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Abstract
This thesis describes the identification and characterisation of novel
interactors of the Rho1 GEF, Pebble (Pbl). Overexpression of dominant
negative Pbl specifically in the eye led to a rough eye phenotype that could be
modified by mutations in interacting genes. The rough eye phenotype results
from GMR-GAL4 induced eye-specific overexpression of a form of Pebble in
which the DH domain has been deleted. The interactors were identified using
a combination of traditional and molecular mapping techniques , revealing
genes known to function in EGFR and Notch signal transduction pathways. To
understand the nature of the interactions, the cellular basis of the dominant
negative Pbl eye phenotype was examined, revealing previously unidentified
phenotypes. The key features of the phenotype include an unexpected
decrease in mitosis in the second mitotic wave of the larval eye disc, and
subsequent compensatory proliferation in the later stages of the disc. These
results are inconsistent with the known roles of Pbl in regulating the cell cycle.
Modelling of proliferation and apoptosis in the larval eye suggests that there is
a complex relationship between cell proliferation, cytokinetic failure and
apoptosis that leads to the rough eye phenotype produced by Pblt,DH.
This characterisation led to a heightened understanding of the dominant
negative Pbl eye phenotype, providing a framework upon which the cellular
basis of the modification by the identified interactors could be determined .
Despite being known for their roles in several different signaling pathways,
each of the characterised suppressor modifiers rescue the rough eye
phenotype by restoring the frequency of mitoses in the second mitotic wave
and are predicted to increase the total cell number available to be recruited to
the developing ommatidial cluster.
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1 - Introduction
1. 1 The Eukaryotic cell cycle
Modulation of the cell cycle is crucial to the development of organisms,
necessary for the regulation of size and cell number. A tightly regulated process
that acts to replicate the cellular mass and the genetic material to produce two
daughter cells, the cell cycle is divided into four main phases, Gap 1 (G1 ),
Synthesis Phase (S phase), Gap 2 (G2) and Mitosis Phase (M phase) (Fig. 1.1 ).
During gap phases cells remain metabolically active, while genomic DNA is
replicated during S phase in preparation for division. During M phase, the DNA
is equally segregated and the process of cytokinesis divides the cell to produce
two daughter cells.
Modified versions of the cell cycle are a feature of the development of
Drosophila melanogaster. During the syncitial blastoderm stage of

embryogenesis for example, the number of nuclei increase rapidly because the
cell cycles do not pause in either G phase. In the salivary glands, the amount of
DNA in cells is increased without division. This process of endoreplication is
necessary to facilitate the highly specialised role of the salivary gland during
development to produce high levels of proteins required for pupal development.

1.1 .1 Mitosis
The segregation of the genetic material into daughter cells is the major outcome
of the process of mitosis, which begins with the condensation of the chromatin
during prophase. During pro-metaphase kinetochores are captured by the
mitotic microtubule array. The chromosomes, each comprising a pair of sister
chromatids, then align at the equator of the dividing cell during metaphase. The
chromatids then separate to opposite ends of the spindle during anaphase A,
while during anaphase B, the spindle poles increase their separation to move
closer to the cell cortex. Anaphase also marks the onset of cytokinesis. During
telophase the nuclear envelopes reform, encapsulating the DNA, while the

2

cytokinetic furrow ingresses and the cell membrane is resolved, partitioning the
two daughter cells.

1.1.2 Cyclins and cyclin-dependent kinases
Progression through the cell cycle is tightly regulated to ensure that phases
proceed in order and are coordinated with developme ntal progression. This
regulation occurs at the level of cyclins and cyclin-depe ndent serine/threonine
kinases (CDKs). CDKs are generally stable and associate with cyclins which
mediate their activity. Cyclins regulate CDKs, both at the level of target
specificity and target specification. Cyclin levels fluctuate due to ubiquitinmediated proteolysis, a necessary control to prevent activation of CDKs at
inappropriate times.
During progression of the cell cycle in 0. melanogaster, S phase transition is
mediated by Cyclin E (Knoblich et al., 1994; Duronio and O Farrell, 1995).
1

Expression of S phase genes can be induced by overexpression of Cyclin E,
triggering DNA replication. Down regulation of Cyclin E is required to allow
subsequen t S phases to occur (Duronio and O Farrell, 1994; Duronio and
1

1

O Farrell, 1995; Follette et al., 1998). Cyclin A accumulate s in interphase
cytoplasm and relocates to the nucleus in early prophase, then is completely
degraded in metaphase. Degradation of Cyclin A facilitates chromosom e
disjunction , and a proper balance between Cyclin A and Cyclin B is required to
coordinate cell cycles (Stiffler et al., 1999; Parry and O Farrell, 2001 ).
1

Destruction of Cyclin B is required for anaphase B entry (Parry and O Farrell,
1

2001 ) . . Cycl in 83 regulates spindle reorganisation (Parry and O Farrell, 2001 ).
1

Both Cyclin B and Cyclin 83 are required for temporal inhibition of cytokinetic
entry, which is relieved with degradation of Cyclin Band 83, allowing
cytokinesis to proceed (Echard and O Farrell , 2003).
1

The final stage of the cell cycle is the process of cytokinesis, a process that is
regulated by small GTPases. The Ras superfamily of GTPases in

0 . melanogas ter is briefly reviewed in the next section , followed by a discussion
of their roles in assembling and directing the cytokinetic machinery.

Figure 1.1 - Eukaryotic cell cycle phases
lnterphase consists of Gap 1 (G1 ), Synthesis and Gap 2 (G2) phases. Cells
remain metabolically active in gap phases and synthesise DNA during
synthesis phase. Mitosis and cytokinesis follow , dividing the genetic material
and cytoplasmic contents to produce two daughter cells .

lnterphase
G1

Synthesis

Prophase
Pro-metaphase
Metaphase
Anaphase
Telophase

Cytokinesis
G2

Mitosis
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1.2·The Ras superfamily of GTPases
Ras superfamily members function as molecular switches that regulate a
number of signaling pathways in many developmental and cellular contexts.
There are over ninety mammalian members known to exist and approximately
seventy members are either known or predicted to exist in D. melanogaster.
The unifying feature of this superfamily is the regulation of their activity by
binding and hydrolysing guanine nucleotides. The Ras superfamily proteins are
often referred to as small GTPases, as they typically range in size between 20
to 25 kDa and have been implicated in a diverse range of processes including,
but not limited to, cell proliferation, membrane trafficking and cytoskeletal
organisation. Mutations in Ras superfamily members have been found to be
associated with a high percentage of cancers, indicating the consequences of
misregulation of these highly important molecules.

1.2.1 The five sub-families
The Ras superfamily of small GTPases can be further divided into sub- families
on the basis of both structural and functional similarity (Moore and Blobel, 1993;
Quimby and Dasso, 2003). The Ras subfamily is implicated in cell proliferation
and differentiation in several developmental contexts (Lowy and Willumsen,
1993). The Rab/Art family is associated with mediating and directing vesicular
transport (Balch, 1990) while the members of the Ran subfamily are involved
with nuclear protein transport (Moore and Blobel, 1993). The RGK subfamily
regulates cellular calcium levels through interaction with Beta-subunits of
voltage gated calcium channels, and are also involved in regulation of the
cytoskeletal structure (Kelly, 2005). The Rho family of small GTPases is one of
the most intensively studied families, as its role is to regulate cytoskeletal
organisation (Ridley and Hall, 1992b; Ridley and Hall, 1992a). The most studied
D. melanogaster members of this family are Cdc42, Rac1 and Rac2, Rho1

(Colicelli, 2004).

Figure 1.2 - GTPase cycling
Small GTPases oscillate between a GDP-bound, inactive form and a GTPbound , active form. GEFs promote the exchange of GTP for GDP , allowing a
conformational shift in the small GTPase , enabling binding to effector
proteins. The intrinsic GTPase activity is stimulated by GAP proteins ,
promoting hydrolysis of the bound GTP molecule , returning the GTPase to its
inactive state and releasing a free phosphate group (Pi) . GTPases can be
maintained in a soluble inactive form by binding to GDls.

GEF
GDI ~

-..,,

- ~
Effector

Pi

GAP
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induce the formation of contractile actin-myosin filaments and the associated
focal adhesion complexes (Ridley and Hall, 1992b). The formation of tightly
bundled actin filaments, termed stress fibres, was also seen (Ridley and Hall,
1992a). Rae was shown to induce membrane ruffles and lamellipodia from an
underlying structure of large actin sheets, followed by stress fibres (Ridley et al.,
1992). Cdc42 generated filopodia (F-actin rich microspikes), then lamellipodia,
followed by stress fibres (Nobes and Hall, 1995a; Nobes and Hall, 1995b).

1.3 The Rho family as key regulators of cytokinesis
Cytokinesis is the final stage of the cell cycle, describing the act of physical
division of a cell into two daughter cells after the duplicated genome and cell
contents have been distributed. Cytokinesis is a mechanically complex process,
as the lipid bilayer must be separated without disturbing the integrity of the cell.
The division furrow must also be correctly positioned to ensure an accurate
distribution of cellular contents so that daughter cells possess the correct
complement of genetic and biochemical material. The division furrow is
positioned at the plane of cleavage, normally at the cell equator, between the
recently separated chromosomes. The regulation of the positioning of the
cleavage plane and the assembly of the cytokinetic apparatus have been the
subject of intensive study.

1.3.1 An actomyosin ring drives mechanical constriction
A contractile actomyosin ring forms during cytokinesis and acts to cause
furrowing of the plasma membrane to restrict the daughter cells (for a review
see Saint and Somers, 2003) . Myosin activity is required to drive membrane
furrowing by applying contractile force to F-actin filaments around the cortex
(Mabuchi and Okuno, 1977). The stimulus to form the contractile ring is
provided locally by the mitotic spindle and does not rely on pre-existing cortical
structures, as furrowing can be induced in ectopic locations by mechanically
repositioning the mitotic spindle (Rappaport and Ebstein, 1965).

6

1.3.2 Rho1 regulates assembly of the contractile ring
Multiple Rho family GTPase s have been implicated in cytokinesis, but the Rho1
GTPase is central to the animal cell cytokinetic process (see Piekny et al., 2005
for review). Depletion of Rho1 activity, either by RNAi knockdown or by
enzymatic inhibition or mutation, causes a reduction in cortical contractility and
furrow formation (Mabuchi et al., 1993; Prokopenko et al., 1999; Drechsel et al.,
1997; Jantsch-Plunger et al., 2000). Rho1 appears to induce cytokinesis by
binding and regulating specific effector proteins that mediate the assembl y and
function of the actomyosin network. These effectors fall into 2 main groups: The
Formin group of proteins, which promote polymerisation of actin, and Rhodependent kinases, which are thought to be responsible for regulation of myosin
activity. Each of these compone nts is discussed further below. The positioning
of the contractile ring and upstream activation of Rho 1 is depende nt on the
mitotic spindle and the activity of the RhoGEF Pebble (Pbl), to accurately
position the furrow.

1.3.3 Centralspindlin acts to concentrate cytokinetic determinants
The central spindle is composed of antiparallel microtubule arrays bundled
between the separating chromos omes (for a review of microtubule dynamics in
cytokinesis see D'Avino et al., 2005). Centralspindlin is a critical complex in
cytokinesis, and has been shown to instigate microtubule bundling in vitro
(Mishima et al., 2002). The centralspindlin complex is composed of two
components which, in 0. melanogaster, are Pavarotti (Pav, MKLP1 in
vertebrates) and Tumbleweed (Tum, formerly RacGAP50C, MgcRac GAP in
vertebrates). Pav is a plus-end-directed kinesin-like motor protein (Adams et al.,
1998). Tum is a Rho-family GTPase-activating protein that physically associates
with Pav (Sotillos and Campuzano, 2000; Somers and Saint, 2003).
Centralspindlin is highly concentrated at the overlapping plus-ends of
microtubule arrays (Mishima et al., 2002; Somers and Saint, 2003). Targeted
knockdown of Tum is sufficient to generate multinucleate cells, demonstrating
that Tum is required for cytokinesis (Somma et al. , 2002). RNAi in S2 cells
induces multinucleation , and RNAi in vivo in the posterior half of the wing
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caus·es a multi-hair phenotype and binucleate cells, indicative of a failure in
cytokinesis (Somers and Saint , 2003). Cells lacking Tum have been shown to
progress through mitosis and assemble a metaphase spindle while failing to
form or maintain a central spindle and subsequently failing to establish a
cytokinetic furrow (Somma et al., 2002; Zavortink et al., 2005) . The GAP activity
of Tum appears to be required for cytokinesis in the ectoderm of

0. melanogaster, in contrast to neuroblast divisions, where GAP deficient Tum
constructs are able to rescue cytokinesis in Tum-deficient individuals (Goldstein
et al., 2005; Zavortink et al., 2005). Gap inactive MgcRacGAP mutants induce
multinucleate cells in Hela cell cultures, suggesting that the GAP activity is
required for cytokinesis (Hirose et al., 2001 ), however, a recent report suggests
that GAP activity is not required for cytokinesis in B cells (Yamada et al., 2006).

1.3.4 Pebble is an instigator of cytokinesis
pbl is required for the earliest stages of cytokinesis as 0 . melanogaster cells
lacking Pbl function show a lack of contractile ring activity (Lehner, 1992;
Prokopenko et al. , 1999). Mitotic cycle 14, the first cell cycle with an
accompanying cytokinesis, fails in pbl mutants. The vertebrate Pbl ortholog ,
Ect2, is also required for cytokinesis. Microinjection of anti-Ect2 antibodies in
interphase Hela cells is sufficient to inhibit cytokinesis and generate
multinucleate cells (Tatsumoto et al. , 1999). The localisation of Pbl/Ect2 during
the cell cycle suggests a key role for the protein in regulation of cytokinetic
progression. During interphase, Pbl is sequestered to the nucleus and becomes
cytoplasmic with envelope breakdown. The protein accumulates in the midzone
of the mitotic spindle at the presumptive site of contractile ring formation . At the
end of cytokinesis , Pbl localises to the midbody and to the nucleus (Prokopenko
et al. , 1999; Tatsumoto et al. , 1999). Genetic interactor and yeast two-hybrid
experiments suggest that Pbl activates Rho 1 specifically (Prokopenko et al. ,
1999) , therefore Pbl is likely to function as the GEF for Rho1 in cytokinesis.

1.3.4.1 Domain structure of Pbl/Ect2
Pbl is a highly modular protein with several domains implicated in diverse
functions. The C-terminal end constitutes the GEF region of the protein , with
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Dbl homology (DH) and Pleckstrin homology (PH) domains in tandem
(Prokopenko et al. , 1999). The N-terminal region contains two BRCT domains,
named for similarity to the carboxyl terminus of BRCA 1. These domains have
been implicated in DNA damage sensing and repair (Bork et al. 1997; Callebaut
and Mornon, 1997). The extreme N-terminus is a region of extended homology
named the RADECL domain for Rad4 , Ect2, Cib6-like (Somers and Saint ,
2003). A nuclear localisation signal (NLS) is positioned in the centre of the
protein.

1. 3. 4.2 Pbl/Ect2 autoinhibition and Centralspindlin interactions
Tum and Pbl have been shown to directly interact, binding strongly in a yeast
two-hybrid assay, and co-immunoprecipitating from embryonic extracts (Somers
and Saint, 2003). Tum Deletion mutants that are missing the region required for
interaction with Pbl form a central spindle, and can be found bridging
microtubule bundles at the midzone, howeve r they do not proceed past this
point (Somers and Saint, 2003). The Tum and Pbl interaction is therefore
considered to be the link between the anaphase mitotic spindle and the
assembly of the contractile ring (Somers and Saint, 2003). This link has also
been observed in mammalian cells. MgcRa cGAP and Ect2 directly interact
(Zhao and Fang, 2005; Kamijo et al., 2006; Nishimura and Yonemura, 2006),
binding to the N-terminal BRCT domain s of Ect2 (Yuce et al. , 2005). Ect2 has
been shown to be autoinhibitory by virtue of binding between the N-terminal and
C-terminal domains (Saito et al. , 2004; Kim et al., 2005). The localisation of
Ect2 to the central spindle is depend ent on both MgcRa cGAP and MKLP1 , the
centralspindlin compo nents acting to restrict the zone of Ect2-activated Rho 1
(Yuce et al. , 2005; Zhao and Fang , 2005; Kamijo et al., 2006; Nishimura and
Yonemura , 2006). This is supported by the instructive role of the spindle in
positioning the furrow if repositioned (Rappaport, 1961; Alsop and Zhang , 2004;
Bement et al., 2005). It has been suggested that the binding of MgcRacGAP to
the N-terminal region of Ect2 relieves the autoinhibition of Ect2 in the
appropriate position to activate Rho1 and trigger formation of the contractile
apparatus (Glotzer, 2005; Yuce et al., 2005) . It is unclear whethe r the
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autciinhibition feature of Pbl exists in 0. melanogaster and whether the binding
of Tum to Pbl activates Pbl at the furrow.

1.3.5 Rho1 cytokinetic effectors
Once activated by the RhoGEF Pbl/Ect2J Rho1 is postulated to activate a
number of effectors to facilitate assembly and function of the contractile ring.
These effectors broadly fit into two pathways that activate actin polymerisation
and myosin activity, respectively.

1. 3.5. 1 Formins and profilin regulate actin dynamics
Formins are responsible for stimulating the polymerisation of actin monomers
into filamentous chains. Reduction in the dosage or activity of formins causes
similar phenotypes as those induced by actin polymerisation inhibitors,
consistent with a role in assembly of the cytokinetic apparatus (Tominaga et al. ,
2000 ; Severson et al. , 2002). Regulation of Formin activity by active Rho1
occurs through modulation of protein-protein interactions between the Nterminal Diaphanous inhibitory domain (DID) and the C-terminal Diaphanous
autoinhibitory domain (DAD) (Alberts , 2001 ). The binding of Rho1 relieves the
autoinhibitory effect of the DAD binding to the DID to expose the core formin
homology domains, FH 1 and FH2 , which act to stimulate F-actin assembly
(Otomo et al. , 2005). The FH1 domain mediates profilin binding while the FH2
domain is responsible for actin binding (Pruyne et al. , 2002). Formin promotes
association with actin monomers at the barbed end of the growing actin filament
to facilitate the recruitment of additional actin monomers (Kovar et al. , 2006).
Profilin accelerates actin filament elongation by binding to both the FH 1 domain
of Formin and to ATP-bound G-actin (Romero et al. , 2004).

1. 3. 5.2 Myosin activity is enhanced by activation of Rho 1
Myosin has a hexameric structure composed of 2 heavy chains , 2 light chains
and 2 regulatory light chains (rMLC) . Phosphorylation of a highly conserved
serine at position 19 of rMLC is required for the assembly of myosin into
filaments , while activation of the actin-dependent ATPase activity of the motor
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domain also occurs (see Matsumura, 2005 for a review of myosin dynamics).
Rho effector kinase (Rok) localises to the cleavage furrow and is capable of
phosphorylating rMLC in vitro (Madaule et al., 2000; Ueda et al., 2002). Rok is
likely to be responsible for the phosphorylation of Ser19 in human, and in
Drosophila and nematode models (Kosako et al. , 2000; Piekny and Mains,
2002 ; Royou et al. , 2002). Rok is also likely to inhibit the phosphatase that
dephosphorylates Ser19 of rMLC, maintaining and increasing myosin activity
(Kimura et al., 1996). Despite being demonstrated to be responsible for
phosphorylating rMLC, genetic evidence argues against a role for Rok in
cytokinesis in 0. melanog aster (Winter et al., 2001; Ng and Luo, 2004;
Shandala et al., 2004). Eye and neural clones mutant for Rok can divide (Winter
et al., 2001; Ng and Luo, 2004) and Rok fails to interact genetically with Rho1
cytokinetic signaling (Shandala et al., 2004).

1.3.5.3 Citron Kinase plays a role in late cvtokinesis
Citron kinase is a member of a conserved family of serine/threonine kinases
and has been demonstrated to be capable of binding preferentially to GTPbound Rho1 (Madaule et al., 1995). Although the exact role of Citron kinase in
cytokinesis is unclear, evidence points to Citron being important in late
cytokinetic events. The Citron protein localises to the furrow in a Rho1
dependent manner in both 0. melanog aster and human systems (Eda et al.,
2001 ; Shandala et al. , 2004) . In citron mutants, the furrow forms and ingresses
but becomes unstable and regresses, ultimately failing cytokinesis (Echard et
al. , 2004) . It has been suggested that the role of Citron is to maintain Actin and
Anillin at the midbody , but the precise substrate or mechanism remains
unknown (Glotzer, 2005) .

1.3.6 A model for Pbl-Rho1 cytokinesis
Somers and Saint (2003) proposed a model for the positioning and activation of
cytokinetic assembly in 0. melanog aster that has been partially confirmed by
subsequent work (Yuce et al. , 2005; Zavortink et al. , 2005 ; Zhao and Fang ,
2005 ; Kamijo et al. , 2006 ; Nishimura and Yonemu ra , 2006). The model
proposes that Pav-KLP moves the Centralspindlin complex to juxtaposed plus

Figure 1.3 - The Pbl-Rho1 pathway in cytokinesis
A model for cytokinetic activation via the Pbl-Rho1 pathway. Centralspindlin
delivers Pbl to the appropriate position where it can activate Rho 1 to trigger
downstream activation of actin and myosin compo nents to form the contractile
apparatus.
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ends· of microtubules at the midzone. Tum is able to bring the RhoGEF, Pbl, to
the equator and possibly relieves the auto-inhibition role of Pbl. This forms a
ring around the cortex at the site of future cleavage, associated with the cortical,
microtubule-associated Centralspindlin extensions. Pbl is in the correct place to
initiate changes in Rho1 activity to form a ring of active Rho1 which facilitates
the recruitment of the cytokinetic machinery by organising formins to recruit
actin structures and myosin partners to interact and assemble the contractile
ring (Fig. 1.3).
The aim of the work described in this thesis was to further elucidate the pb/activated Rho1 pathway. As will be seen, the work developed a focus on the
relationship between cell cycle and developmental processes. The developing
D. melanogaster eye represents a favourable system to explore this relationship

due to its peculiar synchronised cell cycle. The regulation of proliferation, cell
cycle control and differentiation in the developing eye is considered in the next
section.

1.4 lmaginal discs as systems for dissecting signaling
pathways
The imaginal discs of 0. melanogaster are larval structures that serve as the
source of most adult epidermal tissues. lmaginal discs invaginate from the body
wall during embryogenesis and then proliferate without extensively
differentiating inside the body cavity of the larva. Towards the end of larval
development and into pupal metamorphosis, the imaginal discs will differentiate
into adult structures, replacing the larval body (Cohen, 1993).

1.4.1 Structure of the eye imaginal disc
lmaginal discs form when groups of embryonic ectoderm cells invaginate to
form sac-like structures. This generates two opposing surfaces, the disc proper
(DP) and the peripodial epithelium (PE) (Fig 1.4A, B; Cohen, 1993). The minor
contribution of the PE to the adult form means that it is often excluded from
developmental studies. Recent work has demonstrated a significant role for the
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PE in the patterning of the developing imaginal discs (Cho et al. , 2000; Gibson
and Schubiger, 2000). The PE is required for the growth and patterning of the
DP during the larval stages as demonstrated by the pattern abnormalities
induced in the DP by disrupting or halting the development of the PE (Cho et
al., 2000 ; Gibson and Schubiger, 2000).
The role of the PE in the development of each of the imaginal tissues has been
characterised, but I will focus specifically on the eye in this section. Eye disc
morphogenesis occurs with each epithelial layer undergoing cell shape changes
at particular developmental timepoints. A morphogenetic furrow, which sweeps
across the DP from posterior to anterior, marks the onset of differentiation, while
the cells of the DP undergo a cuboidal to columnar shift during third instar after
the MF passes. Cells of the PE undergo a cuboidal to squamous transition
during late larval developme nt (McClure and Schubiger, 2005). The shape
changes at this time are suggested to enhance the planar and vertical signaling
between the two epithelial layers to promote growth and proliferation of the disc
(McClure and Schubiger, 2005) .

1.4.2 An outline of eye imaginal disc development
The developing 0. melanogas ter eye is one of the most intensively studied
tissue proliferation and differentiation systems because the eye possesses a
stereotypical , reiterated structure that is highly sensitive to perturbation (for a
review of eye development, see Wolff and Ready, 1993 and Baker, 2001 ). The
functional unit of the eye is the ommatidial cluster, which contains an invariant
number of cells with a precise set of cell types required for proper function. The
adult eye contains approximately 800 ommatidial clusters , where each
ommatid ium focuses light from a small region of the total visual field onto
photorecepto r cells that signal to the optic lobes of the brain . Nineteen
precursor cells generate the ommatidium , and the majority of cell fates are
specified by post-mitotic cell -cell interactions. The stereotypical arrangement of
photoreceptor cells enable them to be assigned identities, from R1 through to
RS . The precise structure of the eye is not common amongst the imaginally

Figure 1.4 - Peripodial morphology
(A) A single optical section of a late third instar eye imaginal disc carrying a
transgene expressing green fluoroescent protein (GFP) in the peripodial
epithelium. Cells of the peripoidal epithelium (PE) have a characteristic
squamous morphology at this developmental stage. (B) An optical cross
section of a late third larval instar eye disc showing DNA (Hoechst 33258, B"
and blue in merge) and the neuronal marker ELAV, which is expressed in all
differentiating photoreceptor cells (anti-ELAV, B' and red in merge), to
highlight ommatidial clusters. The PE can be seen to the left above a small
gap where the morphogenetic furrow (MF) is located. In the post-furrow
region , the PE is closely associated with the disc proper, but cannot be seen
in this example. (B') ELAV stain alone. (B") Hoechst 33258 stain alone.
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derived tissues, however. The wing, for example, is comprised of an imprecise
number of mostly similar cells required for its mechanical function.

1. 4.2. 1 Sequential ommatidial recruitment
Ommatidia are sequentially recruited as the MF moves across the eye disc. As
a result, the maturation of ommatidial clusters is displayed spatially posterior to
the furrow (Fig. 1.5). Each eye disc can therefore be used to assess all of the
developmental stages it has undergone by viewing the developmental history in
preceding rows.
Each ommatidium follows a specific pathway of cell recruitment and
specification, which begins in the MF. A new row of ommatidia emerges from
the furrow approximately every 1.5 hours. The first cell to be specified is the
photoreceptor RS by expression of the proneural basic-helix-loop-helix (bHLH)
transcription factor atonal. Individuals mutant for atonal completely fail to
assemble ommatidia, indicating the critical founder role of RS (Jarman et al.,
1994). RS then rapidly recruits photoreceptors R2, R3, R4 and R5 to form a
group of cells termed the ommatidial precluster. The cells of the precluster
begin neural differentiation at this time and do not divide again. At the posterior
edge of the furrow, row 1 can be seen to contain arcs of precluster cells which
have begun to close in row 2 and contain the 5 precluster cells and 2 'mystery'
cells that will later detach from the precluster and divide with the other
undifferentiated cells. At the very posterior edge of the furrow the 5 cell
precluster is fully formed, with either 1 or no mystery cells attached, forming row
3 (Wolff and Ready, 1993).
The cells surrounding the precluster re-enter the cell cycle to create a band of
S phase and mitotic cells termed the second mitotic wave (2MW). At this stage

the un-recruited cells are not specified, as all remaining cell fates can still occur,
indicating that division is not linked to a particular cell specification (de Nooij
and Hariharan, 1995).
Photoreceptors R1 and R6 begin differentiating in row 4, while in row 5, R7 can
be seen to be recruited. The anterior and posterior cone cells begin to associate
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with the develo ping ommatid1a at appro ximate ly row 6 and 7, while in row 8 the
polar cone cell is recruited to the cluster. Row 11 marks the final recrui tment
with the addition of the equat orial cone cell. Row 13 is the final timep oint that
the photo recep tors are recruited (Wolff and Ready, 1993).
The remaining cell types are seque ntially recruited from the unspe cified, interomma tidial precu rsor popula tion during the first third of pupal develo pmen t.
These includ e the primary, secon dary and tertiar y pigme nt cells as well as the
bristle cells.
The expre ssion of neura l antige ns and the ascen t of cell nuclei as cells are
incorp orated into the cluste r can be useful meas ures of the develo pmen tal
histor y of the eye. The pre-fu rrow epithe lium conta ins nuclei rando mly
distrib uted throug hout its apico- basal depth. All cells shift their nuclei basall y as
they enter the MF, and as cells are recruited into the omma tidial cluste r their
nuclei migra te apically. The post-f urrow epithe lium becom es pseud o-stra tified
with two tiers of nuclei: the apical differe ntiatin g nuclei and the basal unrec ruited
nuclei. This is not a stratif ied epithe lium, howev er, as all cells extend the full
depth of the tissue , which retains a mono layer structu re. The only excep tion is
dividin g cells which break their basal conta cts and round up to divide at the
apical suriac e. The daugh ter cells of these divisio ns re-ext end their proce sses
and shift their nuclei basally, awaiti ng recrui tment (Wolff and Ready, 1993). The
mech anism s gover ning nuclea r positio ning are poorly under stood.
The orderl y progre ssion of cell morph ologie s behind the furrow grade smoot hly
with severa l landm ark geom etries that can be seen if viewe d in the plane of the
disc , just below the apical suriac e (Fig. 1.5B, C). The expre ssion of neura l
antige ns occurs in each photo recep tor cell once it is specified. Mono clonal
antibo dies direct ed again st the embry onic lethal, abnor mal vision (elav) gene
produ ct displa y this pattern effect ively (Fig. 1.58). ELAV is expre ssed in cells of
the centra l and periph eral nervo us system s at all stage s of develo pmen t, once
they have differe ntiate d into a neuro n (O'Neill et al. , 1994). The antibo dy
detec ts all photo recep tors as they are recruited to the develo ping omma tidia.
Furthe r discus sion of the develo pmen tal stages is includ ed with Figure 1.5.

Figure 1.5 - Ordered progression of ommatidral formation in the larval
eye disc.
(A) ELAV stain of an eye-antenna! imaginal disc removed from a wandering
third larval instar. (B) Enlargement of a single ommatidial row. Characteristic
ommatidial forms are identified numerically. (C) A schematic representation of
the ommatidial cell arrangement at key stages of larval development.
(Adapted from Wolff and Ready, 1993).

(1, 2) Five-cell precluster: This can be seen several rows behind the furrow.
The nucleus of RS , visualised by ELAV staining, is flanked by the R2 and RS
nuclei.

(3) Immature eight-cell cluster: This structure can be identified posterior to
the MF as R1 and R6 express ELAV. R7 begins to migrate apically at this
time and lags slightly behind R1 and R6.

(4) Symmetrical eight-cell cluster: At this stage R1 and R6 arrive at the
apical surface , displacing RS , R2 and RS basally. R7 is still ascending at this
point. This form displays a prominent bilateral symmetr y that is easily
id entified.

(5) Two cone cell stage: The symmetry of the cluster is broken at this stage
as R7 arrives at the apical surface. R1 and R6 are displaced basally and the
apical processes form a 'bow-tie' configuration at the centre of the cluster.

(6) Four cone cell stage: This stage is marked by the apical arrival of the
polar and equatorial cone cells. All of the photoreceptors are displaced basally
at this stage. Only the most mature rows will display this stage and the
remainder of the columns will reach this stage during pupal development.
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1.4.2:2 Pupal Recruitment
During larval development, between 24 and 26 rows of ommatidia are typically
formed. The remaining rows are generated in the first 10 hours of pupal
development, while the remainder of the rows continue to recruit cells. At this
stage, the tissue consists of ommatidial precursors surrounded by a matrix of
undifferentiated, unpatterned cells that are subsequently recruited to
differentiate into the required cell types. Shortly after the furrow reaches the
anterior margin of the disc, the disc everts and pupariation begins. Eversion of
the disc exposes the apical surface to the external environment in preparation
for adult function as pattern formation continues without interruption. The
primary pigment cells become distinct approximately 20 hours into pupariation,
with the secondary and tertiary pigment cells recruited shortly after this point.
The mechanosensory bristles are developmentally distinct from the rest of the
cluster and are the final cell types to be recruited. The bristles are generated by
one cell of a concentric four cell unit, of which the precursors divide
approximately fourteen hours into pupal development (Wolff and Ready, 1993).
Cellular specification is complete at the end of the first third of pupal
development, but the cells are comparatively immature and simple. Over the
remaining two thirds of pupal development, the rhabdomeres, lenses and
pigments terminally differentiate and the position of cells within the ommatidia is
extensively refined (Wolff and Ready, 1993).

1.4.3 Control of cell proliferation in eye imaginal discs
1. 4. 3. 1 Cell number regulation
Ommatidial cell fate is specified post-mitotically, often through receptor tyrosine
kinase (RTK) based signals (Freeman, 1997; Simon, 2000). During the third
larval instar, the disc begins a process of ommatidial differentiation and retinal
specification to produce the mature ommatidial clusters. A wave of
synchronised proliferation and differentiation proceeds across the disc in a
posterior to anterior fashion. Anterior to the wave, cells continue to proliferate in
an unpatterned manner. This region, which is often termed the 'first mitotic
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wave ' (1 MW) to distinguish it from the later 2MW, influences the size of the eye
as well as the number of ommatidia that can be formed (Baker, 2001 ).

1.4.3.2 The morphogenetic furrow and the second mitotic wave
During the initial stages of eye imaginal disc development, cell cycle
progression is similar to that seen in other early imaginal discs, exhibiting
asynchronous, unpatterned proliferation (for a review of proliferation regulation
in the eye, see Baker, 2001 ). To ensure that an appropriate number of cells are
available to be specified, the total cell number is established by a delicate
balance between proliferation and programmed cell death (Fig. 1.6A, B).
Progression through the cell cycle, as well as protection from death, is
instigated by short-range signals from cells already recruited to the developing
cluster. The number of unspecified progenitor cells are adjusted to match the
number of ommatidia through fine-tuning at the G2/M transition (Baker and Yu,
2001 ). Division ceases temporarily in the MF where the first ommatidial
progenitors are specified (Wolff and Ready, 1993). Immediately posterior to the
MF, a wave of proliferation termed the second mitotic wave (2MW) can be seen.
The 2MW acts to expand the population of unspecified precursor cells that are
available to each ommatidium for post-mitotic fate specification (Wolff and
Ready, 1993). Each of these steps requires a complex set of interactions
between a variety of signaling pathways and is discussed in further detail in the
following sections.

1.4.3.3 G1 arrest and synchronisation in the MF: a Opp-based svstem
All cells in the MF arrest in G 1 before specification and differentiation occur
(Baker and Rubin , 1992). Initiation of G1 arrest in the MF requires expression of
the BMP-4 homolog , Decapentaplegic (Opp) , a member of the TGF-~ family of
growth factors. Opp is expressed in response to the diffusible signaling
molecule Hedgehog (Hh) (Baonza and Freeman , 2005; Firth and Baker, 2005).
The differentiating photoreceptors behind the furrow are the source of the Hh
signal , starting at Row O (Benlali et al. , 2000). Transcription of dpp occurs in the
MF in response to Hh (Masucci et al. , 1990; Heberlein et al. , 1993b). The
effective range of Hh and Opp is approximately thirteen to seventeen cells, as

Figure 1.6 - Cell cycle regulation in the developing 0. melanogaster
eye
(A) A schematic of the cell cycle and recruitment in the eye viewed from the
apical surface . (B) A schematic cross-section of figure A, demonstrating the
apico-basal polarity of the developing disc. The nuclei of cells shift basally in
the MF, then the cells round up to divide at the apical plane. The nuclei of
cells recruited to the ommatidium initially shift apically, while the nuclei of
undifferentiated cells remain basal.
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cells begin to accumulate in G 1 approximately seventeen cell diameters anterior
to row O, the source of the signal (Baonza and Freeman, 2005; Firth and Baker,
2005). The concentration gradient of Opp anterior to the MF defines the region
where cells arrest and synchronise. Ubiquitous expression of Opp is sufficient to
induce cell cycle arrest ahead of the MF (Penton et al., 1997; Horsfield et al.,
1998).

1.4.3.4 The G1/S phase transition in the 2MW: a Notch-based system
With the exception of the five cell precluster, all cells express Cyclin D and
Cyclin E and re-enter the cell cycle in the 2MW (Wolff and Ready, 1993; Finley
et al., 1996). The Notch (N) ligand, Delta (DI), is expressed at the anterior edge
of the MF (Baker and Yu, 1998). N activated signaling is both necessary and
sufficient to induce S phase entry (Baonza and Freeman, 2005; Firth and Baker,
2005). The source of the signal is not likely to be the ommatidia, as S phase
entry occurs in the absence of differentiated ommatidial clusters (Baker and
Rubin, 1992; Wolff and Ready, 1993). The first S phase cells are seen
approximately seven cell diameters posterior to the MF (Baker and Yu, 2001 ).
Although involved in growth and proliferation through indirect means, this is the
only developmental system known where N signaling has a direct role in the
G1/S phase transition in diploid D. melanogasterce lls (Firth and Baker, 2005).

1.4.3.5 The G2/M phase transition in the 2MW: an EGFR-based system
Entry into M phase is regulated by local signals from differentiating precluster
cells, as non-committed cells stay arrested in G2 in their absence (Baker and
Rubin, 1992). The signal to enter mitosis is the epidermal growth factor receptor
(EGFR) ligand, Spitz (Spi) (Baker and Yu, 2001 ). Spi is processed and
presented by the protein products of rhomboid and star in the precluster cells
(Freeman et al., 1992; Heberlein et al., 1993a; Tio and Moses, 1997). The Spi
signal is both essential and limiting, as not all uncommitted cells complete the
cell cycle. While an average of 9.7 cells enter S phase per precluster, only 7.7
cells on average undergo mitosis. Two cells per cluster will therefore remain in
G2 after the 2MW (Baker and Yu, 2001 ). Activation of EGFR is both necessary
and sufficient to induce mitosis through a signal transduction cascade that
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activa tes String (Stg), the 0. ·melan ogast er ortholog of the mitotic induce r Cdc25
(Bake r and Yu, 2001 ). While limiting for many cell cycles, stg is the produ ct of
compl ex transc ription al regulation (Lehman et al., 1999). Stg is neces sary in the
eye to drive cells throug h M phase and into G1 in the 2MW (Heberlein et al.,
1995). Targe ted over expre ssion of Stg doesn 't compl etely rescue the 2MW in
discs lacking omma tidia (and thus EGFR activation) indica ting that EGFR has
other roles in the cell cycle (Bake r and Yu, 2001 ).

1.4.3.6 Cell cycle withdrawal by precluster cells
The EGFR pathw ay has an additio nal role to the induction of mitosis, to
maintain G 1 arrest in preclu ster photo receptors R2-R5 by blocki ng S phase
entry in respo nse to N in these cells (Firth and Baker, 2005). Photo recep tor RS,
the first photo recep tor to be specified, remai ns in G1 indep enden t of EGFR
activation . At row 0, where RS can first be seen, EGFR depen dent MAPK
phosp horyla tion can be first detect ed (Tio and Moses, 1997; Kuma r et al.,
1998).
Proliferation in the disc needs to be restrained so that overg rowth of the tissue
does not occur. The role of apopt osis in the regulation of cell numb er in eye
develo pmen t is consid ered in the next section.

1.4.4 Survival and programmed cell death
Apopt osis or progra mmed cell death is neces sary to remov e specif ic cells at
appro priate develo pmen tal time points and mainta in the total cell numb er. This
afford s the develo ping tissue a spatial precision neces sary during cell fate
decisions. Growth factor s are central to determ ining which cells will surviv e and
which cells will be apopt oticall y cleared. This proce ss of precis e cell
degra dation is exten sively regulated to ensur e that poten tially dange rous cell
conte nts are not rel eased to surrou nding cells until either neutra lised or
degra ded (reviewed by Bergm ann et al. , 2002 ; Cashi o et al. , 2005) .
The apopt otic machi nery is well conse rved in metaz oans , and is best
chara cterise d in nema todes , insect s and verteb rates . The key feature is the
activation of intrac ellular cystei ne protea ses (caspases) that cause cell death by

Figure 1.7 - Apoptotic pathways in the 0. melanogaster eye
Tissue specific cues are required to regulate the expression of pro-apoptotic
genes (shown in red). Pro-apoptotic factors bind to IAPs (shown in blue) and
prevent their activity. IAPs bind to caspases (shown in gold) to prevent
activation of the apoptotic program. Pro-apoptotic factors act to sequester
IAPs and indirectly promote caspase activation. The virally-encoded protein ,
P35 , functions independently of 0. melanogas ter pro-apoptotic factors and
provides effective inhibition of caspase activation. Once caspase activation
occurs , cell death is inevitable and cellular substrates will be degraded
followed by DNA fragmentation.

I Tissue-specific cue I

1
1
I

!
I Cellular substrates I

!
I DNA breakdown
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cleaving a variety of cellular substrates after aspartate residues (Chinnaiyan et
al., 1996). Caspases can be broadly placed into two classes: initiators and
effectors. Initiator caspases do not require cleavage of their zymogen precursor
to become active, while effector caspases are activated by proteolytic cleavage
of the zymogen by other caspases or auto-activation. In some instances there is
a positive feedback where effector caspases cleave other zymogens to upregulate apoptosis once it has begun. Effector caspases are responsible for the
majority of proteolysis (Cashio et al., 2005). Regulation of caspases is mediated
by Inhibitor of Apoptosis Proteins (IAPs), which bind to activated caspases and
inactive zymogens to prevent their activity. Apoptosis is instigated by proapoptotic genes that act to inhibit IAPs and indirectly relieve inhibition of
caspases (Hay et al., 1995; Hay, 2000).
In the developing eye, there are phases of apoptoses at several developmental
stages, each of which is instigated by slightly varied sets of signaling. The
different signaling mechanisms then trigger apoptosis through a single apoptotic
pathway (Fig. 1.7). All apoptosis in the eye, at both larval and pupal stages is
dependent on the pro-apoptotic gene head involution defective (hid), which is
both necessary and sufficient for inducing normal cell death in the eye (Yu et
al., 2002). hid encodes an intracellular protein that inhibits IAPs to promote
apoptosis, and is regulated by MAP kinase through intracellular signaling and
RTK signaling (Bergmann et al., 1998; Kurada and White, 1998).
During larval development a wave of apoptoses is seen from column 7 through
to approximately column 11. Approximately 0.2 - 0.3 cells per ommatidium
undergo apoptosis (Baker and Yu, 2001 ). If ommatidia are removed or
misplaced, apoptosis significantly increases, indicating that a positive signal
from differentiated ommatidial cells is required to maintain the survival of cells in
this region (Baker and Yu, 2001 ).
While relatively few cells are apoptosed during larval eye development,
substantially more are removed during the later stages of pupal patterning.
Approximately 20 hours after puparium formation (APF), the primary pigment
cells emerge and enwrap the cone cells and the interommatidial precursor cells
become organised into an interweaving honeycomb of secondary and tertiary
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pigment cells. This requires local cell rearrangements and the removal of
excess cells (Wolff and Ready, 1993). Apoptosis acts to remove any
supernumerary cells not recruited to the ommatidial cluster (Wolff and Ready,
1993). These apoptotic events fall into two developmental stages: an 'early'
stage from 18-24 APF where approximately 1.8 cells die per ommatidia, and
'late' stage from 26-36 hours APF where approximately 3.6 cells die per
ommatidia (Cordero et al., 2004). Approximately one third of the cells present at
the end of the early stage are selected for death over the following 10 to 12
hours . Both early stage and late stage apoptoses are mediated by inhibition of
the dlAP1 encoded by threa d (th). dlAP1/Th is sequestered by Hid to prevent
the interaction with initiator and effector caspases (Hay et al., 1995). This
regulation differs from the larval apoptoses that are dlAP1 independent (Yu et
al. , 2002) . EGFR acts to promote cell survival in both phases by repressing both
the activity and expression of hid (Bergmann et al., 1998; Kurada and White,
1998) . Both N and Wingless signaling are necessary to provide the signal for
early stage apoptosis, which originates from the cone cells (Cordero et al.,
2004). Notch signaling acts to stimulate apoptosis by inhibiting EGFR survival
signaling in cells fated to die during both stages (Yu et al., 2002).
Apoptosis in the developing eye is therefore a highly regulated and dynamic
process that relies on local cell-cell interactions, not pre-determined genetic
fates. During early stages, the cell numb er is kept in check by a small amou nt
of
apoptosis, while during the final pupal stages of development, apoptosis acts to
remove all unrecruited cells and finalise the cellular composition of the eye.

1.5 Aims of this thesis
At the onset of the research described in this thesis , Pbl was considered to be
a
highly specific RhoGEF for Rho activation in cytokinesis. Several new roles for
pbl, independent of the cytokinetic pathway, have since been uncovered by
other studies, demonstrating the diversity of processes pbl is associated with.
Pbl is required for mesodermal migration in 0. mela noga ster embryos , as Pbl
mutant mesodermal cells are unable to migrate dorsally, having failed the
epithelial-mesenchymal transition during gastrulation (Schu mach er et al. , 2004
;
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Smallhorn et al., 2004). Pbl is also required for the migration of P cells, during
C. elegans embryogenesis , interacting with the EGF/R as/MAP K pathwa y
(Morita et al., 2005). ECT2 has recently been identified as regulating polarity in
the early embryo of C. elegans, through activation of the Rho-myosin pathwa y
(Jenkins et al., 2006; Motegi and Sugimoto, 2006), and epithelial polarity has
also been shown to be regulated by ECT2 in MOCK epithelial cell lines (Liu et
al., 2006).
The first experimental chapte r of this thesis details a series of experim ents to
further understand the cellular basis of a rough eye phenot ype associated with
expression of a domina nt negative pbl transgene. The next chapte r focuses on
the mapping of candidate interactors from a genetic modifie r screen for
modifiers of the domina nt negative Pbl eye phenotype. Using the results of the
first experimental chapter, the cellular basis of the modification of the interactors
is examined in the final experimental chapter.
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2 - Materials and Methods
2.1 Materials
2.1.1 Antibodies
All secondary and tertiary antibodies were reconstituted according to the
manufacturer instructions.

2. 1. 1. 1 Primary Antibodies
anti-PH3: rabbit polyclonal, (Upstate Biotechnology), used at 1: 150 on tissues.
anti-ELAV (7E8A 10): rat polyclonal (Developmental Studies Hybridoma Bank),
used at 1:200 on tissues.
anti ELAV (9FA89): mous e polyclonal (Developmental Studies Hybridoma
Bank), used at 1:200 on tissues.
0

anti-BrdU (G3G4): mouse monoclonal (Developmental Studies Hybridoma
Bank), used at 1:200 on tissues.
anti-GFP: rabbit polyclonal (Jackson Laboratories), used at 1:500 on tissues.

2. 1. 1.2 Secondary Antibodies
Goat anti-rabbit Alexa 350 used at 1:50 on tissues.
Goat anti-mouse Alexa 488 used at 1:200 on tissues.
Goat anti-rat Alexa 488 used at 1:200 on tissues.
Goat anti-rabbit Alexa 488 used at 1: 100 on tissues.
Goat anti-mouse Texas Red used at 1:200 on tissues .
Goat anti-rat Alexa 568 used at 1:200 on tissues.

2.1.2 Chemicals
All chemicals were of analytical grade , or the highest grade available.
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2.1.3 Stocks
D. melanog aster stocks were obtained from the Bloomington Stock Centre ,
1118
was used as the wild-type strain in
unless otherwise indicated. w

immunohistological stains and for the generation of GMR>pbf1°H modifier lines.
0
The GMR>pb l and GMR>p bf H stocks were obtained from Dr. Louise O'Keefe

(Prokopenko et al. , 1999). Alleles of dumpy were obtained from Dr. Ross
Macintyre, Cornell University.

2.1.4 Enzymes
Enzymes were obtained from the following sources

Taq Polymerase

Perkin Elmer

Restriction enzymes

New England Biolabs

Proteinase K

Sigma

2.1.5 Kits
In Situ Cell Death Detection Kit (TUN EL)

Roche

2.1.6 Molecular weight markers
DNA: 1kb ladder

New England Biolabs

2.1.7 Oligonucleotides
Oligonucleotide primers were obtained from Geneworks : Thebarton , SA or
Proligo: Lismore , QLD.

2.1.7.1 Molecular mapping
All mapping primers used were selected from those described in Berger et al. ,

2004 .
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2. 1. 7.2 Candidate exon sequencing
CG13148
CG13148F1

5' CAAAT ATAGA CGTTC GCATG TGGC 3'

CG131 48F2

5' ATAAT GAACG TAAGT CTGCC G 3'

CG131 48F3

5' GGGC AGGC AATAA TGTGG GACG 3'

CG131 48F4

5' AGGC CCAGA TGAAT CTGGA CAGC 3'

CG13148R1

5' GTCTG GAGAA ACCCC ACGG AAAGC 3'

Obp49A
Obp49AF1

5' GTTTC CTAGC CACGC ACATG CGC 3'

Obp49AR1

5' CTATA AATTG GGGA CCCAT GTCG 3'

CG30053
CG300 53F1

5' AAAAG TTGGT GGAG GCCAA GTGC 3'

CG300 53R1

5' TAGGA TGCAC GTCTG GGTG CG 3'

CGB768
CG8768F1

5' GCAAA AGATT CCCCT TCAGG C 3'

CG876 8F2

5' GCGG TTTTT ATACC TATTG TAGAT GC 3'

CG876 8R1

5' TTGGA GAGTT GGCA TCCTC CGC 3'

CG876 8R2

5' GCTCC CCAGG TCTCA TCTTT CG 3'

CG12 442
CG124 42F1

5' CGTAT TCCTT TTTTG AAGGT GGC 3'

CG124 42R1

5' GCTTT CATGG GACTT TGCCC ACG 3'

CG124 42R2

5' GCGG GAGTA GACTT AGTTC TGG 3'

CG18356
CG183 56F1

5' ACCAT GCACT TTGCA CACCC G 3'

CG183 56F2

5' TGAAT ATTT AGTGG CGATT CG 3'

CG183 56 R1

5' GCAG AAGAC GCAAA AGTTG GC 3'

CG12 488
CG124 88F1

5' GATTG GATAT TTGTT ACCAG CCG 3'

CG124 88F2

5' CTGCT CCTCA AGCG AAACA GACG 3'

CG 12488F 3int

5' AGGTG AGCAT GCTGA AGGG C 3'

CG124 88F4int

5' ACCAG AATTC CAACG AGC 3'
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G12488R1

5' TATGTAA GATTTTA CCAACCC GC 3'

G12488R2

5' TGGTCTT CTAGCAC CGATTTC G 3'

G 12488R3int

5' AGTCCTC CATTTCT GTGGAG C 3'

G 12488R4int

5' TTGATTT GAGATTT AGCAGTG C 3'

mos
mosF1

5' GATCCAA AGGCAAT AAATTGC 3'

mosF2

5' CCAACCA ATATATT GGTTGCC 3'

mosR1

5' GGGAATC TAGACGT AAGCTCG 3'

mosR2

5' CTGCCAA GCACAAA ATTCGCC 3'

NacA/ph a
NacalF1

5' AGAATAG AATCCCT TATGTGC 3'

NacalF2

5' ATGTTCG ACTGGTG TAACATG C 3'

NacalR1

5' TAGTTCG ATTATTT CAGCAAG C 3'

CG1237 4
CG12374F1

5' ATCGCCA TTAGATA ACGTTCC G 3'

CG12374F2

5' CGAAGAG TACGATT GGATTGT G 3'

CG12374R1

5' ATACTCC AGAAGTA CATAGAT GC 3'

CG12374R2

5' AAGGCCA TCTTCCT GGAGGG C 3'

net
netF1

5' CATACAC ACATTAG GACAACG 3'

netF2

5' GGCAGTC GCAGCC CTATTCG 3'

netF3

5' TTGCATA CCTTCCA CGTTGCG 3'

netR1

5' TTGCAGG TGCCGCA CAATTCG 3'

netR2

5' GCATGTG GATAGGA ATGCTGT 3'

netutrstop

5' GATTCTA TGGCACG TACAC 3'

2.2 Buffers and Solutions
Agarose gel loading buffer 1OX

2.5ml glycerol
2.4ml 0.5M Na 2 EDTA
0.025g bromophenol blue (SIGMA)

Hoechst 33258(1 000X)

1Omg/ml in 1X PBS
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PBS

7.5mM Na2HPO4, 2.5mM NaH2PO4,
145mM NaCl

PBT

1 x PBS, 0.1 % Tween 20

Phenol/chloroform:

50% phenol
48% chloroform
2% isoamyl alcohol
stored under TE in the dark

TAE

40mM Tris-acetate
20mM sodium acetate
1mM EDTA pH 8.2

TUN EL permeabilisation buffer

0.1 % sodium citrate
0.1 % Triton-X

Proteinase K:

10mg/ml in MO H2O.

dNTP s (separately):

100mM solution (Roche).

Squishing buffer (SB):

10mM Tris-HCI, pH 8.2, 1mM EDTA, 25mM
NaCl, 200mg/ml Proteinase K.

2.2.1 Media
All media were prepared with distilled and deionised water and sterilised by
autoclaving , except heat labile reagents, which were filter sterilised, unless
otherwise stated. Antibiotics were added from sterile stock solutions after the
media had been autoclaved.

2.2.2 Harvard fly food
47.4g Agar, 165g Torula yeast, 660g glucose and 312g maize meal were mixed
in 4.6 litres of tap water and boiled to dissolve all ingredients. After cooling to
80°C, 54ml of Tegosept (23 .8g Tegos ept, 91.8ml ethanol) , was added before
being poured into vials or bottles and left overnight to air-dry , before being
stoppered . 2-3 grains of active yeast were added to the vials before use.
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2.3 Methods
2.3.1 Growth conditions
Fly stocks were maintained on standard media at 18°C. Experimental fly
crosses were periormed at 25°C or 29°C, this was to ensure consistency in the
GAL4/UAS induced levels of expression and resultant rough eye phenotypes.
The roughening of GMR>pbf 0 H adult eyes was especially sensitive to
temperature. Unless otherwise noted, all experiments were conducted at 25°C.

2.3.2 Transverse sections
Adult eyes were incubated in periodate/lysine/paraformaldehyde for 30 mins,
fixed in 2.5% gluteraldehyde/0.1 M sodium phosphate (pH 7.2) overnight, postfixed in 2% osmium tetroxide, washed in water, and dehydrated in acetone.
Specimens were mounted in epoxy resin , sectioned at 5µ.m, and stained with
methylene blue.

2.3.3 Light microscopy
Light microscopy was periormed on a Zeiss Axioskop light microscope with DIC
optics. Images were collected digitally with SPOT Advanced Software and a
cooled CCD camera.

Fluorescence microscopy was periormed on a Delta

Vision (Applied Precision) deconvolution microscopy system. Adobe Photoshop
7.0 and lmageJ programs were used for all image preparation.

2.3.4 Agarose gel electrophoresis
Molten 0.8 to 1.2% SeaKem LE grade agarose (FMC Bioproducts , Rockland ,
ME) , dissolved in 1x TAE , was poured onto a glass plate and set . The gels were
placed in an electrophoresis tank and submerged in 1x TAE. The samples were
mixed with sample buffer and loaded alongside a suitable size marker, and then
separated by applying 40-1 00V to the tank. The gel was stained with ethidium
bromide to visualise the DNA under UV light.
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2.3.5 Automated sequencing
DNA sequence was determined by one of two methods. The first method used
the ABI Prism™ Dye Terminator Cycle Sequencing Ready Reaction Kit (PerkinElmer) , as described in the manufacturer's protocol with the modification of
using half the described amount of reaction mix. The second method used the
BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems), as
described in the manufacturer's protocol with the modification of using an eighth
of the described amount of the reaction mix. In both cases, double-stranded
DNA was used as a template and, in general, primers were de-salted.
Temperature cycling in both cases was: 25 cycles of 96°C for 10 seconds,
50°C for 5 seconds and 60°C for 4 minutes with a temperature ramp setting of
2. Running and analysis of Dye Terminator reactions was conducted by the
AGRF in Brisbane.

2.3.6 lmmunolocalisation of 0. melanogaster larval eye discs
Larval eye discs were dissected in 1x PBS and fixed in 3.7% formaldehyde in
PBS for 15 minutes. Discs were washed in 1x PBST for 30 minutes. Discs were
washed in 1x PBT-BSA (1x PBS, 0.3% Triton X-100, 1mg/ml BSA) and the
primary antibody was added to the solution and incubated at 4 °C overnight. The
next day, discs were washed extensively in 1x PBST for 30 minutes. The
secondary antibody was added to the discs in a solution of 1x PBT-BSA and
incubated at room temperature for 2 hours. The discs were then extensively
washed in 1x PBST. Discs were dissected in 1x PBST to remove the brain and
other tissues , flattened and mounted directly on the slide in a drop of
Vectashield , with the coverslip carefully lowered down .

2.3.6.1 TUNEL stain
Following immunolocalisation , discs were washed after incubation with
secondary antibody for 30 minutes in 1x PBST. Discs were incubated at 65°C
for 30 minutes in TUN EL permeabilisation buffer and then washed for 30
minutes in 1x PBST. Discs were then incubated in 5µ1 of TUN EL enzyme and
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45µ1 of TUN EL assay buffer for 3 hours at 37°C. Discs were then washed for 30
minutes in 1x PBST before being mounted as per normal.

2. 3. 6.2 BrdU incorporation
Larval eye discs were dissected in 1x PBS and incubated in 75µg/ml BrdU in
PBS for 60 minutes at room temperature. Discs were fixed for 45 minutes in
3.7% formaldehyde in 1x PBS. Discs were washed in 3M HCL for 30 minutes
on a nutator and then washed for 30 minutes in 1x PBST. Primary and
secondary antibody stains were then carried out as per normal.

2.3.7 Regulatory considerations
All manipulations involving recombinant DNA were carried out in accordance
with the regulations and approval of the Genetic Manipulation Advisory
Committee and the Australian National University Council.

2.3.8 Isolation of 0. melanogastergenomic DNA
2.3.8.1 Rapid single fly genomic preparation
Single adult flies were placed in 1.5ml microcentrifuge tubes and placed on ice
for 10 minutes to immobilise. Flies were then squished against the wall of the
tube with a disposable pipette tip. 50µ1 of squishing buffer was then added and
mixed with the remains of the fly. The solution was then incubated at 37°C for
30 minutes, and the Proteinase K inactivated by a 5 minute incubation at 95°C.
Fly debris was pelleted by centrifugation at 14 000 rpm for 1 minute. 1µI of this
preparation was used as template for PCR.

2.3.8.2 Small scale clean genomic DNA preparation
30 adult flies were placed in 1.5ml microcentrifuge tubes and placed on ice for
10 minutes to immobilise. 100µ1 of ice cold 0.1 M Tris pH 9.0 , 0.1 M EDTA was
added and the flies were homogenised with a pestle. 100µ1 of 2% SOS with
100µg/ml proteinase K was added. The solution was mixed by gentle pipetting
and incubated at 50°C for 3 hours. Fly debris was removed by centrifugation at
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14 000 rpm for 10 minutes and the supernatant was phenol/chloroform
extracted twice. The DNA was then precipitated from the aqueous phase by
addition of 0.4 volumes of SM ammonium acetate and 2 volumes of 100%
ethanol. The precipitate was immediately pelleted by centrifugation at 14 000
rpm for 5 minutes at 4°C . The pellet was washed with 70% ethanol , air-dried
and re-suspended in 60µ1 of MO H2O. 1µI of a 1/20 dilution of this DNA was
used as template for PCR.

2.3.9 Adult wing dissections
Adults were placed in 100% xylene or Histochoice clearing agent and left
overnight at room temperature. Wings were dissected off the fly in 100% xylene ,
placed in 30µ1 of Canada Balsam on a microscope slide and covered with a
coverslip. Slides were left to dry for 24 hours before viewing.
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3 - The cellular basis of dominant negative
pbl eye phenotypes
3.1 Introduction
The development of the eye , discussed in detail in Chapter 1, is initiated with a
wave of activity that sweeps across the eye imaginal disc in a posterior to
anterior direction during the third larval instar. Cells in the anterior of the disc
asynchronously divide and remain undifferentiated. This region is termed the
first mitotic wave. A wave of differentiation , which sweeps across the disc during
larval life generates the differentiated adult ommatidial structure.
The morphogenetic furrow (MF) , which is a physical indentation caused by cell
shape changes , lies ahead of the differentiating wave. Cells within the MF and
immediately anterior to the MF are stalled in G 1. The first five photoreceptor
precursors are sequentially specified in the region immediately posterior to the
MF and form an incomplete ommatidial pre-cluster. These cells continue along
the ir neural differentiation pathway and never divide again (Wolff and Ready,
1993) . All cells surrounding the precluster re-enter the cell cycle , entering S
phase simultaneously (Wolff and Ready, 1993; Finley et al. , 1996). The
precluster photoreceptor cells , whose nuclei shift apically, signal to a portion of
the undifferentiated cells to undergo mitosis , creating the 2MW . This produces
the majority of the cells that the ommatidial cluster will require. The nucleus of
an undifferentiated cell remains basal , and shifts apically as it is recruited to the
differentiating cluster (Wolff and Ready , 1993). A wave of apoptosis occurs after
the 2MW has passed , acting to remove supernumerary cells , however a small
number of cells continue to cycle in the posterior post-furrow region after the
2MW has passed . These late divisions are considered to compensate for any
shortfall in the cell numbers required to generate the highly ordered structure of
the eye (Baker, 2001 ).
All ommatidial clusters follow a stereotypical pathway of recru itment and
differentiat ion that continues as the morphogenetic furrow proceeds across the
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disc. Therefore , clusters at the posterior end of the disc will be further
differentiated compared to the more anterior clusters that have only recently
emerged from the furrow. This temporal gradient of develo pment means that a
single disc contains many examples of each stage of ommatidial cluster
development. The eye has been an important tissue in investigating genetic
pathways (such as the EGFR- MAPK pathway), however, little is known about
the Pbl-Rho1 GTPase pathway in the eye. The develo pment of the eye has
been extensively characterised, and therefore provides a useful system to
investigate the effects of pbl on cytokinesis, proliferation and programmed cell
death.

3.1 .1 GMR is expressed specifically in, and posterior to the
morphogenetic furrow
GMR is an eye specific enhanc er/prom otor element that is used to drive the
expression of transgenes of interest at high levels in the developing eye (Hay et
al. , 1997). GMR-G al4 is a useful tool as it is expressed both in and posterior to
the furrow, meaning that the first mitotic wave is unaffected by GMR-driven
transgenes (Hay et al. , 1997).
Prior to the research described in this thesis, GMR-driven expression of a form
of Pbl carry a deletion in the sequen ces encoding the DH domain , which is
required for the interaction with Rho 1, had been carried out and the phenotype
produced was partially characterised (O'Keefe, 2001 ). The next section
summa rises this initial characterisation.

3.1.2 The GMR>pbftiDH rough eye phenotype is caused by a loss of cells
The pb f

0

H

construct contains a deletion of fifty-three amino acids in the Dbl

homolo gy (DH) domain (Fig. 3.1 A) . Togeth er with the Pleckstrin homology (PH)
domain , the DH domain forms the region necessary for the catalysis of
GDP/GTP exchange of Pbl targets (Prokopenko et al. , 1999). The pb f

0

H

construct acts as a dominant negative (O 'Keefe et al. , 2001 ), presumably
interfer ing with the activation of normal targets of Pbl GEF activity (Ron et al. ,
1991 ; Hart et al. , 1994) .

Figure 3.1 GMR>pb/11 DH rough eye is characterised by a loss of cells
(A) A schematic representation of the pbf1°H construct. A deletion of 53 amino
acids in the Dbl homology (DH) domain is expected to cause a dominant
negative effect by interfering with GEF activity. (B-D) Electron micrographs of
adult eyes. (B'-D') Higher resolution images of (B-D). (B) A wildtype adult eye.
The ommatidia are arranged in a highly stereotypical array. (C) The
GMR>pbf1°H adult rough eye phenotype is characterised by the fusion of

ommatidial units and a loss of bristles. The phenotype is most penetrant in the
dorsal centre of the eye. (D) Enhancement of the GMR>pbf1°H phenotype by
loss of one copy of pbl. An increase in the disruption to the eye occurs with
more ommatidial fusion and further loss of bristles. (E) A schematic
representation of the cell arrangements of a single cluster at late pupal
stages. The 2° and 3° pigment cells and bristle cells are shared between
neighbouring clusters. The asterisk corresponds to a cell that will be
apoptosed. (F) Anti-Armadillo stain of a wildtype pupal ommatidium highlights
the cellular outlines. (G) Anti-Armadillo stain of a GMR>pbf1°H pupal
ommatidium demonstrates that there is a reduced numbe r of interommatidial
cells. (H) A binucleate cell from a dissociated GMR>pbf1°H eye disc stained
for DNA (Hoechst 33258 , H' and red in merge) and GFP (H" and green in
merge). (H ') DNA stain alone , showing two nuclei within a single cell,
characteristic of a cell that has failed cytokinesis. (H") GFP expression alone
marks the cell body and discriminates between GMR expressing and nonexpressing cells. Adapted from O'Keefe , 2001 .
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When ·expressed specifically in the developing eye, PblE1DH causes a dosedependent rough eye phenotype (Fig. 3.1 B,C). Removal of one copy of
endogenous pbl significantly enhances the phenotype (Fig. 3.1 D). The
roughening of the eye is most prominent in the dorsal region of the eye, with
ommatidia frequently fused and bristles lost. Transverse sections of
GMR>pbf 0 Heyes reveal only mild disruptions to the shape and organisation of
the rhabdomeres, with some loss of pigment cells between clusters (Fig.3.1 E-G;
Prokopenko et al., 1999; O'Keefe, 2001 ).
Consistent with the decrease in cell number and the role of pbl in cell division,
8.0% (33 of 412) of dissociated, transgene-expre ssing cells were found to be
binucleate (Fig. 3.1 H, O'Keefe, 2001 ). Since it is not possible to view the
binucleate cells in the context of the developing eye field due to the density and
pseudo-stratification of the eye epithelium, it is unclear whether these aneuploid
cells are incorporated into differentiating clusters, or are apoptosed.
The preliminary characterisation described above provided valuable clues to the
0
nature of the GMR>pbf H phenotype. However, the characterisation is

incomplete with regard to S phase induction, mitoses and apoptoses. To gain a
more precise understanding of the phenotype and, consequently, the cellular
basis of suppression and enhancement of the phenotype by genetic modifiers,
these processes were examined in detail.

3.2 Results
3.2.1 Pbl~DHGFP accumulates highly in base-nuclear cells
It has been demonstrated previously, using anti-Pbl antibodies, that Pbl
0
accumulates most highly immediately posterior to the furrow in GMR>pbf H

individuals (O'Keefe, 2001 ). These antibodies detect both endogenous and
over-expressed Pbl forms, however. To determine the localisation of
0
0
GMR>pbf H specifically, a GMR>pbf HGFPconstruct was overexpressed in

the eye with GMR, and stained with anti-GFP antibodies. (Fig. 3.2A and B). A
0
0
caveat is that pbf HGFP may not localise in the same manner as pbf H, as the

GFP tag may alter the protein dynamics. However, it has been demonstrated
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previously that a full length PblGFP fusion protein is able to rescue cytokinetic
defects in pbl mutant embryos, suggesting that the GFP tag does not affect the
protein dynamics (Zavortink et al. , 2005). In addition , at the adult level , the
rough eye of GMR> pbf 0 HGFP is similar to the rough eye phenotype of
GMR> pbf 0 H, suggesting that both constructs behave in a similar fashion.
GMR> pbf 0 HGFPis expressed at a generally low level in all post furrow cells, as

expected of a GMR driven transgene. A small numbe r of baso-nuclear cells
accumulate the protein at a much higher level than surrounding cells (Fig.
3.28). These cells are unevenly distributed between ommatidia and are not
present in every cluster (Fig. 3.2B, C). It was not possible to determine whethe r
the high level of accumulation was associated with a particular physiological
state of the cell.

3.2.2 A reliable method to quantify S phase entry during eye
development
To understand in more detail how the developing disc responds to ectopic
expression of pbf 0 H, it was first necess ary to characterise and quantify the
developmental features of the wild-type eye. Expression of the neural protein
ELAV provides a useful measure of the progression of the furrow and allows for
a quantification of the stage of develo pment as well as a readout of
developmental history of the eye imaginal tissue. Bromodeoxy-Uridine (BrdU) is
a thymidine analog that incorporates into cellular DNA during S phase of the cell
cycle and can be detected using anti-BrdU antibodies . Since BrdU is
incorporated in living cells, the numbe r of cells labelled is dependent on the
amoun t of time the tissue is incubated with BrdU. All experiments here used a 1
hour incorporation time, roughly representing the time taken for a new row to be
formed in the eye .

3.2.3 S phase in the 2MW
As previously reported , a distinct band of BrdU incorporation was seen
immediately after the MF, constituting the first portion of the 2MW (Fig. 3.3A).

Figure 3.2 - Localisation of Pbl 60 HGFP
Late third instar eye disc expressing pbf1°HGFP, labelled for DNA (Hoe
chst
33258, A' and blue in merged images) , anti-ELAV (A", B' , C' and red
in
merged images) and anti-GFP (A'", B", C" and green in merged imag
es)
(A) PblnDHGFP is highly expressed in the post-furrow region , correlatin
g with the
expression pattern of GMR. (A') Hoechst 33258 staining alone. (A")
AntiELAV staining alone. (A'") Anti-GFP staining alone. Som e cells accu
mulate
PblnoHGFP more highly than others. (B) High er magnification of the disc
shown in (A). The cells that accumulate PblnoHGFP at highest levels
correspond to ELAV-negative cells. Som e clusters appe ar to be miss
ing som e
of these high accumulation cells (asterisks in B"). (B') Anti- ELA V stain
ing .
alone. (B") Anti-GFP staining alone. (C) Optical cross-section of the
disc
shown in (B). The high PblnoHGFP accumulation cells are positioned
basally,
indicating that the photoreceptors do not accumulate PblnoHGFP at a high
level.
(C') Anti- ELA V staining alone. (C ") Anti-GFP staining alone.

Figure 3.3 - S phase in late third instar eye imaginal discs of w1118
controls
A late third instar eye imaginal disc labelled for S phase (BrdU incorporation ,
A', B' and green in merged images) and for ELAV (anti-ELAV , red in merged
images). (A) A projection of the eye disc excluding the peripodial epithelium .
At the left of the image, the edge of the 1MW can be seen (arrow), followed by
the halting of the cell cycle in the MF. A discrete band of cells in S phase is
seen immediately after this in the 2MW (arrowhead). Further posterior,
neuronal cells express ELAV as they differentiate into neurons. Little S phase
occurs in the post-2MW region. At the very posterior edge of the disc a small
number of cells incorporate BrdU. However, based on cell morphology and
position , they are peripodial in origin. (A') BrdU staining alone. (B) An optical
cross-section of the disc shown in (A) demonstrating the apico-basal polarity
of the eye disc. At the very apical edge of the disc, the squamous peripodial
cells can be seen , with a high proportion of cells in S phase (arrow). In the
apical region of the disc proper, the ELAV expressing photoreceptors can be
identified. Nuclei in the cells of the 2MW that have incorporated BrdU are
positioned basally, and will rise apically during cell division or during
recruitment into the developing cluster. (B ') BrdU staining alone . (C) A single
optical section of the same disc at the apical , peripodial surface. Peripodial
cells are extensively synthesising DNA at this time . The faint shadow of the
underling 2MW disc proper cells can also be seen (arrowhead). (D) A group of
cells can occasionally be seen adhered to the basal membrane of the disc
proper. These cells are in S phase , but can be identified by their flattened ,
squamous morphology. Red is ELAV, green is BrdU. (D') BrdU staining alone .
(E) Optical cross-section of the disc shown in (D). These basal cells sit far
below the apical ELAV-expressing cells and can be discriminated from the
developing eye epithelial cells by their position .
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Fig 3.4. GMR>pbfa1°H induces an ectopic third mitotic wave
A late third instar eye disc expressing GMR >pbf 0 H labelled for S phase (BrdU
incorporation, A', B' and green in merged images) and for ELAV (anti-ELAV ,
B", C and red in merged images).
(A) S phase in a late third instar eye disc of a GMR >pbf 0 H individual at 29°C .
A band of cells in S phase can be seen the post-2MW region (arrow). This
correlates with a decrease in ELAV staining in the region. A sharp increase in
ELAV expression can be seen after the 3MW. At the very edge of the disc,
cells of the peripodial epithelium can be seen in S phase . (A') BrdU staining
alone. (B) An optical cross-section of the disc shown in (A). The S phase cells
of the 3MW are positioned basally to the ELAV expressing cells. A small
numb er of basally attached cells can be seen also . The decrease in ELAV
staining is also highlighted by this example. (B') BrdU staining alone. (B")
ELAV staining alone. (C) An extreme GMR >pbf 0 H phenotype with respect to
ELAV expression , showing cluster loss (asterisks) in the post-3MW region.
(D) A late third instar eye disc expressing GMR >pbf 0 H at 25°C. The loss of
ELAV expression is not typically seen at 25°C despite the presence of a 3MW
of S phase cells . (D') BrdU staining alone . (E) Quantification of the number of
S phase cells in the post-Row 11 region , corresponding to the 3MW in

GMR >pbf 0 H eye discs . At 29°C there is an average of 96.4 cells in S phase
in the 3MW. This value is decreased to an average of 49.4 cells at 25°C.
Wildtype controls have a very low numb er of cells in S phase in the equivalent
post-furrow region , and are not localised in a discrete band. Wildtype is
therefore considered to have zero S phase cells in the 3MW. N represents the
numb er of eye discs assessed.
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In th·e post furrow region relatively few cells incorporate BrdU. GMR>pbf

0

H

did

not alter the frequency of cells in S phase in the 2MW, as expected (Compare
3.4A and 3.3A). An optical cross-section of a labelled disc revealed that the
nuclei of the S phase cells are positioned basally relative to the ELAV
expressing neuronal nuclei, as described previously (Fig. 3.48).

3.2.4 An ectopic band of S phase cells in GMR>pb/~DH is present in the
post-furrow region
Wild-type eye imaginal discs have very few cells in S phase in the region
posterior to the MF (Fig. 3.3A ). However, in GMR>pbf

0

H

eye discs, an

additional band of cells posterior to the 2MW can be identified in S phase
(Fig. 3.4A). This band bears a superficial resemblance to the 2MW and is
hereafter referred to as the 3MW. The ectopic S phases of the 3MW are clearly
occurring in the basally-located nuclei and do not colocalise with ELAV-positive
cells, indicating that it is the undifferentiated cells that are re-entering the cell
cycle (Fig. 3.48, D). Quantification of the total number of S phase cells in the
3MW shows that with increased GMR>pbf

0

H

expression at higher

developmental temperatures, there is an increase in the density of S phases in
the 3MW (Fig. 3.4E). The 3MW is consistently positioned 11 rows behind the
2MW at 25°C and 14 rows at 29°C.
Unexpectedly, ELAV expression leading up to, and in the 3MW is markedly
decreased at 29°C, rising sharply immediately posterior to the 3MW (Fig. 3.4A).
In extreme examples, complete ELAV-positive clusters are absent in the post3MW region (Fig. 3.4C). The loss of ELAV expression phenotype is only seen
at the highest temperatures, and is rarely observed at 25°C despite the
presence of a 3MW (Fig. 3.40). It should be noted that a control GMR/+ disc at
29°C was not examined. However, as there is no observed difference between
1118
at 25°C, it is unlikely that a phenotype would be observed in
GMR/+ and w

GMR/+ eye discs at 29°C and not 25°C.
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3.2.5 Mitosis and the 2MW and 3MW
DNA is extensively reorganised structurally during cell division , and a key step
of the process is the modification of histone proteins. Antibodies directed to a
phosphorylated form of Histone H3 (PH3) provide a useful marker for mitosing
cells (Nowak and Corces, 2004).
An average of approximately 73 cells can be seen to be dividing in the 2MW in
wild-type individuals (STDEV 14.58, n=11; Fig. 3.5A, G). Dividing cells can be
seen to extend several rows back from the 2MW (Compare Fig. 3.4A and B)
and the band of division was not as tight as the band of cells in S phase.
GMR >pbf 0 H individuals showed a decreased numb er of PH3 cells in the 2MW
(Fig . 3.58, G). 58.64 cells on average were stained with anti-PH3 in this region,
a decrease of 20% from w 1118 controls. The numb er of PH3 positive cells in the
2MW was further decreased at 29°C in GMR >pbf 0 H individuals indicating that
these modifications are dosage sensitive (Fig. 3.5C, G) .
To separate mitoses of the 2MW and 3MW for quantification, all anti-PH3positive cells posterior to row 11 were counted as a separate group, as row 11
marks the most anterior position of S phase positive cells of the 3MW . In the
post-row 11 region of w 1118 controls, a small numb er of cells (3.9 +/- 2.87, n=11)
can be seen to be undergoing mitosis (Fig. 3.5A, G). This region showed an
increase in anti-PH3 positive cells in GMR >pbf 0 H eye discs to 10.4 cells (Fig.
3.58 , G). At 29°C, the numb er of PH3 positive cells in the 3MW was increased
in GMR >pbf 0 H eye discs, indicating that these modifications are dosage
sensitive. An optical cross-section of a GMR >pbf 0 H individual showed that
these extra mitoses in the 3MW are occurring at the apical plane of the disc, as
expected (Fig. 3.5D and E).

3.2.6 Non-disc proper cell groups are in S phase, but not mitosing in late
third instar larvae
Several groups of cells associated with , but not in , the disc proper also express
cell cycle markers at the stages examined in this thesis. The characteristics of
these cells are briefly examined in the following section to identify and

Figure 3.5 - Mitosis and the 3MW
Late third instar eye imaginal discs labelled for mitosis (Anti-phospho-Histone H3
(PH3), A', B', C', D', E' and green in merged images) and ELAV (Anti-ELAV, D"', E"'
and red in merged images). (A) Mitosis in a w 111 8 eye disc. The 2MW can be
identified anterior to the ELAV-expressing photoreceptors (arrow in A'). The band of
mitosing cells is fairly discrete. A small number of mitoses can be seen at the
posterior edge of the disc. These are peripodial cells as they do not overlap with an
ELAV-positive region. (A') Anti-PH3 staining alone. (B) Anti-PH3 stain of GMR>pbf1°H
at 25°C. A decrease in the number of mitosing cells in the 2MW can be seen (arrow
in B'). The mitoses are also more widely spread. An increase in mitosis is seen in the
post-3MW region also. (B') Anti-PH3 staining alone. (C) Anti-PH3 staining of
GMR>pbf1°H at 29°C showing a further decrease in 2MW mitoses (arrow in C'). (C')

Anti-PH3 staining alone. (D) Higher resolution image of the same genotype and
temperature as (C). Anti-PH3 staining is shown in green, ELAV staining is shown in
red and TUNEL labelling of apoptosing cells is shown in blue . (E) Optical crosssection of the disc shown in (D). Mitoses of the 3MW occur at the apical plane, in a
similar fashion to those of the 2MW. Apoptotic cells remain in the basal portion of the
disc and photoreceptors do not appear to apoptose. The position of mitosing
peripodial cells at the most posterior portion of the disc can also be seen. (D',E') AntiPH3 staining alone. (D",E") TUNEL staining alone. (D"',E"') ELAV staining alone. (F)
A single optical section of a peripodial mitosis. Anti-PH3 staining is shown in green,
while anti-ELAV staining is shown in red. Relatively few cells in the peripodial
epithelium above the post-furrow epithelium are seen to be mitosing. The ELAV
expressing cells of the disc proper are out of focus. (F') An optical slice 4 microns
basally. A mitosis in the disc proper is in focus with the ELAV-expressing cells , while
· the mitosis in the peripodial epithelium is out of focus. (G) Quantification of PH3positive cells in the 2MW (dark blue) and 3MW (light blue). Y axis represents total
number of PH3-positive cells in the selected mitotic wave. A correlation between the
decrease in 2MW mitoses and an increase in 3MW mitoses can be seen. n
represents the number of eye discs assessed.
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Figure 3.6 - Cyclin B expression is increased in the 2MW of

GMR>pbf!1DH
Late third instar larval eye disc stained for CycB (anti-CycB , A', B', C', D' and
green in merged images) and ELAV (anti-ELAV, red in merged images). (A)
CycB stain of a w 1118 eye disc. CycB is highly expressed in the 1MW and
2MW , and not expressed in the MF. (A') Anti-CycB staining alone. (B) Higher
magnification of the disc shown in (A). A discrete band of CycB expression
can be seen in the 2MW (arrow in B). In the post-2MW region, some
interommatidial cells can be seen expressing CycB. A single photoreceptor in
each cluster also highly expresses CycB. (B') Anti-CycB staining alone. (C)
CycB expression in a GMR>pbf 0 H eye disc. The band of CycB expression in
the 2MW is increased in width (arrow in D). (C') Anti-CycB staining alone. (D)
Higher magnification of the disc shown in (C). Cells in the post-2MW region
no longer express CycB as highly as w 1118 and expression in the
photoreceptors is abolished. A small band of CycB expressing cells can be
seen in the 3MW region (arrowhead). (D') Anti-CycB staining alone.
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subsequently exclude them from analysis of cells within the disc proper. Unless
specified, all subsequent analyses in this thesis are regarding the disc proper.
The cells of the peripodial epithelium are extensively synthesising DNA at this
time (Fig. 3.3C). These cells are easily identified by their squamous morphology
and characteristic position above the apical edge of the retinal epithelium (Fig.
3.38 and C). Occasionally cells adhered to the basal membrane of the disc can
be seen in S phase. These cells are likely to be mesodermal in origin and do
not typically contribute the the population of eye disc cells. These cells can be
easily identified by their deep basal position and squamous morphology (Fig.
3.20 and E).
A further group of cells positive for PH3 at the very posterior edge of the disc
are clearly peripodial by position and morphology and are not considered further
(Fig. 3.5A). On average there is only 1 cell expressing PH3 in the post-furrow
region of the peripodial epithelium (Fig. 3.5F). This supports studies that have
shown that the peripodial epithelium is not extensively proliferating at this time
(Gibson and Schubiger, 2005).

3.2.7 G2 in the eye disc
Cyclin B (CycB) is a key indicator of the G2 phase of the cell cycle,
accumulating at high levels in G2 phase cells and degrading at anaphase (Parry
and O'Farrell, 2001 ). A dense band of CycB accumulation in the 2MW region
can be seen in controls (Fig. 3.6A and B), corresponding to cells that have
completed S-phase and are poised to receive the pro-mitotic signal. In the post
furrow region there are a large number of interommatidial cells expressing
Cyclin B, and photoreceptor R8 also highly expresses the antigen despite
having exited the cell cycle, as reported previously (Baker and Yu, 2001; Fig.
3.68 and C). GMR>pbf 0 H individuals show an expanded region of CycB
expression (Fig. 3.6D and E). There are less interommatidial cells in the post2MW region expressing CycB and expression in R8 is abolished (Fig. 3.6E and
F). The exception to this is a band of CycB-expressing cells that correlates with
the position of the 3MW (Fig. 3.6E).

38

3.2.8 The progression of the furrow is faster than apoptotic clearing
The Terminal deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL)
cell death detection reaction provides for both the detection and quantification of
apoptosis at the single cell level. In this method, cleavage of genomic DNA
during apoptosis, which is the terminal stage of the apoptotic process, is
detected by labeling free 3'-OH termini with modified nucleotides in an
enzymatic reaction. As previously reported (Yu et al., 2002), TUNEL staining of
wild-type late third instar eye discs reveals a wave of apoptosis, several rows
posterior to the 2MW (Fig. 3.7A, B). The band of dying cells is most dense after
the 2MW and becomes more diffuse towards the posterior edge of the disc.
Apoptosing cells appear to take significantly longer to die in the eye relative to
the time it takes for a new row to be specified. This means that in older discs
there is an accumulation of dying cells, and therefore, it appears that there is
more apoptosis in the older discs. To determine the relationship between the
age of the eye disc and the amount of TUNEL-positive cells, a large sampling of
wild-type eye discs was stained and the number of TUNEL-positive cells was
quantified together with the number of ommatidial rows (Fig. 3. 7E). An average
was taken for each group of individuals with the same number of ommatidial
rows to give an average number of TUNEL-positive cells per row (Fig. 3.7F).
The formula of the curve was calculated to be y=0.Sx, or, the number of TUNEL
positive cells per row, on average, is equal to one half the number of rows. For
example , an individual that has progressed 20 rows will have approximately 10
TUNEL positive cells per row, or 200 positive cells in the post-furrow region.
Since the amount of apoptosis varies according to how far the furrow has
progressed , when comparing a specific genotype to wild-type I determined the
average of the number of rows in the sample and calculate how much apoptosis
would be found in a wild-type sample with the same average number of rows.

3.2 .9 Apoptosis is increased in GMR>pbfa1°H eye discs
The TUN EL stain in GMR>pb fi 0 H shows an average of 19.6% more apoptosis
than wild-type at 25°C (Fig . 3.7C and G). This effect is temperature dependent,
increasing to 24.4% more apoptosis than wild-type at 29°C where GAL4-

Figure 3.7 - Apoptosis is increased in GMR>pbf11°H late third instar eye
discs
Late third instar eye imaginal discs labelled for apoptosing cells (TUNEL
labelling, A', B', C', D' and red in merged images) and for ELAV (anti-ELAV,
green in merged images). (A) Apoptosis in a w 1118 eye disc, where the furrow
has progressed 13 rows. (A') TUNEL staining alone. (B) Apoptosis in a w 1118
eye disc, where the furrow has progressed 22 rows. Apoptosis is
disproportionately increased relative to the number of rows in eye discs where
the furrow has progressed further. (B') TUNEL staining alone. (C) Apoptosis in
a GMR> pbf 0 H late third instar eye disc at 25°C. Apoptosis is slightly
increased from wildtype levels. (C') TUN EL staining alone. (D) Apoptosis in a
GMR> pbf 0 H late third instar eye disc at 29°C. Apoptosis is increased further.
(D') TUNEL staining alone. (E) A graph of the correlation between the number
of ELAV positive columns and the number of TUNEL positive cells per
column. (F) An average of each of the column data sets. As the number of
columns increases, the average numbe r of TUNEL positive cells per column
also increases, due to the persistence of TUNEL positive cells. (G) A graph
representing the increase in apoptosis in GMR> pbf DH, expressed as a
percentage of w 1118 (percentage increase from wildtype shown on Y-axis). At
25°C, there is approximately a 19.6% increase in the frequency of apoptotic
cells in GMR> pbf 0 H per row, while at 29°C , this increases to approximately
24.8% on average, per row. n represents the number of eye discs assessed.
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Figure 3.8 - Apoptotic modifiers of GMR>pb/11 DH
Adult eyes expres sing pbf1°H and P35 under the GMR promoter.
(A, C, E) Expres sion of transge nes at 25°C. (B, D, F) Expres sion of
transge nes at 29 °C. (A, B) GMR>pbf1°H genera tes a rough eye that is
enhanc ed with an increas e in temper ature. (C, D) GMR-G AL4/UA S-P35
genera tes a very mild rough eye at either temper ature. (E , F) GMR-G AL4,
UAS-P 35 strongl y suppre sses the GMR>pbf1°H phenot ype at 25°C, but not at

29 °C. A discolo uration in the centre of the eye can be observ ed at 29°C.
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Figure 3.9 - The apoptotic inhibitor, P35, does not affect the 2MW
(A,B) Late third instar eye imaginal discs stained for apoptosis (TUNEL
labelling , A', B' and red in merged images), ELAV (anti-ELAV, green in
merged images) and mitosis (anti-PH3 , A", B" and blue in merged images).
(A) A projection of an eye disc of a GMR-GAL4/UAS -P35 individual.
Apoptosis is effectively blocked in the post-furrow epithelium , with the
exception of a band of cells around the outside of the eye field , excluded from
the field of GMR expression (arrowhead). 2MW PH3 levels were not affected
by overexpression of P35 (arrow). (A') TUNEL staining alone. (A" ) Anti-PH3
staining alone. (B) A projection of an eye disc of a GMR>pbf1°HJUAS-P35
individual. Apoptosis is effectively blocked in the post-furrow region. The
mitotic decrease in the 2MW is not restored by overexpression of P35 (arrow).
(B') TUNEL staining alone. (B " ) Anti-PH3 staining alone. (C) Quantification of
PH3-positive cells in the 2MW. Y axis represents the total number if PH3positive cells in the 2MW. No effect on the 2MW mitotic frequency is observed
in GMR>UAS-P35 eye discs. Co-expression of P35 does not statistically alter
the 2MW mitotic frequency in GMR>pbf1°H eye discs (P<0 .01 ). n represents
the number of eye discs assessed.
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induced transgene expression is higher (Fig. 3. 70 and G). Considering that on
average only 0.2-0.3 cells per cluster will apoptose, an increase of 19.6% will
lead to an average of 0.25-0.37 apoptotic cells per cluster. Extrapolation of
these values for an ommatidial row with 30 clusters amounts to an additional
1.5 - 2.1 apoptotic cells in that row, compared to predicted wild-type levels.

3.2.1 OApoptotic inhibitors rescue the GMR>pbftiDH adult rough eye at
25°C, but not at 29°C
The GMR>pbf 0 H cellular phenotype has been shown to be at least partially
caused by a decrease in cell number (O'Keefe, 2001 ). It is feasible that an
increase in apoptosis at the early stages of ommatidial recruitment could be
sufficient to deplete the cell number and generate the adult rough-eye
phenotype. If excess apopotosis is the major causative factor of the phenotype,
it should therefore be possible to rescue the phenotype with apoptotic inhibitors.
Overexpression of baculoviral P35 in the eye with the GMR driver is effective at
inhibiting apoptosis in the eye (Yu et al., 2002). P35 expression causes subtle
developmental defects in the eye, such as mild eye roughening characterised
by subtle variations in ommatidial facet size and shape (Fig. 3.8A and Yu et al.,
2002). The cells protected from death are incorporated into the cluster as extra
pigment cells and cause the rough eye phenotype by slightly overcrowding the
0
lattice (Yu et al., 2002). Overexpression of P35 in a GMR>pbf Hbackground

has been shown to be a strong suppressor of the rough eye phenotype at 25°C
(Compare Fig. 3.88 and 3.1 C; O'Keefe, 2001 ). At 29°C however, the rough eye
phenotype is not suppressed by overexpression of P35 (Fig. 3.8C). A distinct
colour difference is present in the central ommatidia, possibly indicative of fewer
pigment cells. When driven by GMR at 25°C, P35 maximally blocks all
apoptoses in the region of expression. At the higher expression level of 29°C,
the GMR>pbf 0 H rough eye phenotype is not rescued by expression P35,
0
suggesting that apoptosis is not the major factor of the GMR>pbf H phenotype.

To investigate the difference between the modification of GMR>pbf DH at the
two temperatures, the cellular basis of the phenotypes was examined.

40

3.2.11 Overexpression of apoptotic inhibitors does not restore 2MW
mitosis but prevents the formation of the 3MW
As expected, apoptosis, as detected by the TUNEL reaction, is completely
prevented in the post-furrow region of the eye disc (Fig. 3.9A). A thin band of
apoptotic cells can be seen in the very outer clusters, corresponding to lower
levels of P35 expression driven by GMR (Fig. 3.9A). Mitosis in the 2MW is not
decreased from wild-type levels (Fig. 3.9A and 3.5A), indicating that P35 has no
effect on this process. A small increase in the frequency of BrdU-positive cells
in the post-furrow region can be seen in GMR>P 35 eye discs (Fig. 3.1 0A).
These cells appear to be the unrecruited cells as they do not co-localise with
ELAV-expressing nuclei (Fig. 3.1 0A, B) and are dispersed across the entire
region.
Overexpression of P35 in a GMR>p bf 0 H background effectively inhibits all
TUNEL-sensitive apoptoses, with the exception of the outer ring of apoptoses
outside the expression domain of GMR (Fig. 3.9B). The mitotic frequency in the
2MW is not altered from GMR>p bf 0 Hlevels, indicating that the GMR>p bf 0 H
mitotic decrease is independent of apoptosis (Fig. 3.9B, C). In contrast, the
3MW is completely abolished by overexpression of P35 at 25°C (Fig. 3.1 0C, D).
Cells can be seen in S-phase in the post-furrow region, but these are at a
similar level to GMR>P 35 controls and are not in a discrete band. The 3MW is
also abolished at 29°C (Fig. 3.1 OE, F), indicating that the abolition is
independent of the dose of pbf DH_
These results suggest that the mitotic decrease of GMR>p bf 0 H is unrelated to
the apoptotic increase, while the presence of the 3MW is dependent on the
apoptoses of some cells, most likely the population of aneuploid cells induced
by pbf 0 H interference with cytokinesis. The suppression at 25°C is likely to
result from an overall increase in cell number due to the prevention of cell
death. This slight increase is sufficient to compensate for the mitotic decrease
seen in the 2MW. At 29°C, the effect of GMR>p bf 0 H is greater and the modest
increase in cell number from P35-protected cells is presumably insufficient to

Figure 3.10 - The apoptotic inhibitor, P35, abolishes the 3MW
(A-F) Late third instar eye imaginal discs stained for BrdU (A', B', C', D', E', F',
and green in merged images), ELAV (anti-ELAV, red in merged images).
(A,C,E) Projections of eye discs with both the basement and peripodial
membranes removed optically. This generates an abnormally thin band of
BrdU-positive cells in the 2MW due to the small depth of the projection,
however, optical cross-sections (Figures B, D and F) demonstrate that BrdU
incorporation in this region is similar to wildtype levels (Compare to Fig. 3.2).
(A) A projection of an eye disc of a GMRIUAS-P35 individual. A small numb er
of non-3MW cells are induced to enter S phase in the post-furrow region
(arrowheads). (A') BrdU incorporation alone. (B) An optical cross-section of
the eye disc in (A). The extra S phase cells are within the basal population of
unrecruited cells (arrowheads). (B') BrdU incorporation alone. (C) A projection
of an eye disc of a GMR >pbf 0 H!UAS-P35 individual at 25°C. The 3MW is not
present and a small numb er of cells are induced to enter S phase in the postfurrow region, dispersed across the field, at similar frequency as GMRIUASP35 controls (arrowhead). (C') BrdU incorporation alone. (D) An optical crosssection of the eye disc in (C). The extra S phase cells are within the basal
population of unrecruited cells (arrowhead). (D') BrdU incorporation alone. (E)
A projection of an eye disc of a GMR >pbf 0 H!UAS-P35 individual at 29°C. The
3MW is not present and a small numb er of cells are induced to enter S phase
in the post-furrow region, dispersed across the field (arrowhead) (E') BrdU
incorporation alone. (F) An optical cross-section of the eye disc shown in (E) .
. The extra S phase cells are within the basal population of unrecruited cells
(arrowhead). (F') BrdU incorporation alone.
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Figure 3.11 GFPactin localisation is altered by expression of pbff1°H
Late third instar eye imaginal discs expressing GFPactin , labelled with antiGFP (A', B', C', D' and green in merged images) and anti-ELAV (red in
merged images). (A) A projection of the post-furrow, basal region of a disc
with GMR driving the expression of GFPactin. Note that the ELAV-positive
photoreceptors are out of focus. (A') Anti-GFP staining alone. GFPactin is
broadly dispersed across this region at a relatively low level. (B) Optical crosssection of the disc shown in (A). GFPactin is predominantly localised at the
apical suriace of the disc, surrounding the ommatidial clusters. (B') Anti-GFP
staining alone. (C) A projection of the basal region of a disc co-expressing
GFPactin and pbf 0 H. GFPactin accumulates in large bundles in this region.
(C ') Anti-GFP staining alone. (D) Optical cross-section of the disc shown in
(C). GFPactin no longer accumulates at the apical suriace of the disc and
shifts to the basal regions of the cells. (D') Anti-GFP stain alone.

Figure 3.12 - Expression of dominant negative Rho specifically in the
eye
(A-C) Late third instar eye imaginal discs expressing RhoN 19 under the control
of GMR at 25°C, labelled for apoptosis (TUNEL stain, A', C' and red in
merged images) and ELAV (anti-ELAV, A" and green in merged image). (A)
GMR driven expression of RhoN 19 in the post-furrow region. The normally
ordered array of ommatidia are highly disrupted. (A') TUNEL stain alone. (A")
Anti-ELAV stain alone. (B) Higher magnification of the disc shown in (A). (C)
Optical cross-section of (8). Some cells co-stain for both TUNEL and ELAV
(arrowhead) , indicating that photoreceptors are undergoing cell death. (C')
TUNEL stain alone. (D-F) Late third instar eye imaginal discs expressing
RhoN 19 under control of the GMR driver at 29°C, labelled for S phase (BrdU

stain, D', E' and green in merged images) and ELAV (anti-ELAV, F and red in
merged images). (D) GMRIUAS- RhoN 19 at 29°C. The arrangement of
photoreceptors is highly disrupted. Cells at the posterior edge of the disc that
are not peripodial in origin can be seen in S phase (arrowhead). (D') BrdU
stain alone. (E) Optical cross-section of the disc shown in (D). ELAV
expressing cells are no longer restricted to the apical portion of the disc. (E')
BrdU stain alone . (F) A single slice at the basal plane of the disc, showing the
distended morphology and aberrant basal positioning of the photoreceptors.
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rescue the phenotype. Estimations of the numbers of cells affected is further
discussed in the discussion of this chapter.

3.2.12 GFPactin accumulates highly in base-nuclear cells in
GMR>pbftiDH eye discs
Pbl orthologues have been recently shown to regulate the polarity in both the

C. elegans embryo (Jenkins et al., 2006; Motegi and Sugimoto, 2006), and in
epithelial cell lines (Liu et al., 2006). To investigate whether Pbll1DH affects apicobasal polarity in the eye, the effect on a marked actin protein was tested. Pbl
activated Rho has been previously shown to regulate the actin cytoskeleton
during cytokinesis (Prokopenko et al., 1999; Zavortink et al., 2005). It was
therefore worth investigating whether the regulation of this cytoskeletal network
0
is affected when pbf H is expressed. To assess actin dynamics, a green

fluorescent protein-actin fusion protein (GFPactin) was coexpressed in a

GMR>pbf 0 H background. GFPactin is incorporated into actin bundles and is
commonly used to visualise actin behaviour as it provides a faithful readout of
actin structures and dynamics (Verkhusha et al., 1999). GMR>GFPactin in a
wild-type background accumulates at highest levels at the apical surfaces of the
disc, in the apical tips of the baso-nuclear cells surrounding the ommatidial
clusters (Fig. 3.11 A, B). GMR>pbf

0

H

eye discs co-expressing GFPactin show a

distinct lack of normal GFPactin localisation at the apical surface, but do show
large accumulations of actin in punctate bundles in the basal regions of the cell
(Fig. 3.11 C, D). These results were not pursued further, due to time constraints.

3.2.13 Dominant negative Rho overexpression displays excessive
defects
Genetic interactions suggest that Pbl acts as a Rho1 GEF in the eye.
(Prokopenko et al., 1999). To examine whether the cellular basis of the
0
phenotypes observed in GMR>pbf H can be phenocopied with a reduction in

the activation of Rho1, the cellular basis of the rough eye generated by
19
19
overexpressing dominant negative Rho1 (RhoN ) was examined. RhoN

displays a higher affinity for GDP than GTP and interferes with the function of

42

normal Rho1 targets by competing with endogenous Rho1 and sequestering
GEFs (Strutt et al. , 1997). The dominant negative Rho1 therefore interferes with
activation of Rho1 itself, and consequently, downstream targets and associated
signaling cascades (Feig, 1999). When expressed at 25°C , a significant
disruption to the ordered array of ELAV-expressing cells was observed, with
large furrows and invaginations (Fig. 3.12A). The amount of apoptosis observed
in the cells with basal nuclei was at normal levels, however, apoptosis was also
observed in cells that had been recruited to the cluster (Fig. 3.12B). This is not
typically observed in wild-type and is not seen in GMR >pbf 0 H, indicating that
the overexpression of dominant negative Rho1 is affecting the survival of
ommatidial cells in a way that is not observed in GMR >pbf 0 H. At 29°C the
cellular phenotype is more severe with the organisation of the ELAV cells
significantly perturbed. Some ELAV-positive nuclei are much larger than normal
and are found at all layers of the disc, not just apically (Fig. 3.12E, F). BrdU is
incorporated at high levels in the post-furrow region in a mann er similar to the
3MW observed in GMR >pbf 0 H, howev er it is difficult to determine how discrete
the regions of incorporation are due to the disruption to the overall morphology
of the disc. The possible interpretations of these data are discussed below.

3.3 Discussion
This chapter details the effect of expression of a dominant negative form of the
Pbl RhoGEF on cell cycle and apoptotic events in the developing eye disc. Two
striking and unexpected phenotypes were observed. Firstly, an ectopic band of
cells was observed in the posterior region of the disc. Secondly, an effect on the
second mitotic wave was observed. In this discussion , the implications of the
effect on the second mitotic wave and the appearance of ectopic S phases ,
which I have termed the third mitotic wave , are discussed separately. Finally , a
model is proposed to explain the overall effect on the total cell numb er in the
disc.
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3.3. i The 2MW displays a decrease in mitotic number
Overexpression of pbf 0 H causes a substantial decrease in the frequency of
cells mitosing in the 2MW. This does not appear to be due to a decrease in the
number of cells being in the correct stage of the cell cycle to receive the limiting
mitotic signal, as all non-differentiating cells continue to enter S phase. There is
an increase in the width of the band of CycB expression in the 2MW, as would
be expected if cells have correctly gone through S phase and stalled in G2,
awaiting the mitotic signal. I conclude, therefore, that expression of pbf 0 H under
GMR control results in an inhibition of the mitotic trigger in undifferentiated postfurrow cells.
It has been shown that a small percentage of cells in the late third instar

GMR>pbf 0 H eye discs are binucleate (O'Keefe, 2001 ). It is probable that the
bi nucleate cells are generated by cells failing cytokinesis in the 2MW, when the
majority of mitosis is occuring in cells expressing the dominant negative Pbl.
Based on this assumption, the decrease in 2MW mitosis in GMR>pbf 0 H eye
discs can be explained in 2 different ways. The first model is that the decrease
in mitosis is due to a non-cytokinetic role for pbf 0 H on the transition from G2
into mitosis. Pbl could be acting in two ways in this respect. Firstly, Pbl could
exhibit a direct cell cycle action, for example on the mitotic inducer, stg. The
second possibility is that Pbl has effects on the EGFR-MAPK inductive signal.
The first possibility is unlikely, as the studies of the embryonic phenotype of Pbl
mutants did not implicate Pbl in the regulation of mitosis (Lehner, 1992). The
second option, that Pbl is involved in the MAPK inductive signal, is more
plausible, given that nematode studies have implicated Pbl in the
EGF/Ras/MAPK-based process of P cell migration (Morita et al., 2005). ECT2
has been been shown to have an effect, through Cdc42, on mitotic processes in
mammalian cells (Oceguera-Yanez et al., 2005) , but no effect on entry into
mitosis was reported.
The second possible cause of the mitotic decrease is that the presence of
binucleate cells alters mitotic inductive signaling in some way. For example, the
generation of binucleate cells in the 2MW could disrupt the geometry of cells
and therefore affect the distribution of EGFR ligands and, consequently, disrupt
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the further induction of mitosis. Alternatively, binucleate cells could provide a
signal that inhibits entry into mitosis in the more anterior, younger rows. In this
scenario , the mitotic decrease could be a mechanism to stall mitosis in the
presence of cellular defects, with compensatory proliferation induced in the
3MW .

3.3.2 Apoptosis and cytokinetic failures
In GMR>p bf 0 H eye discs, apoptosis is increased in a pbf 0 H dose-dependent
manner. This is likely to result from the programmed cell death of aneuploid
cells, although it could also result from a non-cytokinetic role of pbf 0 H to directly
increase the frequency of apoptotic events . Cells in the larval eye disc apoptose
after X-ray irradiation, demonstrating that disturbed cells will be apoptotically
cleared (Jaklevic and Su, 2004). It is possible that aneuploid cells are cleared in
a similar manner. It is surprising that the apoptotic increase in GMR>p bf 0 H late
third instar eye discs is not higher, given the relatively large number of
aneuploid cells that could be induced in the 2MW and 3MW mitoses. The
smaller than expected apoptotic increase is likely due to the balance between
additional apoptoses of aneuploid cells, and a reduced number of
developmentally programmed apoptoses because of the increased ratio of
survival signal to cells in the post-furrow region. A stylised representation is
shown in Figure 3.13 , and is discussed in the next section. It would be
interesting to do a TUNEL and GFP co-stain to see if cells showing the higher
levels of Pbl~0 HGFP in nuclei in the more basal positions (See Section 3.2 .1)
are undergoing apoptosis , which would suggest that apoptosis is dependent on
the dose of Pbl~0 HG FP.
As discussed in the introduction to this thesis , survival in the post-furrow
ep ithelium is due to inhibition of the apoptosis pathway by receipt of an EGFbased signal , provided by the ommatidial clusters to the surrounding cells
(Baker, 2001 ). This signaling is limiting , and is dependent on the presence of
ommatid ial clusters. At the stage where the survival signaling occurs , there are
relatively few defects in ommatidial clusters of GMR>p bf 0 H individuals,
suggesting that the level of the survival signal should be unaffected. There is a

Figure 3.13 - A model for the overall cell number in GMR>pbffi 0 H eye
discs
In the 2MW an average of 9.7 cells per precluster enter S phase per
precluster (Baker, 2001 ). Upon receipt of an EGF-based signal, an average of
7.7 cells per precluster mitose (Baker, 2001 ). In GMR>pbf1°H eye discs , this is
decreased by 20% meaning that only 6.16 cells per precluster mitose. In the
next stage , a limiting survival signal is presented to the cells. The mitotic
decrease in the 2MW of GMR>pbf1°H eye discs leads to an overall reduction
in the cell number, and therefore an excess of survival signal. In this model ,
the aneuploid cells generated in the 2MW are apoptosed, although the
presence of binucleate cells suggests not all binucleate cells undergo
apoptosis. The final cell numb er is therefore a balance between a decrease in
2MW mitoses, the presumed apoptosis of aneuploid cells and a possible
decre ase in the 'deve lopm ental ' apoptoses because of the excess of survival
signal.
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large 'decrease in mitosis in the 2MW which would lead to an overall decrease
in cell number in the post-furrow region. Since there is theoretically the same
level of survival signaling, a decrease in cell number could create a surplus of
survival signal, and as a consequence, cells that would normally apoptose could
be protected by receiving survival cues that would not normally have been
received. In this way, as the severity of the 2MW mitotic decrease worsens,
developmentally-induced apoptoses could decrease. This hypothesis is
supported by studies of the enhancer alleles of zip (Chapter 5), where a large
decrease in cell number may be the reason that apoptosis is reduced below
wild-type levels in GMR>pbf 0 H!zip eye discs, despite an expected increase in
the frequency of aneuploid cells.
Apoptosis is clearly increased in GMR>pbf 0 Hindividuals and, as described
above, it is likely that the extra aneuploidy-induced apoptoses are
superimposed on a reduced background of normal 'developmental' eye
apoptoses due to the increased availability of the survival signal. It is therefore
difficult to estimate precisely how many additional aneuploid-related apoptoses
are present in GMR>pbf 0 H eye discs, but it is somewhere in the range of 1 to
11 cells in a 30 cluster row, given that the number of 'developmental' apoptoses
may be reduced. In contrast, approximately 230 cells will mitose for this row.
The percentage of cells that will undergo apoptosis is therefore quite low,
suggesting either that there are a very low number of cells that fail cytokinesis
and are apoptosed, or that not all of the cytokinetic failures are apoptosed. The
increased apoptosis could result from chromosomal abnormalities arising from
defects in cell cycle progression. It is also possible that fewer apoptotic events
during larval stage 3 might be compensated for by increased pupal apoptosis.

3.3.3 The third mitotic wave
A temporally distinct band of cells can be observed to have entered S phase in
late third instar GMR>pbf 0 Heye discs. The position of the 3MW in the disc is
posterior to the row where mitotic and apoptotic events associated with the
2MW have ceased (Wolff and Ready, 1993; Baker, 2001 ), suggesting that
completion of the 2MW processes is required before the 3MW is initiated . In
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extreme cases , there is a loss of ELAV staining that could result either from a
dedifferentiation of these cells or, alternatively, from the death of these cells. I
did not observe TUNEL and ELAV co-stained cells in GMR>pbf1°H eye discs,
suggesting that recruited photoreceptors are not dying. The dedifferentiation of
neural tissues is potentially very interesting, and could be further examined
using photoreceptor-specific antibodies to detect whether a specific subset of
recruited neurons dedifferentiate. It would also be interesting to investigate the
ommatidial recruitment process posterior to the 3MW region, using a similar
methodology, to see if a true ommatidial recruitment and re-differentiation
process also occurs.

3.3.4 Programmed cell death is required for the induction of the 3MW
Apoptosis can be induced by stress events during the developme nt of an
organism. In the developing wing disc there is typically relatively little apoptosis,
however X-rays can cause a large amount of damage to the cells and trigger
apoptosis. This stress-induced apoptosis results from activation of Dmp53
which triggers expression of the pro-apoptotic gene, reaper (Brodsky et al.,
2000). Despite obliterating more than half of the wing disc cells at larval stages,
a normal wing structure is formed at the adult stages. This is due to the dying
cells providing a Wingless and Decapentaplegic-based mitogenic signal to
induce surrounding cells to proliferate and compensate for the loss of cells
through apoptosis (Perez-Garijo et al., 2004; 2005). Protection of these cells
from death by overexpression of P35 results in morphological overgrowth
phenotypes , indicating that completion of cell death is necessary to provide a
measured response.
Inhibition of apoptosis by ectopic expression of P35 is not sufficient to restore
the mitotic decrease in the 2MW caused by GMR>pbf1°H, indicating that the
mitotic decrease is independent of programmed cell death. By contrast, the
3MW is abolished by inhibition of apoptosis , indicating that the late stages of
apoptosis, or death of a specific group of cells is required to initiate the
prol iferative 3MW. This represents a significant difference between
compensat ory proliferation in the wing imaginal disc , where apoptotic inhibition

Figure 3.14 - Models for the effects on total cell number per column in
the 2MW and 3MW
(A-C) Estim ations of the effect on cell numb er caused by the reduction in
2MW and 3MW mitosis in late third instar GMR>pbf1°H eye discs using
published estima tions and exper iment ally derived values. Pink numb ers
repres ent exper iment ally-de rived values obser ved in actual sampl es . (A)
Estim ation of mitotic decre ase in a 30 cluste r row. An avera ge of 73 PH3positive cells are seen in the 2MW of wildty pe fixed preparations. Using the
values of Baker (2001 ), a total of 231 2MW mitoses occur for an entire
column. A fixed prepa ration theref ore shows 31.6% of the total mitoses in a
2MW row. Extrap olation of GMR>pbf1°H 2MW appro ximate s 46 divisions
fewer than controls. (B) Extrap olation of the total cell numb ers in the 2MW of
pbf1°H affected individ uals in the region quantified for the 3MW . The 3MW
occur s more poste rior than the 2MW , and the rows have fewer clusters. The
numb er of mitose s must theref ore be recalculated using simila r metho ds to
(A). 38 divisio ns fewer occur in GMR> pbf1° H in the 2MW of the row where the
3MW is assessed. (C) Estimation of the reduction in 2MW mitosies and
increa se in 3MW mitoses for one omma tidial row. Extrapolation of the total
numb er of mitose s that occur in the 3MW shows an appro ximate correlation
betwe en the amou nt of mitose s lost in the 2MW and the amou nt induced in
the 3MW . (D) A model to demo nstrat e the major event s constituting the
GMR> pbf1°H phenotype. See text for furthe r information.
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does not prevent compensatory proliferation, and the eye imaginal disc, where
the compensatory proliferation is inhibited by the prevention of apoptosis.
The impulse for cells to re-enter the cell cycle in the 3MW is related to the
increased apoptosis observed in GMR>pbfi

0

H,

given that expression of the

apoptotic inhibitor P35 prevents the re-entry of cells into the cell cycle in the
3MW. The most likely interpretation of these results is that the apoptosis of the
aneuploid cells generated in the 2MW is required for a signal that induces
proliferation of cells in the region of the 3MW.

3.3.5 Is the compensatory proliferation of the 3MW proportional to the
mitotic decrease of the 2MW?
Baker et al. (2001) have shown that, on average, 9.7 cells per precluster will
enter S phase in the 2MW and that only 7. 7 cells on average will be induced to
divide, leaving 2 cells per precluster in G2. Using these experimentally derived
values it is possible to extrapolate what effect the decrease in mitosis in the
2MW and subsequent increase in cell cycle activity in the 3MW will have on the
overall cell number of the disc (Fig. 3.14A-C).
At the stage at which the 2MW is assessed in these experiments, there are
typically 30 clusters in a row, so that in a wild-type individual, approximately 231
1118
controls show an average of 73 PH3-positive cells
cells will enter mitosis. w

(STDEV 14.58, SE 4.39), indicating that a single fixed specimen captures
0
approximately 31.6% of the total mitoses in the 2MW. In a GMR>p bf H

individual, the average number of PH3-positive cells is 58.6, extrapolated to 185
over the total development of the row. This means that the reduction in mitosis
0
in GMR>p bf Hleads to a loss of approximately 45 mitoses per row, a significant

reduction in the total number of recruitable cells.
The region where the 3MW is observed has a smaller number of clusters in a
row, typically 25. Taking this number into account and extrapolating a 20%
decrease in the total number of mitoses that would have occurred when the
2MW passed this row, 36 fewer mitoses are predicted to have occurred in
0
GMR>p bf Hindividuals in this row. Using these values, it is now possible to
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extrapolate the numb er of cells that mitose in the 3MW and compare the values
to the hypothetical values of the 2MW for that row. GMR >pbf 0 H eye discs show
an average of 10.4 PH3-positive cells in the total 3MW region. Extrapolating this
value to account for the 'snapshot' effect of a fixed preparation and assuming
that mitosis in the 3MW occurs at the same rate as the 2MW, it can be
estimated that approximately 33 mitoses take place in the 3MW. It is possible
that the numb er of mitoses is also decreased in this region because of the effect
of GMR >pbf 0 H as seen in the 2MW. If this speculation is correct, a 20%
reduction caused by PblllDH would mean that approximately 39 cells could be
induced to divide in the 3MW. This is equivalent to the hypothetical numb er of
mitoses lost in the 2MW when it passes this region, suggesting that the 3MW
acts to compensate for the loss of mitosis in the 2MW by increasing mitosis in
the 3MW in a proportionate manner. This would indicate that a compensatory
mechanism exists in the eye, where by mitosis in the 2MW is stalled in the
presence of aneuploid cells until they can be apoptotically cleared and replaced
by fresh mitoses in the 3MW, in a proportionate manner.
A possible explanation for the correlation between the amount of mitoses lost in
the 2MW and the amou nt of cells that will enter S phase in the 3MW, is that
both processes are stimulated by binucleate cells. For example, each
binucleate cell may prevent several cells from entering mitosis in the 2MW, and
then stimulate a corresponding numb er of cells to divide in the 3MW.
Alternately, the correlation between the 2MW and 3MW could be entirely
coincidental , each process being a conse quenc e of non-cytokinetic roles of
Pbl~DH_

3.3.6 What is the fate of cells in which cytokinesis fails?
As expected , a reduction in Pbl activity leads to the formation of binucleate cells
(O'Keefe , 2001 ), howev er the fates of these cells are not known. There are 2
possibilities regarding their fates. They may fail an aneuploid checkpoint and be
targeted for programmed cell death , or an aneuploid checkpoint does not exist
in the eye , or may not be 100% efficient and binucleate cells are able to be
incorporated into the developing cluster. Because of the stratification of the
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tissue, it is not possible to determine whether differentiated cells of the eye
contain multiple nuclei. It should be possible to determine if binucleate cells are
incorporated into clusters by co-expressing a neuronal marker (like ELAV-GFP,
for example) and FACS sorting the eye disc cells.

3.3.7 Dominant negative Rho in the developing eye
19
It is clear that overexpression of RhoN in the developing eye causes a wider

array of phenotypes than expression of PblliDH_ This is not surprising, given that
there are approximately 40 Rho family GEFs and GAPs (Colicelli, 2004), many
of which could be regulating Rho, independent of Pbl. The likelihood that other
functions for Rho in the eye, mediated by other GEFs and GAPs, together with
the apparent death of photoreceptors, complicates the interpretation of the
GMR>RhoN

19

phenotype. The recruited photo receptors are required for further

recruitment and survival signaling as development progresses (Yu et al., 2002),
so their death could compromise such processes. It is interesting to note that an
increased number of cells can be seen in S phase in the post-furrow region of
GMR>RhoN

19

eye discs, suggesting that loss of cells in the eye can induce an

apparent compensatory proliferation in genetic backgrounds other than
GMR>pbf 0 H.

3.3.8 A unifying model for GMR>pbfa1°H effects in the eye
The results in this chapter further elucidate the pbf1°H phenotype in the eye,
through assessment of the cell cycle and apoptosis. Integration of the main
concepts of this chapter and previous work is presented in this section and
represented diagramatically in Fig. 3.140. In the 2MW, expression of
GMR>pbf1°H inhibits mitosis and is likely to induce the formation of a small

number of binucleate cells. This causes an overall decrease in the cell number
in the post-furrow region, resulting in too few cells that can be recruited to the
ommatidial cluster. At least some of the aneuploid cells generated in the 2MW
are likely to apoptose, stimulating surrounding cells to proliferate in the 3MW.
However, this proliferative event is unlikely to be able to restore the cell number
sufficiently, as cells still contain the PblliDH protein, inhibiting further cytokineses
and preventing effective compensatory proliferation. This model explains the

so
pupal phenotype of GMR>pbf1°H, as described by Dr. L. O'Keefe , where there
are too few cells in the mature ommatidial cluster.
This model provides a framework to interpret how modifiers from the genetic
screen described in following chapters are able to interact with the complex
phenotype caused by overexpression of the dominant negative form of pbl.

3.3.9 Future Directions
The characterisation of the GMR>pbf1°H phenotype has raised a numbe r of
interesting questions about how cell proliferation is regulated in the developing
D. melano gaster eye. A key question is whethe r the observed phenotypes are
caused by cytokinetic failures, or whethe r they represent a non-cytokinetic role
for pbl in the eye. This will be examined further in subsequent chapters,
specifically with the characterisation of known cytokinetic interactors. To
differentiate between cytokinetic and non-cytokinetic roles for pbl, the
generation of binucleate cells using other mutated cytokinetic components could
be informative. A problem with this approach is that genes that are downstream
in the pbl cytokinetic pathway may also be involved in other processes in the
eye , potentially causing the same, non-cytokinetic phenotypes.
There appear to be two distinct sets of apoptotic signaling pathways in the eye ,
the 'developmental ' set, based on receiving the EGF-based survival signal (Yu
et al. , 2002) , and a 'homeostatic' set that eliminates aberrant cells, such as
aneuploid cells. The homeostatic pathway is similar to that seen in previous
studies that describe cell death after irradiation (Jaklevic and Su , 2004). The
TUNEL assay is not able to differentiate between these two types of apoptosis.
Howev er, investigating whethe r the genetic regulation of pro-apoptotic factors ,
IAPs and caspases that interact in the well-defined 'developmental ' apoptotic
set are also activated in the 'homeostatic' apoptoses may yield clues to the
regulation of this process and , hopefully, provide markers that can differentiate
between cells in either apoptotic pathway.
The signaling events that cause the mitotic decrease in the 2MW and the
induction of the 3MW would also be extremely interesting to investigate. It is
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likely that one or more of the main genetic regulatory pathways in the eye, such
as EGFR, N, Opp or Wg, is involved in these processes. The most obvious
pathway to investigate initially is the EGF-MAPK pathway, required for initiating
mitosis in the 2MW (Baker and Yu, 2001 ). Modulation of this pathway at key
stages, such as production, processing or receipt of the ligand could provide
variability in producing required numbers of recruitable cells for ommatidia. An
investigation of the involvement of these genetic pathways, by a combination of
genetic or immunohistochemical methodology could yield answers to these
questions.
A key limitation of the characterisation outlined here is an inability to track
binucleate cells. Disaggregation of eye imaginal cells has shown the presence
of such cells in late third instar GMR>pbf 0 H eye discs (O'Keefe, 2001 ), but the
temporal fates of binucleate cells cannot be tracked because of the stratification
of the eye epithelium. Several key questions remain concerning the frequency
of cytokinetic failure and the fate of the binucleate cells. What proportion of
binucleate cells apoptose? At what stage do they apoptose? Do they go on to
be incorporated into the ommatidial cluster? Answers to these questions would
greatly enhance the understanding of the GMR>pbf 0 H phenotype, however,
devising a method to track binucleate cells in the eye is technically challenging
and was not attempted in this thesis.

3.3.10 Summary
In summary, the GMR>pbf 0 H rough eye phenotype appears to have at least
three components: an effect on 2MW mitosis, the creation of binucleate cells,
and the induction of a 3MW in the posterior of the disc. The characterisation
described here was intended to provide a cellular description of the

GMR>pbf 0 H phenotype that could then be used to characterise the effects of
the genetic interactors. Unexpectedly, the characterisation revealed several
novel phenotypic features and the GMR>pbf 0 H phenotype was further
investigated to examine these features. Irrespective of the novelty of the
phenotype, genetic interactors can provide valuable information about
regulatory pathways. In the next chapter, the mapping and identification of
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several such genetic interactors of the GMR>p bf 0 H rough eye phenotype is
presented , followed by the characterisation of the modifier interactions with

GMR>p bf 0 H in the final chapter.
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4 - Identification of 2nd chromosome genetic
modifiers of the dominant-negative pbl
phenotype
4.1 Introduction
Rho GTPases are involved in signaling pathways that regulate multiple
downstream effectors in various morphological and developmental contexts.
Components of such signaling pathways can be identified by screening for
mutations that dominantly modify pre-existing mutant phenotypes in known
pathways. The developing D. melanogaster eye is one of the most studied
developmental systems and is ideal for this type of screen because subtle
mutant phenotypes that alter the precisely ordered array of ommatidia can be
easily detected. The usefulness of this type of screen was first illustrated by the
identification of components in the Ras signaling pathway (Simon et al., 1991 ).

4.1.1 A screen for genetic modifiers of GMR>pbfLJDH
The approach used to identify modifiers of GMR>pbf DH involved random
mutagenesis of the major autosomes of D. melanogaster (Fig. 4.1 ). This work
was carried out by Prof. R. Saint, Dr. M. Small horn and H. Fraval. The second
and third chromosomes contain approximately seventy-five percent of the D.
melanogaster genome and approximately eighty percent of the total

euchromatic DNA. The potent chemical mutagen, ethyl methylsulfonate (EMS),
was used to mutagenise the flies. EMS typically induces point mutations, but in
a low percentage of cases can induce small chromosomal rearrangements.
1118
parental stock isogenic for chromosomes
Wild-type males obtained from a w

2 and 3 were starved, then fed a glucose diet laced with EMS. These males,
whose sperm DNA is mutagenised by the EMS treatment, were subsequently
crossed to virgin GMR>pbf 0 H females. The F1 progeny were screened for
either dominant suppression or dominant enhancement of the rough eye
phenotype. Males that displayed a dominant modification of the phenotype were
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back-crossed to virgin GMR> pbf 0 H females to ensure that the modifying
mutation was germline transmissable. The chromosome containing the
modifying mutation was determined and maintained as a stock over a multiply
rearranged (balancer) chromosome.

4.1.2 Modifiers of GMR>pbfiJDH
Approximately 10,000 mutagenised males carrying the GMR> pbf 0 H transgene
were examined for dominant enhanc ement or suppression of the external rough
eye phenotype. This screen resulted in 2 enhancers and 10 suppressors. The
level of suppression ranged from complete suppression, to a moderate
suppression (Table 4.1 ). Each stock was examined for homozygous viability
and all stocks were found to contain a recessive lethal mutation. The modifier
E(2)pb f 0 H2c2 was identified as an allele of zipper (non-muscle myosin heavy
chain) by genetic mapping, followed by complementation testing with existing
alleles of candidate genes in the region (Prof. R. Saint, pers. comm.).

4.1.3 Recombination and molecular mapping techniques
The traditional method of recombination-based positional cloning uses
chromo somes with multiple recessive marker mutations with visible phenotypes.
This method is laborious to score and is error prone due to marker mutations
potentially interfering with the phenotype of interest. Mutations with a visible
phenotype are infrequent and relatively widely spaced along the chromosome.
As a consequence , mutations can only be mapped to a low resolution with this
method. It is also challenging to align genetic data directly to the genome
sequen ce , making it more difficult to identify mutations in novel genes.
Deficiency kit mapping using X-ray induced deletions and rearrangements can
be used in some cases to map mutations. This approach is complicated by
incomplete coverage of the genome by deficiencies as well as poorly defined
end points of most deficiencies , making identification of new mutations
challenging . In a chemical mutagenesis screen , mutations are randomly
in duced , typically at several loci on each chromosome. Where the phenotype is
lethality , mapping modifier loci with deficiency kits can be mislead ing as

Figure 4.1 - Scheme for identifying dominant modifiers of the GMRpbf~DH rough eye phenotype
w

1118

males isogenic for chromosomes II and Ill (denoted here as iso II and

iso Ill , respectively) were mutagenised with EMS , and crossed to virgin

GMR>pbf 0 H females at 25°C. Males of the F1 generation , carrying the
GMR>pbf 0 H transgene , were screened for modification of the rough eye
phenotype and males with modified eyes were selected for further analysis.
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0
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X

Q w1118; iso II; iso Ill

alb GMR-Gal4, UAS-p bf 0 HI iso II modifier?; iso Ill modifier?/iso Ill
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alleles of known genes and unidentified lethal alleles in the region, sequence
I

analysis of novel genes in the region was undertaken to further search for
causative mutations.

4.2.2 Identification of 2nd chromosome polymorphic markers
It was first necessary to establish a map of polymorphisms between the
mutagenised strain and the reference strain that was used for recombination
1118
background. This strain
events. All mutants were generated in an isogenic w

1

was tested for polymorphisms between itself and either Canton Sor Oregon R
strains, both isogenised for the second chromosome. A selection of assays to

1

detect PCR-length polymorphisms (PLP, to detect In Deis) were chosen from a
previous report (Berger et al., 2001 ). These were predominantly selected in
preference to the restriction fragment length polymorphisms because they were
easier to assess and less prone to innaccurate results from incomplete
digestion.
These PCR-based assays were used to genotype 46 markers in each of the
reference strains (Table 4.2). Twelve (26.08%) markers were found to be
1118
and Oregon R, while nine (19.5%) markers were
polymorphic between w
1118
and Canton S. The majority of the
found to be polymorphic between w

polymorphisms were found on the left arm (2L). The resolution of the mapping
is determined by the density of the markers chosen, therefore the Oregon R
isogenic strain was chosen as the reference strain since it contains the highest
frequency of polymorphic markers tested (Fig. 4.2). Upon further testing two
markers had to be discarded (2R008 and 2R124) because they were found to
be polymorphic within the GMR>pbf 0 H stock. This was necessary as
polymorphisms within the GMR>pbf 0 H stock would prevent determination of
the recombination events in the mutant chromosome. This left a total of nine
markers with an average distance of 3.2 Mb between markers on the left arm,
and an average distance of 5 Mb between each marker on the right arm. The
largest gaps were at the telomeric and centromeric ends of 2R, with distances
of 6.1 Mb and 7 Mb respectively. The RFLP marker 2R032 was only used in the
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mapping of 'second-site' mutations rather than the modifier mutation itself can
occur.
Traditional X or Gamma Ray-induced deficiencies typically have complex and
variable backgrounds often containing multiple inversions and/or deletions , as
well as other dominant or recessive markers, which further complicate mapping
analysis. Exelexis/DrosDel deficiencies (Parks et al., 2004) circumvent some of
these problems. These deficiencies were generated by inducing direct
recombination between molecularly defined transposon insertions, meaning that
the endpoints of each deficiency are molecularly mapped. These deficiency
lines were generated in isogenic backgrounds minimising the complications
caused by background mutations (Parks et al., 2004).
Dense maps of polymorphic markers are frequently used to provide highly
efficient and resolved mapping analysis. Genetic mapping using molecular
markers designed to exploit single nucleotide polymorphisms (SNPs) or
insertion/deletion events (lnDels) enables mapping directly to the genome
sequence. In the Drosophila genome, lnDels and SNPs are the most abundant
molecula r polymorphisms, often exist as 2 codominant variants and are typically
phenotypically neutral (Berger et al., 2001; Hoskins et al., 2001 ).
This chapter details the mapping of several mutants identified in the random
chemical mutagenesis screen for dominan t modifiers of GMR>pbf1°H, using a
combination of traditional and molecula r mapping techniques.

4.2 Results
4.2.1 General mapping strategy for mapping 2nd chromosome modifiers
The modifiers generated in the screen were mapped using polymorphic lnDels
and SNPs to generate a low resolution map . This delimited the location of the
modifier mutation and helped to exclude second-site mutations induced during
the mutagenesis . Deficiency analysis was subsequently performed and
complementation with existing alleles in the region was carried out to identify
the modifying mutation. In the event that the mutation complemented existing

Figure 4.2 - Cytological location of molecular markers used for coarse
mapping

A schematic representation of the molecular markers showing polymorphisms
between the mutagenesis stock and the Oregon R reference stock. The
distance between markers is shown in megabases. The cyotological divisions
are indicated along the chromos ome arms. Examples of polymorphic markers
are shown.
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mapping of Su(2)pbf 0 H101 as this marker fell within the general region of the

Su(2)pbf 0 H101 modifying lesion.

4.2.3 Generation of recombinant individuals
Modifier mutants were first crossed to the isogenic Oregon R chromosome.
Virgin female progeny were obtained and their recombinant progeny scored for
the modified phenotype and for the molecular markers (Fig. 4.3). Due to the
temperature-sensitive nature of the GAL4 expression system, subtle variations
in temperature resulted in an altered GMR>pbf 0 H phenotype. While strong
suppression and enhancement were easily selected, a number of progeny had
weaker modifications that were difficult to unequivocally score as modified or
non-modified. To avoid complications arising from this, only recombinants that
still retained the modifier mutation were kept for further analysis. Reciprocal
recombinants are useful to analyse, as they effectively double the amount of
recombinant analysis available. However, reciprocal recombinants not
containing the modifier could not be selected because it was not possible to
determine with complete confidence whether the lack of modification was the
result of the absence of the modifier mutation or variation in the GMR>pbf 0 H
phenotype.

4.2.4 Molecular analysis indicates Su(2)pbfa1°HtA2 resides close to the
2L030 marker
Su(2)pbf 0 H 1A2 was initially identified as a strong suppressor of the
GMR>pbf 0 H rough-eye phenotype. An initial set of twenty-four individuals was
assayed for seven of the PLP second chromosome markers (Fig. 4.4A). Eleven
(45.8%) of these individuals had the suppressor-derived w 1118 alleles of all the
markers tested, indicating that they did not recombine, or that the recombination
events were too small to be detected. The remaining individuals contained
100% w 1118 alleles at the 2L030 marker (Fig. 4.4A). Since individuals were
selected for molecular analysis only if they retained the modifying mutation, this
strongly suggests that the modifying lesion resides near to the 2L030 marker.
To confirm this, a further fifty-nine individuals were assayed for the 2L030 and
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2L057 markers (data not shown). All of these individuals contained the w 11 18
allele of the 2L030 marker, while six (10.1 %) individuals contained the Oregon
R allele of the 2L057 marker. These data indicate that the modifying mutation

resides close to the 2L030 marker.

4.2.4.1 Candidate analysis identifies Su(2)pbl 6 0 H1 A2 as allelic to lilliputian
A previous related screen, for modifiers of GMR>pbl overexpression, identified
Jilli as a strong suppressor of the rough-eye phenotype (Somers, 2002). The Jilli

locus is located at cytological map position 23C, close to the 2L030 marker,
making it a strong candidate for Su(2)pbf 0 H1A2 (Fig. 4.48). The GMR>pbl
modifier, lillfvt-ll failed to complemen t Su(2)pbf 0 H1A2, suggesting that the
Su(2)pbf 0 H1A2 lesion affects Jilli. To confirm that there is not a second site

mutation in the background of the lillfVt-ll stock causing non-complementation ,
another lilli allele was tested for complementation. The hypomorphic allele
fill!'

11 2
-

and the lethal P-element insertion lilfP0632 both failed to complemen t

Su(2)pbf 0 H1A2, confirming that Su(2)pbf 0 H1A2 is allelic to Jilli.

4.2.5 Su(2)pbfl1°H2C3 maps to the distal end of 2L
Su(2)pbf 0 H2C3 was initially identified as a strong suppressor of GMR>pbf 0 H

on the second chromosome. PLP analysis on an initial set of 24 recombinants
indicated that the modifying mutation was on the left arm of chromosom e II. A
further 13 individuals were analysed with the left arm markers to complement
the initial set (Fig . 4.5A). Four (10.8%) of the individuals did not recombine or
the recombination event(s) was smaller than the resolution afforded by the
markers assessed . Of the remaining thirty assessed individuals, eighteen (60%)
carried the w 1118 allele at the 2L030 locus. The frequency of w 11 18 alleles at this
marke r is high er than any other marker suggesting that the region near to the
2L030 ma rker is the most likely location of the modifying mutation. A large
number of individuals (twelve , 32.4%) possess the Oregon R allele at the 2L030
loc us (Fig. 4. 5A). It is possible that these individuals were incorrectly selected or
they are genuine modifying recombinants , and the mutation is distal to the
2L030 ma rker. Su(2)pbf 0 H2C3 was a slightly weaker suppressor making it
more difficult to accurately select individuals, complicating the analyses

Figure 4.3 - Crossing strategy to generate recombinants for molecular
.

mapping
(A) In the first generation, modifier mutants were crossed to an isogenic
Oregon R reference stock. Virgin females without the balancer chromosome
were selected from the progeny and crossed the GMR>p bf 0 H line.
Recombination occurs randomly between the modifier mutant chromosome
and the Oregon R chromosome to produce recombinant progeny. Only those
progeny that exhibited modification of the GMR>p bf 0 H phenotype were
retained for marker analysis. The location of the modifying mutation is marked
by a star in this example. (B) An example of molecular mapping of two
recombinants derived from the crossing scheme in (A). Red squares indicate
the presence of the reference strain marker, white squares represent the
presence of the mutagenesis strain marker. In this example, the only region of
the chromos ome that is derived from the modifier chromosome in both
phenotypically modified recombinants lies between markers 2 and 3,
indicating that the modifying lesion resides between these markers.
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Figure 4.4 - Molecular mapping of Su(2)pbf!1°HtA2
(A) A schematic representation of molecular markers used to assess
recombination events across both arms of chromosome 11 following selection
for the modif ier allele. Colum ns represent molecular markers , rows represent
recombinant individuals retaining the modifying mutation. A small set of
recombinant individuals was initially used with markers across both arms of
chrom osom e II. Strong linkage to the 2L030 marke r was seen. (B) The distal
end of the left arm of chrom osom e II showing the proximity of the 2L030
marke r locus and the lilliputian gene.
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Figure 4.5 - Molecular and deficiency mapping of Su(2)pbf11°H2C3
(A) A schematic representation of molecular markers used to assess
recombination events across both arms of chromosome 11. Columns represent
mole cular markers, rows represent recombinant individuals retaining the
modifying mutation. The highest linkage was to marker 2L030, suggesting the
modifying lesion resides in this region. (B) A table showing the expected and
observed recombination frequencies (RF) for the left arm markers. (C) A
sche matic representation of the deficiencies used to further reduce the
interacting lesion. Deficiencies that uncover dumpy showed a dumpyblique
phenotype when transheterozygous with the Su(2)pbf1°H2C3 chromosome.
See Table 3 for further details of deficiencies.
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somewhat. The expected and observed recombination frequencies (RF)
between markers is presented in Fig. 4.58. The variations between expected
and observed values are considered in the discussion section.

4.2.5.1 Deficiency analysis identifies a dumpy oblique phenotype
Deficiencies that uncover the distal region of 2L were tested for
complementation with the Su(2)pbf1°H2C3 chromosome. All deficiencies were
viable and did not produce aberrant phenotypes when in trans with the
Su(2)pbf1°H2C3 chromosome with the exception of deficiencies that uncovered

24F (Fig. 4.5C). Deficiencies that uncovered this region produced a foreshortened wing when in trans with the Su(2)pbf1°H2C3 chromosome, similar to
the dpoblique phenotype (Fig. 4.1 0A).

4.2.5.2 Su(2)pbl~DH2C3 is allelic with dp 0
Op exhibits three classes of phenotype: oblique (o), lethal (I) and vortex (v).

Oblique mutants exhibit fore-shortened wings, vortex mutants have large
thoracic pits and the lethal class of alleles die during various stages of
development. Mutants have been isolated in each variation and combination of
the class (o, I, v, ol, ov, Iv, olv) and transheterozygous combinations of mutants
exhibit only the common phenotypes of each mutant (Wilkin et al., 2000).
Su(2)pbf1°H2C3 was crossed to all available allelic classes of dp (o, I, v, ol, ov,

Iv, olv), exhibiting an oblique wing phenotype when heterozygous with dp 0
mutants (Fig. 4.1 0A), but no thoracic vortices. The Su(2)pbf1°H2C3 was lethal
over the dp 01vR chromosome, but not with any other dpt alleles. The dp 01vR
mutant displays some dominant characteristics, which may be the cause of the
observed lethality, or it could carry background mutations that are lethal in
conjunction with other mutations on the Su(2)pbf1°H2C3 chromosome. I
conclude that the Su(2)pbf1°H2C3 contains a mutation in the dp gene giving rise
to an oblique phenotype. The chromosome is hereafter referred to as dp2 c3 .
To test whether a mutation in dp could be the cause of the modification, alleles
corresponding to each of the allelic classes were crossed to GMR>pbf1°H (see
Fig. 5.3G, H). To avoid the problems associated with multiply marked dp

60
chromosomes (such as those that contain dominant mutations that cause rough
eye phenotypes, like Star), isogenic chromosom es with dp alleles were
acquired from Dr. R. MacIntyre. When crossed to dp2 c3 , oblique phenotypes
were found in every combination of the isogenic dp oblique alleles . All of the dp
allele classes tested suppressed the GMR>pbf1°H phenotype confirming that dp
is a strong genetic interactor with GMR>pbf1°H and providing strong evidence
that the modifying mutation on the Su(2)pbf1°H2C3 chromosom e is the dp
lesion. The allele is hereafter referred to as dp2 c3 .

4.2.6 Su(2)pbfl1°Ht01
To map the moderate suppressor Su(2)pbf1°H 101, twenty-four individuals were
assayed for the 2 nd chromosom e marker polymorphisms. Of these individuals,
seven appeared not to have recombined at the resolution afforded by the
markers used (Fig. 4.6A). Ten of the remaining individuals (62.5%) possessed
the w 1118 allele at the 2R032 locus, while another five (31.25%) possessed the
w

1118

allele at the 2R083 locus. This suggests that the modifying mutation

resides in between the 2R036 and 2R083 markers (Fig. 4.7 A). Although the
2R068 marker is positioned in between these markers, it was not tested as the
density of deficiencies in this region is considerable.
Deficiencies that uncovered regions of 2R from the centromere to cytological
band 55 were crossed to the Su(2)pbf1°H 101 chromosom e to look for aberrant
phenotypes or lethality (Fig. 4. 7 A). Two partially overlapping deficiencies that
uncovered 49C to 49E exhibited a wing defect that affected the wing margin
(see Fig . 4.10B-D) . To further delimit this region a series of deficiencies from
the Exelexis and Drosdel collections were used (Fig. 4.7B) . Each of these
deficiencies uncover a much smaller number of genes, and with molecularly
defined endpoints refined the number of candidate genes to sixteen. A set of
small deficiencies generated from a P element hopout of an insertion into ox
complemented Su(2)pbf1°H t01 , eliminating several genes (Fig. 4.7C). The
coding sequences of the remaining genes were amplified by PCR , sequenced
and found to contain either silent polymorphisms that do not alter the amino
acid sequence , or variations from the genome sequence that were also present

Figure 4.6 - Molecular mapping of Su(2)pbfl1DH 1D1
A schem atic representation of molec ular marke rs used to asses s
recombination event s across both arms of chrom osom e 11. Colum ns represent
molec ular marke rs, rows represent recombinant individuals retaining the
modifying mutation. The modif ier allele was most closely linked to marke r
2R083 .
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Figure 4.7 - Deficiency and sequence analysis to determine the
location and identity of Su(2)pbf11DH 1D1
(A) Coarse mapping using large deficiences across the right arm of
chrom osom e II. Large deficiencies that uncovered the area around 49A-50D
displayed a striking wing phenotype in combination with Su(2)pbf1°H101 . See
Table 4.3 for further details of deficiencies. (B) Smaller deficiencies in the
area around 498-S 0A were tested for complementation. A deficiency that
uncovered the region around 490 showed the wing phenotype when
transh eteroz ygous with the Su(2)pbf1°H101 chromosome. (C) Genetic loci in
the interacting region of the Su(2)pbf1°H101 chromosome . Deficiencies
derived from the hopout of a P element in the ox locus (shown in dark green)
showed no phenotype when transheterozygous with the Su(2) pbf 0H 101
chrom osom e , eliminating these genes from candidacy (genes shown in red).
The coding seque nce of the remaining genes in the region were sequenced.
All genes contained either silent polymorphisms that did not alter the amino
acid seque nce , or polym orphis ms that were present in the parental strain (see
Table 4.4).
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in the parental stock (Table 4.4). Of the ten genes sequenced, six contained no
polymorphisms. The frequency of polymorphisms is tabulated in Table 4.4. No
further steps were taken to identify the Su(2)pbf DH 1D 1 lesion.

4.2.7 Molecular mapping places Su(2)pbff1°H283 at the distal end of 2L
Su(2)pbf 0 H283 was initially identified as a strong suppressor mapping to the
second chromosome. Twenty-four recombinant individuals were initially
selected and PLP assays were perlormed across the chromosome (Fig. 4.8).
This initial set of recombinants placed the mutation at the distal end of 2L. A
further twenty recombinants were genotyped using the 2L markers. Of the fortyfour individuals assessed, ten (22%) appear not to have recombined at the
resolution afforded by the markers used. Twenty-six (76.5%) of the remaining
1118
allele at the 2L030 locus suggesting that
thirty-four individuals possess the w

the Su(2)pbf 0 H283 mutation resides nearest to the 2L030 marker (Fig. 4.9).
Seven individuals possess the Oregon R allele at the 2L030 locus. Linkage
shows Su(2)pbf 0 H283 is closest to the 2L030 marker, and is also linked to
2L057 to a lesser degree. The lesion therefore lies either in between these two
markers or distal to 2L030. Deficiency analysis of these regions was
subsequently undertaken to discriminate between these possibilities.

4.2. 7. 1 Deficiencies confirm lesions distal to 2L030
Deficiencies were selected that covered the majority of the region distal to
0
2L057. No phenotypes or lethality were observed when Su(2)pbf H283 was

transheterozygous with deficiencies that uncovered the region between 2L030
and 2L057. 22F and 23E contained small gaps (based on cytology) that were
unable to be tested. Df(2L) dp-79b (22A02-03; 22D05-E01) failed to
complement the Su(2)pbf 0 H283 chromosome indicating the presence of a
lethal mutation within the region deleted in the deficiency (Fig. 4.9). Several
overlapping deficiencies with molecularly-characterised endpoints delimited the
0
lethal mutation to seven genes. Su(2)pbf H283 complemented all existing

characterised lethals in the region, as well as all lethal P insertions in the region.
Assuming that the lethality of each P insertion line is associated with the defined
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P element insertion, the affected genes can be eliminated as being associated
with the lethality of Su(2)p bf 0 H283.
The deficiency did not modify the GMR> pbf 0 Hphenotype , suggesting that no
modifying lesion resides in this region. It is possible that the Df(2L)dp-79b itself
is causing synthetic lethality in conjuction with the modifying mutation or another
second-site mutation and that no lesion is uncovered by Of(2L)dp-79b. The dp79b deficient chromo some also carries the dp 0 A allele which could be causing
unexpected lethality. No further steps were taken to identify the lethal mutation.

4.2. 7.2 Su(2)pbl~ 0 H2B3 is allelic with net
Although the genetic analysis described above failed to define the lethal lesion,
further analysis revealed the presence of an allele in a known gene.

Su(2)p bf 0 H283 transheterozygous with chromo somes deficient for region 21 A
showed a multiple wing vein phenotype, indicating a mutation in the region (Fig.
4.9 and 4.1 OE-H). Complementation analysis with the recessive wing vein
patterning gene net produced ectopic wing veins, indicating that Su(2)p bf 0 H283
contains a mutation affecting the gene net. To ascertain whethe r the net allele
was the modifying mutation on the Su(2)p bf 0 H283 chromosome, the net 1 allele
was crossed to the GMR> pbf 0 H chromosome. Loss of a single copy of net
strongly suppressed the rough eye phenotype indicating that net is a strong
modifier of the GMR> pbf 0 H phenotype and that the modifying mutation on the
Su(2)p bf 0 H283 chromo some is therefore likely to affect the net gene (see Fig.
5.3E , F) . The allele is hereaft er referred to as net283 .

4.3 Discussion
This chapter details the mapping of candidate interactors identified in a screen
for dominant modifiers of dominant negative pbl. Both novel and expected
interactors were identified , and these provide an excellent opportunity to further
dissect the nature of the GMR> pbf 0 H phenotype. Curiously, a large numbe r of
interactors identified are well known for their roles in wing development.

Figure 4.8 - Molecular mapping of Su(2)pbfa1°H283
A schematic representation of molecular markers used to assess
recombination events across both arms of chromosome 11 for the mapping of
Su(2)pbf1°H283. Columns represent molecular markers , rows represent
recombinant individuals retaining the modifying mutation. The highest linkage
was to marke r 2L030 , suggesting the modifying lesion resides in this region.
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Figure 4.9 - Deficiency mapping of Su(2)pbfa1°H2B3
A schematic representation of the deficiencies used to delimit the interacting
region of the Su(2)pb f 0 H2B3 lesion. Deficiencies that uncovered 21 B showed
an ectopic wing vein phenotype when transheterozygous with the

Su(2)pb f 0 H2B3 chromosome. Lethality was also observed with a deficiency
uncovering a section between 22A-D. See Table 4.3 for further details of
deficiencies.
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Figure 4.10 - Wing phenotypes from chromosome II suppressors
Images of whole adult wings. (A) Su(2)pbf1°H2C3/dp 02 (B-0) Examples of the
varyiable phenotypes seen in Su(2)pbf1°H 101/de ficienc y.
(E) Su(2)pbf1°H2B3/Df(2R)Exe/6001. (F) Su(2)pbf1°H2B3/nett. (G) nett

homozygotes. (H) nett /Df(2R)Exe/6001.
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4.3.'1 Identification of the artifactual Lilliputian allele demonstrates
effective mapping
Genetic analysis of the strong suppressor Su(2)pbf 0 H 1A2 showed that the
modifying mutation was an allele of lilliputian. Ii/Ii is a maternal pair-rule gene
and has been implicated in transcriptional regulation in diverse processes
during development including cytoskeletal regulation, cellularisation,
morphogenesis and segmentation (Tang et al., 2001). Ii/Ii has been identified as
a strong suppressor in several mutagenesis screens for interactors of GMRbased phenotypes (Dickson et al., 1996; Neufeld et al., 1998; Rebay et al.,
2000). Lilliputian is required for GMR transcriptional activation and is therefore
likely to be acting to prevent the expression of GMR driven transgenes rather
than interacting at a post-transcriptional level with the expressed protein. This is
further evidenced by Ii/Ii acting as a strong suppressor of both GMR-pbl as well
as GMR>pbf 0 H (Somers, 2002). While this is not a true genetic interactor of
pbf 0 H, identification of Ii/Ii demonstrates the utility of the mapping approach

undertaken here.
To eliminate further modifiers of GMR or GAL4, each interactor was crossed to
a GMR>GFP line to determine whether the expression levels of GFP were
altered. All modifiers did not alter the GFP expression levels, indicating that the
regulation of GMR, or GAL4, is not affected (data not shown).

4.3.2 Complications of the molecular mapping approach
For several of the modifiers mapped in this study, the recombination events
observed suggest that there are other complicating factors at play. The
variability in the GMR>pbf 0 H phenotype is likely to have allowed recombinants
of the incorrect genotype to be incorporated into the marker assessments,
skewing the percentages associated with several markers. It is also possible
that some of the modifier chromosomes possess more than a single
GMR>pbf 0 H modifier, resulting in a multi-modal distribution of markers from the

modifier chromosome. A further alternative, is that the Oregon R reference
chromosome used in this study contains cryptic GMR>pbf 0 H modifier alleles
that influence the selection of modified individuals after recombination between
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the Oregon Rand modifier chromos omes has occurred. A similar mapping
approach to the one used in this study could identify such loci. To do this the
Oregon R reference stock second chromos ome would be allowed to recombine

with the w 1118 second chromos ome and the progeny selected for modification of
the GMR>p bf 0 H phenotype. The appeara nce of modified eye phenotyp es and
any non-rand om association between the molecula r markers used in this study
and this phenotype would demonst rate linkage to a particular Oregon R
modifying locus.
The example of the Ii/Ii modifying allele highlights the efficacy of the mapping
approach used. While the mapping of other modifiers identified in this study
were not as clear-cut as the Ii/Ii example, they each provided a region most
likely to contain a modifying lesion. Further analyses with deficienc y
chromos omes were able to identify interacting alleles, which were subsequ ently
confirmed as modifiers of GMR>p bf 0 H with additional , independ ent alleles. In
the event that a deficienc y analysis was inconclusive, further molecula r
mapping , with either more markers or more individuals, may have produced a
clearer position for the modifier, however, this approach was unneces sary for
most modifiers examine d in this study.

4.3.3 E(2)pbfl1°H2C2/zipper identification supports effectiveness of the
screen
The identification of an allele of the known cytokinetic compone nt zipper (nonmuscle myosin heavy chain) (Yamaki ta et al. , 1994) confirms the effectiveness
of the screen . The contractile ring is compose d of an actin/myosin network,
where the myosin motor activity transloca tes actin filaments to drive
constriction . It is expected that reduction of half the copy number of cytokinetic
genes would enhance the GMR>p bf 0 H phenotyp e , as the frequenc y and
severity of the cytokinetic failure would be increased. This conclusion is further
supporte d by the identification of several novel and expected cytokinetic genes
in an overexp ression screen for modifiers of GMR>p bf 0 H (Dr. S. Gregory, pers.
comm .). Mod ification by zipper alleles demonst rates that this screen has the
ab ility to identify genes that encode known cytokinetic factors .
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4.3.4 Novel interactors (non-cytokinetic)
A group of interactors were isolated in this screen that have not been previously
shown to be involved in cytokinesis, as their characterised roles are in
patterning the wing. Genes such as net and dumpy are known to be involved in
patterning the wing, but have never been implicated in eye development, so it is
not immediately obvious why mutations in these genes would modify the
GMR>pbf1°H phenotype. Further analysis and a model for the role of these

genes as modifiers of GMR>pbf1°H is presented in subsequent chapters.
Despite extensive genetic mapping and DNA sequence analysis of the
complete open reading frames of every candidate gene, the identity of
Su(2)pbf1°H 101 could not be confirmed. Possible explanations for the failure to

identify the gene are that the lesion is in a regulatory region located in the 5' or
3' untranslated regions (UTR), intrans, or in upstream or downstream
sequences. It is also possible that the mutation affects a regulatory microRNA.
To identify the mutation, it would therefore be necessary to sequence all UTRs,
promoters and intrans, check the RNA expression levels of all candidate genes
and look for miRNAs in the region and sequence them. These experiments are
beyond the scope of this thesis. The striking wing phenotype points to a
potential pathway of interactors, including net and dumpy, that also have roles
in wing development.

4.3.5 Limitations of the screen
A key limitation of this particular screen is that it was not carried out to
saturation, as demonstrated by the fact that there is only one complementation
group with more than a single allele. Limitations of this type of screen include
the inability to identify genes with redundant function, and dosage-insensitive
genes, for example, genes that do not exhibit phenotypes when their copy
number is reduced. The type of screen performed here would not identify these
two groups of modifiers as the mutations generated would only affect one of the
genes or alleles, leaving other redundant genes and alleles to fulfil their roles.
Further work could focus on continuing the screen to saturation and identifying
a larger set of GMR>pbf1°H modifiers. Another avenue to consider is to screen
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the existing libraries of lethal-P elements for modification. Thes e could identify
genes that may be unlikely to be mutated by chemical mutagenesis due to a
small transcript size. The identification of further interacting alleles would serve
two purposes. Firstly, it would provide more alleles of existing genes allowing
confirmation of the modifying gene. Secondly, the identification of other
interacting genes would lead to a great er understanding of the pathways
through which the varied group of modifiers are acting on the GMR>pbf1°H
phenotype.

4.3.6 Cytokinetic versus non-cytokinetic interactors
A useful feature of random mutagenesis screens is that the identification of
mutations is not biased towards any specific genes. While a known componen

t

of the cytokinetic apparatus was identified in this screen , the numb er of novel
interactors identified is significant. This could shed light on novel roles of pbl in
these alternate pathways, or identify novel regulators and interactors of pbl in
cytokinesis. It is necessary to characterise the cellular basis of the modification
of each of these interactors to ascertain which of these possibilities is correct.
Thes e analyses, toget her with a model for the interaction of each of the genes
identified in the screen , is presented in the next chap ter.
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Table 4.1 - Dominant genetic modifiers of GMR>pb/11 DH
Modifier

GMR>pbf 0 H

Genetic

Candidate

Loci

gene(s)

11

23G

lilliputian

S++++

11

49G

?

S++

11

25A

dumpy

S+++

11

21

net

S+++

11

60E12

zipper

E+++

111

72C2

mind bomb

S+++

Chrom.

Complementation group I

Su(2)pbf1°H 1A2
Complementation group II

Su(2)pbf1°H 1D 1

Complementation group Ill
Su(2)pbf1°H2C3

Complementation group IV

Su(2)pbf1°H283
Complementation group V

E(2Jpbf1°H2c2
Complementation group VI

Su(2)pbf1°H 6. 2. S 1. 7

S++

Su(2)pbf1°H 3. 1. S 1. 5

Complementation group VII

Su(2)pbf1°H 11.1.S1.10

67C11

CG6718

S+++

111

660

?

S+++

111

3L

?

E+++

111

Complementation group VIII

Su(2)pbf1°H 1B 1-B
Complementation group IV

E(2)pbf1°H 8. 2. E2. 1
Complementation group X

Other unmapped modifiers Ill

S++++ : very strong suppression (wild-type); S+++: strong suppression ; S++: moderate suppression
E++++: very strong enhancement; E+++ : strong enhancement; E++: moderate enhancement

Alleles from the 3rd chromosome are included. See Chapter 5 for the characterisation of the cellular basis
of 3rd chromosome modifiers.
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Table 4.2 - Polymorphic markers used to map genetic modifiers
Blue indicates polymorphism between mutagenesis and reference stocks.
0

tJ)

Marker

0:::

0

0

tJ)

Cf)

U

Cytology

Nearest Gene

21F2
22C
23F1
24D6
25A2
25C4
26A3
2783
28C2
30A8
30D1

CG14342
CG4238
ptpa
Sr-Cl
CG15635
pgant5
Vm26Ab
CG17375
CG13796
CG3748
nAcR 30D
CG14072

2L015
2L019
2L030
2L035
2L041
2L045
2L057
2L063
2L069
2L081
2L088
2L097
2L115
2L120
2L125
2L133
2L143
2L167
2L185
2L189

32C1
33D4
34A5
34D6
35C2
35F12
36F3
37F2
3881

2R008

44C3

14755

2R017

45D1

CG1916

2R023
2R032

47A1

CG12904
CG13203

2R033

47F17

2R035

48C2

CG17835
CG13195

2R036

48C4

CG8991

2R046
2R051

4987

CG8604

49F1

CG3905

2R054

50A9

CG5912

2R064

5186

CG12863

2R068

51D9

CG33467

2R076

52D1

CG33463

2R083

53C11

Chit

2R094

54F1

CG11430

2R097
2R104
2R111
2R116
2R120
2R124
2R127
2R134
2R139
2R147

55C2
56D2
56F1
5782
57D2
58A1
5885
59D7
59F1
60C7

CG754
CG9416
CG9864
CG13443
CG18375
CG18735
CG13502
CG30409
apt
slik

2R 148

60D5

itp

47F7

bun
CG31856
cenG1A
CG15270
CG31817
faslll
spitz
msl-1
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Table 4.3 - Deficiency stocks used to minimise interacting regions
Stock
Region Deleted

Deficiency

Reference
2L
90

Df(2L)C144, dpp[d-ho] ed[1]

022 F03-04;023C03-05

652

Df(2L)sc19-6

024F01-02 ;025C03-05

702

Df(2L)ed-dp

024C03-05;025A02-03

749

ln(2R)bw[VDe2L]Cy[R]

h42-h43 ;42A2-3 + 58A4;59E1 (Of+ Op)

1070

Df(2L)dp-h24

024F04;025A01-04

1567

Df(2L)JS17, dpp[d-ho]

023C01-02 ;023E01-02

2348

Df(2L)J69[L]H56[R], y[+]/CyO

022A6-B9

3133

Df(2L)dp-79b, dp[DA] cn[1]

022A02-03;022O05-E01

3548

Df(2L)al , ds[al]

021 B08-C01 ;021 C08-O01 ,

3637

Df(2L)net-PMC

021 A01 ;021 B06-07

3638

Df(2L)net-PMF

21A01 ;021 B07-08

3813

Df(2L)sc19-4

025A05;025E05

5330

Df(2L)ed1

024A02;024O04

5451

Df(2L)frtz17, FRT 420 cn[1] sp[1 ]/CyO

021 E03-04;022B05-07, 0420

5452

Df(2L)frtz19, FRT 420 cn[1] sp[1 ]/CyO

022A02-03;022B07, 0420

5454

Df(2L)frtz25, FRT 420 cn[1] sp[1 ]/CyO

022A03-04;022C01-02 , 0420

6115

Df(2L)ast4

021001-02 ;021 E01-02

6123

Df(2L)net14

21 A01 ;021 B05-06

6126

Df(2L)PMA

021 A01 ;021 B01-02

6128

Df(2L)PMG

021 A01 ;021 B04-06

6135

Df(2L)PM73

021 A01 ;021 B02-04

6153

Df(2L)PM59

21 B02-05;021 B02-05

6283

Df(2L)BSC4, w[ +mC], net[1] cn[1]

21 B07-C01 ;21 C02 -03

6344

Df(2L)ast5

021 E01-02 ;021 F03-022A01

6507

Df(2L)drm-P2 , P{lacW}Pdsw[k10101]

023F03-04;024A01-02

6648

Df(2L)dpp[d14]

022 E04-F02 ;022 F03-023A0 1

7144

Df(2L)BSC37/Cy0

022O02 -03;022F01-02

167

Df(2L)TW161 , cn[1] bw[1]

038A06-B01 ;040A04-B01

258

Df(2R)Np3 , bw[1]

044O02 -E01 ;045B08 -C01

434

Df(2R)vg -D, Psc[vgD] Su (z)2[vgD]

049C01-02 ;049E02-06

442

Df(2R )CX1 , b[1] pr[1 ]

049C01-04;050C23-D02

749

ln (2R )bw[VDe2L]Cy[R]

h42 -h43 ;42A2-3 + 58A4;59E1 (Of + Op)

752

Df(2R)vg-B

049O03-04;049F15-50A03

753

Df(2R)vg-C

049A04-13 ;049E07-F01

1642

Df(2R)vg135 , nompA[vg135]

49A;49E1 --2;47F4-18 (Of + In )

2R

70
4297

Of(2R )nap19 , cn[1 ] bw[1]

041 E02-F01 ;043A02-B01

6141

Of (2R )Orl[ rv 18]

042E03 -07;044A03

6864

Of(2R )01009Y -M073

45F05-0 6 ;046C04 -07

7488

Of(2L)Exel6001

21A4;21B1

7772

Of(2L)Exel7002

21 B4;21 B7

7773

Of(2L)Exel8001

21 B6;22B1

7779

Of(2L)E xel8005

22B2 ;22B8

7780

Of(2L)Exel7008

22B8 ;2201

7781

Of (2L)Exe l7009

22B8 ;2206

7532

Of (2 R) Exel6050

42C7;4 204

7533

Of (2 R) Exel6051

4204;4 2E4

7748

Of (2 R) Exel6283

42E7;43A1

7869

Of(2R )Exel7121

49B5;49C1

7870

Of(2R )Exel7123

4905 ;49E6

7916

Of(2R)Exel8056

4901 ;49E1

7544

Of(2R)Exel6062

49E6;49F1

7871

Of(2R) Exel8057

49F1 ;49F10

7872

Of(2R)E xel7124

49F10 ;50A 1

E01618

E01618

42C3 ; 43A1

E02308

E02308

4903 ; 49E7

E02313

E02313

49B7; 49F10

E02809

E02809

21B1 ; 21B1

E05878

E05878

21B1 ; 21B3

E0929

E0929

21B3; 21B3

E0 19

E019

21B3 ; 21B7

Exelixis

Szeged
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Table 4.4 - Polymorphisms in the Su(2)pbfl1°H101 candidate region
Gene

Polymorphisms

CG13148

3 silent polymorphisms

Obp49A

No changes

CG30052

No changes

CG8768

No changes

CG12442

4 polymorphisms
2 silent polymorphisms

CG18356

No changes

CG12488

4 silent polymorphisms

mos

No changes

Nacalpha

No changes

CG12374

3 polymorphisms

Silent polymorphisms: Differences between the published genetic sequence
and the mutant line that do not alter the amino acid sequence .

Polymorphisms: Differences between the published genetic sequence and the
mutant line that are present in the parental mutagenesis strain.
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5 - Identification of novel eye interactors
reveals a similar mechanism of action
5.1 Introduction
In this chapter, the characterisation of the 2 nd and 3 rd chromo some GMR>pbf1°H
genetic interactors is presented. The 3 rd chromo some modifiers, mib and iPLA 2,
were identified in a parallel mapping project by Dr. L. Jones (see Table 4.1 ),
and so have not been described previously in this thesis. The roles of these
genes in the develo pment of the eye have not been previously characterised,
despite having been examined in the develo pment of other tissues. The
analysis of each gene will be presented separately with a discussion of all
interactors presented at the end. The putative cytokinetic interactor, zip, will be
considered first, followed by the four suppre ssor interactors, net, dp, mib and
iPLA2. First, I will provide a brief description of each of the modifier genes, with

the exception of zip, which is discussed in Chapte r 1.

5.1.1 net encodes a bHLH transcription factor, required to maintain
intervein development in the developing wing
The adult wing blade is composed of two apposed , planar, epithelial layers
consisting of two broad cell populations, the veins and interveins. The wing
venation is stereotypical with five longitudinal and two transverse veins. Vein
regions have a distinct histotype, consisting of small and densely packed cells.
They are covered by a thick, dark cuticle and form tubular structures that
function to traffic haemolymph and provide structural rigidity to the wing.
lntervein cells , by comparison, are large and flat , covered by a thin , transparent
cuticle. The intervein cells die upon eclosion of the animal , while vein cells
remain alive (Cohen, 1993).
The specification of vein versus intervein fate is a complex process that is
regulated by several tiers of developmental signaling. The sites of future vein
develo pment are initially approximately eight cells wide and are referred to as

Figure 5.1 - The role of net in wing intervein specification
(A) A schematic representation of wing vein specification events during the
develo pment of wing imaginal tissue. Provein regions (yellow) are specified
from intervein regions (white) by unique sets of genes in early stages. Once
specified , each provein region will be refined into a vein (brown). lntervein
reg ions are maintained through the expression of vein inhibitors (blue). Vein
refin ing genes (red) , such as those of the Notch pathway, act to restrict the
provein region to a smaller group of cells. Vein specifiers (green) are
upregulated in the cells that will form the vein and are necessary to maintain
the identity of the cells until they undergo differentiation at pupal stages. (B) A
schem atic representation of the Net protein. net encodes a 365 amino acid
protein with conserved domains. Net contains a praline-rich region in its Nterminal moiety , often implicated in transcriptional repression (Brentrup et al. ,
2000). Net also contains a bHLH domain , important for DNA-binding. The net 1
duplication is indicated by the triangle , and results in a premature stop codon
in the basic region of the bHLH domain .
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'proveins'. The specification of prove in regions is often vein specific and will not
be discussed here. Provein regions are subsequently refined to smaller two or
three cell wide regions that will undergo differentiation at pupal stages to
produce the adult vein structures. Whilst the initial specification of proveins is
not universal, the process of refinement is the same for each vein and involves
the activity of both the Notch (N) and EGFR pathways (see de Celis, 2003 for a
review and Fig. 5.1 A).
The N ligands, Delta (DI) and Serrate (Ser), are expressed in the centre of the
provein region, activating N signaling in the outerlying, adjacent cells of the
provein (de Celis et al., 1993). This activation leads to the expression of
E(spl)m/3, which prevents vein formation in the outer cells (de Celis et al., 1996).

The refinement activity of N signaling is demonstrated in N mutants, which have
abnormally wide veins (de Celis et al., 1997). E(spl)m/3 acts to repress the
transcription of two genes, rhomboid (rho) and Star (S), which are required to
proteolytically process and activate the EGFR ligand, vein (Schnepp et al.,
1998; Wasserman and Freeman, 1998). Activation of the EGFR is therefore
restricted to the centre of the provein region, stimulating the MAPK intracellular
signaling cascade, leading to vein differentiation (Gabay et al., 1997). EGFR
activation reinforces the pathway by maintaining DI expression and
consequently maintaining the specification of the vein (de Celis et al., 1997).
Provein determinants are restricted to defined regions through interactions
between intervein genes such as net, which refine and maintain the vein
specification program by limiting the field of EGFR pathway activation (Brentrup
et al., 2000). net encodes a 365 amino acid basic-helix-loop-helix (bHLH)
transcription factor (Fig. 5.1 B). The N-terminal moiety contains a praline-rich
domain, often associated with transcriptional repression (Cowell and Hurst,
1994; Brentrup et al., 2000). net is highly expressed in intervein cells where it
interacts with SNR1, a component of the Brahma (Brm) complex, responsible
for ATP-dependent chromatin assembly (Zraly et al., 2004). In the intervein
cells, net binds to rho control elements where it interacts with SNR1 to shield
the Brm complex from binding to rho activation sequences, thus inhibiting rho
expression (Brentrup et al., 2000; Zraly et al., 2004). The down-regulation of rho
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prevents processing of EGFR ligands and subsequent activation of the EGFR
pathway leading to a repression of vein formation in intervein regions. In net
mutants, rho is expressed in a much broader domain and provein determinants
are no longer excluded from intervein regions, causing ectopic veins to form
(Brentrup et al., 2000). Overexpression of a net transgene specifically in the
wing widely suppresses the field of rho expression and provides an effective
phenocopy of rho mutants at adult stages (Brentrup et al., 2000). Net therefore
acts to maintain intervein fate by transcriptionally repressing rho and restricting
the domain of provein determinants.
In the previous chapter, the identification of net as a strong genetic interactor of
the GMR> pbf 0 H phenotype provided a tantalising link between the role of pbl
and EGFR signaling. The role of net in patterning the eye has not been
explored, howeve r the EGFR signaling pathway is required for several key
steps of larval eye disc patterning , including regulation of mitosis in the 2MW
and survival signaling in the post-furrow region (see Chapte r 1). In this chapter,
the suppression of the GMR> pbf 0 H phenotype by net loss of function is further
explored.

5.1.2 Op is a giant extracellular matrix component implicated in diverse
developmental processes
The extracellular matrix (ECM) is a highly organised structure necessary for
maintaining the cellular architecture of a numbe r of tissues within the context of
the organism as a whole. Insect cuticle represents a specialised ECM with a
laminate structure, important for surrounding both internal and external tissues
and limbs. The cuticle possesses variable mechanical properties depending on
the site of attachment to underlying epidermal structures. A key component of
the connection between the ECM and epidermis is the Op protein. dp alleles are
varied in their phenotypes and fall broadly into three classes based on their
phenotypes (Grace , 1980). Oblique class alleles exhibit shortened wings due to
a contraction of the epithelia of the wing after patterning , while vortex class
alleles display pits and protrusions of the thoracic cuticle at sites of flight muscle
attachment. Lethal class alleles are a broad group of recessive alleles that

Figure 5.2 - Structures and schematic representations of known roles
of dp, mib and iPLA2
(A) A schematic representation of the domain structure of the 2.5MDa Op
protein. Colour coding of domains is described below the domain structure.
Op contains 308 EGF and 185 DPY modules. The orange box marks a superrepeat region, composed of a large numbe r of EGF-D P-EGF motifs. Adapted
from Wilkin et al. (2000). (B) Op function in the wing epidermis. lntegrins
connect apposed epidermal sheets at basal (b) surfaces, while Op and other
ZP domain proteins mediate apical (a) attachments to cuticular structures.
Adapted from Denholm and Skaer, 2003. (C) Domain structure of the Mib
protein . The two alleles used in this study have premature stop codons in the
second Mib/HE RC2 domain. (D) Representation of Mib function with N
pathwa y components. Mib ubiquitinates N ligands, such as Delta, for
internalisation. N ligands bind to N extracellular domains, facilitating cleavage
and release of the N intracellular domain (N 1c). The N1c translocates to the
nucleus where it acts as a transcriptional cofactor to regulate the expression
of target genes. (E) A schem atic representation of the domain structure of 0 .
melano gaster iPLA2. The structure of the predicted splice variant that
negatively regulates the activity of the iPLA2 homo-t etrame r is shown. The
position of the lesion used in this study is shown. (F) A diagram showing the
catabolic pathway regulated by iPLA2 tetramers. PtdCho is catabolised into 2lysophospholipid and a free fatty acid in the presence of iPLA2 tetramers.
iPLA2 tetrame r activity is inhibited by expression of a truncated iPLA2 splice
· variant.
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affect various stages. In some dp mutations, mouthparts grow out of proportion
to the rest of the head, demonstrating the role of Op in restricting tissue growth
(Wilkin et al., 2000).
The dp locus is extremely large, spread over more than 100kb of sequence, and
encodes a 2.5 MDa protein with 308 EGF repeat domains interspersed with 185
novel 21 amino acid DPY repeats (Fig. 5.2A, Wilkin et al., 2000). Op also
contains an N-terminal ZP domain, implicated in covalent crosslinking of ECM
components (Bork and Sander, 1992). Other 0. melanogaster ZP proteins have
been shown to be required, together with Op, for the normal function of the
apical ECM in the wing as well as establishing and maintaining the attachment
of the apical ECM to the underlying epidermis (Bokel et al., 2005). ZP domain
proteins are involved in diverse developmental processes, in particular in the
patterning of the tracheal system. In the embryonic developmental stages the
tracheal tubes undergo a remodelling from a multicellular tube to a unicellular
tube. This rearrangement requires cells to shift from side/side attachments to
end/end attachments. The intercellular junctions are maintained during this
transition by an ECM that contains Op and other ZP domain proteins
(Jazwinska et al., 2003). This demonstrates the diversity of structural roles that
Op has during morphogenetic processes in 0. melanogaster (Denholm and
Skaer, 2003).
The identification of Op as a strong suppressor of the GMR>pbf 0H phenotype
represents the most unexpected interactor, given the roles of dp previously
described.

5.1.3 Drosophila mind bomb encodes an E3 ubiquitin ligase
Notch signaling is one of the most highly studied signal transduction cascades,
and is implicated in many diverse processes throughout 0. melanogaster
development (for a review of Notch function, see Kanwar and Fortini, 2004) .
The most common pathway involves cell-cell communication to facilitate the
regular spacing of distinct cell types from an equipotent pool of precursors,
mediated by the process of lateral inhibition. Notch signaling is also known to
mediate inductive signaling between cells with distinct identities.
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0 . melan ogast er has two ligands for the Notch receptor, Delta (DI) and Serrate
(Ser) , each of which is involved in distinct processes , although their function can
often be overlapping (Fleming, 1998). DI and Ser are transm embra ne proteins
that mediate interactions via their extracellular domains. Activation of the Notch
receptor via ligand-induced binding results in cleavage of the intracellular
domain of Notch which translocates to the nucleus to act as a transcriptional
activator (Fig. 5.2D, De Stroop er et al., 1999).
Endocytosis is an important comp onent of the N pathway, required to degrade
or inactivate surface components through vesicle internalisation, or to stimulate
ligand activity through poorly understood mech anism s (Wang and Struhl, 2005).
The ubiquitylation of Notch ligands, Delta and Serrate, by mind bomb is
required for their activity (ltoh et al. 2003). Ubiquitylation is an important process
for targeting specific proteins for degradation or internalisation (Bonifacino and
Weissman, 1998) . Ubiquitin is a 76 amino acid polypeptide that is covalently
linked to target substrates via a conserved biochemical mechanism. A ubiquitin
activating enzym e (E1) activates the ubiquitin molecule which is transferred to
the ubiquitin conjugating enzym e (E2). Ubiquitin ligases (E3) facilitate the
transf er of ubiquitin from E2 to the target substrate molecule (reviewed in
Hershko and Ciech anove r 1998). The activity of the E3 ubiquitin ligases is
responsible for the target specificity, and can act to negatively or positively
modulate signaling cascades. Drosophila mind bomb (O-mib) encodes an E3
ubiquitin ligase that is vital for the regulation of the Notch signaling pathway (Lai
et al. , 2005 ; Le Borgne et al. , 2005). Biochemical and genetic experiments have
shown an association between D-mib and both DI and Ser, where ubiquitylation
acts to promote the internalisation of both ligands (Lai et al., 2005; Le Borgne et
al. , 2005) . Null mutants of O-mib display a broad array of developmental
phenotypes , including vestigial wings , a loss of eyes and squat legs missing
joints (Lai et al. , 2005 ; Le Borgne et al. , 2005) . O-mib is therefore a vital gene
for the develo pmen t of the fly, and represents an interesting link between the
pbl and Notch signaling pathways.

Figure 5.3 - GMR>pbff1DH adult eyes dominantly modified by novel
genetic interactors
Light microscope images of adult eyes of the following genotypes.
(A) Oregon R control. (B) GMR>pbf1°H. (C-L) Adult GMR>pbf1°H eyes
heterozygous for the following dominant modifier alleles: (C) zip2 c2 (screen
allele). (D) zip 1. (E) net283 (screen allele). (F) net 1. (G) dp2 c3 (screen allele).
(H) dp 0Iv2 tGA_ (I) mib3 · 1 (screen allele). (J) mibcoaJ 16 . (K) iPLA 11 · 1 (screen
2

allele). (L) iPLA 2 6780 .
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5.1.4 Calcium-independent phospholipase A2 regulates lipid turnover
during the cell cycle
Eukaryotic cell membranes are composed of several groups of molecules,
including proteins, cholesterols and lipids. Phosphatidylcholine (PtdCho) is the
most abundant of the glycerophospholipids, and is very important for membrane
structure (reviewed by Exton, 1994). PtdCho is continually turned over in the
cell, a balance between synthesis and catabolism being required to maintain a
stable cell membrane. During mitosis, the rate of lipid synthesis must overcome
the rate of catabolic processing to double the total lipid mass and provide
sufficient material for daughter cells. Extensive remodelling of the cell
membranes occurs during mitosis including the complete breakdown and
reformation of the nuclear envelope and the invagination and constriction of the
plasma membrane at the division furrow. These processes require dramatic
structural and functional changes to maintain the integrity of the cell and are
consequently highly regulated (Manguikian and Barbour, 2004).
The regulation of membrane lipid dynamics is tightly coupled to the cell cycle
and this is achieved partly through regulation of the lipid synthesis/catabolism
pathway (Fig. 5.2F). Calcium-independent Phospholipase A2 (iPLA2) proteins
maintain glycerophospholipid homeostasis by catabolising PtdCho (Fuentes et
al., 2003). During the cell cycle, PtdCho accumulates in S phase, before
division, to be distributed to daughter cells during mitosis (Manguikian and
Barbour, 2004). The catalytic activity of the rate-limiting PtdCho synthesis
enzyme is static throughout the cell cycle, and the accumulation of PtdCho is
mediated through inhibition of iPLA2-driven catabolism (Manguikian and
Barbour, 2004). The activity of iPLA2 is lowest in S phase, and is regulated by
cell cycle-dependent expression of a truncated iPLA2 splice variant that acts as
a negative regulator of full-length iPLA2 by binding the full-length protein and
inhibiting the formation of active tetramers (Fig. 5.2E; Manguikian and Barbour,
2004).
In mammalian cell culture systems, iPLA2 has been demonstrated to play a
critical role in progression of the cell cycle. iPLA2 protein function knockdown
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experiments caused a stall in cell cycle progression and inhibited proliferation
(Zhang et al. , 2006). This conclusion is supported by other studies in
mammalian fibroblast lines that have demonstrated that cells deprived of lipid
precursor elements will stall in G1 and not proliferate (Fuentes et al., 2003).
Inhibition of iPLA2 function leads to G 1 phase arrest by upregulation of p53 and
subsequent activation of the p53 checkpoint pathway (Zhang et al., 2006),
demonstrating the crucial requirement for regulation of phospholipids in the cell
cycle.
The identification of modifying alleles of iPLA2 therefore represents an
interesting connection between the GMR>pbf1°H phenotype and membrane
dynamics.

5.2 Results
5.2.1 Zipper is a strong enhancer of the GMR>pbf11DH cellular phenotypes
The myosin II heavy chain encoded by zip, is a critical component of the
contractile apparatus (reviewed by Matsumura, 2005; see Chapter 1). Rho1 can
modulate myosin assem bly and contractility through the effector, Rho1associated kinase, which inhibits the activity of myosin phosphatase (Kimura et
al. , 1996). Inactivation of myosin phosphatase leads to increased
phosphorylation of regulatory myosin light chain (rMLC), which promotes
myosin assembly and contractility (Kimura et al., 1996). Rho1-dependent
kinases also phosphorylate rMLC , increasing the activity of Myosin (Yamashiro
et al. , 2003) . Zip is a known pbl interactor and a known component of
cytokinesis. Removal of one endog enous copy of zip has been shown to
strongly enhance the cytokinetic defect induced in wing disc cells when pbf1°H is
overexpressed with a wing specific driver (Echard and O'Farrell , 2003). Alleles
of zip were identified in the eye screen as dominant modifiers of GMR>pbf1°H
(zip 2 c2 , see Chapt er 4) , providing a tool to investigate the effects of further
enhancing the cytokinetic failure in the sensitised GMR>pbf1°H system. Recent
studies in the C. elega ns embryo , howev er, have demonstrated that an ECT2Rho 1-Myosin pathway is required for the establishment of antero-posterior

Figure 5.4 - zip alleles enhance the GMR>pbf1:1°H cellular phenotypes
Late third instar eye imaginal discs. (A) zip 1/GMR>pbf1°H late third instar eye
discs showing S phase (BrdU, A', B' and green in merge) and ELAV (antiELAV, red in merge). The density of the 3MW is increased (see also Fig.
5.SA) and a loss of ELAV staining in ommatidial clusters can be observed. (A')
BrdU incorporation alone. (B) An optical section of the eye disc shown in A.
The nuclei of the 3MW are the basal, undifferentiated nuclei (arrow). (B') BrdU
incorporation alone. (C) Eye discs from a zip 1/GMR>pbf1°H individual. Green
is anti-PH3 staining and red is anti-ELAV staining. A statistical difference in
the frequency of 2MW mitotic figures between zip/GMR>pbf1°H and
+/GMR >pbf1°H alone is not observed (see Fig. 5.SA). (C') Anti-PH3 stain

alone. (D) A higher resolution image of the eye disc shown in (C). A high
proportion of mitotic figures show what appears to be a telophase morphology
(asterisks in D'), indicative of a stall in the mitotic cycle. (D') Anti-PH3 staining
alone. (E) Mitotic figures in GMR>pbf1°H controls. Telophase figures (asterisks
in E') are present at much lower frequencies than in zip 1/GMR>pbf1°H
individuals. (E') Anti-PH3 staining alone. (F) Apoptosis in zip 1/GMR>pbf1°H
individuals. Red is TUNEL staining and green is anti-ELAV staining.
Apoptoses occur at a lower frequency than either wildtype or GMR>pbf1°H
controls (See Fig. 5.SC). (F') TUNEL stain alone.

apical

basal

Figure 5.5 - Quantification of GMR>pbf11°H modification by zip alleles
Graphs of quantifications of phenotypes shown in Fig. 5.4. Error bars
represent standard error. n refers to numbe r of discs counted.
(A) Quantification of 2MW mitoses (blue) and 3MW BrdU positive cells
(green). There is no statistical difference in the numbe r of 2MW mitoses
between zip/GM R>pbf 0 H and +IGMR >pbf 0 H alone. A large increase in the
frequency of S phase cells in the 3MW is observed in zip/GM R>pbf 0 H
compared to +/ GMR> pbf 0 H alone. (B) Quantification of the frequency of
stalled mitoses. All mitoses with telophase morphologies positioned between
rows 3-11 were counted. A higher proportion of cells with these characteristics
was present when the zip copy numbe r was reduced in a GMR> pbf 0 H
background , compared to +/ GMR> pbf 0 H alone, indicating a mitotic stall.
(C) Quantification of the percentage of apoptosis in specified genotypes
compa red to wildtype levels reveals a statistically significant decrease (P<
0.01) in the amoun ts of apoptosis in zip/GM R>pbf 0 H eye discs compared to
+/GMR >pbf 0 H eye discs alone .
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polarity (Jenkins et al., 2006; Motegi and Sugimoto, 2006), demonstrating that
cytokinesis is not the only mechanism affected when the Pbl-Myosin pathway is
disturbed.
To identify modification phenotypes associated with zip mutations, and not other
2 2

1
lesions on the chromosome, two independent alleles of zip, zip and zip c

,

were tested. Similar effects were observed from both alleles.
Removal of one copy of zip strongly enhances the adult GMR>pbf

0

H

rough eye

phenotype, consistent with a role in the pbl pathway (Fig. 5.3C, D). A dramatic
0
increase in the cellular phenotypes associated with GMR>pbf Hwas also
observed. The frequency of BrdU-positive cells in the 3MW increases compared
to GMR>pbf 0 H alone (Fig. 5.4A, B and 5.5A) and a loss of ommatidial clusters
is also seen in some individuals. In the absence of the zip-/zip+ enhancement,
the ELAV cluster loss phenotype is only observed in severely affected

GMR>pbf 0 H discs at 29°C, therefore the enhancement by removal of one copy
of zip is significant.
Curiously, the frequency of mitoses in the 2MW is not significantly different to
that of GMR>pbf 0 H controls (Fig. 5.4C and 5.5A). Higher resolution imaging of
PH3 staining in these individuals displayed an unusually high proportion of
mitotic figures with a telophase morphology (Fig. 5.40, asterisks). To determine
whether the high proportion of telophase cells represented a stall in mitotic
progression, the number of telophase cells in the later stages of the 2MW was
determined. If a cell has stalled in mitosis, then the mitotic state will persist into
the older stages of the disc, represented by cells more posterior to the furrow.
All cells with telophase morphologies from rows 3-11 were counted and
compared to GMR>pbf 0 H controls (Fig. 5.58). The frequency of telophase cells
0
increases significantly in these rows in zip2 c2/GMR>pbf H discs when

compared to GMR>pbf 0 H alone, indicating that there is a stall in mitotic exit.
Mitotic cells therefore appear to persist longer when zip activity is decreased in
a GMR>pbf 0 H background. Because of this apparent persistence, the actual
frequency of 2MW mitoses in the zip-/zip+ enhanced disc is therefore likely to be
lower than in GMR>pbf 0 H discs. This scenario is further considered in the
discussion of this chapter.
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Consistent with the model proposed in chapter 3, apoptosis in GMR>pbf1°H
discs is decreased below wild-type levels by removal of one endogenous copy
of zip (Fig. 5.4F and 5.5C). If the apoptotic increase seen in GMR>pbf1°H discs
was due to cytokinetic failure, then further increasing the frequency of
cytokinetic failures would be expected to increase apoptosis. However, such an
increase was not observed. The most likely explanation is that the mitotic
decrease in the 2MW, has further diminished the cell numb er in the post-furrow
region so that the resulting excess of the EGF-based survival signal reduces the
frequency of apoptosis. This supports the models established in Chapter 3, and
is further considered in the discussion section of this chapter.

5.2.2 Alleles of net are strong suppressors of the GMR>pbfl1°H eye
phenotype
The net 1 allele is a spont aneou s mutant caused by a small duplication after
nucleotide 1105 of the preceding 244 basepairs. This duplication causes
several in-frame stop codons and a truncation of the net protein in the basic
region of the bHLH (Fig. 5.1 B, Brentr up et al., 2000). The molecular nature of
the net283 allele is not known, as no coding seque nce changes were found (see
previous chapter). The net1 allele is considered to be a loss-of-function allele
(Brentrup et al. , 2000). Both alleles were tested for modification of the
GMR>pbf1°H cellular pheno types to ensure that any modifications observed
were due to mutations in net, rather than secondary lesions (Fig. 5.3E , F). Both
alleles showed similar phenotypes, suggesting that the phenotypes are due to
mutations in net.

5.2.2. 1 Removal of one endogenous copy of net rescues the GMR>pbl 110H
phenotype bv increasing 2MW proliferation
To investigate the nature of the suppression of the GMR>pbf1°H phenotype by
removal of an endogenous copy of net, the cellular phenotypes of modified eye
discs were investigated . Anti-PH3 staining of net 1/ GMR>pbf1°H modified discs
showed a restoration of the frequency of 2MW mitoses to wild-type levels (Fig
5.6A, B and 5.9). A high proportion of mitosing cells with telophase

Figure 5.6 - Modification of GMR>pb~ 0 H cellular phenotypes by
removal of one endogenous copy of net
(A,B) Late third instar net 1/GMR>pbf1°H eye discs stained for mitosis (antiPH3 , A', B' and green in merge) and ELAV (anti-ELAV, red in merge). (A)
2MW mitoses (arrow) are restored to wildtype levels (see Chapter 3 for
GMR>pbf1°H alone). (A') Anti-PH3 staining alone. (B) A higher magnification

of (A) showing a high proportion of cells with a telophase morphology
(asterisks in B'). (B') Anti-PH3 staining alone. (C, D) Late third instar
net 1/GMR>pbl~oH eye discs stained for S phase (BrdU incorporation, C', D',
and green in merged images) and ELAV (anti-ELAV, red in merged images).
(C) The 3MW is present in the same position at the same density as in
GMR>pbf1°H controls (arrow, see Chapter 3 for GMR>pbf1°H alone). (C') BrdU
incorporation alone. (D) An optical cross-section of (C) showing the unaltered
3MW S phase cells. (D') BrdU incorporation alone.

apical
basal

Figure 5.7 - The cellular basis of dp and mib dominant suppression of
GMR>pbff1°H eye phenotypes
(A-C) Late third instar dp 01v21 GA/GMR>pbf1°H eye discs. (A) Anti-PH3 staining
showing a restoration of 2MW mitoses to wildtype levels (arrow, see Fig. 5.9)
(anti-PH3, A' and blue in merge) and ELAV (anti-ELAV, red in merge). (A')
Anti-PH3 staining alone. (B-C) BrdU incorporation (anti-BrdU, B', C' and green
in merge) and ELAV (anti-ELAV, red in merge) (B) The 3MW is present at the
same density as in GMR> pbf 0 H controls (arrow, see Fig. 5.9). (B') BrdU
incorporation alone. (C) An optical cross-section of (B). The 3MW S phase
nuclei are more distributed throughout the apico-basal axis in
dp 01v21 GA/GMR>pbf1°H eye discs. (C') BrdU incorporation alone.
(D-F) Late third instar +/GMR >pbf 0 H; mib 3 · 1/+ eye discs. (D) Anti-PH3
staining showing a restoration of 2MW mitoses to wildtype levels (arrow, see
Fig. 5.9) (anti-PH3, D' and green in merge) and ELAV (anti-ELAV, red in
merge). (D') Anti-PH3 staining alone. (E-F) BrdU incorporation (anti-BrdU, E',
F' and green in merge) and ELAV (anti-ELAV, red in merge) (E) The 3MW is
present in the same position at the same density as in GMR> pbf 0 H controls
(arrow, see Fig. 5.9). (E') BrdU incorporation alone. (F) An optical crosssection of (E) showing the unaltered 3MW S phase cells. (F') BrdU
incorporation alone.
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morphologies can be seen in these discs, most likely the result of cytokinetic
defects that are still occurring (Fig. 5.68). Although the levels of cytokinesis
failure were not determined, high levels of telophase morphologies suggest that

net is not modifying the rate of cytokinesis failure. Surprisingly, the number of S
0
phase cells in the 3MW is at the same frequency as GMR>pbf H controls,

despite the rescue of the 2MW mitotic defect (Fig. 5.6C, D and 5.9). The 3MW
0
is observed at the same position as in GMR>pbf H controls (Fig. 5.6D) and

does not appear to be altered. These results suggest that the cytokinetic defect
of GMR>pbf DH is not affected by mutations in net and that the phenotype is
rescued by a restoration of the frequency of 2MW mitosis and a subsequent
increase in total cell number.

5.2.3 Alleles of dp are strong suppressors of the GMR>pbfl1°H adult
rough eye phenotype
dp2 c3 was identified as an allele of dp as discussed in Chapter 4. To verify the
2
nature of the GMR>pbf 0 H modification, an additional dp allele, dp 01v tGA was

also tested. The dp 01v2 tGA lesion causes a premature stop codon in a nonstandard DPY module and is considered to be a null allele (Fig. 5.2A; Dr. R.
0
Macintyre, pers. comm.). Both alleles strongly suppress the GMR>pbf H adult

rough eye phenotype (Fig. 5.3G, H) restoring the ordered array of ommatidia.

5.2.3.1 Removal of one endogenous copy of dp restores 2MW mitoses in late third
instar GM R>pbl~ 0H eye discs
0
When one endogenous copy of dp was removed in a GMR>pbf H background,

using the dp 01v2 tGA allele, the frequency of mitoses in the 2MW was restored to
wild-type levels (Fig. 5.7A and 5.9). However, the ectopic band of 3MW S phase
0
cells remained at the same frequency as GMR>pbf H controls (Fig 5.78 and

5.9). Unexpectedly, the nuclei of the BrdU-positive cells were more distributed
throughout the apico-basal axis of the disc, relative to the basal localisation
0
seen in the non-modified GMR>pbf H eye discs (Fig. 5.78). The BrdU

incorporation did not co localise with ELAV expression, despite the altered
nuclear positioning, indicating that it is still the unrecruited cells that are in
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S phase (Fig. 5.7B). The same -phen otype was observed in GMR> pbf1°H !dpE2 c3
eye discs (Fig. 5.9) .

5.2.4 mind bomb alleles strongly suppress the GMR>pbf11°H adult rough
eye phenotype
As shown in Table 4.1 , alleles of mib were identified as strong suppr essor s of
the GMR>pbf1°H adult rough eye phenotype. To verify that the suppression was
due to a lack of functional Mib, two indep enden t alleles, mib 3 · 1 and mibcoaJ 16 ,
were tested for modification. The lesions assoc iated with these two alleles
cause prema ture stops within the secon d Mib/H ERC2 doma in and are
consid ered to produ ce trunca ted protei ns devoid of ubiquitin ligase activity
(Le Borgn e et al. , 2005). Both alleles strong ly suppr essed the rough eye
phenotype, restoring the omma tidial organ isation (Fig . 5.31, J).

5.2.4.1 mind bomb alleles restore 2MW mitoses in late third instar GMR>pbl 110H eve
discs
To investigate the cellula r basis of the suppr ession by removal of one
endog enous copy of mib, the cell cycle of late third instar eye disc cells was
observed. When a mib allele is introd uced into a GMR> pbf1°H backg round ,
mitose s in the 2MW are restored to wild-ty pe levels (Fig. 5.70 and 5.9). The
prese nce of 3MW S phase cells is unaltered , appea ring at the same freque ncy
and in the same position as in GMR> pbf1°H control discs (Fig. 5.7E and 5.9) .
. The 3MW S phase nuclei appea r at the same apico- basal position as in
GMR> pbf1°H eye discs and do not coloca lise with ELAV -conta ining nuclei ,

indicating that the S phase cells corres pond to unrecruited cells , as in
GMR> pbf1°H eye discs. Both mib 3 · 1 and mibcoaJ 16 alleles produ ced the same
cellula r effect (Fig. 5.9).

Figure 5.8 - The cellular basis of iPLA2 dominant suppression of
GMR>pbfl1°H eye phenotypes
GMR> pbf 0 H late third instar eye discs, heterozygous with either iPLA 2 11 ·1(AC) or iPLA 2 6780 (D-F). (A,D) Anti-PH3 staining showing a restoration of 2MW
mitose s to wildtype levels (arrow). Mitosis (anti-PH3 , A', D' and green in
merge) and ELAV (anti-ELAV, red in merge) is shown. (A', D') Anti-PH3
staining alone. (B , E) BrdU incorporation in late third instar eye imaginal discs.
Red is ELAV staining and green is BrdU incorporation. (B', E') BrdU
incorporation alone. (B) +IGMR >pbf 0 H; iPLA 2 11·1/+ shows an increase in the
numbe r of 3MW S phase cells (arrow). The increased cells are spread over a
larger numbe r of rows than controls. (E) The proportion of 3MW S phase cells
is signific antly decrea sed in +IGMR >pbf 0 H; iPLA 2 6780!+ eye discs. The ELAV
decrea se and cluster loss phenot ypes are also observed in a low proportion of
eye discs. (C ,F) An optical cross-section of (B) and (D). (C ' and F') BrdU
incorporation alone .

Note :
(B) was tightly croppe d in the Z plane to remove stained basally-attached nondisc proper cells and to highlight the 3MW. Processing the image in this way
altered the appear ance of BrdU-positive cells in the 2MW as they were
pos itioned in the discarded Z sections due to the curvature of the disc,
however, the 2MW was identified as normal in all specim ens examined .
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Figure 5.9 - Quantification of suppressed GMR>pb/1'iDH phenotypes
Graphs of quantifications of phenotypes shown in Figures 5.6-5.8. Error bars
represent standard error. Blue bars represent quantification of 2MW mitoses
while green bars represent the numb er of 3MW BrdU positive cells. n
represents the numb er of discs counted.
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5.2.5 The GMR>pbfa1°H adult rough eye phenotype is suppressed by
alleles of iPLA2
As discussed in Chapter 4, a putative allele of a gene encoding a
D. melanogaster homolog of mammalian iPLA2 was identified as a strong
suppressor of the GMR>pbf 0 Hrough eye phenotype (iPLA 211 ·1; see Fig. 5.3K).

To verify that the suppression is due to lesions within iPLA2, a second allele

(iPLA 26780) with a G to R substitution at amino acid 20 (Dr. L. Jones, pers.
comm.) was tested (Fig. 5.3L). Both iPLA 211 ·1and iPLA 26780 alleles were strong
suppressors of the phenotype, however there were some slight differences in
the cellular basis of the phenotypes. While both alleles strongly suppressed the
eye roughening, there was still a degree of ommatidial disorganisation in

iPLA 26780 suppressed eyes, with ommatidial rows misaligned in several
instances (Fig 5.3L).

5.2.5.1 Mutant alleles of iPLA2 display divergent phenotypes, but a similar rescue
mechanism
To understand the cellular nature of the suppression of the GMR>pbf 0 H
phenotype by alleles of iPLA 2, late third instar eye discs were analysed. For
both iPLA 211 ·1/GMR>pbf 0 Hand iPLA 26780!GMR>pbf 0 H alleles, a restoration of
mitoses in the 2MW to wild-type levels was observed (Fig. 5.8A, D and 5.9). In
contrast to previous GMR>pbf 0 Hsuppressors described, both iPLA 2 alleles
displayed significantly alterated 3MWs. iPLA 211 ·1heterozygotes in a

GMR>pbf 0 Hbackground displayed an increased number of S phase cells in the
3MW, to frequencies similar to those of GMR>pbf 0 H enhanced by loss of one
copy of zip (Fig. 5.8B). However, the BrdU-positive cells of the 3MW in these
discs are distributed more diffusely across several rows, rather than more
densely across less rows as in GMR>pbf 0 H!zip 1 eye discs. Nuclei in the 3MW S
phase cells are present at the same apico-basal position as controls, and do not
colocalise with ELAV-expressing nuclei (Fig 5.8C). iPLA 26780 heterozygotes in a

GMR>pbf 0 Hbackground displayed a host of unexpected 3MW phenotypes. A
low proportion of individuals (4/17) displayed the ELAV-reduction and cluster
loss phenotype only seen in highly enhanced GMR>pbf 0 Hindividuals
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(Fig. 5.8E). Unexp ected ly, the freque ncy of BrdU- positiv e cells in the 3MW is
greatl y reduced below the level of GMR>pbf1°H contro ls (Fig 5.8E , F and 5.9).
This repres ents the only modify ing allele that reduced the numb er of S phase
cells in the 3MW .

5.3 Discussion
This chapt er descr ibes the chara cterisa tion of the putative cytoki netic intera ctor,
zip, and several novel modifi ers of GMR>pbf1°H , each of which appea r to
suppr ess the pheno type by restoring the levels of 2MW mitosi s to wild-type
levels. With the excep tion of iPLA2 alleles , none of the suppr essor s modified the
3MW, indicating that the cause of the 3MW is unaffe cted by each of these
suppr essor s and is not likely to be a conse quenc e of altera tions in the mitotic
freque ncy in the 2MW .

5.3.1 Zipper
At the time that this analys is was initiated , the role of the Pbl-R ho1-M yosin
pathw ay was thoug ht to be restricted to cytokinesis. Alleles of zip, which
encod es the myosi n heavy chain , were theref ore used as modifi ers that were
expec ted to enhan ce the cytoki netic defec ts induce d by pbf1°H expression.
Howe ver, recent studie s from C. e/ega ns have demo nstrat ed that the ECT2Rho 1-Myo sin pathw ay regulates cellula r polarity in the embry o (Jenkins et al. ,
2006; Motegi and Sugim oto , 2006) , raising the possibility that the modification
to the GMR>pbf1°H pheno type is cause d by an increa se in the freque ncy of
cytokin-etic defect s and/o r defec ts in other proce sses , such as plana r cell
polari ty. The role of ECT2 in regulating cell polarity was only recently
discov ered, and so a role for Pbl in cell polarity was not able to be pursued in
this study, due to time constr aints .
Consi stent with the expec ted increase in cytoki netic fa ilure due to the prese nce
of lower levels of myosin II heavy chain , the freque ncy of cells with a teloph ase
morph ology in the late stages of zip/ GMR> pbf 0 H eye discs was substa ntially
higher. In addition , the major ity of the GMR>pbf1°H cellula r pheno types were
enhan ced by the removal of one copy of zip . An appar ent exception was the
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frequency of mitoses in the 2MW, which was statistically unaltered. However it
appeared that the enhanced cytokinetic defect caused by removal of one copy
of zip in the GMR>pbf 0 H sensitised background caused an apparent extended
telophase arrest, as cells with paired telophase nuclei appeared to persist
further posterior to the furrow. This persistence of mitotic cells would artifically
increase the quantification of mitosis. Consequently, it is likely that the number
of 2MW mitoses is decreased in zip-lzip+ modified GMR>pbf 0 H discs.
It should be noted that these late mitotic figures have not been shown to be
arrested at any particular mitotic stage. The high level of PH3 staining is
consistent with a late anaphase rather then telophase stage during which the
level decreases, but the rounded figures are more consistent with nuclear
envelope reformation having occured, an event that happens during telophase.
To confirm whether these figures are in anaphase or telophase, a co-stain for
factors such as Lamin (to view nuclear envelope formation) or Actin or Peanut
(to get a clearer picture of mitotic stage) may be useful.
Irrespective of the precise nature, the persistence of these late
anaphase/telophase figures into the later stages of ommatidial development
suggests that the cells may be awaiting a signal from the correctly assembled
cytokinetic apparatus, which is incomplete due to a lower level of myosin 11
heavy chain subunits. If this is the case, mitoses in the eye disc must be
different to those in the embryo, where no such arrest is observed. Alternatively,
the increased anaphase/telophase figures could be due to the activation of
spindle checkpoints, which do occur in the embryo.
A large decrease in the amounts of apoptosis was seen in zip/GMR>pbf DH eye
discs, below levels determined for wild-type control eye discs. This supports the
hypothesis established in Chapter 3, that the amount of apoptosis in the postfurrow region is dependent on the number of 2MW mitoses and, more
specifically, the resultant cell number. When the number of cells in the postfurrow region is substantially diminished, an excess of cells may be able to
receive the survival signal released from the developing clusters. The
consequence would be less apoptosis than in wild-type controls. It is likely that
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aneuploid cells are still being apoptosed, and it is these apopt oses that are
detected by the TUNE L stain.
It is also possible that cytokinetic defects are not increased, and the stalled
teloph ase cells in the late stages of the 2MW will divide successfully. An
alternative explanation is that the survival signaling in the post-2 MW region
(Baker, 2001) is altered by effects on polarity brought about by the
misregulation of the Pbl-Myosin pathw ay, related to the role of this pathway in
the C. elega ns embry o (Jenkins et al., 2006; Motegi and Sugimoto, 2006). The
altered apical-basal distribution of actin in GMR>pbf1°H eye discs (see Chapt er
3) provides some support for an effect of PblnoH on polarity. Enhan cemen t of
this effect in zip/GMR>pbf1°H eye discs could be exami ned by assessing the
distribution of GFPactin, as shown in Chapt er 3, or other apical-basal polarity
markers. If the Pbl-Myosin pathw ay affects polarity in the eye disc epithelium ,
then the localisation of GFP actin would be furthe r disrupted by the loss of a
copy of zip, comp ared to the localisation in GMR>pbf1°H eye discs.
While the specific proportion of binucleate cells was not able to be determined ,
the freque ncy of late teloph ase cells is consis tent with an increased freque ncy
of cytokinetic failure. To more definitively asses s wheth er there is an increase in
binucleate cells in zip/GMR>pbf1°H eye discs, FACS exper iment s coupled with
a TUNE L stain could be used to determ ine the proportion of binucleate cells , as
well as wheth er they are targeted for death. A cavea t of this type of exper iment
is that the 3MW is likely to produ ce binucleate cells also , due to the
accumulation of PblnoH, compl icating the estimation of the numb er of
binucleates gener ated in the 2MW , as the two populations of cells would be
indistinguishable in the FACS analysis of dissociated cells .
Analysis of the effect of other cytokinesis pathw ay compo nents , such as anillin
or peanu t, on GMR>pbf1°H eye disc pheno types could help to resolve some of
the issues associated with interpreting the zip effects , in particular wheth er
cytokinesis or polarity is being affected , assuming that such genes do not
partic ipate in the non-cytokinetic Pbl-R hoA-Myosin roles. Presu mably , removing
endog enous copies of anillin or peanu t would specifically enhance the
cytokinetic failure in the GMR>pbf1°H eye disc cells , and would confirm or
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exclude the role of cytokinesis in the different components of the GMR>pbf1°H
phenotype. The localisation of GFPactin in anillin/GMR>pbf1°H or
peanut/GMR>pbf1°H eye discs would give an indication of whether these genes

are involved in regulating the polarity of the eye.

5.3.2 A group of novel regulators of 2MW mitosis
It is interesting to observe that 3 of the identified suppressors (net, dp and mib)
all modify the GMR>pbf1°H phenotype in a similar way at the cellular level. The
most likely possibility for the observed restoration of the number of 2MW
mitoses is that each of the identified genes is required for restricting the amount
of mitosis in the 2MW or are required for maintaining the 2MW mitotic decrease
that exists as part of the GMR>pbf1°H phenotype (see Chapter 3 and 6). The
diversity of the identified interactors is intriguing and implicates different
signaling pathways in the regulation of 2MW mitoses, notably the EGFR and
Notch pathways. It is interesting to note that net, dp and mib are all involved in
the patterning of the wing, but have never been implicated in eye development,
with the exception of mib which has a strong loss of eye phenotype (Lai et al.,
2005). It is therefore surprising to find cryptic roles for these genes in the eye.
Future work could investigate the effects, on eye patterning, of mutations in
other genes in each of these wing patterning pathways to identify more
interactors and unravel the eye pathways further.
Given the subtle level of the modifications of each of these genes and the inbuilt
redundancy in controlling cell number during D. me/anogaster eye development
(Baker, 2001 ), it is perhaps not surprising that these genes have not been
previously implicated in the development of the eye. For example, neither net
nor dp mutants show an apparent eye phenotype. This highlights the benefits of
random mutagenesis screens for modifiers of existing phenotypes as it can
identify genes with more subtle effects that would perhaps go unnoticed without
a sensitised background.
In the next section, I consider possible mechanisms for the cellular roles of each
of the suppressors described in this chapter.

88

5.3.3 Net
The removal of one endogenous copy of net resulted in a restoration of mitotic
frequency in the 2MW of late third instar GMR>pbf1°H eye discs. In contrast, the
density of S phase cells in the 3MW was not affected. This result further refines
the model of GMR>pbf1°H eye discs, developed in Chapter 3. It is clear that
induction of the 3MW is not caused by a decrease in the total cell number, as a
restoration of 2MW mitoses by removing one copy of net must be increasing the
total numb er of cells to suppress the GMR>pbf1°H phenotype, and yet the 3MW
is present at the same position, with the same density. Similarly, this modifier
demonstrates that the 3MW is not a consequence of the 2MW mitotic decrease,
as the 2MW mitotic frequency can fluctuate without affecting the frequency of
cells in the 3MW . The induction for the 3MW therefore cannot be due to either a
lower frequency of 2MW mitoses or a decrease in cell number, suggesting that
the induction of the 3MW can only be due to an effect of binucleate cells.
Given the existing roles of net in maintaining the specification of intervein fate
during wing development, where expression of pro-vein EGFR pathway
comp onent s are restricted to sites of future vein locations (Brentrup et al.,
2000), it is possible to propose a mechanism by which net alleles are able to
rescue the phenotype. As discussed in Chapter 1, one of the roles of the EGFR
pathway is in instigating the G2-M phase transition in the 2MW (Baker and Yu,
2001 ). Assuming net is also involved in repression of EGFR pathways in the
eye , the removal of one copy of net would result in more EGFR signaling and ,
consequently, a higher frequency of mitosis in the 2MW. A first step would be to
characterise the effect of net mutants and the effects on 2MW mitoses using
similar methods as described in this thesis. This may identify a clear role for net
in proliferation in the eye. Further characterisation of the role of net in the 2MW
would be to analyse net gene expression through in-situ hybridisation , and to
generate specific antibodies to detect protein localisation , which would yield
information regarding the temporal and spatial regulation of net. This would , for
example , show wheth er Net is being expressed in non-committed cells where it
could suppress the EGFR signalling response , similar to the way Net is
expressed in wing intervein cells to inhibit the EGFR response . The localisation
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o'f net wing interactors, such as rho and EGFR, in relation to net expression
would also be informative. The effects of mutations in genes like rho and EGFR
on the GMR>pbf1°H cellular phenotypes would be interesting, but any
interpretations are likely to be complicated by their multiple roles in the 2MW,
and ommatidial recruitment.
It is interesting to note that net has been identified as a negative cell cycle
regulator in previous eye screens (unpublished data, quoted in Brumby et al.,
2004), which is consistent with the modification of GMR>pbf1°H seen here. It is
also possible that net is a general suppressor of GMR-driven transgenes, as
demonstrated by the identification of net in other GMR-based eye screens,
however this possibility can be excluded by this study, as net-modified
GMR>pbf1°H eye discs still exhibit a 3MW. If net was a suppressor of GMR

transgenes, then the expression of the Pbl~oH protein would be suppressed and
none of the associated phenotypes, such as the 3MW, would be observed. In
addition, net/GMR>GFP displays no difference in GFP expression levels
compared to +/GMR>GFP alone (data not shown), indicating that neither GMR
or the GAL4 system is affected by net alleles.

5.3.4 Dumpy
Op encodes an extremely large structural protein that has been implicated in the
structural rigidity of the wing, the tensile strength of muscle attachment sites,
and the maintainence of tracheal structures during the late stages of
tracheogenesis (Wilkin et al., 2000; Jazwinska et al., 2003). Op is the least
expected of the modifier genes, given these previously identified roles in
structural development of the wing, trachea and muscle attachment sites, rather
than signaling pathways that act earlier in development. A clue to the ability of
dp to modify the GMR>pbf1°H phenotype may come from identification of dp

mutants that exhibit overgrowth of mouthparts, implicating it in the control of
organ growth (Wilkin et al., 2000).
The means by which dp controls growth may be by maintaining the
ultrastructure of the eye imaginal disc to sustain the pseudostratification of the
clusters and ensure that cells are correctly positioned to receive appropriate
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cellular contacts and cues. It is possible that in the case of dp mutants, the
nuclea r position is altered and cells receive an inappropriate set of signaling
cues due to the incorrect localisation of receptor proteins . Consistent with this
possibility, 3MW S phase nuclei in GMR >pbf 0 H eye discs are distributed over a
larger ap ico-basal region when endog enous dp copy numb er is reduced by half,
a phenotype not observed in other modifiers. Further investigation of the role of
dp would prove challenging becau se of the large and compl ex nature of Dp.
Studies of the localisation and roles of other ZP domain proteins have
implicated these proteins and Dp in a comm on mode of action (Jazwinska et al. ,
2003 ; Bokel et al. , 2005). Characterisation of the other ZP domain proteins in
the eye may provide additional information on the roles of ZP domain proteins in
the develo pmen t of larval eye discs.
The role of dp in patterning the eye is unclea r, and the most pertinent research
direction would be to carry out a basic characterisation of dp in the eye , in
particular with respect to its role in the 2MW. Quantification of mitoses in dp
mutan t eye discs using the metho ds in this thesis may demo nstrat e a clear role
for dp in proliferation in the eye . Given the aberrant localisation of 3MW nuclei
in dp/GMR>pbf1°H eye discs, an analysis of polarity in the affected cells could
demo nstrat e a possible reason for the altered nuclea r positioning. GFPactin
localisation would be a useful first step , given the altered localisation observed
in GMR>pbf1°H eye discs (see Chapt er 3) , followed by other polarity marke rs.

5.3.5 Mindbomb
Mi b is an E3 ubiquitin ligase required to ubiquitinate and internalise Notch
li gands in a numb er of develo pmen tal contexts (Lai et al. , 2005 ; Le Borgne et
· al. , 2005). The role of mib in the eye is poorly defined . The only existing role for
Notch signa lin g in the conte xt of cell cycle control in the eye is in regulating
entry into S phase in the 2MW (Firth and Baker , 2005). It is possible that the
Notch path way interacts with the regulation of the EGFR G2-M phase transit ion
si gnal in the eye, although th is has not been demo nstrat ed , desp ite extens ive
analys is of the ro les of both pathw ays in the 2MW (Bake r and Yu , 2001 ; Baonza
and Fre eman , 2005 ; Firth and Baker , 2005 ). The close roles of the Notch and
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EGFR pathways in regulating wing vein development demonstrates that the two
pathways are intricately linked, in other tissues (de Celis, 2003).
Further investigation of each of these signaling pathways through genetic and
immunohistochemical means would yield vital clues to understanding the nature
of the modification by mib. A general characterisation of the role of mib in
patterning the eye is the most urgent research to be undertaken, especially
given that alleles of mib have been demonstrated to cause major defects in eye
development (Lai et al., 2005). Analysis of the cellular basis of such a strong
phenotype is likely to be less challenging than the analysis of other
suppressors, such as net and dp, which do not display adult eye phenotypes. A
direct interaction between Pbl and Mib is possible, as Pbl/ECT2 expression has
been demonstrated to be regulated by UBE3A, an E3 ubiquitin ligase (Reiter et
al., 2006). Such an interaction could be assayed through a yeast-two-hybrid
approach, or with a co-immunoprecipitation. Another possible approach to
further investigating the role of Notch and Pbl is to analyse the effect of mutant
alleles of other Notch pathway components in affecting the GMR>pbf 0 H
phenotype, as this would clarify whether the effects seen in mib/GMR>pbf 0 H
eye discs are due to misregulation of the Notch pathway, or whether the effects
result from modification of Notch-independent roles of Mib.

5.3.6 iPLA2
iPLA2 is required for the catabolism of membrane lipids, acting to regulate the
turnover and production of such lipids (Manguikian and Barbour, 2004). Given
the key roles of iPLA2 in regulating cell cycle progression, and lipid turnover
I .

during mitosis (Fuentes et al., 2003; Manguikian and Barbour, 2004), iPLA2

l

represents the most likely novel cytokinetic interactor. iPLA2 alleles modify

I

through a similar mechanism as other suppressors, by restoring 2MW mitoses
to wild-type levels. The restoration of mitoses in iPLA 2/GMR>pbf 0 H eye discs is
possibly due to a requirement for iPLA2 in regulating G2-M phase entry.
Alleles of iPLA 2 are the only suppressing alleles identified that modify the 3MW.
However, the separate effects on the frequency of S phase cells in the 3MW by
the two iPLA2 alleles used in this study could be explained as either differences
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in the types of mutations in each allele, or as second-site mutations on the
chromosomes. It is therefore difficult to interpret the allelic differences until the
chrom osom es are either cleaned up, or independent null alleles are generated.
The paradoxical phenotypes of adult suppression of the GMR >pbf 0 H phenotype
combined with larval stage enhan ceme nt of the phenotype are difficult to
interpret, especially given that loss of the iPLA 2 protein would be expected to
result in cell cycle inhibition. Less S phases are seen in the 3MW with one of
the alleles used in this study. To further explore this paradox, independent null
alleles would need to be generated and assessed in the assays used in this
study.

5.3.7 General future directions
It will be important to quantify the percentage of binucleate cells in each of the
genotypes to see how they are affected by the modifying mutations, through
dissociating eye discs and counting binucleate cells, either by fluorescence
microscopy, or using FACS analysis. Careful interpretation of the data would be
required, however, as for each suppressing allele, there should be a balance
between the numb er of bi nucleate cells and the amount of mitosis in the 2MW.
Specifically, a higher percentage of binucleate cells would be expected in the
modified discs, given that there is an increase in the numb er of 2MW mitoses. A
loss of spatio-temporal information due to the mixing of cells would cloud
interpretations significantly. For example, dissociation of net/GMR>pbf1°H larval
eye discs would likely show an increase in the proportion of binucleate cells ,
due to the increased 2MW mitoses. The logical interpretation of such a result
would be that net increases the cytokinetic defects. However, the data
presented in this chapter demonstrates that this is unlikely. The majority of
divisions in the 3MW are likely to fail cytokinesis , due to accumulation of PblliDH,
and these binucleate cells would be indistinguishable from those generated in
the 2MW , potentially masking the effects seen in the 2MW.
Putative cytokinetic interactors like iPLA 2 should exhibit a different numb er of
binucleate cells than those seen in GMR> pbf 0 H eye discs suppressed by
mutations in net and mib, whose effects I have proposed are non-cytokinetic in
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n'ature. These experiments could be followed further by including apoptosis
inhibitors in the genetic background to prevent the clearing of binucleate cells
targeted for apoptosis. In the case of zip modified GMR>pbf 0 H eye discs, the
accumulation of telophase cells in the late stages of the disc suggest that
cytokinetic defects are enhanced, and quantifying the number of binucleate
cells in dissociated discs expressing an apoptosis inhibitor, such as P35, would
definitively determine whether cytokinetic defects are increased.

5.3.8 Summary
In this chapter, the cellular bases of the modified GMR>pbf 0 H eye phenotypes
are presented. Enhancer alleles of zip were found to increase the severity of the
cellular disruption induced by GMR>pbf 0 H. The suppressor alleles initally
appeared to be a disparate set of modifiers, but most also affect the
development of the wing. All suppressors were found to restore the number of
2MW mitoses, but it is unclear whether this represents a particular regulatory
pathway or independent effects on the complex regulation of the G2-M phase
transition in the 2MW. Further discussion of these points follows in the final
chapter.
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6 - Final Discuss·ion
The aim of this thesis was to identify novel pbl genetic interactors by screening
for dominant loss of function modifiers of a dominant negative Pbl eye
phenotype in order to further understand the functions of pbl during
development of the organism. The interactors were identified using molecular
markers, and found to have a variety of molecular and biological functions. To
understand the nature of the interaction, the cellular basis of the dominant
negative Pbl eye phenotype was examined, revealing previously unidentified
phenotypes present during the develo pment of the imaginal disc. This
characterisation led to a heightened understanding of the dominant negative Pbl
eye phenotype, providing a framew ork upon which the cellular basis of the
modification by the identified interactors could be determined.

6.1.1 Characterisation of the GMR>pb/tiDH phenotype reveals novel
phenotypes
This thesis describes a numbe r of previously unrecognised and potentially
highly significant phenotypes caused by overexpression of Pbl~oH in the eye. A
substantial decrease in the frequency of mitoses in the 2MW was observed
when the dominant negative protein was expressed in late third instar eye discs
under the GMR promoter. This effect was unexpected, as it is inconsistent with
the known roles of pebble in the cell cycle. This phenotype is particularly
interesting because it is likely to be caused either by a novel non-cytokinetic
effect of Pbl~0 H, or by a novel mechanism by which binucleate cells inhibit cell
cycle progression. Each of these possibilities is considered in this section.
Pbl has long been implicated in the late stages of the cell cycle , specifically in
cytokinesis (Hime and Saint , 1992; Lehner , 1992) , howeve r, an effect on
mitoses has not been observed in any of the embryonic divisions in pbl mutant
embryos. This raises the possibility that the mitotic decrease resulting from
overexpression of Pbl~oH in the eye represents a non-cytokinetic role for Pbl.
Recent studies in ours and other groups have identified non-cytokinetic roles for
Pbl that were originally obscured by the cytokinetic phenotypes observed when

Figure 6.1 - Roles of Pbl in the 2MW mitotic decrease
Schematic representations of the possible roles of Pbl in affecting the
freque ncy of mitoses in the 2MW. (A) Non-cytokinetic effects of Pbl on the
mitotic pathway in the 2MW. Pbl could have effects on the production of the
EGFR ligand in the R8 photoreceptor, or could be involved in the signal
transduction cascade in the cell receiving the mitotic EGFR signal. Potential
roles are indicated by a dashed line and a question mark, while the known
cytokinetic interactions are shown with full arrows. (B) An alternate hypothesis
where binucleate cells that have failed cytokinesis inhibit mitoses in
su rrounding cells.
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Pbl function is perturbed (Schumacher et al., 2004; Small horn et al., 2004;
Canevascini et al., 2005; Morita et al., 2005; Liu et al., 2006). For example, pbl
mutant mesodermal cells are unable to migrate dorsally, having failed the
epithelial-mesenchymal transition during D. melanogaster gastrulation, a
phenotype which is independent of the cytokinetic defects associated with pbl
mutants (Schumacher et al., 2004; Smallhorn et al., 2004). In addition,
experiments in mammalian systems have demonstrated a novel link between
the mammalian pbl ortholog, ECT2, and the epithelial cell polarity complex (Liu
et al., 2006). ECT2 has been shown to associate with this complex and regulate
the activity of one of the subunits, atypical protein kinase C, to facilitate the
establishment of polarity within epithelial cells (Liu et al., 2006). The implication
of Pbl in these diverse processes supports the idea that Pbl has many roles that
are potentially masked by the cytokinetic phenotypes. The most tantalising link
to novel roles for Pbl in regulating mitosis comes from studies of P-cell
migration during the development of C. e/egans. ECT2 was demonstrated to be
involved in extensive crosstalk with the EGFR/MAPK pathway, regulating the
migration of the P-cells (Canevascini et al., 2005; Morita et al., 2005). This
interaction with EGFR signaling is particularly interesting as EGFR signaling
has been identified as the limiting signal necessary for the G2/M transition in the
2MW of the D. melanogastereye (Baker and Yu, 2001 ). A molecular
mechanism for the role of Pbl in modulating these processes is presented in
Fig. 6.1 A. The photoreceptors that release the mitotic signal do not divide in the
field of expression of GMR, and therefore cannot be binucleate. However, EGF
signaling from ommatidial cells could be altered by PblL\DH, if Pbl is required for
the production of the EGF ligand (Fig. 6.1 A). Pbl may also be required for the
receipt or transduction of the EGF signal in the unrecruited cells that have .
passed through S phase and are awaiting the mitotic signal. Expression of the
dominant negative Pbl may perturb the EGFR mitotic signal cascade, causing
the observed decrease in mitosis.
An alternative explanation for the 2MW mitotic decrease is that it is caused by
the binucleate cells themselves (Fig. 6.1 B). The molecular basis of such a
perturbation could be that binucleate cells signal to surrounding cells to inhibit
entry into mitosis. This may represent a homeostatic pathway in the eye that, in
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the case of a temporal insult that disrupts cytokinesis, aims to maintain the pool
of recruitable cells available to the ommatidium by inhibiting potentially
unproductive mitoses. The binucleate cells could then be replaced later in the
development of the eye through the 3MW compensatory proliferation events
when divisions will no longer be disrupted. It is unclear why such a mechanism
would exist, as S phase and G2-M feedback control mechanisms should be
able to cope with such insults. According to this explanation, the 2MW mitotic
decrease is therefore a secon dary consequence of the cytokinetic defect
caused by Pbl 6 0 H and not a result of a non-cytokinetic role for pbl.
The most important question is wheth er or not cytokinetic failures cause the
2MW mitotic decrease, and several experiments could answer this question.
Inhibition of cytokinetic proteins other than Pbl, such as Anillin or Peanut, would
provide answers as to wheth er the 2MW mitotic decrease is a Pbl-specific role,
or a consequence of failed cytokinesis. However, it may be difficult to rule out
the possibility that these proteins interact with Pbl to regulate mitoses via a
cytokinesis-independent role.

6.1.2 Compensatory proliferation in the eye imaginal disc
A second unexpected and striking GMR>pbf1°H phenotype was also observed.
When the dominant negative pbl construct is expressed in the late third instar
eye disc, a distinct band of cells eleven rows posterior to the 2MW were seen
undergoing S phase and dividing. I have termed this band the 3MW due to the
superficial similarity to the 2MW. The proliferation events of the 3MW are most
likely induced to compensate for the low numb er of recruitable cells available to
the ommatidium as a result of the 2MW mitotic decrease and an increase in
apoptosis when Pbl 6 0 H is expressed. Although not conclusively demonstrated , it
is probable that the increased apoptosis removes aneuploid cells that have
failed cytokinesis due to the accumulation of the Pbll1DH protein. Once the
apoptotic events are complete , cells may be induced to re-enter the cell cycle
and divide , to produce more recruitable cells. In extreme cases , there is a loss
of neuronal markers in recruited ommatidial cells , indicative of a dedifferentiation event. Once the 3MW has passed this region, expression of
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n·euronal antigens is restored and the ommatidia appear normal. The 3MW
therefore appears to be a compensatory proliferative event, to restore function
to the eye by making more cells available to form complete ommatidia.
The induction of the 3MW mitoses was unexpected and adds a new dimension
to our understanding of eye development, particularly with respect to cell cycle
control. Compensatory proliferation has not been previously described in the
development of the eye imaginal disc. The studies reported here therefore
indicate that there is more plasticity in the developing eye than previously
thought. Compensatory proliferation has been shown to exist in the developing
wing. However, the properties of the wing proliferative events differ from those
seen in the eye. When cell death is induced in the wing through exposure to Xrays , compensatory proliferation dependent on Opp and Wg signaling from the
dying cells occurs (Perez-Garijo et al. , 2004 ; 2005). Induction of these
apoptoses and subsequent inhibition of the apoptotic pathway with P35 leads to
an over-abundance of the proliferative signal , and surrounding cells proliferate
to a larger extent. When apoptosis was inhibited in the eye compensatory
proliferation , the opposite effect was observed , with proliferation in the 3MW
completely abolished. This represents a significant difference between the
compensatory proliferation mechanisms operating in the two tissues. It will be
important to discover the signaling pathways responsible for inducing the 3MW .
As mentioned above , the wg and dpp have been implicated in compensatory
proliferation in the wing , while the N and EGFR pathways are known
components of cell cycle regulation in the eye. However, it will be difficult to
explore the roles of these pathways experimentally, given that these pathways
have multiple earlier roles in proliferation and recruitment.
This thesis also detailed other, more subtle defects present in the GMR>pbf1°H
late third instar eye discs . A polar shift in the localisation of GFPactin to the
basal regions of cells in the field of expression was observed , suggesting that
there are other processes , such as actin dynamics and apico-basal polarity, that
are affected by the dominant negative protein. This ra ises the possib ility that Pb l
plays more diverse roles in the eye than previously realised . Stud ies of actin
dynamics and polarity in this tissue should be undertaken to better understand
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the function of the Pbl protein. ·Ect2 has recently been implicated in regulation of
epithelial cell polarity (Liu et al., 2006) , as well as the polarity of the C. elegans
embryo (Jenkins et al., 2006; Motegi and Sugimoto, 2006), supporting the
notion that Pbl is also implicated in these processes.

6.1.3 Identification of modifiers of GMR>pbfa1°H underscores the
complexity of developing biological organisms
This thesis details the identification and characterisation of several novel
interactors of GMR >pbf oH, as well as the characterisation of the known
interactor, zipper. zippe r is the interactor identified in this genetic screen that
represents a known cytokinetic or Rho 1 pathway modifier, demonstrating that
the screen is capable of identifying genes that are known to play a role in
cytokinesis. Other work within our group has identified diaphanous as a strong
cytokinetic modifier of the GMR >pbf 0 H phenotype, supporting this conclusion
(O'Keefe et al., 2001).
A substantial group of interactors were identified that have been previously
shown to be comp onent s of key signaling pathways involved in many different
developmental regulatory events, as well as an interactor previously implicated
in extracellular matrix organisation. The diversity of the known roles of each of
these genes highlights the ability of genetic screens to identify interactors that
would not have been predicted to have a role in the patterning of the eye, based
on existing knowledge. Unexpectedly, each of these interactors appeared to
modify the GMR >pbf 0 H phenotype in the same way, by restoring proliferation in
the 2MW , and subsequently increasing the numb er of recruitable cells , rather
than modifying the cytokinetic defects present in GMR >pbf 0 H eye discs.
The known role of the GMR >pbf 0 H interactor, net, is in the patterning of wing
veins, where the activity of net represses pro-vein determinants in the intervein
regions, to limit the location of veins to appropriate positions (Brentrup et al. ,
2000). The genetic regulation of pro-vein activity is through the EGFR signaling
pathway, and net therefore provided a plausible link between Pbl and the EGFR
signaling required for mitosis in the 2MW .
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6.1.4 Identified suppressors affect the 2MW and not other aspects of the
GMR>pbff1DH phenotype
It is notable that a high proportion of the suppressors rescue by restoring the
number of 2MW mitoses, rather than by suppressing the cytokinetic defect, or
enhancing the 3MW. It may be that enhancement of the frequency of
proliferating cells in the 3MW has no effect because of the inability of 3MW cells
110
to undergo cytokinesis in the presence of Pbl H, but suppressors of the

cytokinesis defect would be expected to suppress the phenotype. Loss of
function mutations in genes that encode components of the cytokinetic pathway
would be unlikely to act as suppressors, due to their requirement in assembling
the cytokinetic apparatus. Perhaps the only category of genes that would be
expected are those that directly enhance Rho1 pathway activity when mutated ,
and these are either rare in number or may be also involved in the cytokinetic
machinery so that such mutations do not suppress the cytokinetic phenotype.
The fact that this screen was not saturating means that such rare suppressors
may have been missed. Possible redundancies of genes that are rate limiting
for cell cycle progression and apoptosis may have prevented their identification.

6.1.5 Future directions for the modifier screen approach
0
In this study, a number of novel features of the GMR>pbf H phenotype were

identified , demonstrating that the cellular basis of the phenotype was much
more complex than simply the creation of binucleate cells , as was originally
assumed. While this analysis led to a new understanding of the role of pbl, and
identified several new interactors, the complexity of the phenotype and the
inherent complexity of the development of the eye meant that genetic, cellular
and molecular processes were difficult to separate and interpret in terms of the
0
observed phenotypes . Even the phenotypic analysis of the GMR>pbf H

phenotype is somewhat incomplete , as the frequencies and fates of binucleate
cells was not able to be determined . This made the analysis of the cellular basis
of modified phenotypes substantially more difficult . An elegant system that
could specifically label binucleate cells would more definitively answer several
questions arising from this study, specifically the frequency at which cells fa il
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cytokinesis , and wheth er such cells are immediately apoptosed or go on to be
incorporated into the developing ommatidial cluster.
While the modifier screen identified several novel interactors, the screen was far
from saturating, as few cases of multiple alleles were identified. While carrying
the screen to saturation would require a large numb er of individuals to be
screened , it would invariably answe r questions related to the genetic pathways
involved in the process. For example, if net and mib interact with Pbl through
the EGFR and N signaling pathways, then other modifier alleles of these
pathways would be identified. A failure to find alleles of EGFR and N genes as
modifiers would imply that net and mib played novel roles, an equally interesting
proposition. A more direct approach to resolving this issue could utilise a
candidate gene approach, testing the effect of mutations in genes of these
pathways and their modification of the GMR>pbf1°H phenotype.

6.1.6 Summary
The results presented in this thesis have identified a novel compensatory
proliferation event in the late third instar developing eye, whereby cells are
induced to proliferate , presu mably in response to a decrease in the numb er of
recruitable cells. Modelling of proliferation and apoptosis in the larval eye
suggests that there is a comp lex relationship between cell proliferation ,
cytokinetic failure and apoptosis that leads to the rough eye phenotype
prod uced by Pbl 6 0 H , and possibly other cell cycle gene-derived rough eye
phenotypes . The identification of novel regulators of 2MW mitoses have led to
the discovery that increasing the frequency of mitoses in the 2MW and
subsequently increasing the total numb er of recruitable cells is sufficient to
rescue the phenotype and generate ommatidia with very few defects.
Desp ite th e complexity of the phenotype , the mapping and characterisation of
genetic mod ifie rs led to the identification of previously un identified genes
involved cryptically in eye develo pmen t, the study of which will continue to
cont ri bute to our knowledge of cell cycle and cell proliferation regulatory
mechanisms ope rating during animal development.
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