9
hs_wlll8 hs_FLAG_dEbt 41.a

A

B

Figure 4.11 overexpress¡on ol dãbl causes a sma¡l eye phenotype.
Genotypes as ¡nd¡cated. Anterior to the left. A: female adult eyes, B: male adult eyes.
When UAST-FLAG-dE|\ is overexpressed with the GMR-GAL4 driver there is no effect on the adult eye phenotype or morphology. When
UAST-FLAG-dE|| is overexpressed with the ubiquitous actin-GAL4 driver the adult eyes are small compared to controls, but maintaiñ regular
morphology and organization.
When hs-FLAG-dEbf is used to overexpress dEbl in the third instar eye imaginal disc, the adult eye becomes small compared to wildtype
controls, but maintains regular morphology and organization.
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Flgure 4.12 Overexpress¡on oÍ dEbI has no effect on S phase progression.

BrdU incorporation in third instar imaginal discs. Anterior to the left, posterior to
the right.
lncases of heat-shock, samples were heat-shocked at 37 degrees for t hour,

recovered at 25 degrees for t hour and then BrdU was allowed to incorporate for

t hour before the discs were fixed.
A: wildtype(wtrra,
B: wildtype heat-shocked (wttt8)

Cz hs-F LAG-dEb l #4.1 heat-shocked
D: GMR-GAL4/+
Et GMR-GAL4/UAS-F LAG-dEb 1 # t 8.1 b

Ft G M R-GAL4/U AS-F LAG -d Eb 1 # 28. t

Gz G MR-GAL4/UAS-FLAG-úEb 1 #28.3

Hz GMR-GAL4/UAS-FLAG-d Eb 1 #29.8

lz GMR-GAL4/UAS-F LAG-dEb t #29.9

When dEbI is overexpressed indirectly with lhe GMR-GAL4 driver or directly with

heat-shockdriver,there is no significant effect on the number or pattern of S phase

cells in the eye imaginal disc. hs-FL AG-dEbl discs, heat-shocked and recovered for

t hour are reduced in size however, which may be due to leaky expression from
the heat-shock driver.
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hsp70 driver through development suggests that higher levels of dEbI may inhibit cell

growth in development. Why the small eye phenotype only manifests when ubiquitous

drivers were used to overexpress dEbI may reflect the levels of overexpression and/or

the timing of expression. Since GMR-GAL4 drives expression only in the posterior of

the eye disc, in cells that have largely finished growing and proliferating and are already

differentiating, overexpression of dEbI may be unable to have an effect.

4.4.2 Overexpression of Eá1 in tissue culture results in a Gl delay

Overexpression constructs of Drosophila and human EbIs were made in the

mammalian expression vector pCDNA3.I. The Drosophila construct was made by

amplificationof dEbl oDNAwith a FLAG tag incorporated in the 5'primer. The human

construct was amplified from normal colorectal oDNA libraries. Expression ofboth dEbI

and hEbl ftom pCDNA3,1 was determined by TnT in vitro translation assay (Figure

4.134) and expression of the dEbI construct was shown by western analysis with the cr-

dEbl antibody in 293 HEK cells (Figure 4.138). Expression of the humanEbl construct

could not be tested in this manner due to the poor quality of the commercial antibodies

available.

These Ebl constructs were overexpressed in the HCT116 colorectal cell line and

analysed by fluorescence activated cell sorting (FACS) analysis to determine the effect,

if any, on the cell cycle. The HCTll6 cell line was chosen since it is known to have

functional pRb and p53 pathways. As a control for negative regulation of cell cycle

progression,humanp2T was also overexpressed in these cell lines to inhibit Gl-S phase

progression. When p27 was overexpressed the cells displayed a G1 arrest (Figure 4.13C).

When dEbl or hEbl were overexpressed in the HCT1 l6 cell line, they were also able to

increase the number of cells in Gl (Figure 4.13C) similar to that of p27 overexpression.

This indicates that Ebl was able to regulate Gl-S phase progression. The percentage of

cells in Gl was only slightly increased when dEbI or hEbI are expressed, however, the

lack of variability between experiments (indicated by the small error bars; Figure 4.L3C)

suggests that the small increase is significant. Therefore EbI is capable of causing a

slight Gl delay when overexpressed in HCT116 cells.
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A dEbl hEbl B dEbl EV dEbl UNT TNT
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s3s TnT cr-dEbl western, 293 cells

c Ave Effects of Ebl on Cell Cycle in HCTI 16 (n=4)
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Figure 4.13 Overexpression ol Ebl in HCTI 16 cells causes a mild G1-S phase

arrest.
Az ln vitroTnT with S3s methionine indicating expression proteins at approx.37

kDa from the pCDNA3. f vector.
B: Western blot of 293 cells transefected with 1 .5pg of dEb f , Empty vector (EV) or

untransfected cells (UNT),with dEbl TnT product positive control,detected with

cr-dEb1, showing expression of dEbl from the pcDNA3.l vector within cells.

C: 7.5ttg of empty vector or overexpression construct (as indicated) was

transfected ¡nto HCÍl16 colorectal cell line with GFP to marktransfected cells.

The DNA of the cells was stained by Hoescht incorporation and the cells were then

FACS analysed for DNA content with the FACstar cell sorter. The cell cycle phases

of the cells was predicted using the "modfit" cell cycle prediction programme'

This was repeated four times and the average percentage of cells/cell cycle phase

is indicated with standard deviation represented by the error bar. Transfection

with p2Z CKI causes an accumulation of cells in G1 phase, which is mimicked by

transfection with dEbl and hEbl.
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4.5 Physical interaction of dEbl and Cyclin E

Despite the lack of effects of dEbI mutations and overexpression on S phase

progression, dEbl mutations are able to dominantly, genetically interact with cyclin E

(suppressed cyclin ErP rolgh eye phenotype). While this alone implies that dEbI may be

a negative regulator of S phase progression, the mutant and overexpression analysis of

dEbI indicates that dEbl may not regulate S phase progression directly, but indirectly via

its effects on cell growth. In an attempt to understand if dEbl suppresse s the cyclin RP

phenotype by acting directly on Cyclin E or the Cyclin EICilI<2 complex, protein-protein

interactions were examined by yeast-two-hybrid and co-immunoprecipitation analysis.

4.5.1 dEbl and Cyclin E do not directly interact (yeast-two-hybrid analysis)

Yeast-two-hybrid analyses make use of the yeast system to determine if two proteins

interact directly (Figure 4.14). Protein X is fused to the DNAbinding domain (DNABD;

Figure 4.14) andprotein Y is fused to the transcriptional activation domain (ACT; Figure

4.14). If the two proteins interact the transcriptional activation domain will be brought

in proximity of the reporter gene promoter by the DNA binding domain (Figure 4.14A).

When this happens the leucine and lacZ rcporter genes are expressed and the yeast will

grow in the absence of leucine in the media and tum blue if the X-gal substrate is present

in the media (Figure 4.I4A). Because the lacZ reporter gene has six UAS DNA binding

sites upstream of the promoter compared with only one upstream of the leucine reporter

gene, LacZ is a more sensitive reporter and can be used to detect weak protein-protein

interactions that are not seen if the leucine reporter gene is used alone. If the two proteins

do not interact the reporter genes will not be expressed (Figure 4.148) and the yeast will

die when leucine is absent from the media and will not turn blue when X-galis present.

The yeast-two-hybrid system is an easy way in which to test direct protein-protein

interactions, but can result in false positives due to auto-activation of the reporters by the

DNA BD fusion alone or by interference from endogenous yeast proteins.

There are two splice variants of cyclin E in Drosophila, cyclin EI (zygotic transcript)

and cyclin EII (maternal transcript). When Cyclin EI or II were expressed as a DNABD

fusion from the pGilda vector (galactose induced) the yeast was able to grow on glucose

(no expression) or galactose (expression) with the addition of leucine, and did not turn
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A

s-_ X17-

Figure 4.14 Schematic representat¡on of the yeast two hybrid system.

The yeast two hybrid system is used to test protein-protein interactions in yeast.

The yeast used in this thesis is EGY48, which has an upstream act¡vat¡ng site

(UAS) upstream of the leucine reporter gene, and a more sensitve reporter with

six UAS s¡tes upstream of the locZ reporter gene, enabaling the yeast to turn blue

when X-gal is present in the media. The yeast is then transformed with then

DNA binding domain (DNA BD) fused to protein of interest X and the activation

domain (ACT) fused to protein of interest Y. ln this thesis the DNA BD fusions

are in vectors PEG202 or pGildo (PEG202 is expressed ectopically, and pGilda is

induced by galactose); and the ACT fusions are in vector pJG4-5 which is induced

by galactose.
Ai 

-¡l 
when expressed, protein X and protein Y interact with one another the

reporter genes are expressed and the yeast will be able to grow in the absence of
leucine, or turn blue (more sensitive to weak protein interactions).

B: lf the proteins do not interact, the reporter genes are not expressed and the

yeast will not grow in the absence of luecine, nor turn blue.

WW l.tr1 l,trl
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blue nor grow in the absence of leucine - showing no auto-activation of the reporter

constructs (Figure 4.I5A and B, respectively, top left). As a positive control Dacapo

(Dap; CKI - p2llp27 homologue), which is known to interact with both Cyclin EI and II

(Crack et aI,2002), was expressed as an ACT fusion from the pJG4-5 vector (galactose

induced Figure 4.15 top right). When the proteins were not expressed (on glucose) the

yeast grew well in the presence of leucine, but died when leucine was absent from the

media (Figure 4.15 top right) showing that there is no leaþ expression of the proteins.

When the proteins were expressed (galactose) the yeast turned dark blue and grew weakly

in the absence of leucine (Figure 4.15 top right), indicating that there was an interaction

between Dap and Cyclin EI (Figure 4.13A, top right) and Cyclin EII (Figure 4.158, top

right). When dEbl was transformed as an ACT fi,lsion from the pJG4-5 vector the yeast

grew well when the proteins were in the presence of leucine on glucose, but died when

leucine was absent from the media (Figure 4.15 bottom left). When Cyclin EI or II and

dEbl were expressed on galactose, the yeast turned a very pale blue (Figure 4.15 bottom

left). This blue was much paler than the blue caused by the interaction of Cyclin EI or II

and Dap (Figure 4.15 top right) and was most likely an artifact of the yeast system rather

than a true protein-protein interaction. Hence, there are no direct interactions between

dEbl and Cyclin EI or II.

4.5.2 dEbl and cyclin E do not form a complex in Drosophíla embryos (co-

immunoprecÍpitation analysis)

The yeast-two-hybrid analysis showed that there were no direct protein-protein

interactions between dEbl and Cyclin EI or II. Therefore, to test whether a complex

could formin v¿vo, co-immunoprecipitations ofprotein lysates fromDrosophila embryos

was carried out (Figure 4.16). Lysates were made from wildtype (wttty) embryos, or

embryos overexpressing dEbI (hs-GAL4, UAS-EBI 24;12 - two copies of UAST-EîI)

or overexpressing cyclin EI or II (hs-cycEl and hs-cycÛIl). These lysates were then

immunoprecipitated with cr-dEbl antibody or cr-Cyclin E antibody (Figure 4.16). When

immunoprecipitated with o-dEbl, the presence of dEbl can be detected by western

analysis, but staining the same blot with a-Cyclin E showed that there was no Cyclin

E protein co-immunoprecipitated (Figure 4.16 a-Ebl IP). When the lysates were

immunoprecipitated with o-Cyclin E, the presence of both Cyclin EI and II could be
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A cyclin E l- pGilda
Cyclin E l- pcilda + B cyclin E ll - pGilda

Cyclin E ll - pGilda +

CyclinEl-pGilda+ Cyclin E ll- pGilda +
dEbl

Figure 4.15 dEbl and Cyclin El or ll prote¡ns do not physically interact.
Yeast-2-hybrid to detect prote¡n-protein ¡nteractions between dEbl and Cyclin

E. Genotypes as ¡ndicated. Bottom right panel shows the growth condit¡ons of
each quadrant (sug:alternate sugar source used).

Cyclin El (A) and Cyclin Ell (B) expressed as the DNA BD fusion in pGilda. As a

positive control Dacapo (DAP)-ACT fusions were expressed (top right panel)

since Dap is known to ¡nteract with both Cyclin El and ll. Expression of DAP with
Cyclin El and ll on galactose enable the yeast to turn blue, with weak growth in

the absence of leu, suggesting an interaction between the proteins.

When dEbl is expressed as an ACTfus¡on in pJG4-5 with Cyclin Eland ll (bottom

left) the yeast is not able to grow ¡n the absence of leu. There is mild blue growth

when dEbl is expressed with Cyclin El (A) or ll (B), but this is much less than the

blue growth of Dap and Cyclin E, indicating that it is an artifact of the yeast

system, and that there is no interaction between dEbl and Cyclin El or ll.

Cyclin El and ll alone grown on sucrose as an alternate sugar source, Cyclin El

and ll with Dap or dEbl grown on raff nose as an alternate sugar source.
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Figure 4.16 dEbl and cyclin E do not form a protein complex in Drosophìla
embryos.
Protein lysates from Drosophila embryos (genotypes as indicated) were
immunoprecipitated with cr,-dEbl (a-Eb1 lP) and a-Cyclin E (a-CycE lP)
antibodies and run on a western blot. These blots were then probed with
the same antibody (cr-dEbl or a-Cyclin E, respectively) to ensure the protein
had been immunoprecipitated correctly, and then probed with o-Cyclin E

or a-dEbl antibodies to determine if there is a complex formed between
dEbl and cyclin E in vivo. There was no detection of Cyclin E in the dEbl
immunoprecipitates, nor dEbl in the Cyclin E immunoprecipitates, indicating
that there is no protein complex formed containing these two proteins. As a
positive control,the cr-cyclin E immunoprecipitate was probed with a-Dacapo
(cr-Dap). As expected Dap was present in the cr-cyclin E immunoprecipitate
showing that Cyclin E and Dap interact and that the co-immunoprecipitation
process is capable of identifying interacting proteins.
Negative controls: lgG and beads alone controls were used to detect any
unspecific binding or cross-reactivity with the beads.

o-CycE

or,-CycE
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detected by western analysis, but when the same blot was stained with cr-dEbl, dEbl

was not co-immunoprecipitated (Figure 4.16 cl-CycE IP). As a positive control, the cr-

Cyclin E immunoprecipitation blot was also stained with a-Dap, which showed that Dap

could be co-immunoprecipitated with o-Cyclin E (Figure 4.16 cr-CycE IP). These co-

immunoprecipitation experiments indicate that no complexes are formed between dEbl

and Cyclin EI or II in vivo. This suggests that the ability of dEbI to suppress the cyclin

ErP isnot mediated through direct actions on Cyclin E or the Cyclin Elcdk2 complex.

4.5.3 dEbl does not suppress Cyclin F,lcdk2 activity

Despite the lack of physical interactions between dEbl and Cyclin E, dEbl was

tested for its ability to suppress Cyclin Elcdk2 activity in a yeast system. Expression of

Cyclin Elcdk2 in yeast is lethal, presumably due to aberrant phosphorylation of critical

yeast proteins (Figure 4.17 A). The addition of a suppressor of Cyclin Elcdk2 activity,

such as Dap, has been shown to increase the viability of the Cyclin Elcdk2 expressing

yeast (Crack et a|2002). 'When dEbl was expressed in this yeast, however, it was not

able to rescue the lethality of Cyclin Elcdk2 expression (Figure 4.178), indicating that

dEbl alone was not able to suppress the activity of Cyclin Elcdk2 complex. It remains

possible, however, that in order for dEbl to have an effect on Cyclin Elcdk2 activity,

dBbl may require other partners not present in yeast. dAPCI is a good candidate for

this since in mammalian systems Ebl is known to interact with the C-terminus of hAPC

(reviewed by Bienz, 2002) and hAPC has been shown to reduce the activity of Cyclin

Elcdk2 in tissue culture experiments (Baeg et al,1995). When the C-terminus of dAPCI

(dAPClC) was expressed alone in the Cyclin Elcdk2lethal yeast, it was not able to

increase the viability of the yeast (Figure 4.16C), nor were dEbl and dAPCIC when

expressed together in the Cyclin Elcdk2lethal yeast (Figure 4.I7D). This suggests that

the function of APC1 ín Drosophila is different to that in humans, or perhaps reflects an

important function for the N-terminus of dAPC1. Taken together with the yeast-two-

hybrid and co-immunoprecipitation experiments, these results suggest that it is unlikely

that dEbl can directly influence Cyclin E or Cyclin Elcdk2 activity, but more likely that

the effects of d[bl on Cyclin E are due to the effects of dEbl on another system/pathway

that indirectly affects Cyclin E.
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Figure 4.17 dEbl and dAPC cannot inhibit the activity of the Cyclin EtQdk2complex in yeast.
Expression of proteins in S.cerveisea. Genotypes and growth conditions indicated. Cyclin E, Cdk2, dEbl expression
induced by growth on galactose, dAPCI C is expressed constitutively. When Cyclin Elcdk2are expressed together, their
act¡v¡ty is lethal to the yeast. Expression of dEbl, dAPCI C, or both, cannot rescue this lethality in yeast.
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4.6 Discussion and conclusions

The expression pattern of dEbl in the developing embryo and larval tissues, combined

with the highly conserved nature of this protein, suggest that this is an important gene

in Drosophila development. The mutant phenotype of dEbI transheterozygous flies

suggested that dEbI has a role in the regulation of cell growth, and the results of the

physical interaction tests suggested that the effects of dEbI on cyclin E arc indirect and

therefore likely to be subsequent to the effects of dEbl on cell growth.

4.6.1 Expression of dÛbl transcript and protein in Drosophila

In situ hybridisation showed that dEbl mRNA is expressed in specific muscle cells in

late embryos. The identity of the specifrc muscle cells has not been elucidated, however,

recent studies have shown that dEbl can physically interact with Kakapo (R.Vale pers'

corr) a cytoskeletal linker protein important for attaching muscle cells to the epidermis

in Drosophila embryos (Gregory and Brown, 1998). One function of Kakapo in muscle

attachment is the localisation of Vein (Strumpf and Volk, 1998), a protein important for

the final differentiation of tendon cells. While it is unlikely that dEbl has a role in muscle

development, it is possible that dEbl is important for the localisation of Kakapo or Vein

in these muscle cells, perhaps through the orientation of microtubules, in a manner similar

to its role in the localisation of Bazooka in embryos (Lt et al,200l).

Immunolocalisation analysis showed that dEbl protein localises to the microtubules

during mitosis. Despite this association of dEbl with the microtubules during mitosis

there is no evidence of nuclear dEbl during interphase. This is different to human Ebl,

which has been shown to be nuclear in colorectal cell lines (B. Henderson,'Westmead

institute for Cancer Research, NSW, pers. corr). Proteins that shuttle quickly out of

the nucleus, such as APC in humans and Drosophila (reviewed by Bienz,2002), can

be difficult to detect in the nucleus with conventional antibody staining, and APC was

only recently shown to be able to localise to the nucleus by blocking nuclear export and

subsequent shuttling (reviewed by Bíen2,2002). Therefore, it is still possible that dEbl

could be nuclear if it is shuttled quickly back into the cytoplasm, however, there is no

evidence for this so far in Drosophila and there are no obvious nuclear export sequences

(NES) or nuclear localisation sequences (NLS) in the dEbl protein.
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4.6.2 dEbl znd the regulation of growth in differentiating tissues.

While transheterozygous dEbI mutant flies are sickly compared with heterozygous

siblings, they appear generally phenotypically normal. A closer inspection, however,

revealed that specific tissues, the eyes and the wings, are in fact larger than wildtype

controls, indicating that dEbl may have a role in the regulation of cell growth and/or

proliferation.

The cells of the eye disc and the adult eye were larger in comparison with wildtype,

indicating that the large eye phenotype is due to the increase in cell size and not cell

number, suggesting a role in the regulation of growth. In the wing however, the cells

of the adult wing were not larger compared with wildtype, suggesting that the increase

in wing size is due to an increase in cell number and hence proliferation. The effects

of dEbl on growth in the eye, combined with the effects of overexpression of known

growth regulators, such as cyclin D/cdk4 (Datar et a\,2000), suggest that the increased

proliferation in the wing observ ed in dEbl mutants, may be an indirect result of increased

cell growth in this proliferating tissue.

The dEbI transheterozygous mutant phenotype in the eye and wing is similar to the

effects of clonal overexpression of cyclin D/cdk4 as described by Datar et al (2000). ln

the wing, overexpression of cyclin D/cdk4 causes an increase in the rate of proliferation

within the clone, but not cell size (determined by FACS). In the eye, overexpression of

cyclin D/cdk4 causes an increase in cellular growth in a cell autonomous manner in pupal

sections (Datar et al, 2000), and in the eye disc, overexpression of cyc lin D/cdk4 creates

large cells which accumulate in S and G2 phases (Datar et a\,2000). Overexpression of

cyclinÉ'in the eye disc however, while also causing an accumulation of cells in S and G2

phase in this usually Gl arrested population, shows no effect (a slight decrease if any) on

cellsize(Datar etal,2000). Thephenotype of dEbI transheterozygousmutantsintheeye

and wing, phenocopies overexpression of cyclin D/cdk4 in these tissues, and combined

with the evidence of the importance of cdk4 for growth and not proliferation (Meyer et al,

2000), this suggests that the primary role of dEbl in larval development is the regulation

of cell growth, and any effects on proliferation are secondary to this. Mutations in other

negative regulators of growth, such as TSCI and TSC2, also have similar phenotypes to

mutant dEbI. Mutant TSCI aduJt eye clones have large ommatidia with enlarged R cells
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(Potter et al,200I) similar to d0bl mutants. Unlike dEbl mutants however, the TSCI

mutant clones are more disorganised resulting in roughening ofthe adult eye, and elongated

rhabdomeres (Potter et al, 200l). In the wing, TSCI mutant clones increase the size of

the bristles on the wing edge, and in the wing disc, the cell size is larger than wildtype

controls (Potter et al,200l). This is in contrastto dEbl mutants and overexpression of

cyclin D/cdk4 in the wing, which result in an increase in cell proliferation and no increase

in cell size. Perhaps these differences are due to different downstream targets of these

pathways. The large bristles observed on the wing veins of dEbl mutants have not been

observed in other growth pathway mutants or overexpression, suggesting this defect is

specific to dEbl and may be due to patteming defects as a result of other roles of dEbl,

such as the regulation of signaling pathways. Based on the interaction between hEbl and

hAPC in mammalian cells (Su et al, 1995), it is possible that large bristle phenotype of

dEbl mutants is caused by deregulation of 
'Wg 

signaling.

dEbl mutations are capable of increasing the number of S phase cells in a sensitised

system such as cyclin ErP background, but dEbl mutants do not effect the number of S

phase cells when in a wildtype background, even though the discs become enlarged and

contain larger cells. This implies that the primary effect of dEbI is to negatively regulate

cell growth, and that the effects seen on proliferatioî ate a consequence of increased

growth in proliferating cells. Why proliferation was only increased in the sensitised

cyclin EIP background may be explained by small changes in growth rates or effects of

cell growth on cell proliferation when dEbl levels are decreased. Such subtle changes

may only be detected in a sensitised background, and not in a more robust wildtype

background, that is therefore not as sensitive to small changes.

In proliferating tissue culture cell lines (HCT116), overexpression of human and

Drosophila Ebl is able to inhibit the Gl to S phase transition, similarly to the CKI,p27.

This could be via the regulation of genes such as cyclin E or cyclin D or other upstream

events such as cell growth.

Overexpression of dEbl by heat-shock induction or using the ubiquitous actin-GAl4

driver, resulted in small adult eyes, which complemented the mutant analysis and also

implicated dEbI as a regulator of cell growth. The lack of effect of dEbI overexpression

on S phase progression in the eye imaginal disc also suggests that dEbl functions in a
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pathway which is capable of indirectly effecting proliferation, but this is not its primary

role.

4.6.3 The effects of dEbl on cyclín E are not through physical interactions

Failure to demonstrale any physical interactions between dEbl and Cyclin E provide

further evidence for the effects of dEbI on cyclin ErP being indirect. Yeast-two-hybrid

assays, to test for direct interactions, and co-immunoprecipitation, to test for complex

formation in vivo, both revealed that there were no physical interactions between dEbl

and Cyclin E. To complement this, dEbl and/or the C-terminus of dAPCI cannot

rescue the lethality in yeast caused by Cyclin Elcdk2 activity, indicating that dEbl and

APC1 cannot inhibit Cyclin Elcdk2 activity. Together this suggests that dEbl does

not antagonise Cyclin E or the Cyclin Elcdk2 complex directly to mediate negative

regulation of proliferation.

cyclin E is the essential and rate limiting factor for Gl-S phase progression in

Drosophila, therefore, since dEbl does not regulate cyclin E dftectly, it is unlikely that

dEbl regtilates cell proliferation directly. Instead, combined with the mutant analysis,

it is likely that dEbI negatively regulates cellular growth in developing larval tissues.

Cellular growth and proliferation are tightly linked phenomena and cells usually divide

when they reach a critical mass. Therefore, an increase in the cell growth in a proliferating

tissue, will indirectly lead to an increase in proliferation once cells reach critical mass.

This linkage is observed in the Drosophila wing in dEbI transheterozygous mutants

where overall cell numbers are increased leading to a larger wing. In non-proliferating,

differentiated tissue, however, the cells become enlarged and since the link between cell

growth and proliferation has been uncoupled, proliferation of these cells is not induced,

therefore, cell growth prevails resulting in larger cells. This is observed in the Drosophila

eye in dEbl transheterozygous mutants.

4.6.4 Mechanisms for the regulation of cell growth by dEbl

The mechanism by which dEbI may negatively regulate cell growth is not clear from

these experiments. There are three major growth pathways in Drosophila - the InR

pathway, the Myc pathway and the Cyclin D pathway.

myc and cyclin Dl are known targets of Wnt signaling in mammalian systems, and

due to the conserved nature of the Wnt/Wg pathway, they are also likely targets of Wg
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signaling rn Drosophila. Since hEb I is known to bind to APC, the V/g signaling pathway

is a likely candidate for the mechanism of cell growth regulation by dEbI viamyc and/or

cyclinD. The InR pathway, which is the most well characterised cell growth pathway, is

also a likely candidate for the mechanism by which dEbI regttlates growth.

Therefore, in the next chapters, the links between dEbl and the Wg signaling pathway

(Chapter 5) and cell growth pathways (Chapter 6) will be explored'
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Chapter 5: Effects of dEbl a;nd úAPC on cell cycle

progression and the WntÄVg pathway

5.1 Introduction

EbI was discovered in a yeast two-hybrid screen of human cDNAthat interacted with

human Adenomatous Polyposis Coli (APC) tumour suppressor protein (Su er al, 1995).

APC is involved in the degradation of B-catenin (Armadillo) and hence regulation of the

Wnt (Wg) signaling pathway in mammalian cells and Drosophila (reviewed by Bienz,

1999; see section 1.7). Due to the highly conserved nature of the Wnt (V/g) signaling

pathway, and the high similarity of Ebl proteins between species, rù/e proposed that

dEbI may work with ùAPC to regulate the Wg pathway tn Drosophila. One of the well

characterised target genes of Wnt signaling in mammalian systems in the myc proto-

oncogene. In mammalian systems myc is known to influence cell growth directly and cell

cycle progression indirectly by increasing cyclin D2 transcription (Bouchard et al,1999)

and Cyclin Dl and Cyclin D2 protein levels (Perez-Roger et al, 1999). The increase in

Cyclin D levels causes Cyclin Elcdk2 inhibitors, p2I andp27,to be sequestered away

from the Cyclin Elcdk2 complex, increasing their activity and subsequent cell cycle

progression (Ortega et al, 2001). In Drosophila, dmyc has been shown to increase the

translation rate or protein stability of Cyclin E (Prober and Edgar, 2000), providing

another mechanism by which dmyc can regulate Gl-S phase progression tn Drosophila.

Despite the effects of dmyc on cell growth and proliferation, to date, dmychas only been

shown to be a target of Wg signaling in the zone of non-proliferation (ZNP) in the wing

disc (Johnston and Edgar,l998), and here, contrary to expectations,'Wg signaling inhibits

myc expression and subsequent cell cycle progression (Johnston and Edgar, 1998).

ln Drosophila, we have shown fhat dEbl is able to suppress the cyclin ErP rough

eye phenotype by increasing the number of S phases in the third instar eye imaginal

disc (Figure 3.8). We hypothesize that the increase in Gl-S phase progression caused

by dEbl in the cyclin RP background is mediated through the regulation of the Wg

pathway inDrosophila. This chapter focuses on the relationship between dEbl andthe

two Drosophila APC homologues, ùAPCI and íAPC2, and determining whether the Wg
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pathway acts to regulate Gl-S phase progression in the eye imaginal disc.

5.2 No physical interactions occur between dEbl and dAPC or Arm

in Drosophílø

In Drosophila there are tu¡o APC homologues, dAPCl, which is expressed

predominantly inneural cells (CNS andPNS) andùAPC2 (or E-APQ, which is expressed

in epithelial cells at the cellular cortex and adherens junctions (reviewed by Bienz 2002,

section 1.7.3). While both dAPCs are highly similar to the human homologue hAPC at

the N-terminus, dAPC2 is lacking most of the C-terminus when compared with dAPCI

and hAPC (Figure 1.6). dAPC1, while maintaining high homology to hAPC in the C-

terminus, is lacking the very posterior region, where hEbl and hDlg bind to hAPC (Figure

1 .6). Despite the absence of the conserved C-terminal binding site for Ebl in Drosophila

APCs, yeast-two-hybrid and co-immunoprecipitation analyses were employed in order to

determine whether any interactions between these proteins exists.

5.2.1 There are no direct interactions between dEbl and dAPCs (yeast two-

hybrid analysis)

Yeast-two-hybrid analysis was used to determine if there are any direct protein-

protein interactions between dEbl and dAPCI or dAPC2. When dAPCIC (C-terminus

of dAPCI) or dEbl were expressed constitutively as DNAbinding domain (BD) fusions

with the PEG202 vector, they both auto-activated the yeast-two-hybrid system- allowing

expression of LacZ and growth in the absence of leucine (Figure 5.lA-B). This auto-

activation made determining protein-protein interactions between dEbl and dAPCIC

more difficult. Nonetheless, these fusion constructs were used to determine whether

interactions occurred by looking for darker LacZ staining and stronger growth without

leucine. When dEbl was expressed as an activation domain (ACT) fusion with the

pJG4-5 vector and inducedby galactose in the presence of dAPCIC-BD (PEG202),there

was no increase in the intensity of LacZ staining (blue) or increase in growth without

leucine (Figure 5.1 A'). When dAPCIC-ACT was induced on galactose from the pJG4-5

vector in the presence of dEbl-BD (PEG202; Figure 5.18') there was also no increase in

the intensity of LacZ staining (blue) or growth without leucine. Together, this suggests
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A APclc-PEG2o2 B dEbr -PEG2o2 C APC2-PEG2o2

A' APC'IC-PEG2O2; B' dEbl-PEG202; APCz-PEG2O2;

dEbl dAPCI

Figure 5.1 No physical interactions occur between dEbl and dAPCIC or
dAPC2
Yeast-2-hybrid assay to detect protein-protein ¡nteract¡ons between dEbl

and dAPCI C or dAPC2. Right hand side indicates growth condit¡ons of each

quadrant (which are from four different plates). All plates conta¡n substrates for

LacZ assay.

Genotypes as indicated. dAPCI C-DNA BD (A) and dEbl -DNA BD (B) fusions ex-

pressed from PEG202 show auto-activation. No increased growth ot LacZ stain-

ing was observed when dEBl and dAPCIC are co-expressed. dAPC2-DNA BD

fusion (C) does not auto-activate, and shows no interaction with dEb1.

Glu 5uc trpGlu Suc trp leu

cal 5uc trp leu Gal Suc trp
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that in Drosophila there is no interaction between dEbl and the C-terminus of dAPC1.

This is different to what is seen in mammalian systems, where hEbl interacts with the C-

terminus of hAPC (reviewed by Bienz, 2002), but may have been expected since the Ebl

binding region of APC is not conserved in Drosophila APCs.

When dAPC2-BD was constitutively expressed from the PEG202 vector, the yeast

did not grow in the absence of leucine and there was no LacZ expression, indicating that

there is no auto-activation (Figure 5.lC). When dEbl-ACT was induced on galactose

from the pJG4-5 vector, the yeast was still unable to grow in the absence of leucine and

does not express LacZ(Figure 5.1C'). This suggests thatthere is no directprotein-protein

interaction between dEbl and dAPC2.

5,2.2 There are no complexes formed befween dEbl and dAPCs orArm (co-

immunoprecÍpitation analysis)

The yeast-two-hybrid analysis showed that there were no direct protein interactions

between dEbl and dAPCI or dAPC2, so in vivo complex formation was tested by co-

immunoprecipitation analysis. Embryo lysates were prepared from wildtype (wttts¡

embryos and immunoprecipitated with the polyclonal cr-dEbl antibody, run on a SDS-

PAGE gel and transferred to nitrocellulose membrane. When this membrane was probed

with cr-dEbl antibody abandat approximately 33 kDawas detected, indicating that dEbl

was immunoprecipitated as expected (Figure 5.2). V/hen a replica western was probed

with ct-dAPCl or cr-dAPC2 no band was detected from the o-dEbl immunoprecipitation

(Figure 5.2), even though both dAPCI and dAPC2 are present in the lysate (Figure 5.2).

Therefore, there is no evidence that a complex containing dEbl and dAPCI or dEbl and

dAPC2 is formed.

Since we hypothesized that dEbl is involved in the Wg signaling pathway and possibly

the regulation ofArmadillo (Arm), complex formation between dEbl andArm was tested

by co-immunoprecipitation. When a replica western blot of immunoprecipitated dEbl

was probed with a-Arm, no Arm bands were present in the o-dEbl immunoprecipitate,

even though Arm was present in the lysate (Figure 5.2). Therefore, there is no evidence

for a complex between dEbl and Arm in vivo. These results suggest that if dEbI is

involved in the Wg signaling pathway and Arm regulation, it does not occur through a

complex withAPC orArm as hypothesized.
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-d gÞ Aø .-ô" kDa

cr-dAPC1
<- 160

+ 160

cr-dAPC2 + 105

+75

cr-Arm
+ 105

+75

cr-dEb1 +33

Figure 5.2 No complexes are formed between dEbl and dAPCs or
Arm.
Co-immunoprecipitation analysis Protein lysates prepared from
wildtype (wrrra, embryos. dEbl IP: complexes immunoprecipitated by
rabbit a-dEBl antibodies. BA: Beads alone, no antibody. -ve: complexes
immunoprecipitated with unrelated rabbit antibody (F-gal). lysate:
unprecipitated lysate control.
Western blots were probed with o-dAPC1, ø-dAPC2, o(-Arm and

cr-dEbl antibodies. When probed with cr-dEbl, dEbl protein is

immunoprecipitated from the lysate. When cx,-dEb1 lP's are probed with
cr-dAPCl, cr-dAPC2 and ø-Arm, no bands are detected indicating that a-
dEbl does not immunoprecipitate dAPCl, dAPC2 or Arm proteins, even
though these proteins are present in the lysate. The expected size of the
APC2 protein is approximately 160 kDa. The smaller bands detected by the
cr-APC2 antibody from the lysate are likely to be degradation products.
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5.3 Wg signaling pathway does not regulate Gl-S phase progression

Ín the Drosophila eye

To test the hypothesis that the Wg signaling pathway regulates Gl-S phase progression

in the Drosophila eye, the effects of overexpression of V/g pathway members on Gl-S

phase progression was tested in the eye imaginal disc by BrdU incorporation.

Activated Wg signaling (see Figure 1.5) is known to cause severe roughening in the

Drosophila eye. When arm is overexpressed in the eye, the adult eye is severely roughened

(Greaves et al,1999; Ahmed et al,1998) due to defects in neuronal differentiation and

increased apoptosis (Ahmed et al, 1998). To determine if any of the effects of Wg

signaling and subsequent adult eye roughening are due to perturbations in the cell cycle,

the pattern of S phase cells was examined in third instar eye imaginal discs.

V/g pathway members were overexpressed with multiple drivers to eliminate any

lack of effect due to the timing or expression pattern of the drivers. V/hen arm was

overexpressed with the hs-GAL4 or GMR-GAL4 driver in the eye imaginal disc, there

was no significant effect on the number or pattern of S phase cells as determined by BrdU

incorporation(Figure5.3;Table5.1;Appendix5.1). Despitebeingoverexpressed,thefull

length Arm protein may be immediately degraded due to Sgg mediated phosphorylation

(Figure 1.5). Therefore an activated arm (arnlc\ construct, which has a deletion

removing the N-terminus (containing the sgg phosphorylation sites), was overexpressed

with the hs-GAL4, GMR-GAL4, and eyeless-GAL4 drivers. As with overexpression of

wildtype arm, there \ryas no significant effect on the number or pattern of S phase cells in

the eye imaginal disc, detected by BrdU incorporation (Figure 5.3, Table 5.1; Appendix

5.1). Together these results suggest that arm is not capable of inducing G1-S phase

progression in the eye imaginal disc.

Other Wg pathway members were also tested for their effects on Gl-S phase

progression in the eye disc. When activated sgg (sg{c', which inhibits V/g signaling) or

dominant negative sgg (sg{N, which activates Wg signaling) were overexpressed with

the hs-GAL4 driver, neither caused a significant change to the number or pattern of S

phase cells in the eye imaginal disc (Figure 5.3; Table 5.1). Similarly, when sgg or sg{"'

were expressed with the GMR-GAL4 driver, there was no effect on the number or pattern
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hs-GAL4/+
hs-GAL4/
UAS-arm

hs-GAL4/
IJAS-armAcr

hs-GAL4/ hs-GAL4/
uAS-sggDN

hs-GAL4/
UAS-TCPNUAS-ssûi

Figure 5.3Wg pathway members do not induce 5 phase progression in the eye imaginal disc.

hs-GAL4driver used to drive expression of UAS constructs of Wg pathway members in third ¡nstar eye imaginal discs. Sam-

ples were heat-shocked at 37 degrees for one hour, recovered at 25 degrees for one hour then BrdU was incorporated for

one hour.
Anterior to the left, posterior to the right in all examples. Bar denotes the MF.
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of S phase cells (Table 5.1; Appendix 5.1). 'When sgg or sg*N ïvas expressed with the

eyeless-GAL4 drive\ there was also no effect on the number or pattem of S phase cells

(Table 5.1; Appendix 5.1). In addition, there was no effect on the number or pattern of

S phase cells in the eye imaginal disc when a dominant negative form of TCF (TCFD)

was expfessed with the hs-GAL4, GMR-GAL4 or eyeless-GAL4 drivers (Figure 5.3, Table

5.1; Appendix 5.1). Together these results suggest that in the third instar eye disc, at

least,'Wg signaling does not induce Gl-S phase progression, and have led us to reject

ourinitialhypothesis thatdEbl isabletosuppress thecyclin ErProugheyephenotype

through regulation of the Wg pathway. While it is still possible that dEbI may have some

involvement in regulation of the V/g pathway, this effect (if any) is not likely to explain

the suppression of cyclin ErP observed when the dosage of dEbI is reduced.

Table 5.1 Wg pathway members do not effect S phase progression in the
eye imaginaldisc

X X

X X

nd X

X nd

x x

overexpressed
gene hs-GAL4 GMR-GAI4

eyeless-
GAL4

UAS-arm nd

IJAS-armAcr X

UAS-sgg X

UAS-sgglq x

IJAS-sggDN nd

IJAS-TCFDN X x

When various Wg pathway members (arm,sgg andTCF) were tested with various
GAL4 drivers (GMR, hs, eyeless), they had no effect on S phase progression in
the posterior of the eye imaginal disc as detected by BrdU. Overexpressed
construct (wildtype,activated or dominant negative) specified on the left,driver
tested and effect on right (X - no effect, nd - not tested). Heat-shocks were done
at 37 degrees for one hour, with recovery at 25 degress for one hour. hs-GAL4,
IJAS-arm and tJAS-armAÇ constructs were recovered for 1 ,2, and 3 hours after
heat-shocking , all with no effect on BrdU incorporation.

5.3.1 Genetic interactions of dEbI nd úAPC2 and their effect on S phase

progression

Despite the lack of effect of V/g pathway members, arm, sgg and TCE on S phase

progression, whether overexpression of ùAPC2 was able to affect S phases in the eye

X
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imaginal disc was tested. Surprisingly, expression of íAPC2 via the GMR-GAL4

driver was able to cause a mild decrease in the number of S phase cells posterior

to the morphogenetic furrow (MF) in the eye imaginal disc (Figure 5.4)' While the

overexpression of flAPC2 caused a decrease in S phase cells, the adult eye phenotype

was not affected (Figure 5.4). Since V/g signaling itself, determined by overexpression

of orm, sgg and ZCF constructs, had no effect on S phase cells, dAPC2 may have a role

in Gl-S phase progression independent of Wg signaling. 
'When two copies of UAS-dEbl

are also overexpressed when UAS-úAPC2 is overexpressed with the GMR-GAL4 drivel

there was an even further decrease in the number of S phase cells (Figure 5.4), even

though overexpression of UAS-dEbt (two copies) alone did not effect the number of S

phase cells (Figure 5.4). This further decrease in S phase cells, however, was still not

severe enough to result in an adult rough eye phenotype (Figure 5.4).

Since there is no apparent physical interactions or complexes formed between dEbl

and dAPC2, as determined by yeast two hybrid and co-immunoprecipitation analysis, it is

unlikely that dEbl and IAPC2 work directly together to result in the further decrease in

the number of S phase cells. Instead, it is possible that the sensitised system created when

¡APC2 is overexpressed, is enough for the effects of dEbl on Gl-S phase progression to

be seen, similar to the effects of dEbl on Gl-S phase progression that occur in the cyclin

,E'rP sensitised system. To test this further, the effect of lowering the dosage of dEbl in the

1APC2 overexpression background was tested. When the dosage of dEbl was decreased

in the GMR-GAL4; UAS-ilAPC2 background by crossing in one mutant allele of dÛbl,

the number of S phase cells was increased almost to wildtype levels (Figure 5.5)' This

wassimilartotheeffect of dEbl mutations oncyclinErPandisconsistentwiththetheory

that the effects of dEb I on Gl -S phase progression can only be seen in a sensitised system

where cell cycle regulation is already compromised'

These results show that Wg signaling has no role in Gl-S phase regulation in the eye

imaginal disc, therefore dEbI does not regulate Gl-S phase progression via this pathway.

However, {APC2 may have a role in the Gl-S phase transition independent of Wg

signaling, which can be influenced by dEbI.
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GMR-GAL4/
GMR-GAL4/+ UAS-dEïI24;

UAS-dEbt t2/+

GMR-GAL4/+

UAS-dAPC2/+

GMR-GAL4/

UAS.dEïI 2 ;
UAS-dAPC2/
uAs-dEbt 12

A

B

Figure 5.4 ùAPC2 can inhibit S phase progression
Genotypes as indicated. Anterior to the left. Bar denotes the MF.
A: SEM of adult eye phenotypes.
B: BrdU incorporation in third instar eye discs.
dEbl overexpression has no significant effect on adult eye development (A),

nor on s phase progression (B). while overexpression of 1APC2 has no signifi-
cant effect on the adult eye phenotype (A), there are less s phase cells pos-
terior to the MF (8, bar). when dEbl and úAPC2 are overexpressed together,
there is no significant effect on the adult eye phenotype (A), although there
is a further decrease in the number of S phase cells in the third instar eye im-
aginaldisc (B).
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GMR-GAL4/+
GMR-GAL4/+;

UAS-dAPC2/+

GMR-GAL4/
¿¡6\Græ/e,

UAS-dAPC2/+

GMR-GAL4/

¿ç6yt(Ùoasza.

UAS.dAPC2/+

GMR-GAL4/

dEblt0'5;
UAS-dAPC2/+

Fi g u re 5.5 dEb f m utations ca n su ppress the effe cls o1 d APC2overexpression
on S phase
BrdU incorporation in third ¡nstar larval eye discs. Genotypes are as indicated.

Anterior to the left.
Overexpression of dAPC2 with the GMR-GAL4 driver decreases the level of S

phase cells posterior to the MF (bar). Lowering the dosage of dEbf in this back-

ground, by crossing in dEBl mutations, GJ63/9,1(2)04524 and t.0.5, increases the
number of S phase cells posterior to the MF (bar).
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5.4 Ebl can inhibit Wnt signaling in cultured cells

The above studies showed that in the eye disc, dEbl does not act through the V/g

signaling pathway to mediate its affects on the Gl-S phase transition. However, it

remains possible that dEbI is able to influence Wg signaling in a non-cell cycle role.

To test the effects of Ebl on Wnt signaling, the effect of overexpressing dEbl on a Wnt

responsive reporter was tested.

5.4.1 Ebl can inhibit TCF-dependent Wnt signaling in human colorectal cell lines

The TOP-FLASH reporter system was employed to analyse the effects of dEbI and

hEbl overexpression in the SW480 colorectal cell line. In the TOP-FLASH reporter

system, the luciferasereporter gene is placed downstream of three consensus TCF binding

sites (Figure 5.64). When TCF is activated the luciferase gene is expressed, and when

TCF is inhibited the expression of luciferase becomes less than basal level expression

(Figure 5.64), making this system ideal to test for activation and repression of the TCF

transcription factor. The FOP-FLASH reporter, a negative control for TOP-FLASH,

has point mutations in the TCF binding sites, preventing TCF binding and subsequent

activation of luciferase transuiption. The SW480 cell line is a colorectal cancer cell line

and was chosen because it has been shown to be responsive to subtle changes in Wnt

signaling and basal luciferase levels are high enough for inhibition to be observed. In

the SW480 cell line, one allele of bAPC is C-terminally truncated, and it is deleted for

the other allele, making this cell line APC null - which is presumably responsible for the

reasonably high basal level of TOPFLASH luciferase expression.

dEbI and hEbl overexpression constructs (section 4.4.2) were transfected into the

SW480 cell line along with the TOP-FLASH reporter system (or FOP-FLASH negative

controls). Cells were co-transfected with a þ-galactosidase expression construct to

measure transfection efficiency. The luciferase expression levels were analysed,

normalized to the level of B-galactosidase expressed and then converted to a fraction

of TOP-FLASH alone expression (Appendix 5.2). dEbl and hÛbl were transfected in

increasing amounts (0.5p9, 1.0 pg and 1.5¡rg) in triplicate and this was repeated and

averaged for four (dEbI) or five (hEbI) times. In all cases, overexpression of dEbI or

hEbl causes a significant decrease in the level of TOP-FLASH activity (Figure 5.6B-C)
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Figure 5.6 Ebt can inhibit TCF dependent transcription in SW480 colorectal cells
A: Schematic representation of TOPFLASH luciferase reporter system. TCF binds to theTCF binding sites upstream

of the lucìferase reoprter gene, providing basal levels of transcription. As a negative control, mutant TCF binding

sites are also placed upstream of the luciferase reporter gene, but there is no transcription because TCF cannot

bind. lf a co-tra nscription factor or activator is present there is a fu rther increa se in transcr¡ption over basal I

lf a repressor is present, then basal levels are reduced.

B & C: The effects of dEb 7 & hEb I transfection, respectively, on TCF dependent transcription in the SW480 cell li

Values have been normalised for transfection rate and calculated as a percentage ofTOPFLASH expression. n=4

5, respectively. Error bars are calculated from the standard error of the mean (SEM) elucidated from the standard

deviation (5D). Graphs and calculations performed in Microsoft ExcelrM'

Raw data tabulated in Appendix 5.2.
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indicating that EbI is able to repress TCF-dependent Wnt signaling.

Together these experiments suggest that both dEbl and hUbl arc able to repress TCF-

dependent Wnt signaling in a mammalian cell line, and since this cell line is APC null,

this is anAPC independent event. The regulation ofWnt signaling by EbI being anAPC

independent event is consistent with the lack of physical interaction seen between dEbl

and dAPCI and dAPC2.

5.5 Discussion and Conclusions

This chapter focused on the relationship between dEbl and dAPCs and the Wg

signaling pathway and the ability of Wg signaling to regulate Gl-S phase progression in

the eye. The results of this chapter show that while the Wg pathway is not able to regulate

Gl-S phase progression in the eye imaginal disc in Drosophila, úAPC is able to inhibit

Gl-S phase progression in a Wg independent manner. This chapter revealed preliminary

evidence from mammalian cultured cells that EbI can inhibit transcription of Wnt target

genes. Despite the fact that dEbl is capable of regulating Wnt signaling in mammalian

cell culture, the fact that Wg signaling is not able to regulate cell cycle progression in the

eye, has led to the rejection of the initial hypothesis that"dEbI causes suppression of the

cyclin EP phenotype through the regulation of Wg signaling".

5.5.1 Wg signaling is not able to regulate Gl-S phase progression in the eye

imaginal disc.

While BrdU analysis showed that the Wg pathway is not involved in Gl-S phase

regulation in the third instar larval eye imaginal disc, reporter analysis showed that

EbI is capable of negatively regulating the V/g pathway in mammalian cultured cells.

Luciferase reporter analysis indicated that EbI regulates Wnt signaling in mammalian

cells independently of APC since TCF-dependent transcription was inhibited in an APC

null cell line, SW480. Since the state of hAPC-L is not known in this cell line, it remains

possible thathAPC-L compensates for the loss of hAPC and is important for the inhibition

of TCF transcriptionby EbI. To determine if dEbl is able to regulate Wg signaling in

vivo in Drosophila, the effect of decreasing the dosage of dEbl on Wg signaling should

be tested. One target of Wg signaling in the eye imaginal disc is optomotor-blind (omb).

148



Chapter 5

The ability of dEbl to suppress Wg signaling can be tested using an ombJacZ reporter

construct in the eye imaginal disc. If dEbl is able to regulate V/g signalinginvivo, genetic

interactions between dEbl and other Wg pathway genes can be tested to determine at

what level dEbl reglates this pathway.

5.5.2 APC is able to regulate Gl-S phase progression independently of Wg

signaling

BrdU analysis showed that members of the Wg signaling pathway were not able

to regulate Gl-S phase progression in the eye imaginal disc, surprisingly however,

overexpression of iAPC2 caused a decrease in the number of S phase cells in the eye

imaginal disc. APC is unlikely to affect Cyclin Elcdk2 directly since overexpression of

APC in yeast is unable to inhibit Cyclin Elcdk2 activity. However, APC may regulate

Gl-S phase progression via other cell cycle regulators such as dap or Rbf,which should

beexaminedfurther. Loweringthedosage of dEbl inthisbackgroundisabletosuppress

the effect of ilAPC2 overexpression and conversely increasing dEbl levels enhanced this

phenotype. Due to the lack of physical interactions between dEbl and dAPC proteins, it

seems unlikely that dEbI works directly with ùAPC2 to generate this phenotype. Instead

it is more likely that the sensitised system created when úAPC2 is overexpressed allows

theeffects of dEbl onGl-Sphaseprogressiontobeobserved,similarlytothesuppression

of cyclin E'by dEbI mutations.
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Chapter 6: Identification of dEbI regulated cell gro\ryth

pathways

6.1 Introduction

The mutant analysis of dEbI transheterozygous flies (Chapter 4) suggests that dEbI

may negatively regulate cell growth since cells were larger in dEbI mutants. The

mutant phenotype of dEbI phenocopies the overexpression of cyclin D/cdk4, in both

proliferating and differentiating cells as well as mimicking aspects of the InR and

dMyc growth pathways (section 4.3). dEbI appears to have a primary affect on cell

growth, since cell proliferation in the developing eye discs was not effected in dEbl

transheterozygous mutants. Together these results suggest that the primary role of dEbI

may be to negatively regulate cell growth, with secondary effects on proliferation that are

revealed in sensitised systems such as the cyclin ErP backgtound'

This chapter focuses on the relationship between dEbl and the major cell growth

pathways in Drosophita (IrnR, dMyc and Cyclin D) and uses genetic analysis in an

attempt to identiff which pathway dEbI tegúates.

6.2 Genetic interactions between dEbI and the Insulin receptor

(InR) pathway

The InR pathway is the most defined cell growth pathway in Drosophila with many

components identified and many predicted from mammalian studies (section 1.3.1; Figure

1.2). To test whether or not dEbl regttlates the InRpathway,the effect of decreasing

the dosage of dEbI was tested on known upstream (dp110 and PTEII) and downstream

QSCI and TSC2) components of the InR pathway.

dp110 and PTEN

dp110 is the active subunit of PI3K, which upon activation by the InR substrate

(Chico), converts PIP, to PIP, and initiates the InR signaling cascade (section 1.3.1).

When dp110 was overexpressed in the Drosophila eye using the GMR-GAL4 drivet, the

adult eyes were slightly enlarged compared with control eyes (Figure 6.1). When dEbl

levels were decreased in this background by crossing in a dÛbl mutant allele, Ihe dpl10

overexpression phenotype was moderately enhanced and the adult eyes were slightly
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Figure 6.1 dEbl mutat¡ons enhance the enlarged eye phenotype due to overexpress¡on of
dpt 10.
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larger than eyes overexpressingdpll? alone (Figure 6.1). Conversely, when a dominant

negative dp110 (dpL10D) was overexpressed in the eye with the GMR-GAL4 dtlet,the

adult eyes were smaller than control eyes (Figure 6.2). When dEbl levels were decreased

in this background, the dpllPN reduced eye phenotype was mildly suppressed (Figure

6.2).

PTEN is a negative regulator of the InR pathway, which reverses the role of PI3K

and converts PIP, back to PIP' and subsequently inhibits the InR signaling cascade

(section 1.3.1). Similar to overexpression of dpllPN, overexpression of PZENvia the

GMR-GAL4 drive1 resulted in small adult eyes (Figure 6.3), which was suppressed by

decreasing the dosage of dEbl (Figure 6.3).

The genetic interaction between dEbI andthe upstream signaling components of the

InR pathway (dpl10, PTEI{), suggest that dEbl may notmally act to inhibit downstream

targets of this pathway or an alternate cell growth pathway.

Tuberous Sclerosis Complex (TSC)

To determine tf dEbl was able to regulate a downstream member of the InR pathway,

genetic interactions between dEb I and TSC I and TSC2 were tested. In the InR pathway,

TSC complex is a negative regulator, which acts on TOR to inhibit subsequent ribosomal

biogenesis (section 1.3.1). To test if dEbl works with the TSC complex or downstream in

the InR pathway, the effects of lowering the dosage of dEbl on the overexpression of the

ZsCcomplex(TSCI andTSC2) were assessed. Overexpression of TSCI or TSC2 alone

has no effect on cell growth, since both components of the complex need to be expressed

before a phenotype will be seen (Goa and Pan, 2001; Potter et al, 2001; Tapon et al,

2001). Consistent with previous findings (Goa and Pan, 2001; Potter et al,200I; Tapon

et al,200l), overexpression of the TSC complex with the GMR-GAL4 drivet resulted in

small adult eyes when compared with control eyes (Figure 6.4). When the level of dEbl

was lowered in this background, the adult eyes were moderately larger when compared

with overexpression of the Z^SC complex alone (Figure 6.4).

This indicates that if dEB I regulates the InRpathway, this regulation is downstream of

the TSC complex, perhaps regulating TOR, S6K or ribosome biogenesis. Alternatively,

since other growth pathways also able to influence ribosome biogenesis, it is possible that

dEbI regvlates ribosome biogenesis and growth through one of these other pathways.
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Figure 6.2 dEbl mutations suppress the reduced eye phenotype due to overexpression ol dpl l?PN
Anterior to the left, posterior to the right. Genotypes and sex as indicated.
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Figure 6.3 dEbl mutat¡ons suppress the reduced eye phenotype due to overexpression oÍ PTEN

Anterior to the left, posterior to the right. Genotypes and sex as indicated.
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Chapter 6

6.2.1 There is no complex formation between dEbl and TSC2

Genetic interactions suggest the dEbI acts epistatically downstream of the TSC

complex. Co-immunoprecipitation analysis was used to determine if dEbl can physically

interact with TSC2 and hence the TSC complex. Protein lysates were made from wildtype

(."'\ embryos and immunoprecipitated with cr-dEbl antibodies. Western blots with

appropriate controls were electrophoresed and blotted with cr-TSC2 (Gigas) antibodies

(Figure 6.5), showing that even though dEbl was immunoprecipitated, that there was no

complex formed between dEbl and TSC2, which was shown to be present in the lysate

(Figure 6.5). This result indicates that dEbl cannot directly interact with TSC2 and the

TSC complex, and therefore is not likely to regulate the InR pathway directly through the

TSC complex.

6.3 Genetic interactions between dEbl and the dmyc pathway

For optimal function, the Myc protein needs to associate with its binding partner

Max. Myc and another Max binding partner, Mad, compete for the availability of Max.

Myc/Max complexes activate transcription, while Mad/Max complexes repress it, and the

ratio of Myc relative to Mad determines the transcriptional response of the cell (reviewed

by Luscher,2001). The myc transcription factor is reported to have many roles during

development, such as regulation of cell proliferation, cell growth and apoptosis (reviewed

by Luscher, 2001). Microarray analysis has revealed several myc targets including genes

involved in the regulation of cell growth, cell cycle, cell adhesion and apoptosis (Orian

et al, 2003). In Drosophila, one of the primary roles of myc is in the regulation of cell

growth and ribosome biogenesis (Orian et a\,2003).

To determine if dEbl is able to regulate cell growth through the dmyc pathway, genetic

interactions between dEb I and dmyc were tested. When dmyc was overexpressed with

the GMR-GAL4 driver, the adult eye was larger than wildtype controls (Figure 6.6). This

phenotype is quite subtle, since dMax is rate limiting in the eye imaginal disc. When

dEbl levels were decreased, the dmyc overexpression phenotype was enhanced (Figure

6.6). This suggests that dUbI may act downstream of dmyc in a cell growth pathway.

Since dMad competes with dMyc for dMax and subsequent activity, genetic
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Figure 6.4 dEbl mutants and overexpression suppress the reduced eye phenotype due to overexpression of the
ISCcomplex
Anterior to the left, posterior to the right. Genotypes and sex as indicated.
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-d 9Þ .-â" kDa

80cr-TSC2

cr-dEbl +33

Figure 6.5 No complexes were formed between dEbl and TSC2
(Gigas).
Co-immunoprecipitaiton analysis. Protein lysates prepared from wildtype
(wrrta, embryos. dEbl lP: complexes immunoprecipitated by rabbii o-
dEbl antibodies. BA: Beads alone, no antibody. Lysate: unprecipitated
lysate control.
western blots were probed w¡th cr-dEbl and a-TSC2 (Gigas)antibodies. cr-
dEbl can immunoprecipitate dEbl protein from the lysate, but cx,-dEbl is
not able to immunoprecipitate TSC2 protein, even though TSC2 is present
in the lysate.
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interactions between dEbl and dmad were also tested. When dmad was overexpressed

with the eyeless-GAL4 driver, the adult eye was smaller than the control (Figure 6.7),

presumably since the Mad/l\¡Iax complex represses genes normally activated by dMyc.

This phenotype is more obvious in male flies, a coÍtmon result when using the eyeless'

GAL4 driver. When dEbl was decreased in this background by crossing in a dEbI

mutant allele, the adult eye phenotype was suppressed (Figure 6.7). Together with the

genetic interactions between dEbI a¡d dmyc,this result suggests that dEbl regulates cell

growth downstream, or independently, of dMyc. It is possible that dEbl may act via the

regulation of dMax, or through downstream targets of dMyc. Some of the known targets

of dmyc in Drosophila are Rbf and cdk4, and dmax is known to target Rbf and cyclin D

(Orian et a\,2003), consistent with mammalian studies that have shown cyclin D2 tobe

atarget of Myc signaling (Bouchard et al,1999). It is therefore possible that dEbl may

act via regulation of Cyclin Dlcdk4, a known cell growth regulator in Drosophila (Datar

et a\,2000; Meyer et aL,2000).

6.4 Genetic interactions between dEbl and the cycl¡n D pathway

InDrosophila, the Cyclin Dlcdk{ complex has been shown to increase cellular growth

in differentiated tissue, and increase the rate of cell proliferation in proliferating tissues

(presumably through the effects on cell growth; Datar et a1,2000). Cell growth is now

believed to be the primary role of the Cyclin Dlcdk{ complex in Drosophila, and the

effects on cell proliferation secondary, by possibly acting through Cyclin Elcdk2.

Due to the known effects of the Cyclin Dlcdk4 complex on cell growth, and the

possible link to the Myc regulation pathway, the genetic relationship between dEbl

and cyclin D/cdk4 was analysed. When the cyclin D/cdk4 complex was overexpressed

in the eye with the GMR-GAL4 driver the eye was enlarged and rough with occasional

necrotic patches (Figure 6.3). When dEbI was decreased in this background, there was

no effect on the cyclin D/cdk4 overexpression phenotype (Figure 6.8). The lack of

effect when dEbl levels ,ù/ere decreased may be because the strong phenotype of cyclin

D/cdk4 overexpression was too severe to detect subtle enhancement, however there was

also no suppression when dEbl was overexpressed via the GMR-GAL4 dtivet in this
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Figure 6.6 dEbl mutants enhance the enlarged eye phenotype due to overexpression oi dmyc
Anterior to the left, posterior to the right. Genotypes and sex as indicated.
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Figure 6.7 dEbl mutat¡ons suppress the small eye phenotype due to overexpress¡on oÍ dmad

Anterior to the left, posterior to the right. Genotypes and sex as indicated.
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background (data not shown). The lack of a genetic interaction between dEbl and cyclin

D/cdk4, suggests that dEbI may act upstream of cyclin D/cdk4. The regulation of cyclin

D/cdk4by dEbl may be direct through the inhibition of Cyclin D/Cdk4 activiry, or further

upstream by regulating cyclin D transcription.

6.5 dEbl regulates Cyclin D protein levels

The genetic interaction analysis indicates that dEbl acts downstream or independently

of PI3K, TSC complexes and Myc, and upstream of the Cyclin D/Cdk4 complex to

regulate cell growth. The exact mechanism of growth regulation by dEbI has not been

elucidated however, and therefore the altemate growth pathways cannot conclusively be

eliminated. In an attempt to further explore mechanisms of cell growth regulation by

dUbl, western analysis was used to determine the ability of dEbI to regulate Cyclin D

protein levels. Protein lysates were made from wildtype and hs-FLAG-dEbI thhd instar

larvae. Hs-FLAG-dEbl andwildtype (control) third instar larvae were heat-shocked at 37

degrees for one hour and recovered at25 degrees for one hour before protein lysates were

made. The lysate were then run on an SDS-PAGE gel and transferred to nitrocellulose

membrane. 'When the membrane was probed with the cr-dEb1 antibody, the level of dEbl

protein was increased in hs-FLAG-dEål lysates compared with wildtype lysates (Figure

6.94). Significantly, when the membrane was probed with o-Cyclin D antibody, lower

levels of Cyclin D protein were detected in the hs-FLAG-dEbI lysates compared with

wildtype controls (Figure 6.9A). This suggests that dEbl regulates Cyclin D protein

levels. This is consistent with the genetic analysis that showed dEbl mutants did not have

an affect on overexpression of cyclin D/cdk4 from an exogenous promoter, placing dEbl

upstream of Cyclin Dlcdk4 in this cell growth pathway.

6.5.1 There is no complex formed between dEbl and Cyclin D

Having shown that dEbI can regulate Cyclin D levels, co-immunoprecipitation

analysis was used to determine whether dEbl regulates Cyclin D directly through

complex formation.

Protein lysates were made from wildtype (w"'\ embryos and immunoprecipitated

with o-dEbl antibodies. Western blots with appropriate controls were run and blotted
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A .¡s *''$ kDa

0-dEb1 +33

+105

a-CycD +67

+5s

s-Tub +s0

B -$' 9Þ ,.\ø .-." kDa

s-dEbl 33

105

o-CycD +67

+55
tÈ

Figure 6.9 dEbl decreases cyclin D protein levels, but they do not form a
complex.
A: western analysis. Protein lysates prepared from wildtype (wt) and hs-FLAG-
dEbl larvae that were heat-shocked at 37 degrees for t hour and recovered at
25 derees for t hour. The filter was probed with a-Tubulin (Tub) showing that
there is slighlty higher protein levels in the hs-FLAG-dEBl lane. A replica west-
ern filter was probed with cr,-dEBl and cr-cyclin D (cycD), showing that dEbl
levels are incresed in the hs-FLAG-dEbl lane, but Cyclin D levels are significantly
decreased in this lane (band at 67,1 05 kDa). ln cyclin D blots, bands at 67 and
105 kDa are Cyclin D (W. Du, pers corr), band at 55 kDa is background.
B: -co-immunoprecipitation analysis . Protein lysates prepared from wildtype
(wrrra',embryos. dEbl lP: complexes immunoprecipitated by rabbit a-UÊgt
a nti bod ies. BA: Beads a lone, no antibody. -ve: com plexes i m m u nopreci pitated
with unrelated rabbit antibody (F-gal). lysate: unprecipitated lysate control.
Star indicates lgG heavy chain at 50kDa.
western blots were probed with cr-Cyclin D (CycD) and cr-dEb1 antibodies.
When probed with cr-dEb1, cx-dEb1 immunoprecipitates dEbl protein from the
lysate. when probed w¡th cr,-cycD s-dEb1 is not able to immunoprecipitate
CycD even though Cyclin D is present in the lysate.
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with a-Cyclin D antibodies (Figure 6.98), showing that even though dEbl was

immunoprecipitated, no complex could be detected between dEbl and Cyclin D, even

though Cyclin D was present in the lysate (Figure 6.98). This result indicates that dEbl

cannot directly interact with Cyclin D, and therefore is not likely to regulate Cyclin D

protein levels directly.

Together the western analysis and co-immunoprecipitation results indicate that

dEbI regtlates cyclin D upstream, perhaps at the level of transcription. One possible

mechanism for this regulation is through the Myc transcription factor, since dEbl acts

epistatically downstre am of myc. It was not possible to test complex formation between

dEbl and Myc, however, due to the poor quality of the cr-Myc antibody.

Together the genetic and biochemical analysis indicate that dEbl is able to regulate

growth through the regulation of Cyclin D protein levels. Northern analysis and protein

degradation assays canbe employed to determine if this occurs at the level of transcription

or post-transcriptionally.

6.6 Discussion and conclusions

This chapter focused on the role of dEbl in the regulation of cell growth, and attempts

to place dEbI ina cell growth pathway. Genetic interaction analysis described here has

provided evidence for potential steps for regulation of cell growth by dEbl.

6.6.1 Regulation of growth by dØbl through the Cyclin D/Cdk4 complex

The genetic analysis places dEbI downstream of dMyc, PI3K and the TSC complex,

but upstream of cyclin D/cdk4, and suggests that the effects of dEbI on cell growth and

potential regulation of ribosome biogenesis are through the Cyclin D/Cdk4 complex. The

genetic interactions seen between dEbl andthe InR pathway are likely to result from the

effects of dEbI on cell growth through the Cyclin Dlcdk4 complex rather than being a

downstream regulator of this pathway. 'Western analysis showed that overexpression of

dEbl causes a decrease in Cyclin D, but there is no evidence of a complex containing

dEbl and Cyclin D, indicating that the regulation of the Cyclin Dlcdk{ complex by

dEbl is not direct. This suggests a possible model whereby dEbl may act through an

intermediatory protein that regulates either Cyclin D protein levels cyclin D transcription.
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Since it is unlikely that dEbI is a transcription factor (based on its protein sequence, see

Figure 3.10), effects of dEbI on cyclin D transcription are also likely to be indirect. The

genetic interaction analysis suggests dEbI may act downstream of Myc, which along with

Max, is known to target cyclin D and cdk4 transcription (Orian et a1,2003). Perhaps the

regulation of cyclin Dby dEbI is mediated through the Myc regulatory pathway. Further

genetic and biochemical analysis, such as examination of cyclin D mRNA and protein

levels in dEbI mutants, are needed to determine the mechanism by which dûbI rcgalates

the Cyclin D protein levels.
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Chapter 7: Discussion

7.1 Introduction

This thesis focused on a suppressor of cyclin HP, Su(cycEP)2'5. This suppressor

was identified as a Drosophila homologue of the microtubule binding protein of Ebl,

called dEbl. Mutant analysis of dEbI suggested a novel role for dEbI in the regulation

of cell growth and genetic interactions and analysis of the effect of dEbI on Cyclin

D protein levels, suggested that this may be through regulation of the cyclin D/cdk4

growth pathway. Based on mammalian studies, our initial hypothesis was that dEbl

would suppress cyclin EP throtghthe regulation of the Wg pathway. While this thesis

showed that dEbl can inhibit the Wnt signalling pathway in mammalian cells, there is no

evidence for Wg regulation of Gl-S phase progression in the eye imaginal disc of third

instar lamae; therefore I have rejected my initial hypothesis. Instead, it is likely that the

dominant suppression of cyclin Et'by dEbl muta¡ts is a result of the regulation of cell

growth, which as a secondary event leads to progression into S phase.

7.2 Summary of results and future directions

7,2.1 Drosophìla Ebl (dûbl) is a suppressor of DmcycErP

A screen to identifu novel regulators of Gl to S phase was undertaken using a

hypomorphic allele of cyclin E, called cyclin ilP. One suppressor, and therefore potential

negative regulator of Gl-S phase progression, from this screen was Su(DmcycErP)2.5.

Deletion mapping and complementation analysis with P-element alleles, indicated that

this gene was a Drosophila homologue of EbL southern analysis was used to show

that there \Mas a lesion in the dEbI gene in 2.5 alleles, and northern analysis showed

that this lesion led to a significant reduction of dEbI transcript produced, and did not

disrupt neighbouring genes (Chapter 3). Similarly to 2.5 other alleles of dEbI were also

shown to be able to suppress the cyclin ErP phenotype. It was therefore concluded that

Su(DmcycEP)2.5 is an allele of dEbI (Chapter 3).
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7.2.2 Characterisation oT Drosophilø EbI (dEbl) and potential regulation of Gl-S

phase progression

To determine how dEbI may suppress the cyclin E/P phenotype, the mutant and

overexpression phenotypes of dEbI werc examined. Overexpression of dEbI via the

direct heat-shock driver or indirectly via the actin-GAL4 driver, results in a small adult

eye phenotype (Figure 4.1 I ). This phenotype appears to be dependent on the timing and/

or level of dEbl expression since indirect UAS constructs driven with the eye specific

drivers GMR-GAL4 or eyeless-GAL4, did not show an adult eye phenotype (Figure

4.11 and data not shown). The small eye resulting from prolonged overexpression of

dEbl indicates that overall tissue growth is reduced, but proliferation, detected by BrdU

incorporation, was not obviously affected (Figure 4.11; Figure 4.12), suggesting that

dEbI may normally act to regulate cell growth. Consistent with this, transheterozygous

dEbI mutant escapers have large eyes and wings compared with wildtype controls

(Figure 4.5; Figure 4.7). The mutant phenotypes of dEbI are very similar to that of cyclin

D/cdk4 overexpression and indicate that dEbI is involved in the regulation of cell and

tissue growth. Transheterozygous dEbl mttants do not perturb the number or pattern of

S phase cells in the eye imaginal disc, suggesting that the primary function of dEbl is in

the regulation of cell growth, and effects on proliferation are a consequence of this. Also,

dEbI transheterozygous mutants do not noticeably affect the level of Cyclin E (Figure

4.8), nor does dEbl form a complex with Cyclin E (Figure 4.16). Together this suggests

that the ability of dEbI to suppress cyclin ErP is not mediated through direct regulation

of cyclin E, and supports the hypothesis that the effects of dEbI on proliferation may be

secondary to an alternate role, such as the regulation of cell growth.

While not regulating proliferation directly, dEbl may be able to influence Gl-S phase

progression through the regulation of cell growth. In most proliferating tissues, cell

growth and proliferation are tightly linked to ensure that cells do not divide before they

are large enough, or become too large (Johnston and Gallant,2002). Proliferating tissues,

such as the wing disc, are classic examples of such coupling, where increased cell growth

(e.g. by cyclin D/cdk4 overexpression; Datar et a\,2000), results in a subsequent increase

in cell proliferation. In a system where the cell proliferation has been compromised such

as in the case of cyclin EP, it is likely the effects of dEbI on the cellular growth are also
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able to manifest in increased proliferation. Consistent with this, decreasing the dosage of

dEbl ínthe cyclin.ErP sensitisedbackground is able to increase proliferationby increasing

the level of Cyclin E (Figure 3.9), further illustrating the link between cell growth and

cell proliferation.

7.2.3 Effects of dEbl and úAPC on cell cycle progression and the WntÄMg

pathway

Based on maÍtmalian studies, the initial hypothesis for the mechanism of cyclin

E/P suppression by dEbl was through the regulation of the Wg pathway. To test this

hypothesis, genetic and physical interactions between dEbI and Wg pathway members,

and the ability of the Wg pathway to regulate Gl-S phase progression in the eye were

tested (Chapter 5). While there is no physical interaction between dEbl and dAPCs, as

there is in human cells, this thesis established evidence that dEbl and hEbI are able to

inhibit the Wnt signaling pathway in cultured cells, suggesting a novel role for EbI inrhe

regulation of V/nt signaling. However, tn Drosophila, the Wg signaling pathway is not

able to regulate Gl-S phase progression in the third instar eye imaginal disc, therefore

regulation of Wg signaling is unlikely to be the mechanism by which dEbI suppresses

cyclin ErP (Chapter 5).

Based on the inhibition of V/nt signaling observed when EbI is ectopically expressed

in mammalian cell culture, it is possibl e that dEbI is also able to regulate Wg signaling in

Drosophila, albeit, in a non-cell cycle role in third instar larvae. To determine if dEbl can

inhibit the Wg signaling pathway, the effects of dEbI mutants and overexpression on Wg

signaling can be tested in vivo using the optomotor-blind (omb)-lacZ reporter construct.

Since omb is atarget of Wg signaling in the third instar eye imaginal disc, the ability of

dEbl toregulate omb tnthe eye imaginal disc (detected by lacZ expression) will indicate

whether dEbl can regulate Wg signaling in vivo. In order to determine how, if at all,

d\bl caninhibitWg signaling inDrosophila,more genetic and epistatic interactions need

to be examined by testing genetic interactions between dEbI and upstream Wg pathway

members in the eye or wing. Since there is no evidence for nuclear localisation of

dEbl, it is likely that dEbl acts upstream ofArm (Figure 1.5). Therefore testing genetic

interactions between dEbl andsgg will be informative as to where dEbl acts in the Wg

signaling pathway. Overexpression of wildtype sgg will inhibit the Wg signaling pathway
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by increasing the degradation of Arm, while overexpression of a dominant negative sgg

will activate the Wg signaling pathway by blocking Arm degradation (reviewed in

section 1.7.1; Figure 1.5). If lowering the dosage of dEbl in these backgrounds can

suppress the effects of wildtype sgg and enhance the effects of dominant negative sgg

overexpression, then this will indicate that dEbI acts downstream of sgg to regulate Arm.

However, if dEbl mutations do not affect the sgg overexpression phenotypes, then this

indicates that dEbI will act upstream of sgg in the Wg pathway. In this case the upstream

effectorsy'izzled (fz) and dishevelled (dsh) could be tested for genetic interactions with

dEbI. Howeveq signaling tltoughþ and dsh can potentially activate any of the three

signaling pathways (canonical, planar polarity (PCP) or calicium phosphate) stimulated

by Wg (reviewed in section 1.7.1; Figure 1.5) as well as activating the PCP pathway

independently of Wg signaling (reviewed by van Es et al, 2003), and so the results

of genetic interactions between dEbI andfz or dsh maybe more difficult to interpret.

Despite this, analysis of these genetic interactions will enable a more accurate position of

dUbl within the Wg signaling pathway to be identified. The genetic interactions can then

be reinforced with co-immunoprecipitation analysis to determine what complexes dEbl

forms with Wg signaling components.

Cell polaríty and adherens junctions

One way in which dEbI may be linked to Armadillo regulation is at the adherens

junctions. Indeed, the study of Lu et al (2001) showed that depletion of dEbI mRNA in

the embryo caused cell polarity defects in neuroblast differentiation, therefore it is possible

that dEbl is able to regulate Armadillo activity at the cell cortex. dEbl may be required

to tether Armadillo at the cortex and prevent cytoplasmic accumulation. If so, the cellular

location of Armadillo can be examined in dEbI mutant and overexpression backgrounds

in the third instar eye and wing imaginal discs. The lack of physical interaction between

dEbl andArm (Figure 5.2), however, indicates that dEbl does not tetherArm at the cell

cortex directly.

At the cell cortex, Arm interacts with E-cadherin and is an important structural

protein in adherens junctions. Preliminary evidence indicates that dEbl interacts with

RhoGEF2 (R. Valepers. corr), suggesting one possible mechanism by which dEbl may

regulate Arm localisation or function at the cell cortex. The primary role of RhoGEFs
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is to activate the small GTPase Rho by converting the inactive GDP bound Rho to

the active GTP bound Rho (reviewed by Boettner and Aelst, 2002; Settleman, 2001).

RhoGTPases are also negatively regulated by RhoGAPs, which prevent the removal of

GDP, keeping Rho inactive (reviewed by Boettner and Aelst, 2002; Settleman, 2001).

Rho is involved in many developmental processes including cell polarisation, cell-cell

adhesion, cytoskeletal and transcriptional regulation and cell proliferation (reviewed

by Manser, 2002; and Settleman, 2001). In mammalian cells, Rho has been shown to

be important for the establishment, and sometimes maintenance, of adherens junctions,

where it acts to stabilise and recruit cadherins (e.g. E-cadherin) and catenins (e.g. Þ-

catenin, Arm homologue; reviewed by Braga,2002). One mechanism by which Rho

establishes adherens junctions is thought to be through mediating cross-talk between the

microtubule cytoskeleton and adherens junctions (reviewed by Braga, 2002). Assuming

Rho has a similar role in Drosophila, it is possible that dEbl activates Rho signaling by

interacting with RhoGEF2 and subsequently tethers Arm to the adherens junctions at the

cell cortex (Figure 7. 1).

Other evidence for the regulation of arm by Rho tn Drosophila comes from genetic

interactions seen betw eeî arm and pebble, a RhoGEF important for cytokinesis (reviewed

by O'Keefe et al, 2001). A screen for genetic interactors of arm in Drosophila identifred

pebble as a potential negative regulator of the Wg pathway, since a defrciency deleting the

pebblegene was able to enhance the effects of arm overexpression and suppress the effects

of arm underexpression in the wing (Greaves et al,1999). This implies that RhoGTPase

will be able to negatively regulate the Wg pathway, although the mechanism for this

regulation is not known. While the activation of Rho by fz and dsh is known to influence

the PCP pathway (reviewed by Settleman, 2001), the effects of Rho on the canonical Wg

pathway have not been examined. Therefore, if dEbI is capable of regulating multiple

RhoGEFs, the potential regulation of the Wg pathway by dEbI may be mediated through

the regulationof pebble and, subsequent activation of Rho (Figure 7.1).

7.2.4 Identification of dØbl regulated cell growth pathways

Mutant analysis indicates a novel role for dEb 1 in the regulation of cell growth. Genetic

interactions in the eye were examined in order to determine which growth pathways

are regulated by dEbI (Chapter 6). The genetic interactions tested so far indicate that
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if dEbl regulates the InR pathway then it will be at the end of the signaling cascade,

epistatically downstream of the TSC complex (section 6.2), because dEbl mutations

dominantly suppress the phenotype caused by overexpressing the TSC complex. In order

to conclusively eliminate the involvement of dÛbl in the regulation of the InR pathway,

genetic interactions between dEbI and downstream InR pathway members should also be

tested. The TSC complex is known to regulate TOR, and recent studies have shown this

to be through inhibition of the Rheb (Ras homologue enriched in brain) small GTPase

(Stocker et a1,2003; Zhang et a|,2003; Saucedo et a\,2003). The TSC complex inhibits

the GTPase activity of Rheb through the GAP activity of TSC2. Genetic interactions

between dEbl and Rheb as well as TOR and SórK should be examined to determine if
dEbI is able to regulate the InR pathway at this level. TOR activity can also be regulated

by the availability of nutrients, which may be mediated through PDKI signaling (Zhang

et a|,2000; Figure 7.1). h is possible thaf dEbI can regulate TOR and subsequent cell

growth through the nutrient sensing pathway. Therefore, since TOR regulates S6K

and translation, it may be important to assess whether dEbI mutants have upregulated

ribosomal protein synthesis and ribosomal biogenesis.

Genetic analysis indicatedthatdEb[ acts epistatically downstream ofdMyø since dEbl

dominantly modifies myc overexpression phenotypes (Chapter 6). dMyc is a transcription

factor limited by its regulatory partner Max,ln Drosophila (Orian et a\,2003), which also

regulates a transcriptional repressor Mad (reviewed by Luscher, 2001). dMyc is known

to regulate cyclin D2 transuiption and protein levels in mammalian systems (Bouchard er

al,1999; Perez-Rogers et a|,1999) and,inDrosophila, cdk4hasbeen shown to be a target

of dMyc (Orian et a|,2003). dEbI m¡tations were shown to genetically enhance myc

overexpression and suppress mad overcxpression (section 6.3), therefore it is possible

that dEbl influences the function of dMyc by inhibiting Mad activity. Genetic and

physical interactions between dEbl and dMyc, dMax and dMad should be examined to

determine if dEbl is capable of regulating this pathway.

Further genetic and biochemical analysis indicated that dEbl regulates cell growth

via the Cyclin D pathway. Genetic interactions suggested that dEbl acts upstream of the

Cyclin Dlcdk4 complex to regulate growth. Significantly, overexpression of dEbI was

shown to decrease Cyclin D protein levels (Figure 6.9A), consistent with dEbI being an
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upstream regulator of cyclinD, however the level of Cyclin D in'dEbl mutant background

also needs to be examined to confirm this. Lack of complex formation between dEbl and

Cyclin D (Figure 6.98) indicated the regulation of Cyclin D by dEbl is not likely to occur

through direct interactions. Instead dEbl may regulate an as yet unknown factor, and

cause subsequent inhibition of cyclin D transcription, translation, or protein stability. In

order to determine íf dÛb I regulates cyclin D at the level of transcription, northern analysis

can be carried out. If the level of cyclin D transcript is increased in dEbI mutants, then

this would indicate that dÛbl regulates cyclin D atthe level of transcription. If northern

analysis shows that cyclinD transcripts are unchanged in dEbl mutants, then this would

indicate that dEbI regulates Cyclin D post-transcriptionally. To demonstrate that the

effects of dEbI on cyclin D are directly responsible for the cell growth defects more

genetic and physical interactions should be examined in the eye. To conclusively show

that dEbl is epistatically upstream of cyclin D/cdk4, cdk4 mutations or dominant negative

Cdk4 constructs should be tested for their ability to suppress the dEbl transheterozygous

mutant overgrowth phenotype. If dÛbl regulates cell growth through the Cyclin D/Cdk4

complex, then mutations in this complex should block the overgrowth phenotype of dEbl

mutations. Unfortunately, there are currently no specifrc cyclin D mutations with which

to test dEbl mutant suppression.

To understand how dEbl affects Cyclin D protein levels, the interactions between

dEbl and the Myc/Max/Madpathway needs to be further examined. Since the Myc/l\4ax

complex is known to be upstream of cyclin D and cdk4 (Orian et aL,2003), and dEbI is

epistatically downstream of myc in Drosophila. it is possible that dEbI regulaies cyclin

D through Myc and Max. Possible complex formation between dEbl and MycÀtlax or

Mad/lVIax should be examined, as well as the location of Myc protein in dEbI mutants

or overexpression, to determine if dEbl regulates Myc by tethering Myc protein to the

cytoplasm.

7.3 Other pathways of cell growth regulation: small GTPases

Another pathway recently implicated in cell growth regulation is the RhoGTPase

pathway (Sordella et a\,2002). There is evidence that dEbl interacts with RhoGEF2
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(R.Vale pers. corr), however the nature of this interaction is not known. The recent

findings in murine model systems that showed a role for RhoGTPases in the regulation

of growth (Sordella et a1,2002), suggest that together with RhoGEF2, dEbl may regulate

RhoGTPase activity and effect cell growth through this pathway. 'Knock-outs' of the

RhoGAP, p190-B RhoGAP, resulted in mice that had a30o/o reduction in size compared

with heterozygous or wildtype litter mates (Sordella et a\,2002). Since RhoGAPs have

inhibitory effects on RhoGTPase, the findings of Sordella et al (2002) indicate that

RhoGTPase normally acts to inhibit cell growth in mice. Assuming Rho also negatively

regulates cell growth in Drosophila, dUbl may activate Rho via the actions of RhoGEF2

to inhibit cell growth.

The finding that dEbl can interact with RhoGEF2 raises many questions about the

mechanisms by which dÛbl can influence multiple regulatory pathways in Drosophila.

Extrapolation from this result leads to a model by where dEbI may regulate RhoGTPases

through the activation of RhoGEFs, and exert effects on multiple pathways through the

many roads of Rho signaling (Figure 7.1).

7.4 Cell Growth, Proliferation and the Cytoskeleton

The Ebl family of proteins are mostly known for their regulation of microtubule

stability via binding to the plus ends of microtubules, being required for elongation,

and in some case shrinkage, of microtubule tips (plus ends; reviewed by Tirnauer and

Bierer, 2000). This thesis however, identifies a novel role for dEbI in the regulation of

cell growth, through the regulation of cyclin D/cdk4. The Cyclin Dlcdk{ complex was

originally identified as a cell cycle regulator, believed to be important for phosphorylation

and subsequent inactivation of Rbf, allowing transcription of cell cycle genes by the E2F

transcription factor (Ortega et al,2002). Cyclin Dlcdk4 is primarily required for the

regulation of cell growth in Drosophila, and the cell cycle effects are consequential to

this in proliferating tissues, which may be through the sequestration of Cyclin Elcdk2

inhibitors, as occurs in mammalian cells (Ortega et a1,2002). Through the regulation of

Cyclin Dlcdk4, it is easy to envisage how dEbl is able mediate cell cycle effects when

the cell cycle is compromised, and therefore able to suppress the cyclin ErP phenotype. So
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Figure 7.1 Model of linking the cytoskeleton to cell growth and cell prolif-
erat¡on.
As well as regulating lipid storage in Drosophila,the lnR pathway is known to
regulateTOR and subsequent protein synthesis through theTSC complex. TSCl

is known to interact with the actin cytoskeleton, while the RasGAP activity of
TSC2 has been shown to inh¡b¡t the RasGTPase, Rheb,to med¡ate regulation of
TOR. dEbl is known to ¡nteract with the microtubule c¡oskeleton and has re-

cently been shown to interact with RhoGEF2. The regulation of cell growth by

dEbl may be mediated through inhibition of Myc/Max signaling (or activation of
Mad/Max signaling) which is known to regulate cyclin D (and cdk4)transcription
inDrosophila,or through the activation of Rho signaling,which has been shown

to inhibit growth in mammalian systems (grey line). lt is possible that Rho may

play a role in regulating cyclin Din Drosophilo. Rho is also known to be involved

in formation of adherens junctions, which contain Arm and E-cadherin. lt is

therefore possible that the effects of dEbl on cell polarity and potentially on Wg

signaling are mediated through RhoGEF2 and Rho via the adherens junctions.

dEbt may provide ways linking the cytoskeleton to cell growth and proliferat¡on.

The interaction between TSC1 and actin may also provide such a mechanism.
(?: indicate possible, but unconfirmed pathways).

Protein Synthesis
and Growth

Cellular
Growth
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rather than a regulator of cell cycle progression, as originally hypothesised, this study has

revealed thaf dEbI is a novel regulator of cell growth acting downstream of myc, PI3K

and the Z^SC complex, and upstream of cyclin D/cdk4.

The proposed role for dEbl in the regulation of cell growth provides an interesting link

between cell growth and the cytoskeleton. One other regulator of cell growth, TSCI, a

negative regulator of the InR pathway that acts by inhibiting TOR, is known to interact

with the actin cytoskeleton (reviewed in section 1.3.1). Together proteins such as Ebl and

TSC1 may provide the link between the cytoskeleton and cell growth. Indeed, an analogy

can be made in yeast between the morphogenesis checkpoint that acts at the G2-M phase

transition monitoring disruption to the actin cytoskeleton (Harvey and Kellog ,2003;Rupes

et al,200I). The morphogenesis checkpoint monitors disruption to actin polymerisation,

which inhibits cell growth, and therefore inhibits the G2-M phase transition (Harvey and

Kellog, 2003; Rupes et al, 2001). Disruption to actin polymerisation after cells have

reached asize threshold, however, does not initiate the checþoint, demonstrating that the

morphogenesis checkpoint links cell growth to G2-M progression (Harvey and Kellog,

2003). The morphogenesis checkpoint is also thought to be triggered by inactivation

of the function of the Rho-like protein, Cdc42 (Figure 7.2; Hawey and Kellog, 2003).

It is possible that a similar mechanism exists tn Drosophila, acting at the Gl-S phase

transition linking, in this case, the actin or microtubule cytoskeleton function to cell

growth. Proteins such as dEbl and the TSC complex may monitor the microtubule and

actin cytoskeleton and regulate cell growth accordingly. The interaction of dEbl with

RhoGEF2 (R. Vale, pers. corr) and the GAP activity of TSC2 exerts upon the Rheb

GTPase, suggest that this connection between the cytoskeleton and cell growth may also

be mediated through small GTPases in Drosophila (Figure 7 .I; Figwe 7 .2).

7.5 Final Conclusions

The aims of this thesis were to characterise dEbl and its potential role in regulation of

Gl-S phase progression. Characterisation to date has identified two novel roles for dEbI,

firstly in the inhibition of V/nt signaling, and secondly in the negative regulation of cell

growth through the cyclin D pathway.

The inhibition of Wnt signaling by EbI does not requireAPC in human cell lines. This
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Figure 7.2 Model for conservat¡on of the yeast morphogenes¡s
checkpoi n t in Drosophìl a.
The morphogenes¡s checkpoint in yeast acts at the G2-M transition to
detect disruptions to the act¡n cytoskeleton and leads to the inhibition
of Cdc42. A similar mechanism may exist in Drosophilø where proteins

such as dEbl and the TSC complex may detect disruptions to the
microtubule and act¡n cytoskeleton and translate this to a block in
cell growth and therefore cell proliferation through Rho and Ras small

GTPases, ln Drosophilo this is likely to occur in the G1-S phase transition
where cellgrowth and proliferat¡on are highly regulated.
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and the lack of Gl-S phase regulation by the Wg pathway in Drosophila, have lead to

the rejection of the initial hypothesis 'dEbl will function with dAPC to regulate the Wg

signalingpathway and regulate G|-S phase via the l4/g pathway".

The important findings of this thesis are the identification of a novel role of dEbl as a

negative regulator of cell growth, potentially mediated through the regulation of Cyclin

D protein levels. Due to the link between cell growth and cell proliferation, it is likely

that dEbI suppresses the cyclin E/P phenotype through its primary role in the regulation

of cell growth. The regulation of cell growth by dEbl provides insight into a new and

exciting link between cell growth and the cytoskeleton. Undoubtedly this novel aspect

of cell biology and the further study of dEbI and other cytoskeletal/cell growth genes,

such as TSCI,will increase ourunderstanding of how growth factors, signaling pathways,

nutrient stimulation and cytoskeletal firnction are linked to cellular growth.
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Ç

cyclin ¿JP,2.5a2s11

o
X b, pr,cn, bWwy**'

cvo

+, cyclin EJP, 2.542s11
X

X

dp, b, cyclin EJP, cn
b, +, pr,cn, bwwy**'

Gla b,+,2.542s11

CyO dp dp, b, cyclin EJP, cn

black body, red
eyes, not rough

b,+,2.542s11 + stock
CyO dp

non dumpy
(dP)

Appendix 3.1 Grosses for recombining the cyctin dP allele off the 2.5
chromosome.
The above crosses were performed to remove the cyclin EJP allele from the 2.5

chromosome. The potent¡al 2.5 stocks created were crossed back to the original
2.542s1t allele to determine if 2.5 was still present in these stocks. Of the many
recombinants containing b- and cn+ to select against cyclin EJP, none of these

stocks contained the 2.5a2s1lallele withor, tcyclinEJP. The expected recombination
frequency between cyclinfrP (¡sO) and dEbl (42C) and between b (34D) and cyclin
gJP (¡so) is'l4o/o and 2o/o,respectively.
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Ç o
l(2)04524 (ry+) . ,,

cvo
X

X

X

Adh 
^2-3 

Sb

cvo TM6B

l(2)04524 (ry+) 
^2-3 

Sb

cvo ry

lQ)Ùas2a ÍY-) ry
Gla

cvocvo

selected for ry- flies

ry-

stock

Appenix 3.2 Crosses for P-element inprecise excision.
The ry+ P-element was crossed to the A2-3 transposase to mobilise the
P-element. Non Adh, non TM6B females were then crossed to a second
chromosome balancer stock containing ry on the third chromosome. The
progeney of this cross were selected for loss of ry+ and a stock generated.
These stocks were then crossed back to the original P-element and other
dEbl alleles to determine if the P-element had excised precisely (resulting in
a revertant) or imprecisely leading to lethality.
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oÇ

cyclin ErP

cvo

b, +, dEbl-, cn,
+
+,cyclin EJP, +,

b, dEbl -, cn

cyo

dp,b,cyclin EJP,cn,bw

cyclin ErP, dEbl -, cnGla

X

I
X

I
X

I

Cyo dp dp, b, cyclin EJB +, cn, bw

non black body,
cn eyes, rough

cyclin EJP, dEbl -, cn

Cyo dp

non dumpy
(dP)

-+ stock

Appendix 3.3 Crosses for recombining lhe cyclin dP allele onto the dEó?

mutant chromosome.
The above crosses were performed in order to recombine the cyclin EJP allele onto

dEbI mutant chromosomes. Flies were selected for the presence of cyclin EJP and

stocks generated. These stocks were then crossed back to dEbl mutant alleles to

determine if dEbl was also present in these stocks.

;;;;lO jirztd4l2l- ,2 out of the 10 both dEbt and cyctin ErP.

fárànPutn ,1' ourof the 8 po th dEbI and cyclin ErP.

ráiàratroi , ,'or, of the 12 pot .h dEbl and cyclin ErP'

The expected recombination frequency between cyclin frP (¡SO) and dEbl (42C) is

'l4o/o.
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wl118' P[w+ construct] X W
1r 18 CyO XB3

, + ,TM6B

Double balancer stock

P? CyO P?

worY ' P? 'TM6B
,Ê red eyes, curly wings, humoral

P? CyO XB3 tt
worY' P? P?

red eyes, curly wings, serrate

P? +P?
red eyes, straight wings, humoral

worY ' P? 'TM6B

P? + XB3

worY' P? ' P?
red eyes, straight wings, serrate

Appendix 4.1 Mapping the P[w+; construct] insertion
To identify the chromosomal location of insertion, red-eyed transformant
flies were crossed to a wt I 18 stock, balanced on both the second and third
chromosomes. This cross produced progeny with four phenotypes as
shown,and the possible genotype of each is indicated,with P? representing
P[w+; construct]. The red-eyed, curly-winged humoral or serrate flies (")
were used for mapping by crossing them back to wt | 18 flies.The red-eyed,
curly-winged, humoral flies were also used for the generation of stocks by
crossing males and females of the same genotype.
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+ + X
P[w+ construct] . +

, cvo TM6B

P[w+ construct]
red eyes, straight wings, non-humoral

+

P[w+ construct] . +
red eyes, straight wings, humoral

+

++ white eyes, curly wings, humoral

il'rvl6B

+ +

cyo' +
white eyes, curly wings, non-humoral

Appendix 4.2 P[w+; construct] insertion on the 2nd chromosome
lf the Plr¡¡+; constructl has inserted into the second chromosom e, P[w+; construct]

will segregate away from the CyO b1l91cer, marked by curly wings, when the

douUle baianced fliås ur. .rorr"d to wt tt8 fl¡es. The progeny of this cross were red

eyed flies with straight wings and white eyed flies with curly wings, irrespective of

the third chromosome marker.
Transformant fly crosses are in a wtt 18 background to enable detection of the

mini-white* gene. Therefore crosses not specifying the X chromosome can be

assumed to be wItts (located on the X cl romosome) unless specified otherwise.
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+ + X
P[w+ construct] . +

f
TM6B

+ P[w+ construct]
red eyes, curly wings, non-humoral

+

+ P[w+ construct]
red eyes, straight wings, non-humoral

+ +

++
-,
CyO TM6B

white eyes,curly wings, humoral

white eyes, straight wings, humoral

Appendix 4.3 P[w+; construct] insertion on the 3rd chromosome
lf the P[w+; construct] has inserted into the third chromosom e, P[w+; construct]
will segregate away from the TM6B balancer, marked by humoral bristles (or
from XBj, marked by serrate wings, not shown), when the double balanced
flies are crossed to wt 1t8 flies. The progeny of this cross were red eyed flies with
non-humoral bristles and white eyed flies with humoral bristles, irrespective of
the second chromosome marker.
Transformant fly crosses are in a wtt t8 background to enable detection of
the mini-white+ gene. Therefore crosses not specifying the X chromosome
can be assumed to be wttts (located on the X chromosome) unless specified
otherwise.
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o+

W

o

X
P[w+ construct]

w Y

P[w+ construct] o W

Ç Y
W

Appendix 4.4 P[w+; construct] insertion on the X <hromosome

1¡'p¡,¡¡+;constructlhas inserted into the X chromosome,th¡s can be determined

by sex specific segr-e_gation of P[w+; construct]. Male transformants were

ciossed to female wtt18 flies producing progeny with all females having red

eyes and all males having white eyes. This was independent of the second and

thi rd chromosome markers.
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Apendix 5.1 Wg pathway members do not effect S phase progress¡on in the eye ¡mag¡nal disc.
Genotypes as ind¡cated. Anterior to the lefç posterior to the right. BrdU incorporation.
A: UAS-wg overexpress¡on constructs expressed with the GMR-Gal4 driver.
B: UAS-Wq overexpress¡on constructs expressed w¡th the eyeless-Gat4driver.

*

9

(Þ)À
C)
(D
U)

oo
o\



Appendices

o/oTOP

o/oTOP

o/oTOP

0.076151

0,094147
0.0194s9

0.756791
0,070542

0.18922

0.06113
0.010206

0.0103

0.503717
0.031666
0.019s87

0.03245
0.01991 3

0.007s61

0.39s036
0.04724"1

0.138317

0.042478
0.007395
0.007009

TOP

dEbl 0
FOP

dEbl 0

TOP

dEbl 0.s
FOP

dEbl r.0
TOP

dEbl 1.0

FOP

dEbl 1.0

TOP

dEbl 1.5

FOP

dEbl 1.s

o/oTOP 1 0.061354 0,085259 * 1.9901 1232 0.614205

AVE "t 0.062778 0.383969 0.041724 0.636274 0'047789 0.2987 0'026163

stdev
SEM

0 0.031 841

0 0.01592
o.312772
0,1 s6386

0.037651
0.018825

0.930294
0.465'147

0.056549
0.028275

0.2s6761
0.1 2838

0.022002
0.01 1001

AVE a I 0.063253 0.338851 0.027212 0]8499 0.019975 0.193531 0.01896

stdev a

SEM a

o/o

o/oTOP

ToTOP
o/oTOP

0 0.038979
0 0.022505

0.366778
o.2't1759

0.029374
0,016959

0.276091
0.1 59401

o.012445
0.00718s

0,1 80352
0.104126

o,020367
0.01 1759

TOP

hEbl 0
FOP

hEbl 0

0,104122
0.076151

o.094147
0.15216

0.370238
0.238348
0.079538
0.554144

0.06403
0,032604
0,017592
0.1 58056

TOP
1.0

0.462905
0.029367
0.086195

0.8447

0,014791
0.0073s2
0.008264
0.098685

o.250575

0,005865
0.068094
0.377682

0,013836
0.003231

0.01 1046

0.07013

TOP

hEbl 0.5

FOP

hEbl 1.0

FOP

hEbl 1.0

TOP

hEbl
FOP

hEbl 1.5

o/oTOP 0.0731 11 1:112665 0.0763691.193381 0.075522 * 1.905704"t 0.073457

AVE o.1oo0o8 0.487',13 0.069561 0.665774 0.04044"1 0362976 0.034922

stdev
SEM

0 0.031801

o 0.014222

0,431558
0,192999

0.0s469
o.024458

0.766734
0.342894

0.042567
0.019037

0.444232
0.r 98666

0.035272
0.o15774

AVE a 1 0.106645 0310567 0.06807 0.355792 0.032273 0.175554 0,024561

stdev a

SEM a

o 0.032476
0 0.016238

0.20123
0.100615

0.063033
0.031517

0.378479
o.18924

0,044398
0,022199

0,170123
0.085061

0.030709
0.01 5355

Apendix 5.2 Raw data from the dEbl and hHbl luciferase assay in SW480.

Data represented as normal¡sed percentages of TOPFLASH activity. Percentages

for all aie averaged (AVE) or remov¡ng the outlyer repeat (boxed star) are averaged

(AVE a) and the standard deviation (stdev) and standard error of the mean (SEM)

for values with and without (a) the outlyer represented. Removal of the outlyer

values lor dEbl or hEbl do not effect the general trend of the results, therefore,

outlyer values were not graPhed.
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Addendum

below:
ducedfromalleliccombinationsthatareusuallyadultlethal)are

o the allele not being completely null, the persistence of matemal

ic upregulation of alternate dEbl homologses' which may account

overexpression of ùAPC2. Ubiquitous overexpression of
overexiress"d alone. The diffeience in these phenotypes attheuAST-dEbl didnot contain a consensus

Kozak sequence and was expected to produce lower iwel G-dEbt or hs-FLAG-dEbl' However, this has

not been quantitated by '"vestem analysis.

Page 124, section 4.5,2. After consultation with a yeast expert, Dr

was considered to an be artefact of the yeast system' This

develoPment...
esis is described in detail in Chapter l: Introduction and

summarisedin Section 1,8: Aims of Thesis, page36-37'
page l4g, section 5.4.1. The total DNA content of hansfections was equalised with empty vector.

page 156, section 6.3. dMax is known to be rate limiting to dMyc inihe Drotophita eye since overexpression of both dmyc and dmax

results in a more severe phenotype than either alone.
page 173, section 1.2.4. fi ¿nù i" shown to effect cyclin D mRNA by northern analysis, then promoter-LacZ reporter analysis or

nuclear run-on experiments can be used to distinguish between whether the effect is transcriptional or due to mRNA stability'

Statistical ing Poi
Page 107, the R
calculated cells w

'.""f';'#;?;T;ì; :iiå','JÏ iîii:
Microsãft Excel as wildtype (3209'2'

d.Eblt(2)04524/dEbltDL and wildtype, this was not significant (p>0.1)

allele. During larval development, however, the increase in om
ls (p<0.05 and 0.07, respectively)'
region was not signifiôantly different when dEblcr6t/t1 ¿g61tos

between empty vector andþ27 (p>0.4; p>0.1), dÛbl (p>0'2; p>

phase cells, respectively.
T-test statistical analysis performed with the aid of the simple Interactive statistical Analysis website

(http://home. clara.neVsisa/index.htm)

DrosoPhila.

page 174, section 7.3 '..affect*..
."ãtion 1.7.3'...predominantly. '"'gl
Pagei} '...10s..:'and'...scrapi HCl"

59 '...otherwise...'; Page 60 ''. 5M E

40)...'; Page 62'...streptavidin 65 '"
P age 66' ...4-'7 lte...' ; Page 68' ... Cy-Tb...balancer"'' and' "
99, section 4.2.2 ' .. .antibodies were kindly donated. ' .': Page I
histone H3...'; Page 105, section 4.3.1 '...escaper flies"''; Pag

section 4.3.1 '...it's possible the sterility...'; Page 112, section

' . . .there were no obvious effects on the phenotype. . .' and '. ' 'thir
Page 136, section 5.2 '...proteins exist...'; Page 143' section

of dEbI mutant transheterozygous flies.'.' and'"'to
immunoprecipitation, there...'; Page 158' Figure 6'5 '"'c
'...increased.. .';Page 165, section 6.6'l '...protein levels or

174, section 7.4'...able to mediate,'.'; Page 175, Figure 7'l '"'
upon...'; Throughout' ...cerevisíae'..' .






