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Abstract
In the fruit-fly Drosophila melanogaster, extensive apoptosis is observed throughout
the embryonic epidermis upon the mutation of many essential patterning genes. The
molecular basis of cell elimination in this context is poorly understood, although
previous studies have suggested the existence of a cell-autonomous quality control
mechanism, which detects cells unable to adopt an appropriate terminal fate and
removes them through apoptosis. This hypothetical system is thought to protect against
patterning errors in order to preserve the integrity of the developing epidermis.
To identify factors required for apoptosis in mis-patterned cells, I performed a targeted
genetic screen, which identified a potential role for the EGFR signalling pathway in this
process. Excess EGFR signalling was shown to rescue the cell death phenotype of the
archetypal patterning mutant fushi tarazu (ftz), whilst EGFR null alleles triggered
extensive epidermal apoptosis. Upon further experimentation, I was able to show that
patterning mutant embryos fail to express the major EGFR activating ligands in the
correct spatial pattern. This causes local troughs in EGFR signalling, which trigger
transcriptional upregulation of the pro-apoptotic gene hid and subsequent cell death.
These results argue against a cell-autonomous mechanism of cell elimination in mispatterned embryos and instead suggest that the tissue-wide landscape of EGFR activity
is responsible for coordinating cell fate and cell survival in the embryonic epidermis.
Building on these observations, I have been able to show that the EGFR pathway also
regulates apoptosis during normal development, where it specifies the maximum
dimensions of embryonic segments. Taken together, these findings provide a novel link
between early patterning events, cell viability and compartment size in the developing
Drosophila embryo.
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Impact Statement
As part of the updated 2016/2017 UCL academic guidelines, all theses submitted for the
award of MPhil/PhD are required to include a short statement on the impact of their
research.
The work included in the body of this thesis addresses two fundamental questions in the
field of cell and developmental biology – how do animals acquire their correct shape
and form, and what causes cells to die during development? Through my research, I
have been able to show that the EGFR signalling pathway plays an important role in
both of these processes during the early development of the fruit-fly Drosophila
melanogaster.
My findings provide insight into the poorly understood process of mis-specification,
where cells lacking essential patterning inputs are removed from a tissue through
apoptosis. Ectopic cell death is readily observed upon the disruption of pattern
formation in a range of model organisms and it is likely that apoptosis is also a feature
of human congenital birth defects that are associated with foetal patterning errors.
Whilst there is insufficient evidence to say that EGFR controls apoptosis in any of these
situations, there is every possibility that comparable mechanisms based on diffusible
survival signals contribute towards the removal of defective cells in higher eukaryotes.
EGFR signalling is a subject of intense clinical interest, primarily as a result of the
pathways pivotal role in multiple forms of human cancer. The work of this thesis
provides insight into the spatial regulation of EGFR signalling in a developing
epithelium and contributes towards our understanding of the pathway and its targets in
general. In addition, a large portion of this thesis investigates the relationship of the
EGFR pathway with the pro-apoptotic gene hid. Like EGFR, the human homologues of
hid – SMAC/DIABLO and Omi/Htra2 – have also been linked to a number of human
disorders, most notably Parkinson’s disease and cancer. Through my studies, I hope to
have furthered our understanding of these interesting and clinically relevant genes in
order to provide a strong foundation for further experimental research.
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Chapter 1 Introduction

Chapter 1.
Introduction
1.1 Patterning and cell death
The role of cell division in plant and animal development is a relatively simple concept
to grasp. As an embryo grows and its tissues become increasingly specialised, its
constituent cells need to proliferate and differentiate in order to provide the materials
required to build a functional multicellular organism. Somewhat more abstract is the
idea that cell death is required for healthy development. Indeed, on the face of things it
seems incredibly wasteful to expend so much energy making an excess of tissue only to
remove it again at a later date. Despite this, cell death has been shown to play a vital
role in the development, maintenance and senescence of virtually all multicellular
organisms and has developed into an intensely studied and exciting field of research in
the decades following its initial characterisation in the early 1970s.
The work of this thesis concerns apoptosis, a tightly regulated form of cell death that is
required during normal development for the removal of excess or defective cells.
Although many genetic and environmental perturbations are capable of inducing this
form of cell death, the work of this thesis focuses on the apoptosis that occurs when
cells are prevented from adopting an appropriate fate. This appears to be a conserved
process, with apoptosis commonly upregulated in response to patterning errors in both
vertebrate and invertebrate model systems. For example, apoptotic cell death is known
to contribute towards a number of Drosophila developmental phenotypes (Halder,
Callaerts et al. 1998, Werz, Lee et al. 2005), and strong apoptosis is observed in
zebrafish embryos lacking the indispensable signalling molecule Sonic Hedgehog
(Prykhozhij 2010). What causes cells lacking essential patterning inputs to die? Could
this cell death form part of a wider quality-control mechanism? Over the past four
years, I have used Drosophila embryonic patterning mutants to try and answer these
questions, and I will begin this introduction with a brief overview of the signalling
events responsible for patterning my tissue of interest – the developing embryonic
epidermis.
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1.1.1 Patterning the Drosophila anterior-posterior axis
Insects, like all arthropods, possess segmented body plans and in Drosophila the
anterior/posterior (A/P) axis is subdivided into 14 repeating segmental units. A/P
patterning occurs via a well-characterised, hierarchical cascade of embryonic gene
expression, which was predominantly deciphered by Christiane Nüsslein-Volhard and
Eric Wieschaus in the late 1970s (outlined in Figure 1.1 and reviewed in (Ingham and
Martinez Arias 1992). Using a series of pioneering saturation mutagenesis screens,
Wieschaus and Nüsslein-Volhard identified a collection of genes that were required for
the formation of the normal pattern of segments. These genes could be clustered into
related functional groups based on the effects they had on the embryonic cuticle and in
doing so, beautifully demonstrated the power of systematic approaches for the
discovery of essential developmental genes (Nusslein-Volhard and Wieschaus 1980,
Lawrence 1992). Wieschaus and Nüsslein-Volhard went on to share the 1995 Nobel
Prize in Physiology or Medicine with Edward Lewis, whose complementary studies on
Drosophila homeotic mutations helped uncover the role of HOX genes in animal
development (Roush 1995).
Drosophila segmentation is initiated by a handful of maternally deposited factors,
which form concentration gradients that span the egg. Perhaps the most well
characterised example of a maternally contributed patterning gene is the classical
morphogen Bicoid, which is highly concentrated in the anterior of the embryo and
forms a diffusion gradient along the A/P axis, travelling towards the posterior regions of
the egg. Maternal gradients are interpreted by gap genes (such as krüppel and knirps),
which are transcribed in broad domains according to local morphogen concentrations.
The gap genes themselves encode transcription factors that regulate the expression of
pair rule genes, such as fushi tarazu (ftz) and even skipped (eve). The pair rule gene
promoters are bound by multiple gap genes in a manner that leads to their expression in
every other segment, generating a characteristic pattern of 7 vertical stripes that traverse
the embryo. Pair-rule gene expression initiates the transcription of segment polarity
genes such as wingless (wg) and hedgehog (hh), which are expressed in every segment
and play important local patterning roles (Nusslein-Volhard and Wieschaus 1980,
Ingham and Martinez Arias 1992).
16
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One downstream target of the segment polarity genes is rhomboid, which is expressed
in a narrow row of cells at the anterior of each segment upon successful completion of
the segmentation cascade ((Alexandre, Lecourtois et al. 1999). The rhomboid gene
encodes for a highly conserved intramembrane protease that is responsible for
processing epidermal growth factor receptor (EGFR) activating ligands. As the
rhomboid domain acts as a point of EGFR ligand secretion, this creates a segmentally
repeated source of pathway activation along the A/P axis, which is essential for
patterning the developing embryonic cuticle and is also known to function in cell
survival ((Alexandre, Lecourtois et al. 1999).

1.1.2 Patterning and cell death in segmentation mutants
Strong ectopic cell death is observed in the developing Drosophila embryo when
segmentation is inhibited through the mutation of essential pattering genes (Magrassi
and Lawrence 1988, Pazdera, Janardhan et al. 1998, Werz, Lee et al. 2005). In previous
studies, mutations at every level of the segmentation cascade have been shown to
trigger high levels of apoptosis and in each instance cell death was shown to occur in a
pattern that roughly corresponds to that of wild-type gene expression (Magrassi and
Lawrence 1988). Furthermore, all apoptosis inducing patterning errors studied to date
display a series of temporal and genetic similarities, with cell death never observed
before stage 11 of embryogenesis and the pro-apoptotic gene hid transcriptionally
upregulated in all mutant backgrounds studied to date (Werz, Lee et al. 2005).
Why do embryonic patterning errors cause such strong apoptotic phenotypes? One
previous suggestion is that cell death functions as part of a quality control mechanism,
where cells unable to adopt an appropriate fate are removed from the developing
epidermis (Werz, Lee et al. 2005). There would of course be clear advantages to the
organism if it were capable of eliminating potentially harmful cells lacking the required
patterning inputs to contribute productively towards their developing tissues. However,
if this hypothesis is true, there would need to exist a mechanism that allows cells to
recognise when patterning errors have occurred and if such a mechanism exists, it
remains to be identified.
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Figure 1.1 – The Drosophila A/P segmentation cascade

The Drosophila segmentation cascade is initiated by maternally deposited factors, such
as the anterior organiser Bicoid (top). Maternal proteins define the expression of gap
genes (e.g. kruppel and knirps) which in turn define the domains of pair-rule gene
expression (e.g. fushi-tarazu and even skipped). Finally, the pair rule genes set up the
expression of segment polarity genes in every embryonic segment (e.g. engrailed).
Figure adapted from (Nüsslein-Volhard 1996).
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1.2 An introduction to apoptosis
Broadly speaking, most incidences of cell death occur via one of two mechanisms.
When cells die in a traumatic and uncontrolled manner, it is known as necrosis.
Necrosis is characterised by increases in cell volume, organelle swelling and rupture of
the cell membrane. This causes the cell to release its contents into the surrounding
interstitial tissues, triggering localised inflammation (Kroemer, Galluzzi et al. 2009). In
the majority of cases necrosis occurs in response to extrinsic stimuli, such as trauma or
infection. However, it is worth noting the growing body of evidence to suggest that
necrosis can also be regulated in a controlled, signalling dependant manner, with the
best characterised example of this type of cell death known as necroptosis (Holler, Zaru
et al. 2000, Zhang, Shao et al. 2009, Weinlich, Oberst et al. 2017, Zhao, Yu et al. 2017).
Unlike necrosis, which is generally passive in nature and can be viewed as a somewhat
chaotic process, apoptosis is genetically regulated and does not invoke an inflammatory
response (Kurosaka, Takahashi et al. 2003). In terms of cellular morphology, the first
detectable indicators of apoptosis are cell shrinkage and nuclear chromatin
condensation, and as the cell gets smaller there is an increase in cytoplasmic density.
Severe plasma membrane blebbing follows, before the nuclear membrane breaks down
and the cellular contents are divided into multiple vesicular compartments known as
apoptotic bodies (Kerr, Wyllie et al. 1972, Elmore 2007).
Upon formation, apoptotic bodies are rapidly engulfed by neighbouring phagocytic
cells. Engulfment is triggered by the surface display of phagocytic signalling molecules,
with the transfer of the phospholipid phosphatidylserine to the outer leaflet of the
apoptotic body membrane of particular importance (Fadok, Voelker et al. 1992, Li,
Sarkisian et al. 2003). This process is mediated by the scramblase family of membrane
associated enzymes, which transfer phosphatidylserine (typically found on the inner
face of the membrane) to the outer surface, where it provides a molecular trigger for
phagocytic engulfment (Suzuki, Denning et al. 2013). A comparison of the main
phenotypic differences between necrosis and apoptosis is included in Figure 1.2.
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Whilst the majority of cell deaths can be categorised as either necrosis or apoptosis,
there are a number of scenarios that fall outside of these two classifications. For
instance, autophagic cell death is mediated by increased autophagic flux and can occur
in the absence of the traditional apoptotic machinery. Despite this, cells dying in this
manner do not display the morphological hallmarks of necrosis, suggesting an
alternative cell death pathway (Shen and Codogno 2011). A similar example is
epidermal cornification, which refers to the progressive transformation of proliferative
keratinocytes into the protective layer of dead skin cells that form a barrier on the outer
surface of mammalian skin. Just like autophagic cell death, cornification resembles
neither apoptosis or necrosis, indicating a unique mechanism of cell death (Candi,
Schmidt et al. 2005). As the work detailed in the body of this thesis concerns the
regulation of apoptosis in the developing fruit fly embryo, the rest of this introduction
will focus on apoptotic mechanisms of cell elimination.

1.2.1 Caspases mediate the apoptotic response
The molecular components of the apoptotic pathway are highly conserved across the
animal kingdom and in all organisms characterised to date, the caspase family of
cysteine proteases are responsible for mediating the characteristic morphological
changes associated with apoptosis (Hengartner 2000). The crucial role of caspases in
apoptotic cell death was first identified in 1993 when the laboratory of future Nobel
laureate H. Robert Horvitz cloned the C. elegans death gene CED-3, which is essential
for apoptosis to occur in the nematode worm. Noting sequence similarities with the
mammalian Interleukin-1β-converting enzyme (a cysteine protease involved in the
inflammatory response), Horvitz and colleagues proposed that CED-3 regulated cell
death through its inferred proteolytic activity (Yuan, Shaham et al. 1993). In an
accompanying study, CED-3 was shown to induce apoptosis in mammalian cells upon
overexpression, suggesting the mechanism of death induction was conserved between
vertebrate and invertebrate systems (Miura, Zhu et al. 1993).
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Figure 1.2 – The contrasting phenotypes of Apoptosis and Necrosis

Whilst necrosis and apoptosis both lead to the death of a cell, they are associated with
strongly contrasting morphological phenotypes. In necrotic cells (left), membrane
blebbing is accompanied by an increase in cytoplasmic volume, which causes the cell
and its enclosed organelles to swell. This ultimately leads to the rupture of the plasma
membrane, causing localised inflammation as the intracellular contents leak into
surrounding interstitial tissues. Apoptosis is also associated with membrane blebbing
(right). However, unlike necrotic cells, those undergoing apoptosis shrink in volume,
causing cytoplasmic density to increase. At the same time, nuclear chromatin undergoes
a characteristic condensation process and the nuclear envelope is degraded. Finally, the
dying cell is subdivided into individual apoptotic bodies, which display phagocytic
signals on their outer surface and are engulfed by neighbouring cells.
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Further work has gone on to confirm these early observations, and caspase dependant
cleavage of intracellular protein targets is now known to be a defining characteristic of
apoptotic cell death in all organisms capable of eliminating cells in this manner. To
date, at least twelve human caspases have been identified, which have been implicated
in a wide range of biological processes, including a number of non-apoptotic roles
(McIlwain, Berger et al. 2013).
A considerable amount of effort has been spent deciphering the mechanisms of caspase
target recognition. It is now known that caspases recognise specific peptide motifs in
their protein substrates, with textbook models typically showing cleavage to occur
immediately upstream of a characteristic D4 E3 X2 D1 peptide sequence. However, as is
often the case, this is an oversimplification and there is some variation in recognition
motif preference between caspase family members. For example, mammalian caspase 6
can accommodate large residues in its fourth position (i.e. the first residue of the D4 E3
X2 D1 motif) and displays a preference for the branched chain amino acid valine during
in vitro cleavage assays (Poręba, Strózyk et al. 2013). A full summary of preferred
human caspase recognition motifs is included in Table 1.1.

Caspase 1, 4, 5
8, 9, 10
3, 7
6
2

P4
W/Y
I/L
D
V
D

P3
E
E
E
E
E

P2
X
X
X
X
X

P1
D
D
D
D
D

Cut
/
/
/
/
/

Table 1.1 – Human caspases and their preferred recognition motifs

The amino acids that occupy the 1st and 3rd positions upstream of the site of proteolytic
cleavage are highly conserved between caspase family members. However, there are
considerable differences in residue preference at the fourth position. Table adapted from
(Poręba, Strózyk et al. 2013).
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Caspases are expressed in most cell types but are typically found as enzymatically inert
monomeric zymogens known as procaspases. Although the exact mechanism of
procaspase activation varies between different members of the caspase family,
dimerization and often proteolytic removal of inhibitory pro-domains appear to be
essential for the generation of mature catalytically active forms (Hengartner 2000,
Steller 2008).
Apoptotic caspases can be split into two broad classes based on the length of their prodomains and their order of activation (Meier, Finch et al. 2000). Effector caspases (in
Drosophila DrICE and Dcp-1; in mammals, caspases 3, 6, 7 and 14) possess short prodomains and target the cellular proteins responsible for bringing about the apoptotic
phenotype. As caspase recognition motifs are so small, hundreds of proteins are
predicted to be targets of effector caspase cleavage. However, in practice only a subset
of these are likely to have any meaningful contribution towards the apoptotic phenotype
(Poręba, Strózyk et al. 2013). Substrates of particular relevance include structural
proteins and catabolic enzymes, and depending on the protein in question, cleavage can
result in either a loss or a gain in function. For example, caspase-activated-DNase
(CAD) is a nuclear enzyme that is essential for the apoptotic condensation of chromatin.
CAD is continuously produced but is typically associated with an inhibitory chaperone
that prevents it from functioning in healthy cells. Upon their activation, caspases 3 and
7 cleave and inactivate the inhibitory CAD chaperone, leading to the release of the
functional nuclease (Widlak and Garrard 2005). Some effector caspases have also been
shown to cleave and activate other effector caspases, generating a positive feedback
mechanism that ensures a robust apoptotic response (McIlwain, Berger et al. 2013).
The second subdivision of the caspase family are the initiator caspases (in Drosophila
DREDD and DRONC, in mammals, caspases 2, 8, 9, and 10). These proteases contain
longer pro-domains and their main function in the cell is to cleave and activate effector
caspases. This is achieved through the targeted removal of inhibitory pro-domains and
once the pro-domain has been shed, the mature effector caspase is now free to dimerise
and adopt a catalytically competent form (Chang and Yang 2000). As a result, caspases
typically function in cascades, where upstream initiator caspases process and activate
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downstream effector caspases, which go on to target the cellular proteins responsible for
bringing about cell death (Chang and Yang 2000).
Whilst effector caspases follow a relatively well understood, cleavage based method of
activation, initiator caspase maturation is a more complex affair. Unlike effector
caspases, initiator caspases can reach maturity in the absence of other members of the
caspase family and are instead predominantly activated through their interaction with
scaffolding proteins, which facilitate oligomerization. In mammals, a key mediator of
this process is the apoptotic-protease-activation-factor-1 (Apaf-1), which resides in the
cytoplasm of healthy cells in an inactive monomeric form. Upon appropriate apoptotic
stimulation, Apaf-1 recruits initiator caspase zymogens into a ring like structure known
as the apoptosome as part of an active process that requires both ATP and cytochrome
C. This complex increases local zymogen concentrations, triggering the multimerisation
and subsequent activation of initiator caspases (Yuan and Akey 2013). The Drosophila
homologue of Apaf-1, DARK, assembles into analogous structures to activate the main
initiator caspase in flies, DRONC (Rodriguez, Oliver et al. 1999, Yu, Wang et al. 2006,
Pang, Bai et al. 2015)}.
Some initiator caspases, including human caspase 9, are capable of undergoing
autocatalytic proteolysis to separate their prodomain from their catalytic subunit.
However, unlike effector caspases, which display dramatic increases in enzymatic
activity upon prodomain cleavage, this process appears largely irrelevant and only
subtle increases in caspase 9 activity are observed upon prodomain removal.
(Srinivasula, Ahmad et al. 1998, Rodriguez and Lazebnik 1999).
Effector caspase cleavage is often used to indicate that a cell has committed to an
apoptotic fate, however a number of studies in recent years have shown transient
activation of the caspase cascade to be more widespread than previously assumed. The
first indication of this effect came from tissue culture experiments, where many cells
were able to recover from the addition and subsequent removal of an apoptosis inducer,
even if they had displayed characteristic hallmarks of apoptotic cell death along the way
(Tang, Tang et al. 2012). The authors viewed this as evidence of a reversal of the cell
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death fate and named cellular recovery of this type ‘anastasis’, derived from the Greek
for ‘rising to life’ (Tang, Tang et al. 2012).
This observation was seemingly corroborated in whole living organisms upon the
development of anastasis reporters in Drosophila, first in the lab of J. Marie Hardwick
and subsequently by Denise Montell (Tang, Tang et al. 2015, Ding, Sun et al. 2016).
Identical genetic sensors were used in each study, which use differently coloured
fluorophores to distinguish cells with current effector caspase activity from those that
have previously activated the apoptotic cascade and have subsequently recovered
(constructs summarised in in Figure 1.3). Using these reporters, both studies identified a
low frequency of cells that had displayed effector caspase activity in their lifetime but
were no longer apoptotic at the point of observation, which the authors interpreted as
further evidence in support of anastasis in normal development.
Do studies on the subject of anastasis render effector caspase cleavage a poor reporter
of apoptosis? With the evidence currently available, I would say probably not. It may be
true that cells in culture can survive the addition of pro-apoptotic signals but it is
important to remember that these are immortalised lines, which by definition are
difficult to kill. In addition, the in vivo reporters outlined above are tremendously
sensitive and even a single caspase cleavage event is enough to permanently label a cell
as coming ‘back from the dead’. As a result, more detailed phenotypic studies will be
required to confirm the existence of anastasis in vivo and until that point it seems
reasonable to stick with the current consensus that effector caspase cleavage is
indicative of apoptotic cell death.
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Figure 1.3 – Anastasis reporters monitor historical caspase activity

Schematic representation of reporter constructs used to monitor current and historic
caspase activity in Drosophila. The yeast transcription factor Gal4 is sequestered at the
membrane by a caspase cleavable tethering peptide (DQVD). Upon activation of the
caspase cascade, Gal4 is liberated from the membrane and can translocate into the
nucleus to activate the expression of genes containing upstream activating sequences
(UAS). This transiently labels cells with RFP whilst simultaneously expressing FLP
recombinase (FLP), which removes a FRT flanked stop cassette (X) on an independent
transgene to bring about the permanent labelling of cells with GFP. Figure adapted from
(Ding, Sun et al. 2016).
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1.2.2 The role of IAP and RHG proteins in apoptosis
Even though caspases are constantly produced by the majority cells, most will never
actually utilise their apoptotic machinery. One group of proteins that act to prevent
inappropriate cell death are the inhibitor of apoptosis proteins (IAPs), which block
caspase activation in the absence of pro-apoptotic signals. In Drosophila, this inhibitory
system is of particular importance as it acts as the main mechanism of cell death
regulation.
All IAP family members are characterised by the presence of a baculovirus inhibitory
repeat (BIR) domain and the majority also possess a RING domain at their C-terminus,
which confers ubiquitin ligase activity (Meier, Finch et al. 2000). In Drosophila the
principal IAP family member, DIAP1, acts ubiquitously to prevent apoptosis. Indeed,
loss of function mutations in DIAP1 result in embryonic lethality due to massive
apoptosis whilst its overexpression prevents most physiological cell death during
development (Hay, Wassarman et al. 1995, Wang, Hawkins et al. 1999). DIAP1
mediated ubiquitination also plays an important role in caspase regulation, with DIAP1
shown to polyubiquitinate the initiator caspase DRONC and the effector caspase DrICE
to promote their turnover via the proteasomal degradation pathway (Chai, Yan et al.
2003, Kushnir 2009, Lee, Fan et al. 2011, Yeh and Bratton 2013). DIAP1 also inhibits
DRONC maturation by destabilising the apoptosome in a process that requires its Cterminal RING domain to be present, suggesting that this too is a ubiquitin dependant
process (Shapiro, Hsu et al. 2008).
DIAP1 is not the only inhibitor of apoptosis protein in the fly, although it is the most
widely studied as it triggers the strongest cell death phenotype upon mutation. DIAP2,
for example, only mildly reduces cell death when it is overexpressed and a similarly
lacklustre increase in apoptosis occurs in null mutants (Hay, Wassarman et al. 1995,
Ribeiro, Kuranaga et al. 2007). This weak phenotype is down to the role of DIAP2 as a
specific inhibitor of the effector caspase DrICE, which causes it to have no effect on
other members of the caspase family (Ribeiro, Kuranaga et al. 2007). To date, four
further IAP family members have been characterised in Drosophila; c-IAP1, c-IAP2,
Deterin and BRUCE, which produce apoptotic phenotypes of varying severity upon
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mutation (Denton, Aung-Htut et al. 2013). On top of this, there are a number of BIR
domain containing proteins that do not function as apoptosis inhibitors, which have
roles in a variety of seemingly unrelated cellular processes, including mitosis (Silke and
Vaux 2001).
Drosophila IAPs are themselves under negative regulation by a small group of genes
that were initially characterised in the early 1990s by Hermann Steller and colleagues as
part of genetic screens aiming to uncover novel regulators of cell death. This work
identified a small deficiency on the third chromosome, known as H99, that was required
for virtually all embryonic apoptosis to occur in flies (White, Grether et al. 1994).
Further studies went on to reveal three key genes within this deficiency, reaper (rpr),
head involution defective (hid) and grim, which act cooperatively to regulate apoptosis
and are collectively referred to as the RHG family (White, Grether et al. 1994, Grether,
Abrams et al. 1995, Chen, Nordstrom et al. 1996). The RHG proteins share little
sequence similarity other than a conserved peptide motif at their N-terminus known as
the IAP Binding Motif (IBM), which is required for their pro-apoptotic function (Shi
2002, Fuchs and Steller 2011).
Overexpression studies show RHG family members to act predominantly as inhibitors
of DIAP1. When hid and reaper are overexpressed with the eye-specific GMR-Gal4
driver, there is a partial ablation of the eye. This phenotype is dramatically enhanced in
a DIAP1 heterozygous background and largely rescued when DIAP1 is coexpressed in
the same tissue (Grether, Abrams et al. 1995, Hay, Wassarman et al. 1995). The precise
molecular mechanisms by which RHG family proteins inhibit IAPs vary between
members, but one universal approach involves direct binding, which prevents DIAP1
from associating with caspases (Goyal, McCall et al. 2000). The three RHG proteins
also affect IAP stability, with overexpression of all three members known to reduce the
amounts of DIAP1 protein within the cell (Ryoo, Bergmann et al. 2002, Yoo, Huh et al.
2002)
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A number of studies have shown the RHG proteins to localise to the mitochondria
(Haining, Carboy-Newcomb et al. 1999, Claveria, Caminero et al. 2002, Olson, Holley
et al. 2003). With Reaper and Grim, this appears to be mediated by a conserved motif
known as the Grim Helix 3 (GH3). When the GH3 domain of Reaper is disrupted, the
protein no longer localises to the mitochondrial membrane and is much less efficient at
initiating cell death (Freel, Richardson et al. 2008). Reaper has also been shown to
regulate mitochondrial fusion during programmed cell death (Thomenius, Freel et al.
2011). Unlike Reaper, Hid does not contain a GH3 domain and is instead recruited to
the mitochondrial membrane via a C-terminal mitochondrial targeting sequence
(Morishita, Kang et al. 2013).
A further form of RHG regulation was uncovered when it was shown that IAP
antagonists can form higher order structures that enhance their ability to initiate
apoptosis. Forced Reaper dimers are far more efficient at inducing cell death than
monomeric forms and heteromeric complexes containing Rpr, Hid and Grim are
thought to behave in a similar manner in vivo (Sandu, Ryoo et al. 2010). Despite this, it
is important to note the existence of apoptotic processes that require only a single IAP
antagonist to be present, suggesting multi membrane complexes are not essential for
cell death to occur (for example (Werz, Lee et al. 2005). A schematic overview of the
apoptotic pathway in Drosophila is shown in Figure 1.4.
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Figure 1.4 – The Drosophila apoptotic pathway

The key mediators of the apoptotic phenotype in Drosophila are the caspase proteases,
which can be split into upstream initiator caspases (Dronc) or downstream effector
caspases (DrICE and Dcp1). In order to reach full activity, initiator caspases associate
with the scaffolding protein DARK to form a multimeric complex known as the
apoptosome. In healthy cells, caspases are repressed by inhibitor of apoptosis proteins
(such as DIAP1) which are themselves are under negative regulation by the proapoptotic RHG family (Reaper, Hid, Grim). In flies, the majority of death inducing
stimuli act at the level of the RHG genes.
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1.2.3 Mechanisms of RHG regulation
IAP antagonists are strongly regulated at the transcriptional level and practically all
instances of apoptosis in Drosophila can be correlated with increased expression of at
least one of the three RHG genes (Song and Steller 1999, Brodsky, Nordstrom et al.
2000, Domingos and Steller 2007, Kolahgar, Bardet et al. 2011). Many stimuli are
capable of initiating RHG gene upregulation and for the purposes of this introduction I
will focus on some of the better characterised examples. One particularly potent death
inducing stimuli is ionising radiation (IR), which causes extensive DNA damage and
massive apoptosis in practically all model systems characterised to date (Brodsky,
Nordstrom et al. 2000, Zhang, Rotelli et al. 2015). When the early Drosophila embryo
is exposed to high doses of IR, reaper and hid are rapidly upregulated in a process that
depends on the DNA damage responsive transcription factor p53, which functions via a
150bp promoter element upstream of the reaper locus (Zhang, Rotelli et al. 2015). This
fragment contains multiple p53 binding sites and reproduces the endogenous pattern of
reaper and hid expression in irradiated embryos when it is incorporated into a LacZ
reporter construct (Brodsky, Nordstrom et al. 2000).
A further level of complexity was added to the IR-induced apoptotic response upon the
discovery of epigenetic modification of the reaper promoter. When Drosophila
embryos are exposed to lethal doses of IR at different stages of development, more cell
death is observed in younger samples, with tissues appearing largely resistant once
cellular differentiation has occurred. This differential response appears to be mediated
by H3K27 trimethylation of the p53 responsive element, which is strongly upregulated
at this transitionary stage (Zhang, Lin et al. 2008). IR resistance is also observed
elsewhere in the fly and recent work has identified a zone in the developing wing
imaginal disc that does not undergo apoptosis upon irradiation. This subpopulation is
defined by the presence of high levels of JAK/STAT and wingless pathway activity and
these signals act cooperatively to prevent RHG upregulation and cell death in this
region. Lineage analysis shows that this protected region can repopulate the wing
primordia following IR exposure and this is thought to contribute towards the dramatic
regeneration capacity associated with Drosophila imaginal discs (Verghese and Su
2016).
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Another manipulation capable of inducing massive cell death in Drosophila is the
disruption of epithelial integrity. The establishment and maintenance of correct
epithelial architecture relies on cells acquiring apicobasal polarity and one key protein
involved in this process is the apical determinant Crumbs (Tepass, Theres et al. 1990,
Muller and Wieschaus 1996, Bulgakova and Knust 2009). In crumbs mutant embryos,
reaper is rapidly upregulated, leading to widespread cell death (Tepass, Theres et al.
1990, Kolahgar, Bardet et al. 2011). This upregulation is downstream of the c-Jun Nterminal kinase (JNK) pathway, and overexpression of the JNK inhibitor puckered in
crumbs mutant embryos abolishes reaper dependant apoptosis. Conversely, removal of
endogenous puckered leads to excess JNK signalling and ectopic reaper expression as a
result (Kolahgar, Bardet et al. 2011). However, not all cells in crumbs mutant embryos
die and there is a clear band of surviving tissue in the dorsal epidermis where reaper
upregulation does not occur. The protection of this region is mediated by the
decapentaplegic (Dpp) signalling pathway, which inhibits the production of reaper in a
process mediated by the Dpp dependant transcriptional repressor schnurri (Beira,
Springhorn et al. 2014).
Why is the leading edge of the epidermis protected upon a loss of polarity? The answer
to this question is apparent once the role of JNK signalling in normal embryonic
development has been taken into account. The JNK pathway is activated along the
leading edge of the epidermis in the later stages of embryogenesis, where it helps
orchestrate the complex migratory behaviours that allow the epidermis to fuse and form
a continuous barrier during the process of dorsal closure (Riesgo-Escovar and Hafen
1997). As a result, it makes sense that the embryo has developed a system to prevent
reaper expression in the regions where JNK signalling is typically active during normal
development (Beira, Springhorn et al. 2014).
Whilst excess JNK signalling specifically leads to the transcriptional upregulation of
reaper, a number of signalling pathways have been shown to control the expression and
activity of hid. One example is the hippo pathway, which promotes hid dependant
apoptosis in the developing eye (Udan, Kango-Singh et al. 2003). In this instance, cell
death is used to remove excess inter-ommatidial cells, which separate the functional
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ommatidial units that make up the Drosophila compound eye. These cells are initially
produced in excess and are refined through hid dependant apoptosis in a process that
requires hippo pathway activity (Udan, Kango-Singh et al. 2003). Signalling through
the epidermal growth factor receptor (EGFR) also plays an important role in this
system, acting as a survival factor to counter the pro-apoptotic inputs coming from the
hippo pathway (Kumar, Tio et al. 1998, Brown, Kerr et al. 2007). Away from the eye,
EGFR signalling has been shown to act as a potent repressor of hid in a range of
developmental contexts and the role of the EGFR pathway in embryonic cell death is
discussed in further detail in section 1.3 below.

1.2.4 Regulation of apoptosis in Vertebrate systems
Most of our knowledge of apoptosis in vertebrates comes from studies in mice, and a
considerable amount of homology exists between the apoptotic machinery in rodents
and flies. For instance, the caspase proteases are highly conserved between the two
model organisms and even though more caspases are present in the mouse genome, they
are still organised into a sequential cascade based on their molecular properties and their
ability to initiate or effect apoptosis (McIlwain, Berger et al. 2013). Likewise, the
principal vertebrate initiator caspase, caspase 9, is activated upon incorporation into an
apoptosome that is structurally analogous to its Drosophila equivalent (Nagasaka,
Kawane et al. 2010, Yuan and Akey 2013).
Upstream of the caspase cascade, the vertebrate and invertebrate apoptotic pathways
begin to diverge. In particular, mammalian caspase activation is mostly reliant on proapoptotic factors released from the mitochondria, particularly cytochrome-C. Death
inducing stimuli typically trigger mitochondrial disruption in mice and leakage of
proteins from the mitochondrial intermembrane space is a hallmark of mammalian
apoptotic cell death (Martinou and Youle 2011). The importance of mitochondria in
mammalian apoptosis is demonstrated by the existence of an entire regulatory
mechanism to control the permeability of the outer mitochondrial membrane, based on
the competitive interactions of the pro-apoptotic genes, BAX, BAK and BH3-only, and
the anti-apoptotic factor, Bcl-2 (Fuchs and Steller 2011). In this system, Bcl-2 prevents
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the assembly of BAX and BAK, which oligomerise within the mitochondrial outer
membrane to form pore like structures that facilitate cytochrome-C release. The
protective role of Bcl-2 is countered by BH3-only and when BH3-only is present in
excess of Bcl-2 the mitochondrial membrane is disrupted and apoptosis ensues (Youle
and Strasser 2008, Fuchs and Steller 2011). Whilst the Drosophila genome encodes two
Bcl-2 like proteins (the pro-apoptotic Debcl and the anti-apoptotic Buffy), their
functional relevance is questionable and deletion of either gene has no discernible effect
on normal development (Sevrioukov, Burr et al. 2007). Debcl and Buffy do however
play a role in stress induced apoptosis, and are thought to fine tune cell death in
response to a number of stimuli, including DNA damage and nutrient restriction
(Sevrioukov, Burr et al. 2007, Monserrate, Chen et al. 2012). Mammals can also initiate
apoptosis through the death receptors Fas and TRAIL (TNF-related apoptosis-inducing
ligand), which function primarily in the adaptive immune system and are not found in
flies (Vernooy, Copeland et al. 2000, Cullen and Martin 2015).
As in Drosophila, mammalian caspases are under negative regulation by inhibitor of
apoptosis proteins and the most well-studied mammalian IAP is the X-linked inhibitor
of apoptosis protein (XIAP) (Fuchs and Steller 2011). Much like its Drosophila
equivalent, DIAP1, XIAP functions as an E3 ubiquitin ligase and ubiquitinates caspases
to restrict their function (Schile, Garcia-Fernandez et al. 2008). In total, there are eight
IAP family members in humans, which are under the negative regulation of two IAP
antagonists, Smac/Diablo and Omi/Htra2. These proteins contain IBM motifs and are
functional homologues of Drosophila Reaper, Hid and Grim. However, unlike the
Drosophila RHG proteins, mammalian IAP antagonists are found in the mitochondrial
intermembrane space and require mitochondrial permeabilisation in order to access and
inhibit cytoplasmic IAPs (Verhagen, Ekert et al. 2000, Suzuki, Imai et al. 2001, Arya
and White 2015). There does exist a third mammalian IAP antagonist, ARTS, which is
found in the cytoplasm and can bind and inhibit XIAP. However, ARTS shares little
sequence homology with other IAP proteins and does not possess a recognisable IBM
domain, which is typically used to characterise family members (Edison, Zuri et al.
2012).
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The role of IAPs in mammalian cell death remains unclear and only mild phenotypes
are observed in mice carrying null XIAP mutations (Schile, Garcia-Fernandez et al.
2008). This could be a result of redundancy between the mammalian IAP family
members but could also reflect the more complex process of apoptosis initiation in
higher organisms, where multiple layers of positive and negative regulation protect
against inappropriate cell death. An overview of the major apoptotic regulators in
mammals is shown below in Figure 1.5.
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Figure 1.5 – The mammalian apoptotic pathway

The mammalian apoptotic machinery is centred around a core caspase cascade made up
of the initiator caspase, caspase 9, and the effector caspases, caspase 3 and 7. Caspase 9
is activated upon formation into an apoptosome with Apaf-1, whilst the inhibitor of
apoptosis protein XIAP has the opposite effect and blocks caspase activation. XIAP is
itself under negative regulation by the IAP-antagonists SMAC/DIABLO, Omi/Htra2
and ARTS. Mitochondrial permeabilisation is essential for both apoptosome formation
and IAP-antagonist activation and is determined by the relative stoichiometry of the
Bcl-2 family members, shown in brown at the top of the figure.
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1.3 The EGFR signalling pathway
As previously introduced, the EGFR signalling pathway is a key regulator of apoptosis
in Drosophila, functioning predominantly through its ability to modulate the IAPantagonist hid. As the work included in the body of this thesis progressed, it became
increasingly apparent that EGFR signalling would be an area of intensive research and I
have included a more detailed overview of the pathway in this introduction as a result,
placing particular focus on my tissue of interest the embryonic epidermis.
The epidermal growth factor receptor sits atop of a highly conserved signalling cascade
and is repeatedly utilised throughout metazoan development to control cell fate, cell
survival, proliferation and migration (Shilo 2016). The pathway has also been
implicated in a wide range of human pathologies, such as the inflammatory diseases
psoriasis and eczema, and a number of cancers, including lung, breast, colon and
head/neck (Jost, Kari et al. 2000, Normanno, De Luca et al. 2006). EGFR signalling is
vital for many important events in Drosophila development and is essential for normal
embryogenesis, where it has dual roles in cell survival and tissue patterning (Alexandre,
Lecourtois et al. 1999, Urban, Brown et al. 2004).
As its name suggests, the EGF receptor is activated when bound by extracellular ligands
of the epidermal growth factor (EGF) family and the first formal characterisation of a
ligand of this type can be attributed to Stanley Cohen – an assistant professor at
Vanderbilt University at the time of his discovery in the early 1960’s. Noting that crude
extracts of the mouse salivary gland could induce excessive skin growth when applied
to the developing mouse embryo, Cohen set out to determine the basis of this ectopic
proliferation and went on to isolate the individual protein component responsible for
this phenotype, terming it the epidermal growth factor (Cohen 1962, Cohen 1965).
Cohen’s discovery was aided by a simple yet elegant phenotypic readout. Excess
proliferation in the embryonic skin causes an overgrowth in the developing eyelid,
which leads to precocious opening of the foetal eyes. Using this simple proxy for
growth, Cohen could easily compare the ability of candidate molecules to induce early
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eyelid opening, allowing for the rapid identification of interesting leads (Cohen 2008).
Cohen went on to share the 1986 Nobel Prize in Physiology or Medicine with his
former mentor Rita Levi-Montelcini, whose group discovered the nerve growth factors,
which play an analogous role in the developing nervous system (Marx 1986).
Whilst humans and other mammalian systems contain multiple EGF receptors, flies
possess only one and this lack of redundancy makes them a powerful system to study
the biological functions of the pathway (Shilo 2003). The Drosophila EGF receptor has
been known by a number of names since its initial characterisation, including faint little
ball (in reference to its severe embryonic cuticle phenotype), Ellipse (from adult eye
defects), torpedo (due to an oogenesis phenotype that manifests in the egg) and DER (a
simple acronym for the Drosophila EGF Receptor). However, in recent years, the term
EGFR has predominated in the literature and it is this term that I shall use throughout
this thesis (Price, Clifford et al. 1989, Schejter and Shilo 1989, Baker and Rubin 1992).
The Drosophila EGFR is a typical single-pass transmembrane receptor tyrosine kinase
(RTK), which possesses an extracellular region containing two ligand binding cysteinerich domains and a cytoplasmic tyrosine kinase domain (Livneh, Glazer et al. 1985,
Clifford and Schupbach 1994). Two EGFR splice variants have been identified in
Drosophila, which have minor variations at their extreme N-terminal ends, although it
remains unclear if these two isoforms are associated with any physiological differences
in function (Schejter, Segal et al. 1986).

1.3.1 The Drosophila EGF ligands
Four EGFR activating ligands exist in Drosophila, three – gurken (grk), spitz (spi) and
keren (krn) – are produced as inactive transmembrane precursors and display strong
homology to mammalian TFG-α. The fourth activating ligand, vein (vn), is produced in
a soluble form and displays closest homology to the neuregulin family of mammalian
EGF ligands (Lusk, Lam et al. 2017). A schematic overview of the Drosophila EGFR
activating ligands is shown in Figure 1.6.
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Figure 1.6 – Overview of the four Drosophila EGFR activating ligands

Three of the four EGFR activating ligands in Drosophila (Spitz, Keren and Gurken) are
produced as membrane tethered precursors, which require enzymatic cleavage to be
converted into a readily secreted active form (Cleavage site indicated by blue arrow).
The fourth ligand, Vein, is readily secreted and does not require cleavage to reach a
signalling competent form. Figure adapted from (Shilo 2003).

40

Chapter 1 Introduction

Considerable redundancy exists between the EGFR activating ligands. In the embryonic
epidermis for example, triple spi vn krn mutants recapitulate the EGFR loss of function
phenotype in a manner that cannot be achieved with any of the single or double mutant
combinations in isolation (Austin, Manivannan et al. 2014). Furthermore, the vn null
phenotype is largely rescued when a secreted form of spi is expressed with the vn-Gal4
driver, showing that these two ligands can act interchangeably in this context (Austin,
Manivannan et al. 2014). Elsewhere in the fly, Keren and Spitz have been shown to
have overlapping functions in the developing eye and ectopic krn expression is capable
of rescuing the spi null phenotype in this tissue (Reich and Shilo 2002, Brown, Kerr et
al. 2007). Similarly, Keren and Spitz act redundantly to control proliferation in the adult
midgut (Yang and Baker 2003, McDonald, Pinheiro et al. 2006, Jiang and Edgar 2009).
It remains to be seen if the four activating ligands are truly redundant. A hypothetical
experiment that could shed some light on this problem would involve the genetic
modification of the spi, vn and krn loci in a way that allows for the coding sequences of
these three genes to be switched. If the embryo was forced to express spi every time it
attempted to make krn or vn, what would the cuticle look like? What would happen if
there was no Spitz, but Keren was present in its place? Experiments like this are now
possible with modern genome engineering approaches but unfortunately lie beyond the
scope of this thesis.
The EGFR feedback inhibitor argos (arg) was once thought to function as an inhibitory
ligand due to the presence of an N-terminal domain with high sequence homology to the
EGF domains of Keren and Spitz (Freeman, Klambt et al. 1992, Schweitzer, Howes et
al. 1995, Jin, Sawamoto et al. 2000). However, when the crystal structure of Argos was
solved, no EGFR binding domains were detected and Argos was instead proposed to
function by directly binding the EGF ligands (Klein, Nappi et al. 2004). This was
confirmed with the resolution of the Argos/Spitz co-crystal, which showed Argos to
form a clamp-like structure around Spitz that prevents it from interacting with the EGF
receptor (Klein, Stayrook et al. 2008).
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1.3.2 How are the Drosophila EGF ligands regulated?
As Gurken, Keren and Spitz are produced as inactive membrane tethered pro-proteins,
they require cleavage and further processing to be released from the cell. Two major
regulators of this process are the Rhomboid family of intramembrane proteases and the
universally expressed, type-II transmembrane protein Star (Shilo 2016).
Spitz was the first Drosophila EGFR ligand to have its intracellular processing steps
elucidated and subsequent work has left us with a clear understanding of the journey
taken by the various EGFR ligands as they mature and exit the cell. Upon its
production, Spitz pro-protein is retained in the endoplasmic reticulum (ER) and remains
in this compartment until it is escorted to the Golgi apparatus by its chaperone protein
Star. Once in the Golgi, the Star/Spitz complex encounters a Rhomboid protease, which
cleaves the Spitz transmembrane domain, thus releasing the extracellular portion of the
protein for subsequent secretion (Bang and Kintner 2000, Lee, Urban et al. 2001,
Tsruya, Schlesinger et al. 2002). Importantly, the EGF motif is contained within the
secreted cleavage product and it is this fragment that binds to and activates EGFR in
neighbouring cells. Further studies have gone on to show that the homologous ligands
Keren and Gurken are processed in an analogous manner (Urban, Lee et al. 2002).
Unexpectedly, Star has also been shown to be a rhomboid substrate and Star cleavage
can be correlated with a reduced rate of ligand secretion (Lee, Urban et al. 2001, Tsruya,
Wojtalla et al. 2007). As a result, Star processing may act as a way for the cell to fine
tune the levels of EGFR signalling activity. A simplified overview of the Spitz
maturation pathway is shown in Figure 1.7 below.
Vertebrate EGFR activating ligands also require cleavage in order to function, although
this is performed via a different mechanism. In contrast to Drosophila, mammalian
EGFR ligand precursors are trafficked directly to the plasma membrane where they are
cleaved by ADAM metalloproteases to generate a secretable form. Unlike Rhomboids,
ADAMs are single pass transmembrane proteins with their active sites situated outside
of the cell, rather than within the membrane (Adrain and Freeman 2014).
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Figure 1.7 – Star and Rhomboid mediate EGFR ligand maturation

Spitz is initially produced as a transmembrane precursor protein (mSpi) and is retained
in the endoplasmic reticulum until it encounters the chaperone protein Star, which
shuttles mSpi to the Golgi apparatus. In the Golgi, the transmembrane domain of mSpi
is cleaved by Rhomboid, generating a secretable form of Spitz (sSpi) that can be
released into the extracellular milieu and interact with receptors on neighbouring cells.
Figure adapted from Lee, Urban et al. 2001.
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Rhomboid and Star are both necessary and sufficient for ligand processing to occur and
when spi, rho and Star are coexpressed in Drosophila S2 cells, trafficking, cleavage and
secretion of mature Spitz proceeds normally. Importantly, no cleavage product is
detected in the culture medium when either Star or Rhomboid are absent (Urban, Lee et
al. 2002). A similar result is obtained when these constructs are expressed in
mammalian cells, suggesting that the intracellular localisation signals that direct
Rhomboid and Star to their correct membrane compartments are evolutionarily
conserved (Urban, Lee et al. 2002).
The Drosophila genome contains seven Rhomboid-like molecules, although only a
subset of these are thought to cleave and activate the EGFR ligands in vivo. Rhomboid1 was the first family member to be identified as an intramembrane protease and acts as
the principle mediator of EGFR ligand processing in the majority of tissues (Yogev,
Schejter et al. 2008). Rhomboids 2-4 display the closest homology to Rhomboid-1 and
are also capable of cleaving the Drosophila EGFR ligand precursors (Urban, Lee et al.
2002). The various rhomboids are expressed at different levels in different tissues. For
instance, rhomboid-3 (also known as roughoid) is strongly expressed in the eye whilst
rhomboid-2 functions predominantly in the germline (Wasserman, Urban et al. 2000,
Schulz, Wood et al. 2002). In the embryonic epidermis, Rhomboid-1 has a major role in
the survival of smooth cuticle cells, although this phenotype is mildly enhanced in
rhomboid-1, -3 double mutants, suggesting a minor role for rhomboid-3 in the
embryonic epidermis (Urban, Brown et al. 2004). As a result, alleles that ablate both
rhomboid-1 and -3 are required to fully eliminate Rhomboid processing in the embryo
(Parker 2006).
Unlike Star, which is ubiquitously transcribed, rhomboids are expressed in a spatially
restricted pattern that changes dynamically over time. Importantly, in most tissues the
pattern of rhomboid expression can be correlated with the pattern of EGFR signalling,
highlighting the essential role of rhomboid processing in EGFR pathway activation
(Gabay, Seger et al. 1997, Lim, Dsilva et al. 2015). As the major Rhomboid dependant
ligands, spitz and keren, are also expressed ubiquitously in their inactive precursor
forms, the spatial and temporal regulation of Rhomboid acts as the main form of EGF
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ligand regulation in flies (Tsruya, Schlesinger et al. 2002). This of course, does not
apply to the rhomboid independent ligand vein and as a result, the pattern of EGFR
signalling in any given tissue can be seen as a product of the combined expression
patterns of rhomboid and vein (Schnepp, Grumbling et al. 1996, Schnepp, Donaldson et
al. 1998).

1.3.3 Intercellular EGFR signal transduction
Once bound by one of its four cognate ligands, the EGF receptor has to transduce a
signal to the nucleus in order to initiate the characteristic transcriptional responses
associated with growth factor stimulation. As previously discussed, EGFR signalling
orchestrates a wide range of seemingly unrelated cellular processes, including cell
differentiation, migration and survival. How does a single signalling pathway have such
a variety of effects on the cell? In mammals, this can be answered in part by the
divergence of the pathway downstream of the receptor, with mammalian homologues of
the Drosophila EGFR known to activate a range of intercellular signalling effectors,
including the Src kinases, mitogen activated protein kinase (MAPK), Phosphoinositide
3-kinase (PI3-K) and Phospholipase-Cγ (Jorissen, Walker et al. 2003, Brown, Kerr et
al. 2007). However, in Drosophila, signalling in receiving cells is much more linear,
with essentially all messages relayed to the nucleus via the canonical MAPK cascade
(Sopko and Perrimon 2013, Shilo 2014). The exact mechanisms that allow such a
simple signalling input to elicit such a wide range of physiological responses remain
poorly understood. However, recent research from the lab of Wendell Lim suggests that
variations in the timing and frequency of signal exposure could play a role in the
differential EGFR signal response, with cells shown to activate different target genes
upon exposure to different intensities of signal activation over varying periods of time
(Toettcher, Weiner et al. 2013).
The Drosophila EGFR is a traditional RTK and like all receptors of this type, ligand
binding leads to receptor dimerization and subsequent trans-phosphorylation at
conserved tyrosine residues in the receptors cytoplasmic domain (Shilo 2014).
Phosphorylation stimulates the recruitment of adaptor proteins, such as the SH2 domain
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containing Grb-2, which themselves go on to recruit further downstream effectors to the
membrane. One Grb-2 interactor is the guanine nucleotide exchange factor Son of
Sevenless (SOS), which is of particular importance due to its role in the activation of
the RTK signalling effector Ras. The significance of SOS is demonstrated by
experiments that optogenetically recruit SOS to the plasma membrane in the presence of
blue light. Using this approach, EGFR signalling is rapidly activated with either a laser
or a simple array of blue LEDs, even in the absence of extracellular ligands (Toettcher,
Weiner et al. 2013, Johnson, Goyal et al. 2017). Once active, Ras initiates a sequential
phosphorylation cascade involving the downstream kinases Raf, MAPKK and MAPK.
This cascade results in the activation of MAPK, which goes on to phosphorylate and
modulate the activity of a multitude of factors capable of altering global cellular
physiology. Over 200 MAPK substrates have been characterised to date (Wortzel and
Seger 2011), including cytoplasmic proteins, such as cytoskeletal components and
transmembrane receptors, and a number of nuclear factors, including the transcription
factors Elk1, Fos and Jun (Northwood, Gonzalez et al. 1991, Chen, Abate et al. 1993,
Marais, Wynne et al. 1993, Reszka, Seger et al. 1995, Morton, Davis et al. 2003).
In flies, EGFR signalling through the MAPK cascade acts as a potent repressor of hid
dependent cell death in a process mediated predominantly via the ETS domain
transcription factors Pointed and Yan (Kurada and White 1998). In this system, Pointed
represses hid, whilst Yan acts as an activator. Both Pointed and Yan are phosphorylated
by MAPK but this modification has opposing effects on the two transcription factors,
with Pointed activated and Yan inactivated upon phosphorylation (O'Neill, Rebay et al.
1994). As a result, MAPK inhibits the activator Yan whilst simultaneously activating
the inhibitor Pointed in order to repress hid transcription (Kurada and White 1998).
MAPK can also negatively regulate Hid at the protein level through direct
phosphorylation (Bergmann, Agapite et al. 1998). This two-layered mechanism ensures
a robust and rapid response to EGFR activation, with pre-existing Hid protein
inactivated by direct phosphorylation whilst further production is ceased through a
block in transcription. A full summary of the pathway connecting the extracellular
EGFR activating ligands and the IAP antagonist hid is shown below in Figure 1.8.

46

Chapter 1 Introduction

Figure 1.8 – EGFR signalling regulates hid via the MAPK cascade

The Drosophila EGFR is activated upon the binding of extracellular ligands, which
cause receptor dimerization and trans-phosphorylation to occur. The adaptor protein
Grb2 is recruited to the phosphorylated receptor tail, which in turn brings the guanine
nucleotide exchange factor SOS to the membrane. SOS promotes the activation of RAS,
which initiates a kinase cascade comprising Raf, MAPKK and MAPK. Once activated,
MAPK can phosphorylate its protein targets, including Hid, which is unable to induce
apoptosis in its phosphorylated state, and the transcription factors Pnt and Yan, which
act in tandem to repress further hid transcription.
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1.3.4 The role of EGFR signalling in the developing Drosophila epidermis
EGFR signalling is associated with a wide range of processes in animal development
and for the purposes of this introduction I will focus solely on the role of the pathway in
Drosophila epidermal development.
In the embryonic epidermis, rhomboid is most strongly expressed in a stripe of cells at
the anterior of each segment in a pattern that is determined by the combined activities of
the wingless and hedgehog signalling pathways (Alexandre, Lecourtois et al. 1999). The
segmentally repeated stripes of rhomboid expression play an important role in the
specification and patterning of the denticle belts that adorn the larval cuticle at the end
of embryonic development (Alexandre, Lecourtois et al. 1999). As well as its role in
patterning, EGFR signalling also acts as a survival signal in the embryonic epidermis
and when EGFR activity is reduced, excess apoptosis is observed (Urban, Brown et al.
2004, Parker 2006). Multiple ligands are responsible for maintaining cell survival in this
context, with the soluble factor vein acting cooperatively with the canonical rhomboid
dependant ligands to repress apoptosis (Urban, Brown et al. 2004). The dual roles of
EGFR signalling in the developing embryo are distinguished by the strength of pathway
activation, with high levels of activity inducing the denticle fate and lower levels
sufficient to supress apoptosis (Urban, Brown et al. 2004).
EGFR survival signalling has previously been linked to the control of compartment
dimensions in a model based around the secretion of Spitz from the rhomboid
expressing cells at the anterior of each segment. In this model, the number of cells
within each compartment is regulated through the production of a finite amount of
ligand. When too many cells are positioned within a segment, there is insufficient Spitz
to ensure all cells receive enough activating inputs and apoptosis is initiated in order to
return the compartment to its normal dimensions. As a result, the maximum size of each
segment is thought to be determined, at least in part, by the availability of extracellular
Spitz (Parker 2006).
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1.4 Aims of the Study
Extensive epidermal apoptosis is observed in many Drosophila embryonic patterning
mutants but very little is known about the mechanisms employed in the embryo to
identify patterning errors and initiate cell death in response. My main aim at the start of
this project was to uncover the molecular basis of apoptosis in patterning mutants and
with the guidance of my supervisor, J.P Vincent, and the postdoctoral researcher Ingrid
Poernbacher, I planned out a series of initial steps that would help me achieve this goal.
1) Establish a model patterning mutant background with a strong reproducible
apoptotic phenotype.
2) Characterise the apoptotic pathway in this model background and generate
reliable genetic reporters of apoptosis.
3) Perform a targeted genetic screen of major signalling pathways to identify
candidate molecules required for apoptosis to occur in patterning mutants.
The work to be completed beyond this point was very much dictated by the outcome of
the genetic screen and from the outset, my aim was to complete these predetermined
goals as quickly as possible to ensure there was sufficient time to pursue any interesting
leads.
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Chapter 2.
Materials & Methods
2.1 Drosophila genetics and maintenance
Fly strains used for experiments were maintained at 25°C on standard fly food media
containing yeast, agar and cornmeal. Crosses typically consisted of 20 virgin females
and five males per tube and w1118 was used as wild-type throughout. Stocks were
maintained at 18°C. Many of the original alleles used in this study have been rebalanced
over fluorescently marked balancer chromosomes to allow for the identification of
homozygous mutant embryos. The fluorescent balancers most frequently used in this
work are CTG (CyO, Twist-Gal4>UAS-GFP) and TTG (TM3, Twist-Gal4>UAS-GFP).
A number of recombinant strains were generated for the purposes of this study. The
strategy employed followed standard recombination procedures, where virgin females
trans-heterozygous for the two alleles to be recombined were crossed to males carrying
a balancer on the chromosome of interest (generally TM3/TM6 or GlBc/CyO). Potential
recombinants in the F1 generation were then individually screened by backcrossing to
appropriate mutant alleles and assessing for lethality.

2.1.1 Drosophila strains
A full list of the alleles used in this study is included in Table 2.1 below, which includes
information on the origin of each stock where available. The majority have been
acquired from the Vincent lab’s existing stock collection but in instances where I have
sourced a line externally I have included the relevant details.
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Stock name
act5C Gal4/Tm6b
act5C iCasper (III)
Bantam-GFP sensor (II)
Df(3L)BSC178/Tm6b
Df(3L)H99/TTG
Df(3L)XR38/TTG
Dr/TTG
EGFR f3/CyO
EGFR.TS/CTG
enGal4, UAS nls.RFP/CyO
ftz 13/Tm3
ftz HR/TTG
GlBC/CyO; T2/T6
hh AC/Tm3
hid.Df/TTG
hid.GFP/TTG
ptc 9/CyO
screw 5/CyO
sp/CTG
sp/CyO
tll 1/TM3
UAS-dpp (CyO)
UAS-EGFR (II)
UAS-hh/CyO
UAS-p53.DN/CyO
UAS-puckered/CyO
UAS-upd/CyO
UAS-wg (II)
UAS-yki.GFP/CyO
ubi-Gal4 (II)
Vn L5/TTG
w1118
yw hsFLP; Dr/Tm3

Source
Lab stock
Generated in this study
Gift from A. Baena Lopez
BDSC #9609
Gift from J. Beira
Gift from J. Beira
Lab stock
BDSC #34043
Gift from N. Harden
Lab stock
Gift from J. Beira
Generated in this study
Lab stock
BDSC #1749
Gift from I. Poernbacher
Generated in this study
BDSC #3377
BDSC #7306
Lab stock
Lab stock
BDSC #2729
Lab stock
Lab stock
Gift from P. Lawrence
Gift from J. Abrams
Lab stock
Lab stock
Lab stock
Gift from N. Tapon
Lab stock
Gift from A. Simcox
Lab stock
Lab stock

Table 2.1 – List of fly stocks used in this study
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2.2 Molecular Biology
2.2.1 General cloning methodology
Plasmids used for accelerated homologous recombination and the re-introduction of
exogenous DNA were generated using standard directional cloning procedures (e.g. as
described in (Lessard 2013)). To make the hid.GFP construct, an EGFP cDNA was
cloned into the multiple cloning site of the RIV-white vector originally described in
(Baena-Lopez, Alexandre et al. 2013). The hid 3′ and 5′ UTRs were then cloned
upstream and downstream respectively to generate the final hid.GFP vector. To make
the act5C iCasper vector, iCasper cDNA was cloned from Addgene plasmid #64278
into a vector containing the act5C promoter, a multiple cloning site and an attB
sequence (gift from H. Nojima). The ftzHR line was generated via accelerated
homologous recombination as described in (Baena-Lopez, Alexandre et al. 2013) and a
detailed breakdown of the plasmids used to make this allele is included in results
section 2.1.
Bacterial transformation was performed using TOP10 chemically competent cells
(Invitrogen) or DH5-alpha competent E. coli (cultured in the lab by H. Nojima, C.
Alexandre & J. Kurth). Initially, 75ng of DNA was mixed with 25µl of freshly thawed
bacteria and incubated on ice for 30 minutes. This mixture was then heat shocked at
37°C for 45 seconds before being returned to ice for 5 minutes. 220µl of Luria broth
(LB) medium was added and the mixture incubated at 37°C for 1 hour. This was then
plated on agar plates containing an appropriate antibiotic and incubated overnight at
37°C. Colonies were isolated with a sterile pipette tip and screened via colony PCR.
Cultures containing the desired plasmid were amplified in an appropriate volume of LB
media and purified using miniprep (Qiagen) or maxiprep (Invitrogen) kits, following
manufacturer’s instructions.

2.2.2 Generation of transformant lines
Rainbow Transgenic Flies Inc (Camarillo, CA, USA) and Bestgene Inc (Chino Hills,
CA, USA) were used for embryo injection services. To generate the pTV ftz founder
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line, P-element mediated transformation was utilised to randomly integrate the construct
into the germ line (Bachmann and Knust 2008). Approximately 300 wild-type embryos
were injected, with surviving larvae reared to adulthood and back-crossed to w1118.
Successful transformants were then identified in the next generation via the GMR-white
eye marker present in the pTV vector. The hid.GFP and act5C-iCasper constructs were
generated using the site-specific ϕC31 integrase system (Groth, Fish et al. 2004). To
make the hid.GFP strain, constructs were injected into hid DF embryos, which contain an
attP landing site in place of the hid coding region. The act5C iCasper construct was
injected into the attP2 line (BDSC #8622), which carries an attP landing site in a gene
sparse region on the third chromosome. In each instance, approximately 600 embryos
were co-injected with the purified plasmid and a source of integrase before the progeny
were back-crossed to w1118 and screened as described above.

2.3 Immunohistochemistry and image acquisition
2.3.1 Embryo collection and fixation
Adult flies were kept overnight on aired laying chambers on top of grape juice agar
plates with a small amount of yeast paste. Following the removal of adults, samples
were aged for a further 2 hours before being transferred to embryo baskets and washed
thoroughly with tap water to remove excess yeast. Embryos were dechorionated using
75% bleach for 3 minutes and then washed again with water. After drying with paper
towel, embryos were transferred with a brush to microcentrifuge tubes (Eppendorf)
containing 600µl heptane and 600µl 6% formaldehyde in phosphate buffered saline
(PBS). Fixation was performed for 25 minutes on a rotating platform before the fixative
was removed and replaced with 1ml methanol. Embryos were shaken vigorously for 45
seconds to remove the vitelline membrane and the heptane was subsequently removed.
Embryos were washed twice more in methanol and moved to -20°C for long-term
storage.
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2.3.2 Cuticle preparations
Drosophila embryos were collected overnight on grape juice agar plates and aged until
cuticle deposition (approximately 24 hours). Embryos were removed from the agar
using a 27G hypodermic needle (BD Pharmaceuticals) and transferred to a droplet of
water in a 25mm tissue culture dish. Water was removed using a Pasteur pipette and
replaced with 75% bleach for dechorionation. After 3 minutes, bleach was removed and
the embryos were washed twice in water. Individual embryos were then manually
devitellinised and mounted under a coverslip in a 1:1 mixture of lactic acid and Hoyers
mounting medium. Slides were incubated overnight at 65°C and analysed on a Zeiss
Axiophot-2 microscope using phase contrast microscopy. Images were captured with an
AxioCam HRC camera (Zeiss) using the Axiovision Rel 4.7 software.

2.3.3 Immunostaining
Fixed embryos were rehydrated in 0.3% triton in PBS (PBT) and blocked for 30
minutes at room temperature in 4% bovine serum albumin in PBT. Embryos were
incubated with primary antibody at 4°C overnight, washed over the course of 1 hour in
PBT at room temperature and incubated in secondary antibody for a further 2 hours at
room temperature. A further one hour of PBT washes were conducted before samples
were mounted in Vectashield mounting media containing DAPI (Vector laboratories) to
allow for the visualisation of chromatin.

2.3.4 List of antibodies
A list of the primary and secondary antibodies utilised in this study is included in Table
2.1 below. All secondary antibodies were of goat origin and used at a dilution of 1:200.
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Primary Antibodies
anti-engrailed
anti-GFP
anti-cleaved Dcp1
anti-dpERK
anti-DE cadherin

Source
DSHB (4D9)
Abcam
Cell Signalling Technologies
Cell Signalling Technologies
DSHB (4F3)

Species
mouse
chicken
Rabbit
Rabbit
Rat

Concentration
1:200
1:1000
1:150
1:300
1:150

Secondary Antibodies
anti-mouse
anti-chicken
anti-rabbit
anti-rat

Alexa Fluorophore
488, 555
488
488, 555
488

Source
Life Technologies
Life Technologies
Life Technologies
Life Technologies

Table 2.2 – List of antibodies used for immunohistochemistry

2.3.5 In situ hybridisation
Digoxigenin labelled antisense RNA probes were synthesised from vectors acquired
from the Gold Collection (BDGP) containing full length versions of the vein or
rhomboid cDNAs (clone number LP21849 and LD06131 respectively). Vectors were
linearised with the EcoRI restriction enzyme and used as a template for in vitro
transcription as per manufacturer instructions (Roche, SP6/T7 DIG RNA Labelling kit).
Fixed w1118 embryos were bathed in 3% hydrogen peroxide in methanol for 15
minutes to remove endogenous peroxidase activity and rinsed extensively in PBT.
Embryos were then incubated for 3 minutes in 10µg/ml proteinase K in PBT and
washed in 2mg/ml Glycine in PBT. Samples were next washed in hybridisation buffer
before the relevant probe was added and the samples incubated overnight at 55°C. The
next day, the embryos were washed extensively in PBT before overnight incubation
with a sheep anti-DIG antibody diluted at 1:2000. On the third day, a biotinylated antisheep secondary antibody was added following further washes and the final signal was
developed using the Tyramide-FITC signal amplification kit (Thermo Fisher Scientific).
Standard immunostaining was then performed on these samples, using the protocol
described in section 2.3.3 above.
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2.3.6 Microscopy
Confocal microscopy was conducted using a Leica SP5 confocal microscope. The 10x
objective was used to locate embryos of interest and images were acquired with a 20x
or 40x oil immersion objective. Typically, 12 confocal planes were imaged at 1.8µm
intervals and processed using imageJ (NIH) and Photoshop (Adobe).
For live imaging experiments, samples were prepared as described in (Reed, McMillan
et al. 2009). In brief, a small drop of oxygen permeable Voltalef 10S oil was spotted
onto a cover slip before a dechorionated embryo was placed inside the oil and oriented
to an angle suitable for imaging using a 27G hypodermic needle. This setup was then
inverted so that the oil containing the sample hung below the cover slip and images
were acquired from above using a high numerical aperture 20x water immersion
objective. Images were acquired at 12 minute intervals using the Leica SP5 confocal
and processed using imageJ (NIH) and Photoshop (Adobe) as described above.
mSPIM microscopy was performed on a custom-built microscope constructed by
Sebastian J. Streichan at the University of California, Santa Barbara, USA. Sample
preparation was performed as described in (Krzic, Gunther et al. 2012). To acquire an
image, a single dechorionated embryo was suspended in a 1% low melt agarose solution
(catalogue number N3103-0100, Starlab GmbH) containing a 1:1000 dilution of
fluorescent beads (Fluoresbrite multi-fluorescent 0.5-µm beads, Polysciences Inc). The
agarose solution was then sucked into a capillary and allowed to set, before the short
section containing the sample was pushed out of the capillary for imaging. The prepared
capillary was loaded into the mechanical stage of the mSPIM microscope and
submerged in water for simultaneous image acquisition with two 20x water immersion
lenses arranged opposite one another. Data was processed using a custom script
developed by Sebastian J. Streichan and coded in the MATLAB (MathWorks Inc) and
C++ (Microsoft Visual Studio 2008, Microsoft) languages. This software uses the
fluorescent beads as landmarks to track the relative position of the embryo as the
sample is rotated, which are then used to reconstitute an image of the sample. The
information contained in the outer shell of the sample can then be extracted and
segmented to generate a flattened image of the entire epidermis.
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2.4 Data analysis
To generate average signal intensity plots along the A/P axis, linear intensity profiles
were taken for the segments of interest using imageJ (either over a contiguous four
segment region for Figure 4.7 or a single segment for Figure 5.4). In each instance
efforts were made to ensure the same embryonic regions were analysed between
samples and this was achieved by using the domains of engrailed expression as
reference. Once the linear data was available, further processing was performed with
MATLAB. In brief, each intensity profile was adjusted to fit the peaks of engrailed
expression along the A/P axis to reduce the effects of segment size variation. To do this,
an arbitrary number of evenly spaced data points were created along the A/P axis (in
this case 50 per segment analysed). Individual data points were then averaged between
samples to create 50 discrete datasets for each segment, regardless of the real size of
each segment in microns. Statistical analysis was performed to obtain the standard error
for each point and data was plotted using the MATLAB ShadedErrorBar function
developed by Rob Campbell and downloaded from the MATLAB stack exchange
(https://uk.mathworks.com/matlabcentral/fileexchange/).
To generate cell death maps, raw mSPIM image files were separated into their
component engrailed and cleaved-Dcp1 channels and segmented using the open source
iLastik software (University of Heidelberg). These image files were then imported into
ImageJ and reduced to single pixel lines and points using the software’s inbuilt
skeletonisation algorithms, with the processed files exported to MATLAB for further
analysis. In MATLAB, the distance from each Dcp-1 positive event to the nearest
anterior and posterior engrailed positive stripe was calculated using a k-nearest
neighbours algorithm. Using these data, it was then possible to determine the position of
an apoptotic cell along the A/P axis of a segment and plot this as a histogram to provide
a distribution of cell death.
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Chapter 3.
Characterising apoptosis in a model patterning mutant
3.1 Chapter introduction
In developing organisms, incorrectly specified or mis-specified cells often undergo
apoptosis. The underlying cause of this cell death is poorly understood but has
previously been suggested to act as part of a hypothetical quality control system, where
cells lacking essential patterning information are removed from a tissue before they can
contribute harmfully towards the developing organism (Werz, Lee et al. 2005). In the
Drosophila embryonic epidermis, extensive cell death is observed upon the mutation of
many patterning genes, providing a powerful model to study the link between cell fate
and cell survival in a developing epithelium.
At the early stages of Drosophila embryogenesis, the pair rule gene fushi-tarazu (ftz) is
expressed in seven transverse stripes, where it acts to set the boundaries between every
other body segment of the developing fly. Previous work has shown ftz mutant embryos
to have a strong reproducible apoptotic phenotype, with a high number of dying cells
observed in the regions where ftz would typically be expressed, interspersed with bands
of seemingly wild-type tissue where there are negligible levels of apoptosis (Magrassi
and Lawrence 1988). This phenotype makes ftz mutants a useful system to study cell
death in patterning mutants, as it is possible to make direct comparisons between
adjacent wild-type and mis-patterned tissues within a single sample.
Whilst a number of ftz mutants have been previously described, they have the caveat of
being generated via EMS mutagenesis, which is often associated with the production of
secondary mutations. In addition, as I knew this allele would be used at a later date as
part of a genetic screen, I wanted to have a positively marked mutation to assist with the
generation of the various stocks and recombinants that would be required further down
the line. As a result, in this chapter I describe the design and characterisation of
apoptosis in a novel ftz mutant line.
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3.2 Generating a novel ftz null allele
Accelerated ‘ends out’ homologous recombination was used to generate a new
amorphic ftz allele (protocol described in detail in (Baena-Lopez, Alexandre et al.
2013). This technique can be used to precisely delete genomic regions whilst
simultaneously introducing exogenous sequences such as positive phenotypic markers.
Whilst this approach has been largely superseded by more rapid CRISPR/Cas9 assisted
methodologies, it was the most well-established technique available at the start of this
project in September 2013.
Homology arms of approximately 2kb were PCR amplified from the genomic regions
immediately flanking the ftz coding sequence (Figure 3.1 A). These fragments were
then cloned into a targeting vector (Figure 3.1 B) containing an easily selectable eye
marker (GMR>white) and an attP landing site between the two homology arms (the
region that will ultimately be inserted into the genome). Downstream of the second
homology arm is a construct that expresses the pro-apoptotic gene reaper in the
presence of Gal4 (UAS-reaper). As the UAS-reaper fragment does not integrate into
the genome upon successful homologous recombination, illegitimate integration events
can be selected against by crossing to a strong ubiquitous Gal4 driver.
The ftz targeting vector was randomly integrated into the genome via P-element
mediated transformation to generate a series of donor lines. As the targeting vector
contains FLP recombination targets (FRTs), the entire homology cassette can be
released from its random genomic location by crossing donor flies to individuals
expressing FLP recombinase under the control of a heat shock promoter (hs-FLP) and
exposing the resultant progeny to temperatures of 37°C at regular intervals. Once the
homology cassette has been released, it is free to access the ftz locus where
recombination can take place. When this occurs in the female germline a heritable
mutation is formed.
Following the heat shock regime, adult female progeny with mottled eye colour
(indicating the presence of both the targeting vector and hs-FLP constructs) were
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crossed to the strong driver ubi-Gal4 to eliminate individuals that had either failed to
excise the homology construct or had undergone an unsuccessful recombination event.
The resultant progeny of this cross was then screened for red-eyes (full crossing scheme
summarised in Figure 3.1 C). This approach yielded seven white positive candidates,
four of which were phenotypically confirmed as ftz null mutants. Of these four lines,
one (referred to herein as ftzHR) was selected for further experimentation.
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Figure 3.1 – Deleting the ftz locus via accelerated homologous recombination
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Figure 3.2.1 – Deleting the ftz locus via accelerated homologous recombination

(A) The ftz locus, showing the position of the two chosen homology arms. The region
between the two arms is deleted upon successful recombination. (B) Schematic
representation of the ftz targeting vector and its key features. The two homology arms
sit either side of an attP landing site and a GMR>white marker. The eye marker is
flanked with loxP sites, which can be used to excise the GMR>white construct at a later
date. A UAS-reaper fragment lies downstream of the 3’ arm, which is used to select
against illegitimate recombination events. (C) Summary of the crossing scheme
employed. The targeting vector was randomly integrated into the genome via P-element
mediated transformation to generate donor lines. These were then crossed to a hs-FLP
expressing line and the offspring were heat shocked at daily intervals to mobilise the
homology cassette. Approximately 200 virgin females with mottled eye colour
(indicating the presence of both hs-FLP and the donor construct) were then crossed to
the strong driver ubi-Gal4 (marked with pax-GFP) to eliminate progeny that had either
failed to mobilise the homology construct or had undergone an illegitimate integration
event. Candidate individuals were then selected based on the presence of both white+
and pax-GFP (figure adapted from (Baena-Lopez, Alexandre et al. 2013).
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To ensure that the newly generated allele faithfully reproduced the well characterised
ftz null phenotype, cuticle patterns of wildtype and ftzHR embryos were analysed (Figure
3.2 A, B). As expected, ftzHR homozygotes were missing every other denticle belt as the
embryo fails to specify alternating parasegments. Staining with an antibody raised
against the cleaved form of the Drosophila effector caspase Dcp1 (cDcp1) revealed
ectopic apoptosis in ftzHR embryos. This cell death was strongly enriched in seven
repeating bands of tissue, with the highest levels of apoptosis occurring in the regions
where ftz would normally be expressed in the wild-type embryo (Figure 3.2.2 C, D).

Figure 3.2 – Characterisation of the ftzHR phenotype

(A, B) Cuticle patterns of wild-type (A) and ftzHR (B) embryos. In ftz mutants,
alternating denticles belts are missing as the embryo fails to specify every other
parasegment. (C, D) Lateral views of stage 12 embryos stained with an antibody raised
against the cleaved form of the Drosophila effector caspase Dcp1 in wild-type (C) and
ftzHR (D) embryos. cDcp1 is enriched in the regions that would typically express ftz in
wild-type conditions. The parasegmental marker Anti-Engrailed (en, Red) is used as a
reference along the anterior/posterior axis throughout). Scale bars 50µm.
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3.3 Apoptosis in ftz mutants requires the pro-apoptotic gene
hid
The key mediators of virtually all apoptosis in Drosophila are the RHG family of IAPantagonists, which are transcriptionally upregulated in cells fated to die. The
Drosophila genome contains four principal IAP-antagonists (reaper, hid, grim and
sickle), which are found together on the third chromosome (outlined in Figure 3.3 A).
Previous work has shown that hid is the key mediator of cell death in embryos lacking
the essential maternal organiser Bicoid (Werz, Lee et al. 2005). Moreover, hid has been
implicated in a number of other patterning mutant phenotypes, including the gap gene
knirps, the pair rule gene odd-skipped and the segment polarity gene wingless (Magrassi
and Lawrence 1988, Werz, Lee et al. 2005, Staller, Fowlkes et al. 2015). To determine
if the cell death observed in ftz mutants is also hid dependant, the ftzHR line was
recombined with a series of genomic deficiencies spanning the RHG locus to determine
the relative contribution of the four main IAP-antagonist towards apoptosis in this
context.
The role of reaper (rpr) and sickle (skl) in ftz associated cell death was assessed using a
genomic deficiency spanning the rpr and skl loci (Df(3L)XR38). This deficiency had no
effect on the levels of apoptosis observed (Figure 3.3 C), suggesting that rpr and skl are
not required for apoptosis in ftz mutants. In contrast, Df(3L)H99, which spans the hid,
grim and reaper loci, eliminated the majority of ectopic apoptosis associated with ftz
mutation (Figure 3.3 D), indicating that either hid or grim are required for cell death to
occur. Surprisingly, a residual amount of Dcp1 cleavage remained in the Df(3L)H99,
which was unexpected as this ablation has been reported to block all embryonic cell
death (White, Grether et al. 1994). The cause of this Dcp1 cleavage remains unknown
but it could be a consequence of non-apoptotic caspase activity in the cell.
I next assessed a specific deletion spanning the first exon of hid (hid Df), which was
generated in the lab using the accelerated homologous technique outlined above. The
rescue observed in hid Df was comparable to that seen with Df(3L)H99 (Figure 3.3 E)
indicating that hid is essential for cell death to occurs in ftz mutants.
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Figure 3.3 – hid is required for apoptosis in ftz mutants
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(A) Schematic representation of the RHG locus, with the position of the four main IAP
antagonists labelled. The genomic deficiencies used to determine the contribution of
each gene towards the ftz apoptotic phenotype are represented by blue bars at the top of
the figure. (B-E) cDcp1 immunostaining of (B) ftzHR, (C) ftzHR DF(3L)XR38, (D) ftzHR
Df(3L)H99, and (E) ftzHR hidDF embryos. Control ftz samples have a characteristic
banded pattern of apoptosis that isn’t rescued by the Df(3L)XR38 deficiency, which
spans the rpr and skl loci. The Df(3L)H99 deficiency removes the hid, grim and rpr loci
and blocks the majority of apoptosis. A similar rescue is observed with a precise
deletion of the first hid exon (hidDF), indicating that hid is the key regulator of apoptosis
in mis-patterned cells. Scale bars 50µm.
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3.4 Generation of a novel hid reporter
With hid confirmed as the key mediator of apoptosis in ftz null embryos, I next set out
to see if the pattern of hid expression aligned with that of cell death. A number of hid
reporters have been described to date (such as those described in (Tanaka-Matakatsu,
Xu et al. 2009), which typically consist of a hid enhancer fragment placed upstream of a
minimal promoter and a reporter gene such as β-galactosidase or GFP. Whilst this is
undoubtedly a powerful approach that has been used to great effect in the past, there is
always a chance that the selected promoter region is missing essential regulatory
elements, which could result in the unfaithful representation of transcriptional activity.
As a result, a novel reporter of endogenous hid transcription was generated to
circumvent this potential issue.
To generate a faithful reporter, I took advantage of the hid Df allele introduced in section
3.3, where the first exon of hid and a small fragment of the 5’ UTR have been deleted
and replaced with an attP landing site (Figure 3.4 A). This allele was generated by
Ingrid Poernbacher and Alberto Baena-Lopez prior to my arrival in the lab. As the attP
sequence present in the hid DF allele permits the reintroduction of exogenous sequences
containing complementary attB motifs (Bateman, Lee et al. 2006), a reporter gene can
be inserted directly into the endogenous hid locus to provide a genuine readout of hid
transcription. To do this, the small region of 5’UTR deleted in the original hid Df allele
was cloned upstream of an EGFP cDNA, in a vector containing an attB sequence and a
miniwhite selection marker. This was then injected into hid Df embryos to generate the
reporter line hid.GFP (Figure 3.4 B).
In homozygous hid.GFP individuals, a weak basal fluorescent signal was observed
(Figure 3.4 C), indicating uniform transcription of the hid locus at sub-apoptotic levels.
Occasionally, small regions of elevated GFP signal were detected (arrowhead Figure
3.4 C′), which likely correspond to isolated apoptotic events. When recombined with
the null ftzHR allele, the hid.GFP reporter was strongly activated in a striped pattern that
closely resembled the pattern of apoptosis observed in previous experiments, showing
that hid is transcriptionally upregulated in cells fated to die (Figure 3.4 D).
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Figure 3.4 – Design and Characterisation of a fluorescent hid reporter

(A) Schematic representation of the hid Df-allele. The first exon of hid and a small
section of the 5’UTR were deleted via accelerated homologous recombination and
replaced with an attP landing site (B) Overview of the hid.GFP transcriptional reporter.
A GFP cDNA was appended with the endogenous hid UTRs and cloned into a vector
containing an attB motif. This was then injected into hid Df embryos to make hid.GFP.
(C, D) hid.GFP expression in wild-type (C) and ftz mutant (D) backgrounds. The
reporter is detected at low uniform levels in control samples but occasionally acts with
higher activity in localised regions, which likely refer to isolated apoptotic events
(Arrowhead, C′). In ftz mutants, the GFP signal is strongly enriched in the regions
where the highest levels of apoptosis are typically observed. Scale bars 50µm.
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The fluorescent signal from the hid.GFP allele is strong enough to be observed in the
absence of immunostaining, rendering it amenable to live imaging. As a result,
overnight time lapse movies of ftz hid.GFP double mutant embryos were acquired to
provide insight into the temporal regulation of hid transcription (Figure 3.5). These
movies reveal a biphasic response to patterning errors, with very little activation of the
hid.GFP reporter in the early stages of embryogenesis followed by its synchronous
upregulation in the regions that are fated to undergo apoptosis from stage 11 onwards.
Sensor activity persists to the end of embryonic development, when the sample
ultimately fails to complete head involution and dies.

Figure 3.5 – hid is upregulated from mid-embryogenesis in ftz mutants

(A-L) Time course analysis of ftz hid.GFP double mutant embryos. Sensor activity is
negligible in the early stages of embryogenesis (A-D) but is synchronously upregulated
in all tissues fated to die from mid-embryogenesis onwards (E-L). Scale bars 50µm,
hours after egg laying shown in bottom right of each panel.
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Figure 3.5 – hid is upregulated from mid-embryogenesis in ftz mutants
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3.5 Cells undergo a cell fate transformation upon inhibition of
apoptosis
As cell death can be blocked in ftz mutants by removing hid, it was possible to address
the fate of cells that would typically undergo apoptosis when they are prevented from
doing so by analysing ftz hid double mutant cuticles (Figure 3.6). As expected, when
these cuticles were examined there was no rescue of global patterning defects and
embryos were still missing every other segment, presumably as the wild-type function
of ftz remains absent. There was however a characteristic phenotype, with each denticle
belt expanded posteriorly through the production of additional short denticles (Figure
3.6 B, B′). Upon closer examination, these ectopic denticles appear to possess the
morphology of those that typically form the sixth row of the wild-type belt.
These ectopic denticles occur in the regions where there is usually elevated cell death,
which suggests that they originate from cells that normally die in ftz mutants. The fact
that these rescued cells secrete cuticle elements means they have undergone terminal
differentiation and are capable of contributing towards the developing epidermis if
allowed to do so. By inference, this means that the cells that typically die in ftz mutants
are not inherently flawed, and are able to transform their fate to contribute towards the
epidermis when cell death is blocked.
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Figure 3.6 – Mis-patterned cells produce ectopic denticles upon suppression of hid

(A, B) Whole cuticle preparations of ftz.HR (A) and ftz.HR, hid.DF (B) embryos. Single
ftz mutant cuticles have four abdominal denticle belts of typical morphology. The ftz hid
double mutants also have four denticle belts but each one is expanded posteriorly
through the production of multiple rows containing ectopic short denticles. (A’, B’)
Closer examination of the two classes of denticle belt show ectopic denticles to closely
resemble the structures that typically form the 6th row of the wild-type belt.
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3.6 Chapter discussion
The high incidence of dying cells in abnormally patterned Drosophila embryos was first
observed over thirty years ago (Ingham, Howard et al. 1985, Martinez-Arias 1985,
White and Lehmann 1986, Magrassi and Lawrence 1988), yet the underlying molecular
mechanisms that regulate this apoptosis remain poorly understood. For the purposes of
this study, it was important that all experiments were conducted in a mutant background
that produces a robust apoptotic phenotype. Ultimately, ftz mutants were chosen for
further analysis due to their high levels of apoptosis and their characteristic banded
pattern of cell death, which allows for direct comparisons to be made between adjacent
healthy and mis-patterned cells.
A novel ftz mutant was generated using the accelerated homologous recombination
technique, which we felt was important as previously described EMS alleles are likely
to have secondary mutations that could interfere with future experiments. In addition, as
I was designing this allele at the very start of my PhD, we decided that this was a good
opportunity for me to learn the homologous recombination protocol. We also thought
that an attP landing site in the ftz locus may be useful at a later date.
Even though homologous recombination is far less likely to produce off-target effects
than EMS based protocols of mutagenesis, it is by no means fool proof and there are a
number of steps in the procedure that have the potential to cause secondary mutations.
This is particularly true at the start of the procedure, when the targeting vector is
randomly integrated into the genome via P-element mediated transformation before it is
excised via the included FRT sites. As this process leaves a scar in the genome, a
mutation is formed when the targeting vector lands in a gene or an essential regulatory
region. Anecdotally, it seems that the chances of incurring an off-target mutation can be
significantly reduced by using individuals from multiple donor lines at the start of the
protocol and by keeping the final allele as an unbalanced stock for a number of
generations, which provides an opportunity for secondary mutations to de-recombine
from the locus of interest.
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Upon characterisation, the newly generated ftzHR allele reproduced the previously
described ftz apoptotic phenotype and the cell death observed was shown to rely on the
activity of the pro-apoptotic gene hid. This is consistent with apoptosis in other mutant
backgrounds, which also function via the transcriptional upregulation of hid.
To further probe the role of hid in ftz embryos, a novel transcriptional reporter was
characterised, which was strongly active in the regions where the most cell death
occurs. This allele was subsequently recombined with the ftzHR allele and used for timelapse analysis, which revealed a distinct temporal response to patterning mutation. In
the early stages of embryogenesis, negligible levels of sensor activity were observed but
from the point of germ band retraction onwards there was a strong, synchronous
increase in hid transcription that persisted through to the end of embryogenesis.
The timing of hid upregulation in ftz mutants was somewhat unexpected as ftz functions
in the very early stages of embryonic development and has finished its role in
anterior/posterior patterning long before cell death is first observed. As a result, the mispatterned cells that die in these embryos remain in the epidermis for a number of hours
with no obvious defects before their removal at a later point. This suggests that dying
cells are not eliminated because they are no longer viable, as one would expect
inherently flawed cells to be immediately removed.
This idea is further corroborated by studies on ftz hid double mutant embryos, where
mis-patterned cells are prevented from dying. These embryos produce cuticles with
excess denticles in the regions where high levels of cell death are normally observed. If,
as we assume, the cells responsible for secreting these ectopic denticles correspond to
the ones that would normally die, it would suggest that mis-patterned cells can survive
throughout embryogenesis and contribute towards the developing organism if they are
allowed to do so, albeit in a way that disrupts the normal pattern of the denticle belt.
The ectopic denticles that form possess row six morphology, which typically form in
regions with low levels of EGFR and Wnt signalling {Szuts, 1997 #202}. By inference,
the cells that typically undergo apoptosis in ftz mutants are unlikely to activate either of
these pathways.
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A number of studies have indicated that hid is subject to post-transcriptional regulation,
predominantly through phosphorylation of the mature hid protein. Whilst the data
produced in this chapter can’t rule this out, it is worth noting that the hid.GFP reporter is
insensitive to regulation occurring at the protein level yet still closely prefigures the
pattern of cell death, indicating that transcriptional regulation of hid is of particular
importance in patterning mutant embryos.
In summary, the work presented in this chapter confirms the essential role of hid in the
cell death that occurs in mis-patterned cells and highlights some of the benefits of using
ftz as a model to study this process. With the tools required to properly investigate the
control of hid transcription in patterning defective embryos now available, I next set out
to look at the role of individual signalling pathways in this context – a process described
in the following chapter.
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Chapter 4.
EGFR signalling regulates apoptosis in patterning
mutants
4.1 Chapter introduction
With the segmentation mutant ftz established as a model to study cell death in mispatterned embryos, I next set out to identify the regulators of apoptosis in this context.
To do this, a candidate based approach was taken and a handful of signalling pathways
were assessed for their ability to suppress cell death in a ftz mutant background. When
choosing signalling processes to investigate, a focus was placed on pathways that are
known to be active in the embryonic epidermis or signalling molecules that have been
linked to the regulation of hid in different tissues in the past.

4.2 A targeted screen for factors required for apoptosis in ftz
mutants
A simple overexpression screen was designed to identify signalling pathways capable of
preventing apoptosis in ftz mutants. A collection of UAS-lines was assembled, all of
which express a gene that interferes with the activity of a signalling pathway in the
presence of Gal4. To simplify the genetics, each UAS-line chosen had the transgenic
insertion on the second chromosome. Whilst the exact approach implemented varied
between pathways, generally lines expressing a strong signalling activator, such as a
secreted ligand, or a strong inhibitor of signalling, such as a dominant negative receptor,
were chosen for further experimentation (full details of stocks used available in Table
4.1).
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Pathway
JNK
hedgehog
wingless
dpp
hippo
P53
Bantam miRNA
JAK/STAT
EGFR

Transgene Used
UAS-puckered
UAS-hh
UAS-wg
UAS-dpp
UAS-yki.GFP
UAS-p53.DN
Bantam-GFP sensor
UAS-upd
UAS-EGFR

Apoptotic reduction
N/A
+

Table 4.1 – Summary of screen to identify novel regulators of apoptosis

(Table 1) Full list of signalling pathways investigated and the transgenes used to
determine the ability of a pathway to reduce apoptosis in ftz mutants. The apoptotic
phenotype was scored with a simple +/- system. A negative result was attributed to
manipulations that either increased cell death or had no discernible effect, whilst a
positive result was given to manipulations that lead to a reduction in apoptosis. The one
exception is the Bantam-GFP sensor, which is a fluorescence based reporter of bantammiRNA activity. As this reporter has no effect on the activity of the bantam miRNA, an
apoptotic reduction would not be expected and instead differential levels of the GFP
based sensor would be indicative of a positive result. As uniform reporter levels were
observed in ftz mutant embryos, a negative result was attributed and this line of enquiry
was not followed up.
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Each UAS line was crossed to a ftz null allele (ftz13), before male progeny containing
both the ftz allele and the UAS transgene were collected. These males were crossed to
females possessing the ubiquitous actin5C-Gal4 driver recombined to the ftzHR allele
described in the previous chapter. The embryos produced from this cross were then
stained for cleaved-Dcp1 and imaged to determine their apoptotic phenotype (crossing
scheme summarised in Figure 4.1). Using this approach all ftz mutants (identified by
their characteristic pair rule phenotype) possess the actin5C-Gal4 driver and of these,
half will also contain the UAS line of interest.

Figure 4.1 – Overview of crossing scheme used to screen candidate pathways

UAS-lines of interest were crossed to the null ftz13 allele and double heterozygous male
progeny were collected. These flies were then crossed to a line carrying the newly
generated ftzHR allele and the ubiquitous actin5C-Gal4 driver on the third chromosome.
Embryos produced from this cross were then stained with the cleaved-Dcp1 antibody
and the ftz mutant samples were assessed for a rescue in apoptosis.
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Of the pathways investigated, the vast majority had no effect on the levels of apoptosis
observed (representative negative result for the hippo pathway shown in Figure 4.2).
Indeed, the only transgene that caused any discernible reduction in the levels of cell
death was the UAS-EGFR line.
EGFR overexpression is known to increase signalling through two main mechanisms,
either by enhancing the sensitivity of the receptor to endogenously produced ligands or
by promoting receptor activation in a ligand independent manner through the formation
of ectopic receptor clusters at high membrane densities (Endres, Das et al. 2013). When
expressed with the actin5C-Gal4 driver, the UAS-EGFR construct triggered a strong
rescue of apoptosis in ftz mutants, with the number of cleaved-Dcp1 positive cells
dramatically reduced in the affected mis-patterned segments (Figure 4.3).

Figure 4.2 – hippo pathway activation does not rescue apoptosis in ftz mutants

(A, B) Overexpression of GFP tagged yorkie (UAS-ykiGFP) in ftz mutant embryos did
not trigger a reduction in the amount of cleaved-Dcp1 detected (Compare A and B).
Scale bars 50µm.
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Figure 4.3 – EGFR overexpression rescues apoptosis in ftz mutants

(A-C) Cleaved-Dcp1 stainings of wild-type (A), ftz13/ftzHR (B) and ftz13/ftzHR, actin5CGal4, UAS-EGFR embryos (C). Negligible levels of apoptosis were detected in wildtype embryos (A′) whilst cleaved-Dcp1 was strongly upregulated in alternating
segments of ftz mutants (B′). Ubiquitous expression of the EGF receptor in a ftz null
background caused a strong rescue of apoptosis, with cleaved-Dcp1 immunoreactivity
dramatically reduced throughout the embryonic epidermis (C′).
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4.3 EGFR signalling regulates apoptosis in patterning mutants
As increased levels of EGFR signalling were capable of rescuing apoptosis in ftz
mutants, I next set out to see if the inverse was true and if cell death could be triggered
by inhibiting signalling through the EGF receptor. As there is only one receptor of the
EGFR/ErbB family in flies, the entire pathway can be perturbed with a single amorphic
allele (in this instance EGFRF3). When homozygous EGFRF3 embryos were stained for
cleaved-Dcp1, a strong uniform apoptotic response was observed with cell death
occurring throughout the entire embryo (Figure 4.4). Strikingly, cleaved-Dcp1
immunoreactivity was only detected in the epidermis from mid-embryogenesis (stage.
11) onwards. The onset of this cell death mimics the timings previously shown in ftz
mutants, where negligible apoptosis occurs in early embryonic development before hid
is strongly upregulated from the point of germ band retraction onwards. Whilst it is true
that there could be a number of explanations for this temporal similarity, the
synchronous presentation of cell death upon both ftz and EGFR loss of function could
be indicative of a common mechanism of apoptotic initiation.
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Figure 4.4 – EGFR loss of function triggers widespread apoptosis

(A-C) Cleaved-Dcp1 staining of EGFRF3 embryos at early (A, A′), mid (B, B′) and late
(C, C′) stages of embryogenesis. Epidermal apoptosis was not detected in early
embryos and the only source of cleaved-Dcp1 immunoreactivity at this stage appeared
to originate from the embryonic amnioserosa (A′). Cell death was first observed in the
epidermis at mid-embryogenesis where it initially occurs in a segmental pattern (B′).
The pattern of caspase activation eventually spreads throughout the entire tissue, until
virtually all embryonic tissues stain positive for the cleaved-Dcp1 marker (C′). Scale
bars 50µm.
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With the onset of apoptosis occurring simultaneously in both ftz and EGFR loss of
function embryos, I next set out to see if there were any other similarities between the
two mutant backgrounds. As the transcriptional upregulation of hid is the earliest
indicator of cell death in ftz mutants, I first tested if hid is also upregulated in EGFR
mutants. Embryos homozygous for both the EGFRF3 allele and the hid.GFP reporter
were stained with antibodies raised against GFP (as a readout of hid transcription) and
the doubly phosphorylated form of MAPK/Erk (dpERK), which labels cells in receipt
of receptor tyrosine kinase (RTK) signalling. Whilst practically all epidermal cells in
control embryos displayed some degree of dpERK immunoreactivity, EGFRF3 mutants
displayed a complete loss of dpERK staining (Figure 4.5 A′′, B′′), indicating that EGFR
signalling is the principal source of RTK activation at this stage of embryonic
development. At the same time, hid transcription (as assayed by the activity of hid.GFP)
was strongly upregulated throughout the epidermis of EGFR null embryos and was
largely undetectable in control samples (Figure 4.5 A′′′, B′′′).
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Figure 4.5 – EGFR loss of function triggers hid upregulation

(A, B) Spatial activation profiles of hid and dpERK in control hid.GFP (A) and
EGFRF3, hid.GFP double mutant embryos (B). Strong global dpERK immunoreactivity
was detected in control hid.GFP samples (A′′) which was completely abolished in an
EGFR null background (B′′). The opposite was true when hid.GFP was assessed, with
limited activation observed in control embryos (A′′′) and strong uniform upregulation
in EGFR mutants (B′′′). Scale bars 50µm.
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In ftz mutants, apoptosis is hid dependant and cell death is blocked when hid is removed
(Figure 3.3). To see if cell death in EGFR mutants is also hid dependant, embryos
carrying both the EGFRF3 and hid DF alleles were stained for cleaved-Dcp1. In this
background, a strong rescue of apoptosis was observed (Figure 4.6), with the number of
caspase positive cells reduced to levels more commonly associated with wild-type
embryos. Taken together, the three experiments outlined in this section show that EGFR
loss of functions triggers widespread apoptosis from mid-embryogenesis onwards
through the transcriptional upregulation of hid.

Figure 4.6 – Apoptosis in EGFR mutants is hid dependant

(A, B) Cleaved-Dcp1 stainings of EGFRF3 (A) and EGFRF3 hid DF double mutants (B).
Strong ubiquitous apoptosis was observed throughout the epidermis of EGFRF3 mutants
from mid-embryogenesis onwards (A′). This apoptosis was strongly reduced in EGFRF3
hid DF double mutant embryos, indicating an essential role for hid in the apoptosis that
occurs upon the loss of EGFR signalling. Scale bars 50µm.
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4.4 EGFR signalling is abnormally regulated in patterning
mutants
The experiments described so far in this chapter highlight the strong inverse relationship
that exists between the EGFR pathway and hid. Increased levels of EGFR signalling
have been shown to rescue ectopic apoptosis in ftz mutants and conversely, ablation of
EGFR signalling causes ubiquitous hid dependant cell death. These observations led us
to hypothesise that apoptosis in patterning mutants could occur in regions with low
levels of EGFR activity. To test this model, the pattern of EGFR activity was
determined in control and ftz mutant embryos via dpERK immunostaining (Figure 4.7).
This staining was performed in a hid.GFP background, which has the dual advantage of
labelling the regions that are fated to die whilst simultaneously preventing cell death
from occurring. This is important, as the strong apoptotic phenotype associated with ftz
mutation is likely to interfere with local cellular physiology and may hinder the
interpretation of any results.
As previously described, virtually all epidermal cells display some degree of ERK
phosphorylation in control hid.GFP embryos (Figure 4.7 A). Upon closer examination,
a segmentally repeated pattern of staining intensity was observed, with shallow peaks of
dpERK enrichment present in the cells surrounding the segment boundary, creating a
wavelike spectrum of EGFR activity along the A/P axis (Figure 4.7 A′, C). In this
background, hid transcription was negligible (Figure 4.7 A′′, E). These results are
consistent with a model where hid transcription is suppressed in normal development
through the widespread activation of the EGFR pathway.
In ftz mutants, the pattern of dpERK immunoreactivity was severely dysregulated.
Whilst signal enrichment was still observed around the remaining segment boundaries,
there were half as many peaks present, presumably as the embryo fails to specify every
other one of its developing segments (Figure 4.7 B′′, D). In the intervening regions,
where the segment boundary would typically form in wild-type embryos, ERK
phosphorylation fell to undetectable levels and in these troughs the hid.GFP reporter
was most strongly upregulated (Figure 4.7 B′′′, F).
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Figure 4.7 – dpERK is mis-regulated in ftz mutant embryos
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Figure 4.7 – dpERK is mis-regulated in ftz mutant embryos

(A,B) dpERK and GFP immunoreactivity in hid.GFP (A) and ftz hid.GFP (B) mutant
embryos. ERK phosphorylation is observed throughout the epidermis of control
hid.GFP samples, with regions of elevated signal intensity occurring around the
segment boundary (A′). In this context, there are negligible levels of hid transcription
detected (A′′). In ftz hid.GFP samples, the wild-type pattern of dpERK staining is
severely dysregulated (B′) and strong activation of hid.GFP was observed in the regions
with the lowest levels of EGFR signalling (B′′). Scale bars 50µm. (C-F) Spatial
intensity profiles of dpERK (red) and GFP (green) in hid.GFP (C, E) and ftz hid.GFP
(D, F) samples. A four-segment region of interest was defined between the second and
sixth abdominal segments before average intensity values were collected and plotted to
form a graph (full details in materials and methods). This approach highlights the
wavelike spectrum of dpERK activity along the A/P axis in wild-type embryos and the
reciprocal relationship that exists between hid and EGFR in ftz mutant samples. Shaded
areas show S.E.M, n≥11.
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With apoptosis in ftz mutants shown to occur in regions with low levels of EGFR
activity, I next set out to see if this trend is observed in other mis-patterned embryos. To
do this, the hid.GFP reporter was introduced into a variety of patterning mutant
backgrounds before dpERK stainings were performed (Figure 4.8). In each instance, the
strongest levels of hid transcription were observed in the regions with the lowest
amounts of dpERK activity. This was not only true for genes that pattern the A/P axis,
such as the gap gene tailless (Figure 4.8 A) and the segment polarity gene hedgehog
(Figure 4.8 B), but also for key D/V regulators, such as the dorsal fate determinant
screw (Figure 4.8 C). Similar results were obtained with a number of other alleles,
including kruppel, dorsal, even-skipped, hunchback, engrailed and wingless (data not
shown).
Importantly, embryos mutant for the hedgehog receptor patched displayed an abnormal
pattern of EGFR activity but were unusual in the way that elevated levels of ERK
phosphorylation were observed (Figure 4.8 D). In this instance hid upregulation did not
occur, presumably as the excess levels of EGFR signalling cause hid to be suppressed.
As patched mutant embryos have a significant cuticle phenotype (Nusslein-Volhard and
Wieschaus 1980), this result shows that there are situations where patterning errors can
occur without triggering cell death. This argues against previously suggested models
where mis-patterned cells are cleared from the epidermis to preserve the integrity of the
tissue, as only patterning errors that disrupt the landscape of EGFR activity appear to
trigger cell death.

Figure 4.8 – EGFR and hid are inversely correlated in many patterning mutants

(A-D) Spatial pattern of dpERK and hid.GFP activity in tailless (A) hedgehog (B)
screw (C) and patched (D) mutant backgrounds. In each instance, hid is upregulated
when ERK phosphorylation falls below wild-type levels with the exception of patched,
where elevated levels of EGFR signalling activity are observed. In these embryos, there
is no increase in hid.GFP transcription, showing that hid dependant apoptosis only
occurs when patterning errors cause EGFR signalling to be disrupted.
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Figure 4.8 – EGFR and hid are inversely correlated in many patterning mutants
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4.4.1 vein and rhomboid act redundantly in the embryonic epidermis
With the EGFR pathway identified as a key regulator of apoptosis in mis-patterned
embryos, I next set out to uncover the molecular mechanisms that determine the
characteristic repeating pattern of EGFR signalling that is observed in wild-type
development. As the EGF receptor is activated by extracellular growth factors, the
pattern of ERK phosphorylation will reflect the distribution of the relevant EGFR
activating ligands. As a result, the first step was to determine which ligands are
contributing towards EGFR pathway activation in the developing embryonic epidermis
at this time.
In Drosophila, there are four principle EGFR activating ligands. The first three, keren,
gurken and spitz, are produced as transmembrane precursor proteins, which require
cleavage by the rhomboid family of proteases to generate a secretable form that can go
on to interact with receptors on neighbouring cells. The integral function of rhomboid in
this process means that the activity of keren, gurken and spitz can be simultaneously
perturbed with mutations that remove rhomboid function. The fourth EGFR activating
ligand, vein, is produced as a readily secreted protein and consequently functions in a
rhomboid independent manner.
To determine the role of the three rhomboid dependant ligands in epidermal cell
survival, the apoptotic phenotype of embryos carrying a deficiency spanning the
rhomboid (rho-1) and roughoid (rho-3) loci (Df (3L) BSC178) was determined through
cleaved-Dcp1 immunostaining (Figure 4.9 B). These samples displayed a mild
upregulation in their levels of cell death but failed to recapitulate the strong phenotype
associated with a total loss of EGFR function, suggesting that some degree of EGFR
signalling persists in the absence of keren, gurken and spitz. The role of the rhomboid
independent ligand vein was assessed with a single amorphic allele (vnL5), which also
produced a mild upregulation in cleaved caspase staining but failed to reproduce the
levels of apoptosis seen in EGFR null samples (Figure 4.9 C).
To see if the two ligand systems were acting redundantly, the rhomboid, roughoid
deficiency was recombined to the vnL5 allele. In this genotype, strong apoptosis was
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detected throughout the epidermis in a manner that resembled the EGFR loss of
function phenotype (Figure 4.9 D). This shows that the rhomboid proteases act
redundantly with the rhomboid independent ligand vein to produce the ubiquitous
landscape of EGFR signalling that prevents hid upregulation in normal embryonic
development.

Figure 4.9 – vein and rhomboid act redundantly to ensure epidermal cell survival

(A-D) Cleaved Dcp1 immunostainings of wild-type (A) Df (3L) BSC178 (B) VnL5 (C)
and Df (3L) BSC178, VnL5 double mutant (D) embryos. Wild-type samples displayed
low levels of caspase activation which was slightly enriched in Df (3L) BSC178 and
VnL5 single mutant embryos. When the two alleles were recombined, strong uniform
apoptosis was observed, indicating that the two ligand systems act redundantly. Scale
bars 50µm.
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4.4.2

vein and rhomboid are mis-regulated in ftz mutants.

With both vein and rhomboid activity shown to be required for epidermal cell survival, I
next set out to determine their spatial expression patterns in both wild-type and ftz
mutant embryos. This was achieved via fluorescent in situ hybridisation (FISH) and as
previously described, these experiments were conducted in a hid mutant background to
negate the potential effects that apoptosis could have on gene expression.
In wild-type embryos, vein and rhomboid were expressed in segmentally repeated
domains of expression, with rhomboid most strongly enriched in the anterior of each
segment and vein predominantly expressed in posterior segment regions (Figure 4.10 A,
C). The observed pattern of rhomboid expression matches the previously characterised
rhomboid domain, thus validating the FISH approach used (Alexandre, Lecourtois et al.
1999). When ftz hid DF embryos were investigated in the same manner, a similar
enrichment of vein and rhomboid expression was identified around the segment
boundary. However, there were half as many signalling peaks, presumably as the
embryo fails to correctly specify every other one of its developing segments (Figure
4.10 B, D). The enrichment of vein and rhomboid around the segment boundary reflects
the pattern of EGFR activity that is observed upon dpERK staining, which has shallow
peaks of signalling activity in the corresponding epidermal regions.
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Figure 4.10 – vein and rhomboid are misregulated in ftz mutants

(A, B) Fluorescent in situ hybridisation of vein cDNA in hid DF (A) and ftz hid DF (B)
embryos. Transcription is most strongly detected in clusters of cells towards the
posterior of each segment. (C, D) Fluorescent in situ hybridisation of rho cDNA in
hid DF (C) and ftz hid DF (D) embryos. In contrast to vein, rhomboid is predominantly
expressed in a row of cells at the anterior of each segment. Scale bars 50µm.
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4.5 Chapter discussion
The origins of the work outlined in this chapter can be traced back to the genetic screen
that I conducted at the start of 2014. Ultimately, we decided to take a candidate based
approach and a handful of signalling pathways were assessed for their ability to
suppress cell death in ftz mutant embryos. Targeted screens like this have a number of
drawbacks and are undoubtedly less powerful than unbiased methodologies, such as the
pioneering EMS screens of Eric Wieschaus and Christiane Nusslein-Volhard that
uncovered the logic of early axis specification and subsequent segmentation in the
Drosophila embryo. Unbiased screens facilitate the discovery of truly novel genetic
interactions and this is something that simply isn’t possible with targeted approaches.
Despite this, a candidate screen is easy to implement and allows for the rapid
identification of potentially interesting leads – something that was seen as important
once the strict time constraints of a PhD in the U.K. have been taken into account.
Furthermore, a targeted approach is more efficient, providing of course that the relevant
pathway is included in the list of candidates assessed.
Of the various genetic manipulations tested, the only one that had any effect on
apoptosis in ftz mutants was ectopic expression of the EGF-receptor, which globally
activates signalling in a ligand independent manner. Whilst it might seem somewhat
trivial to say that ubiquitous activation of the EGFR pathway (a known survival signal)
rescues cell death, it is worth noting that other potent survival factors, such as the hippo
pathway member yorkie, had no effect on the levels of apoptosis when overexpressed.
Through further experimentation, a close inverse relationship between EGFR signalling
and hid started to emerge. EGFR loss of function led to ubiquitous activation of the
hid.GFP reporter and the cell death observed was shown to be hid dependant. More
intriguing was the timing of apoptosis in EGFR null embryos, where cell death occurs
from embryonic stage 11 onwards. This developmental time point correlates well with
the onset of cell death in ftz mutants and we took this temporal similarity to be
indicative of a common mechanism.
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Whilst these findings provided promising data to support a role for the EGFR pathway
in hid dependant apoptosis, there were some concerns that the experiments conducted to
this point were somewhat crude in their design. By globally activating the EGFR
pathway with ubiquitous Gal4 drivers or globally inhibiting the pathway with null
alleles, artificial conditions were being produced that would never be observed outside
of a laboratory setting. As a result, it was important that any further experiments went
on to look at endogenous levels of signalling. In hindsight, I was fortunate to have
access to a reliable, commercially available reporter of EGFR signalling in the form of
the dpERK antibody. Initially, there were some concerns about the specificity of
dpERK as a readout of EGFR activity as this antibody labels cells in receipt of all forms
of RTK signalling. However, these doubts were allayed upon examination of EGFR null
embryos, which show extensive loss of dpERK immunoreactivity in the embryonic
epidermis.
When I went on to look at the pattern of dpERK in wild-type embryos, all cells in the
epidermis displayed some degree of ERK phosphorylation and shallow peaks in activity
were observed around each segment boundary. This observation was later confirmed
through quantification, which revealed a repeating wave-like spectrum of dpERK
intensity along the A/P axis. When our archetypal patterning mutant ftz was treated in
the same manner, the pattern of EGFR activation was strongly disrupted and wide
troughs in signalling activity were seen in the regions where ftz would normally be
expressed. In these troughs, hid is upregulated, suggesting that patterning errors disrupt
the landscape of EGFR activity leading and this EGFR insufficiency precedes localised
cell death. These data are consistent with a model where ubiquitous activation of the
EGF receptor maintains epidermal cell survival through the repression of hid in wildtype embryos.
I next set out to determine the ligands that are responsible for maintaining the landscape
of EGFR activity that is required to prevent apoptosis in normal development. The
Drosophila EGFR activating ligands can be separated into two classes - those that
require Rhomboid protease activity to form signalling competent molecules, such as
Keren and Spitz, and the Rhomboid-independent ligand Vein. Both ligand classes were
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shown to act redundantly to prevent apoptosis and when the expression patterns of
rhomboid and vein were analysed they were shown to correlate with the regions of
heightened dpERK intensity that are observed along the A/P axis. More importantly, the
pattern of ligand production was disrupted in ftz mutants, suggesting that the expression
of each ligand source lies downstream of the normal segmentation cascade, which was
previously known for rhomboid but not for vein.
The data included in this chapter can be tied together to form a model where the
repeating expression of vein and rhomboid along the A/P axis creates sources of EGFR
ligand production around each segment boundary. Once secreted, these ligands diffuse
away from their site of production to activate the pathway throughout the epidermis,
forming a repeating shallow gradient of activity as a result. In ftz mutants the embryo
fails to specify every other segment and this causes alternating domains of vein and
rhomboid expression to become further spaced apart. The lack of ligand production in
these regions causes troughs in EGFR signalling to emerge, leading to hid upregulation
and subsequent cell death (model summarised in Figure 4.11).
Importantly, this model can be extrapolated to fit any patterning mutant background that
disrupts the normal segmentation cascade. The tight association of vein and rhomboid
with the segment boundary means that any mutation that leads to the inappropriate
positioning of compartment boundaries will disrupt the normal landscape of EGFR
activity and if this causes a reduction in signalling levels, hid will be upregulated and
cell death will occur. This model is independent from the acquisition of appropriate cell
fate and patched mutants, which have significant cuticle defects, display no excess hid
upregulation as this particular defect causes ectopic EGFR signalling to occur.
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Figure 4.11 – A model to describe apoptosis in patterning mutants

In wild-type conditions, EGFR signalling is maintained above a survival threshold
through the segmental production of EGFR activating ligands. In ftz mutants the
embryo fails to specify every other source of ligand production. This causes signalling
to fall below the survival threshold, leading to hid upregulation and subsequent cell
death.
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The idea that apoptosis in patterning mutants could sit downstream of a wider survivalsignalling mechanism argues against previous models of mis-specification, where
patterning errors are detected at the cellular level before apoptosis is initiated to remove
potentially harmful cells. The evidence presented in this chapter instead suggests that
segmentation defects disrupt the landscape of EGFR activity to initiate apoptosis, in a
mechanism that would not be influenced by cell fate decisions made at the level of the
single cell. With this in mind, I started to think about the potential benefits that a global
survival signalling mechanism might confer towards a developing organism. Drastic
errors in segmentation would be rare in the wild, suggesting that EGFR mediated
apoptosis has not evolved to function in this context. Could EGFR and hid also control
epidermal cell death during normal embryonic development? The experiments covered
in the following chapter outline my efforts to answer this question.
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Chapter 5.
EGFR signalling determines maximum segment
dimensions
5.1 Chapter introduction
The work outlined in the previous chapter shows cell death in patterning mutants to be
initiated by irregularities in the normal landscape of EGFR activity. I next set out to
understand why such a mechanism may have come to exist. Intuitively, it seems
unlikely that the ability to induce apoptosis in embryos with major global patterning
defects would confer any discernible evolutionary advantage towards the developing
organism. The low incidence of segmentation defects in wild populations and the fact
that apoptosis fails to rescue the lethality associated with patterning gene mutation
suggests that EGFR mediated cell death has not evolved to function in such severe
mutant backgrounds. However, could the interplay between EGFR and hid be used to
correct more subtle deviations in segmental pattern that might be expected to occur in
normal development at higher frequency?
EGFR signalling is known to act as a survival signal in the developing epidermis, with
reduced levels of signalling causing ectopic apoptosis in smooth cuticle cells (Urban,
Brown et al. 2004). The EGFR pathway has also been linked to the control of segment
dimensions in the developing embryo (Parker 2006). In this model, it is proposed that a
finite amount of Spitz is produced at the compartment boundaries and cells within each
segment maintain adequate levels of signalling activity by competing for extracellular
ligand molecules. If compartment boundaries are positioned too far from one another
and a segment contains too many cells, there won’t be enough Spitz to ensure all cells
receive sufficient EGFR activation and apoptosis will be induced in the regions furthest
from the source of ligand production. This mechanism is thought to prevent against
segment overgrowth and ensure normal segment dimensions are maintained throughout
development (model summarised in Figure 5.1).
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Figure 5.1 – A model for EGFR mediated segment size-control

In normal development, EGFR signalling is maintained above a survival threshold
through the repeated production of activating ligands in the vicinity of the segment
boundaries. This creates a repeating wave of signalling activity (A). However, when
developmental errors occur that cause an excess of cells to be positioned within a
segment, the sources of ligand production are forced away from one another. This
causes signalling activity to fall below threshold levels in the medial regions of the
affected segment (B). In regions where signalling falls below the levels required for
survival, apoptosis is induced (C) and normal segment dimensions are restored (D).
Illustration based on the work and observations of (Parker 2006).
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There are elements of this model that are incompatible with experiments described in
the earlier chapters of this thesis. For instance, a size-control system is unlikely to act
through Spitz alone as I have shown that the Rhomboid dependent ligands act
redundantly with Vein to maintain cell survival. However, there are also a number of
aspects of an EGFR-based size-control mechanism that are consistent with my previous
observations on segmentation deficient embryos. In every instance where patterning
mutation leads to apoptosis, cell death only occurs in irregularly sized compartments.
For example, ftz mutant embryos fail to specify every other segment boundary,
effectively creating an embryo with half as many segments of twice the normal size. It
is in the centre of these ‘double segments’ that hid upregulation and subsequent
apoptosis is observed. In contrast, patterning mutants that don’t generate abnormally
large compartments, such as patched, are not associated with ectopic cell death.
Is the cell death observed in ftz and other patterning mutants a desperate attempt by the
embryo to restore normal compartment dimensions? If so, can we prove that opposing
gradients of EGFR signalling act to determine segment sizes during normal
development? The work outlined in this chapter covers a series of experiments that aim
to test this hypothesis.
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5.2 EGFR signalling activity correlates with overall segment
size
If repeating gradients of EGFR activity are being used to measure and regulate the size
of embryonic segments, a global reduction of overall signalling levels would be
expected to trigger apoptosis preferentially in the medial segment regions that lie
furthest from the sites of vein and rhomboid transcription. Correspondingly, decreased
levels of EGFR activity should cause a reduction in the overall number of cells within a
segment, as more cells will fall below the threshold required for survival. To test these
assumptions, I took advantage of a temperature sensitive allele of the Drosophila EGFR
(EGFRTS), which is functional at the permissive temperature of 18°C but mimics EGFR
null alleles at the higher temperature of 29°C (Kumar, Tio et al. 1998). We postulated
that the EGFRTS allele would display different degrees of activity in embryos raised at
different ambient temperatures and to see if this was the case, stage 12 embryos raised
at 18°C, 22°C, 25°C and 29°C were collected and assessed for cDcp1 immunoreactivity
(Figure 5.2 A-D). An overall increase in the amount of cDcp1 positive tissue was
detected at each temperature point, with significant increases in immunoreactivity
observed at 25°C and 29°C (Figure 5.2 E). This shows that the EGFRTS allele displays a
sequential reduction in activity as temperatures increase, resulting in a concurrent
increase in the amount of apoptotic cell death observed.
To analyse the spatial distribution of apoptosis in each temperature condition, linear
cDcp1 intensity profiles were acquired for the T2 and A4 segments using the engrailed
domains as reference along the A/P axis. I decided to focus on two specific segments as
I felt it was important to compare the same regions between samples. The cDcp1
intensity profiles were averaged and normalised to determine the regions of the segment
with the highest levels of apoptosis at each temperature point. As the ability of the
embryo to respond to extracellular ligand molecules was reduced, an increase in the
amount of Dcp1 cleavage was observed in the middle of each segment (Figure 5.2 F).
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Figure 5.2 – Medial segment regions are more sensitive to reductions in EGFR

(A-D) Cleaved-Dcp1 immunostainings of embryos raised at 18°C, 22°C, 25°C and
29°C. Scale bars 50µm. (E) Quantification of epidermal cDcp1 coverage at each
temperature point. Increases in temperature are associated with elevated apoptosis, with
significant changes occurring at 25°C and 29°C. Unpaired t-test analysis against 18°C
baseline, ns = not significant, ** = p<0.05, *** = p<0.005. (F) Mean linear cDcp1
intensity profiles of representative segments at 18°C, 22°C, 25°C and 29°C. Apoptosis
occurs with a higher frequency in medial segment regions at 25°C (yellow) and 29°C
(purple) as compared to the 18°C baseline (blue). Shaded areas show S.E.M, n≥15.
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To see if the increased apoptosis that occurs when EGFR activity is reduced alters
overall segment dimensions, stage 14 EGFRTS embryos raised at 18°C, 25°C and 29°C
were collected and stained with an antibody raised against E-Cadherin. This visualises
epithelial adherens junctions, allowing for the cells within a segment to be easily
identified and counted. To simplify the workload, attention was again focused on the T2
and A4 segments and cells were counted within a rectangular region of interest, which
had a set width of 75um and a variable height determined by the length of the segment
along the A/P axis (Figure 5.3 A-C). As incubation temperatures increased, a decrease
in the number of cells within each region of interest was observed. This suggests that
EGFR signalling determines the maximum number of cells within each segment and is
consistent with a model where abnormally large segments are returned to normal
dimensions through EGFR-induced apoptosis (Figure 5.3 D).
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Figure 5.3 – EGFR signalling controls epidermal cell numbers

(A-C) E-cadherin immunostainings of EGFRTS embryos raised at 18°C, 25°C and 29°C.
Cropped 75µm wide regions of interest are shown, with segment boundaries denoted by
dashed lines. (D) Quantification of EGFRTS cell number at 18°C, 25°C and 29°C. As
temperatures rise, there is a reduction in the number of cells within each epidermal
region of interest. Unpaired t-test analysis against 18°C baseline, ns = not significant, **
= p<0.05, *** = p<0.005.
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5.3 Mapping apoptosis in the embryonic epidermis
5.3.1 Imaging total epidermal cell death with mSPIM
With the modulation of EGFR activity shown to alter both the levels of apoptosis and
the overall dimensions of embryonic segments, I next set out to see if I could detect any
evidence in support of an EGFR-based size-control mechanism in normal development.
If opposing gradients of signalling activity emanating from the regions surrounding the
compartment boundaries do indeed control apoptosis in the embryo, increased levels of
cell death would be expected to occur in the medial segment regions that are furthest
from the sources of ligand production. In principle, this is an easy hypothesis to test,
requiring embryos stained with the apoptotic marker cDcp1 and a segment boundary
marker such as engrailed. From these samples, it would then be possible to map the
position of each dying cell relative to the nearest anterior and posterior segment
boundary. If EGFR signalling gradients are facilitating the removal of excess cells, the
amount of apoptosis should go up as the distance from the nearest compartment
boundary is increased.
Whilst this experiment may sound somewhat trivial, the low occurrence of apoptosis in
wild-type embryos makes it difficult to collect sufficient data using conventional
confocal microscopy approaches as they provide only a narrow field of view. To
circumvent this issue, I turned to multiview single plane illumination microscopy
(mSPIM), which allows rapid in toto imaging of Drosophila embryos (Krzic, Gunther et
al. 2012). With this technique, the entire epidermis can be visualised in a single image
file, allowing every epidermal apoptotic event to be analysed simultaneously. Whilst
mSPIM has become increasingly commonplace in recent years, the number of locations
with appropriate microscopy facilities was limited when I began collecting this data in
December 2015. As a result, I travelled to the Kavli Institue for Theoretical Physics in
Santa Barbara, USA to acquire my images under the supervision of my friend and
colleague Sebastian J. Streichan.
Fixed stage 12 embryos stained for en and cDcp1 were embedded in low-melt agarose
and mounted into a narrow capillary tube. This capillary was then placed into a rotating
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stage, which allows the sample to be imaged from all angles. The acquired dataset was
then segmented and processed with custom software developed by S.J. Streichan to
form a raw dataset (example shown in Figure 5.4 A). These datasets are quite unusual to
look at and show a transformed and flattened image of the entire epidermis. Perhaps the
easiest way to visualise the transformation process is to picture the epidermis as the
cardboard tube from the middle of a toilet roll, which has been cut along its long axis
and flattened out to form a two-dimensional rectangular shape. An analogous process is
performed on the embryonic dataset to generate an interpretable image, with a
computational ‘cut’ made along the embryos dorsal edge and the cylindrical dataset
unrolled to produce an image with the dorsal-most regions at the top and bottom of the
file and the ventral regions running along the equator of the image. As is conventional,
anterior is shown to the left and posterior to the right.
The raw dataset requires further processing before it is ready to be analysed. Individual
cDcp1 positive cells were segmented with iLastik (Sommer, Straehle et al. 2011) and
reduced to single pixels based on their centre of mass using ImageJ (Schindelin,
Arganda-Carreras et al. 2012). A similar process was performed with the en domains to
generate a line skeleton that occupies the centre of each en stripe (Figure 5.4 B). From
the segmented dataset, the position of each apoptotic event along the A/P axis of each
compartment can be determined by measuring the distance from each green (cDcp1)
pixel to the nearest red (en) pixel on the anterior and posterior sides. Data was collected
for 14 embryos and averaged to generate a histogram showing the regions of the
segment where the most apoptosis occurs (Figure 5.4 C). Strikingly, much lower levels
of apoptosis were observed in the anterior of the segment, where rhomboid is expressed.
There is a similar but less pronounced zone of protection at the posterior of the segment,
where Vein is produced and in the region between the two sources of ligand production,
a peak in apoptosis occurs.
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Figure 5.4 – Apoptosis occurs most frequently in medial segment regions

(A) Raw multiview SPIM image of a wild-type embryo stained for cDcp1 (green) and
engrailed (red). Anterior is to the left and the ventral midline runs along the equator of
the image. (B) Example segmented dataset, with apoptotic cells simplified to individual
points and the engrailed domains reduced to a line skeleton. Automated analysis can
now be performed on this segmented image to calculate the distance of each green pixel
to the nearest red stripe. (C) Quantification of apoptotic frequency relevant to the
anterior and posterior segment boundaries. Analysis excludes the ventral 20% of tissue,
where high levels of CNS related cell death are observed. Data was acquired for 13
embryos and averaged to generate the graph shown above. The epithelial schematic
included below the graph is for illustrative purposes only and is intended to provide a
rough approximation of the rho and vn expression domains.
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5.3.2 Can live apoptosis reporters be used to improve cell death maps?
The mSPIM microscopy data outlined in the previous section demonstrates a clear
apoptotic bias within the segments of the stage 12 embryo, with an increase in the
number of cDcp1 positive cells occurring in the middle of each compartment. This
dataset takes into account the entire epidermis and it would have been hard to gather
comparable information with conventional microscopy approaches, which are typically
restricted to narrow fields of view. Despite this, the light-sheet dataset is by no means
faultless and the amount of data I was able to collect was limited by our reliance on
fixed samples. As our best available method of apoptosis identification requires an
antibody staining, it was only possible to catch a snapshot of the apoptotic state within
each embryo analysed. This drawback could be bypassed if we had a reliable live
reporter of cell death, which would allow apoptosis to be mapped in both space and
time to create a comprehensive history of cell death in the embryo.
A number of genetically encoded reporters of apoptosis have been previously described,
which are use a variety of approaches to fluorescently label apoptotic cells in whole
living organisms (Williams, Kondo et al. 2006, Bardet, Kolahgar et al. 2008, den
Hamer, Dierickx et al. 2017). However, one particular reporter, developed by the labs of
Xiaokun Shu and Yuh Nung Jan, was chosen for further experimentation as it
functioned in the far-red channel (which is favourable for live imaging) and was shown
to work in Drosophila embryos (To, Piggott et al. 2015). The reporter itself is referred
to as iCasper and is based around an engineered infrared fluorescent protein (IFP). In
order to function, IFPs have to incorporate the chromophore biliverdin (a catabolic
metabolite of heme) between an N-terminal PAS domain and a C-terminal GAF
domain. Chromophore recruitment is mediated by a catalytic cysteine residue, which is
found in the centre of the PAS and GAF domains in the native IFP fluorophore. The
iCasper sensor uses a rigid separating peptide containing an effector caspase cleavage
site to sequester the catalytic cysteine away from the site of biliverdin incorporation.
Caspase cleavage liberates the catalytic cysteine, allowing it to access the active site and
form a functional fluorescent centre (Figure 5.5 A). As a result, IFP fluorescence is only
detected in cells where there is significant effector caspase activity.
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In order to be useful in cell death mapping experiments, the iCasper reporter needs to be
combined with a fluorescent marker of segment boundaries. Luckily, a well
characterised engrailed-Gal4 driver exists, which can be combined with UAS-RFP to
clearly label the embryonic compartments. en-Gal4 UAS-RFP males were crossed to
females expressing the iCasper construct under the control of the ubiquitous actin5C
enhancer and the progeny of this cross were imaged with standard confocal microscopy
techniques. Strong stripes of RFP were observed in the engrailed domains and a weaker
IFP signal was detected, which required much higher laser powers in order to be seen.
Despite this, with the higher confocal settings, IFP positive cells were observed in a
pattern that mimicked cDcp1 stainings of similarly aged embryos, suggesting iCasper
can be used to label dying cells in the embryonic epidermis (Figure 5.5 B).
I next set out to determine if the iCasper reporter was suitable for live imaging
experiments. To do this, I focused on older embryos that were undergoing the process
of head involution, as strong apoptosis and rapid morphological changes occur in the
head regions at this time. I also hoped that older embryos would have had time to
produce more of the iCasper reporter, which should result in a stronger fluorescent
signal. Embryos were mounted and imaged at 12 minute intervals over the course of an
hour. As expected, the majority of apoptosis occurred around the presumptive head
regions but individual apoptotic events were also detected in the epidermis at this time.
In addition, there was negligible background fluorescence at these later stages and lower
laser powers were required to detect an IFP signal (Figure 5.6).
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Figure 5.5 – The iCasper sensor labels apoptotic cells in the epidermis

(A) Schematic representation of the iCasper reporter. The N and C termini of the
construct contain two complementary halves of split GFP (green). This delivers
structural integrity to the folded protein and provides a readout of expression in the
green channel if required. IFP fluorescence requires the PAS (orange) and GAF (blue)
domains to associate with the catalytic cysteine (red) and a biliverdin chromophore
(yellow). In the absence of cleavage, the catalytic cysteine cannot access the PAS and
GAF domains and biliverdin is not recruited to the complex. Upon caspase mediated
cleavage of the linking peptide, the catalytic serine is liberated to form a fluorogenic
complex with the other IFP components. Image adapted from (To, Piggott et al. 2015).
(B) Confocal micrograph of a stage 12 embryo containing the en-Gal4 UAS-RFP (red)
and actin5C-iCasper (green) reporters. Epidermal apoptosis is readily observed but
only at high confocal laser settings, generating a strong background signal emanating
from the vitelline envelope (green halo around sample). Scale bar 50µm.
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Figure 5.6 – Live imaging the iCasper reporter with confocal microscopy

(A-F) One hour time lapse analysis of an en-Gal4 UAS-RFP, actin5C-iCasper embryo
undergoing head involution. The iCasper reporter reveals extensive apoptosis in the
presumptive head regions at this stage, with isolated apoptosis occurring throughout the
epidermis. Scale bars 50µm.
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With the iCasper reporter shown to function in confocal experiments, I sent flies to be
imaged live by Sebastian J. Streichan on the mSPIM microscope, with the ultimate goal
of forming a complete map of epidermal apoptosis in the developing embryo. We
decided to focus our initial efforts on older samples, due to the stronger IFP signal
observed in later embryonic stages, and chose not to make time-lapse sequences until
the setup had been validated at single time points. The in-toto images acquired during
this experiment were somewhat disappointing. Even though a clean RFP signal was
consistently observed, the signal from the iCasper reporter was poor and high levels of
background signal were detected (Figure 5.7). This is likely a reflection of the imaging
technique itself. Whilst mSPIM approaches provides fantastic speed of capture and a
wide field of view, they are much less sensitive than confocal microscopes and it is
harder to tweak the settings to suit the sample. Consequently, more work and effort will
be required to tailor the mSPIM technique before a full map of apoptosis can be
obtained and it may be that the iCasper reporter will never be powerful enough to
generate segmentation quality data. As a result, it needs to be determined if the
available gains justify the risks and additional input of time that will be required to
complete this experiment satisfactorily.
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Figure 5.7 – The iCasper reporter is too weak for mSPIM experiments

(A) light-sheet dataset of a stage 14 en-Gal4 UAS-RFP, actin5C-iCasper embryo. A
clean RFP signal is consistently observed (A′) but the iCasper reporter is less reliable.
Whilst a clean IFP signal is detected in the developing head, epidermal apoptosis is
harder to distinguish and a hazy background signal is present that was not observed on
confocal micrographs (A′′). Image courtesy of Sebastian J. Streichan.
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5.4 Chapter discussion
The idea that EGFR signalling determines overall segment dimensions is not a new one
and has been proposed in the literature before. However, I found this notion particularly
interesting as it fitted logically with observations I had previously made in patterning
mutants, where ectopic cell death occurs most readily in abnormally large segments. To
further probe this idea, I planned out a series of experiments to confirm the role of the
EGFR pathway in compartment size control, which would in turn allow me to link my
studies in patterning mutants back to normal development.
My first set of experiments took advantage of a temperature sensitive EGFR allele,
which allowed me to modulate the levels of signalling activity with simple alterations in
the ambient temperature. Using this approach, I observed a temperature dependent
increase in the amount of apoptosis and importantly, cell death was preferentially
observed in the medial regions of the segment that lie furthest from the sites of ligand
production. This supports the idea that repeating gradients of EGFR signalling maintain
sufficient levels of pathway activation throughout the epidermis during normal
embryonic development. When I went on to measure compartment dimensions,
increases in apoptosis could be correlated with the number of cells within each segment
and as EGFR activity was reduced below threshold levels, a sequential decrease in
compartment size was observed.
By this point, I was conscious that all of my evidence in support of an EGFR-based size
control mechanism utilised mutant alleles, with the most promising data relying on
either EGFRTS or ftz. Before I could be fully convinced by a size-control explanation, I
wanted to observe a link between the EGFR gradient and apoptosis in normal
development and I did this by analysing the spatial distribution of apoptosis in wildtype samples. If EGFR is indeed promoting the removal of excess cells, more apoptosis
would be expected to occur in medial regions, where we know the lowest amount of
signalling occurs.
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To test this hypothesis, cell death was mapped throughout the epidermis using
multiview single plane illumination microscopy (mSPIM). This technique required the
use of a custom-built microscope, which was much more laborious to operate than
commercially available systems. However, the potential benefits were easy to see and
with the help of Sebastian Streichan, I was able to make a comprehensive map of
apoptosis in the stage 12 embryo that showed a clear increase in the amount of cell
death in the regions furthest from the vein and rhomboid domains. Efforts to improve
this dataset with flies expressing the iCasper sensor (a live reporter of apoptosis) started
promisingly, with epidermal cell death observed in proof of principle experiments
conducted on a confocal microscope. However, when the iCasper reporter was
transferred to the mSPIM imaging system, a disappointing signal was acquired that
ultimately proved to be of insufficient quality for automated segmentation.
In its current state, the cell death mapping experiment lies at something of a crossroads.
I have no doubt about the validity of the dataset obtained from the fixed samples and the
enrichment in apoptosis in the middle of each segment is strongly indicative of role for
EGFR signalling in embryonic compartment size control. However, the conclusions we
are able to draw from this data would be vastly improved if cell death could be imaged
in live samples over a longer period of time.
My frustrations are partly caused by the fact that we are so nearly there. The iCasper
reporter is strong enough to be detected on the confocal microscope, albeit only when
imaged with high laser settings. When we imaged the iCasper sensor using the mSPIM
approach, a crisp and clean signal was seen in some parts of the embryo but very high
background occurred in the central regions of the sample that we are most interested in.
One option is to forget about the mSPIM system and analyse confocal movies instead,
but the large number of apoptotic cells that will fall outside of our field of view and the
challenges of generating a new pipeline for segmentation and analysis make me
reluctant to do this. A better option would be to sit down and tweak the mSPIM
hardware to see if a better resolution can be obtained. However, the confocal
microscope will always provide sharper images and there is every chance that the
iCasper sensor will never produce a strong enough signal to be detected with our
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mSPIM approach. The issue is further complicated by the microscopes current situation
on the west coast of America, making it difficult for me to work out the optimal
settings.
With mSPIM and related light-sheet microscopy approaches becoming more popular
within the scientific community, commercially available systems are starting to become
more widely available. Ultimately, one of these commercial setups in a location that is
closer to home could provide a viable opportunity to map apoptosis over the entire
course of development. However, once the time it takes to set up and implement a new
system has been taken into account, it is unlikely to be something I am able to achieve
before my time at the Crick comes to an end.
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Chapter 6.
General discussion
I started this project with the aim of understanding why ectopic cell death occurs in
patterning mutant embryos and as I look back over the work of the previous four years,
I would say that I have come a long way towards answering this question. My results
argue against previously favoured models of mis-specification, where individual cells
are eliminated when they find themselves in a state of developmental confusion.
Instead, I have shown that the tissue-wide landscape of EGFR activity is actually
responsible for linking cell fate and cell survival in the developing embryonic
epidermis.
In hindsight, perhaps my conclusions are not all that surprising. If cells were being
eliminated when they fail to acquire an appropriate fate, an inherent understanding of
what identity each cell is supposed to adopt would be required, which to me seems like
an unlikely scenario. A number of arguments against mis-specification have also arisen
over the course of this study – the absence of cell death in patched mutants in spite of
their strong cuticle phenotype for example, or the terminal differentiation of ‘misspecified’ cells when cell death is blocked in ftz null samples. In my opinion, a sizecontrol mechanism based around the interactions of EGFR and hid provides a more
logical explanation for apoptosis in patterning mutants and most importantly, this
explanation is the one that is supported by the results of this thesis and the studies of
other groups in the past.

6.1 Summary of Results
Detailed summaries of the experiments included in this thesis can be found in the
chapter discussions at the end of each results section. However, I will provide a short
overview of the key findings that led us to focus on the EGFR pathway as a mediator of
cell death in mis-patterned embryos. I will also outline our data that suggests this
mechanism could play a role in sizing compartments during normal development.
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Upon joining the lab, my first task was to establish a suitable patterning mutant for
further experimentation and I ultimately decided to focus on the pair rule gene ftz. This
was primarily due to its strong apoptotic phenotype and its unique banded pattern of cell
death, which provided useful internal control regions. The cell death in ftz mutants was
shown to be hid dependent and a fluorescent reporter of hid activity was characterised
to provide a genetically encoded reporter of apoptosis. Using these tools, a restricted
genetic screen was performed, which identified EGFR signalling as a potential regulator
of cell death in patterning mutants. Using overexpression experiments, I was able to
show that global activation of the EGFR pathway could rescue the ftz apoptotic
phenotype and in contrast, EGFR null mutants were shown to display ubiquitous hid
dependant cell death.
When endogenous levels of EGFR signalling were investigated in ftz mutants via
dpERK staining, a clear reciprocal relationship was observed between EGFR and hid,
with apoptosis specifically occurring in cells with low levels of ERK phosphorylation.
Importantly, these low levels of signalling were never seen in wild-type embryos,
suggesting that patterning errors disrupt the normal landscape of EGFR activity and it is
these signalling irregularities that trigger hid upregulation and subsequent cell death.
The wild-type pattern of EGFR signalling was shown to be a product of the combined
activity of the intramembrane protease rhomboid and the soluble ligand vein, which are
expressed in a segmentally repeated pattern on either side of the compartment
boundaries to form a source of ligand production at the anterior and posterior of each
segment. These repeating signalling centres create a repeating pattern of activity along
the A/P axis, where activity is highest in the regions closest to the segment boundary
and lowest in the cells towards the middle of each compartment, which are furthest
from a source of rhomboid or vein. Building on earlier studies, I hypothesised that when
patterning mutants fail to specify and position their segment boundaries, they also fail to
express rhomboid and vein in the correct position, which results in abnormal EGFR
signalling and cell death. This was confirmed with fluorescent in situ hybridisation,
which showed the mis-regulation of rhomboid and vein in ftz mutant samples.
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At this stage, I wanted to see if the repeating wave of EGFR signalling along the A/P
axis played a role in normal embryonic development. Previous studies have implicated
the EGFR pathway in a size control mechanism, where the production of EGF ligands
at the segment boundaries is used to regulate the number of cells within each
compartment. When errors occur that make a segment too large, there is insufficient
ligand available to ensure the survival of all its constituent cells and apoptosis is
triggered in the regions furthest from the sites of ligand production to restore normal
compartment dimensions. To test the viability of this model, I modulated global EGFR
signalling levels with a temperature sensitive allele and saw that decreases in pathway
activity could be correlated with reduced segment size. This suggested that the EGFR
pathway does indeed specify maximal compartment dimensions. Building on this
observation, I used single plane illumination microscopy to generate a comprehensive
map of epidermal apoptosis in the embryo and from this map, a clear zone of elevated
cell death was seen in the middle of each segment where the lowest levels of EGFR
activity were previously observed. This supports a model where opposing gradients of
EGFR signalling control epidermal cell death as part of a global size regulation system.
Interestingly, even the D/V mutant screw was shown to interfere with EGFR signalling
to trigger upregulation of hid. On first glance, this result appears to be incompatible
with the model of EGFR dependant apoptosis outlined above, as D/V patterning defects
should not influence the positioning of ligand production sources along the A/P axis.
However, the severe phenotype associated with screw mutation has drastic effects on
the embryo as a whole and it is evident from the engrailed staining of these samples that
both the A/P and D/V axes are no longer patterned correctly. In hindsight, a D/V
patterning mutant with a weaker phenotype may have been more informative, as it has
the potential to interfere with the embryo along the D/V axis alone whilst leaving the
regular spacing of rhomboid and vein intact. This would be an interesting avenue to
pursue in further studies.
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6.2 Outstanding questions
Whilst considerable progress has been made towards understanding the cause of
apoptosis in patterning mutants and the role that this cell death might have in normal
development, there remains a number of open questions that I have been unable to
address. At the time of writing, we have reasonable evidence to suggest EGFR
signalling represses the transcription of hid via the canonical MAPK cascade but the
downstream mechanism of this repression remains unknown. Previous studies have
highlighted a critical role for the MAPK substrates pointed and yan in the regulation of
hid, with pointed shown to repress hid whilst yan acts as an activator (Kurada and
White 1998). I would have liked to repeat these experiments in the embryo with our
endogenous hid.GFP reporter to see the extent of upregulation that occurs when the
activity of these two transcription factors is disrupted. Building from this, it would have
also been nice to test the role of pointed and yan in ftz mutants. Is the ftz apoptotic
phenotype rescued upon the knockdown of yan? Is pointed downregulated in the
regions fated to die in patterning mutant embryos? All of these experiments would
provide further evidence in support of a role for EGFR in the patterning mutant
phenotype and would provide further insight into the mechanisms of hid regulation in
the embryo.
Another experiment I have not had time to complete involves the optogenetic toolset
developed by Jared Toettcher at Princeton University, which allows for the precise
manipulation of embryonic EGFR signalling through exposure to differing intensities of
blue light (Toettcher, Weiner et al. 2013, Johnson, Goyal et al. 2017). Using the groups
opto-SOS construct, which recruits SOS to the membrane to trigger activation of the
RAS/RAF/MAPK cascade, it would be possible to globally reintroduce EGFR
signalling at different levels in ftz mutant samples. In this scenario, I would expect a
sequential rescue of apoptosis to occur as the amount of SOS relocalisation is increased
and if disrupted gradients of EGFR signalling are orchestrating apoptosis in patterning
mutants, higher intensities of blue light would be required to reverse the apoptotic fate
in the epidermal regions that lie furthest from a source of ligand production. This
experiment would complement my findings with the EGFRTS allele, where a sequential
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reduction in EGFR signalling was shown to trigger apoptosis preferentially in the
middle of each segment. Excitingly, I have recently received the fly strains required to
carry out this experiment from the Toettcher lab and I look forward to interpreting these
results in the near future.
The tissue-wide explanation of apoptosis in patterning mutants that we have come to
favour differs quite drastically from the cell autonomous mis-specification hypothesis
that predominated in the literature at the start of this project. In an ideal world, I would
have been able to gather direct evidence against mis-specification and one way this
could have been achieved is with studies on patterning mutant clones. Under the cell
autonomous mis-specification hypothesis, a single cell lacking an essential patterning
gene in a field of otherwise normal cells would be expected to die as it is no longer
capable of adopting the fate of its surrounding neighbours. However, if global EGFR
signalling levels control apoptosis, a single mutant cell should be able to survive as it is
unlikely to have any major effects on the wider landscape of EGFR activity. Part of the
problem with this approach is the difficulty of creating mutant clones in the embryo,
particularly when we are looking at genes that function so early in development. As a
result, I would need to take some time to optimise a technique that could function in this
context, which was unfortunately something I was not able to do in time for this thesis.
Our current plan is to use protein mis-localisation to interfere with patterning gene
function, a technique that has previously been used to inactivate developmental
transcription factors by fellow members of the lab (Cyrille Alexandre, unpublished
observations). In this approach, GFP will be fused to an essential patterning gene and
clones of cells expressing a membrane localised GFP-binding nanobody will be
produced in the epidermis using the serendipity-FLP technique developed in the lab of
Peter Lawrence, which can be used to create low density FLP-out clones in the early
embryo (Rovira, Saavedra et al. 2015). It is hoped that the interaction between the
nanobody and GFP is strong enough to pull the transcription factor of interest out of the
nucleus in order to create a loss of function situation. Importantly, this mis-localisation
based approach does not require heat shocks (which are poorly tolerated in the early
embryo) and will not need to function at the earliest stages of development as the

125

Chapter 6. Discussion

nanobody will inactivate any previously transcribed proteins. Our experimental plans
focus on engrailed, one of the downstream target of ftz. This is because engrailed
functions later in embryogenesis, providing sufficient time for the nanobody to
accumulate and increasing the chances of loss of function occurring. I have recently
generated a line expressing a functional GFP-Engrailed fusion from the endogenous
locus and will now be able to test if a ubiquitously produced nanobody construct can
recapitulate the previously characterised engrailed mutant phenotype. If sufficient
apoptosis is induced, I will then be able to look at engrailed mutant clones to see if they
are capable of surviving in an otherwise wild-type embryo.
A final experiment that could provide an interesting new perspective on my work
involves the study of different fruit-fly species. The Drosophila genus contains many
thousands of species, which display dramatic variations in their overall shape and form.
Whilst Drosophila melanogaster has been the subject of most intense research, a
handful of closely related Drosophila species have also been characterised in detail and
these strains can be purchased from dedicated stock centres and maintained in standard
culture conditions. If I were to pursue this line of enquiry, I would first need to address
the amount of size variation that exists along the A/P axis between embryos of different
species. If there are significant differences I would then look to see if the size of each
embryo can be correlated to the amount of EGFR signalling that occurs, with more
pathway activation expected in species with larger segments. In theory, this shouldn’t
be too difficult to address. The dpERK antibody we use to measure EGFR pathway
activity is raised against a phosphorylated human MAPK epitope. As this antibody
recognises the Drosophila melanogaster homologue with high affinity, it would be
expected to work with comparable efficiency in the closely related species that I would
be looking at. If EGFR levels do scale with compartment dimensions in different
Drosophila species, this experiment could provide a mechanistic insight into the
molecular basis of interspecies size variation in flies.
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6.3 General comments
The process of writing this thesis has caused me to step back and view my work from a
different perspective. Instead of focusing on the daily grind of life in the lab, I have
been able to look over my results as a whole and I will end this thesis with a few
general thoughts and comments that have passed through my mind whilst I have been
sat at my desk writing over the previous weeks and months.
With the results I have currently available, it is very difficult to comment on the wider
implications of my research. I have shown that EGFR signalling orchestrates apoptosis
in the developing Drosophila embryo but it is impossible for me to speculate on the
existence of a similar process in other animals. It is true that EGFR signalling functions
as a survival signal in vertebrates and much like Drosophila, the mammalian EGF
ligands are capable of functioning over multiple cell diameters. However, it remains to
be seen if there are instances of EGFR signalling gradients controlling cell death in
other contexts and if the absence of extracellular survival signals is capable of inducing
apoptosis in other mis-patterned tissues.
The data produced from my studies overlaps with a number of observations previously
made in the literature. For instance, the relationship between EGFR and hid was first
characterised in the late 1990s and a role for EGFR signalling in dictating overall
segment dimensions was suggested over a decade ago (Parker, 2006). The work of this
thesis reinforces these early observations but also uncovers a novel link between
patterning, EGFR signalling and hid dependent cell death.
When reviewing the data to include in the first results chapter, it struck me how the
accelerated homologous recombination technique I used to generate the ftzHR allele
already appears outdated, even though it was the fastest and most reliable approach
available in the lab just four years ago. The advent of CRISPR/Cas9 mediated genome
engineering and its extraordinary uptake by the scientific community has been
remarkable to observe and if I were to design those early experiments again today, I
would use very different, and ultimately superior, techniques. The speed with which
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certain protocols transition from state-of-the-art to obsolete is something I had not
realised before I started working full time in the lab and the effort required to remain on
top of the available technical literature is almost a full-time job in itself.
The newfound ease with which precise genetic manipulations can be made leads me on
to my next comment, concerning the power of endogenous reporters. Without the
hid.GFP reporter utilised throughout this study, it would have been very hard to reach
the same conclusions. Whilst it is true that a lot can be learnt from enhancer traps and
reporter constructs, it is now just as easy to integrate a fluorophore or a Gal4 driver at a
locus of interest as it is to randomly insert a construct with P-elements. As a result, I
find it hard to see a situation where I would not use endogenous reporters if I were to
require similar readouts of transcription in the future.
Over the course of my PhD I have been lucky enough to sample a number of
microscopy techniques. The mSPIM system that I have been using towards the end of
this thesis was well suited to my experimental needs and it was fun to work on a state of
the art machine that was pushing the boundaries of modern imaging techniques.
However, the amount of effort required to produce a comprehensible image was not
insignificant and I am facing the consequences of this now as I attempt to optimise the
system for live-imaging over Skype and email, with the microscope currently located on
the Pacific Coast of America. Could the same conclusions have been reached with more
conventional microscopy approaches? If I am truthful, the answer is yes. As new and
exciting imaging techniques become increasingly accessible, I think it’s important for
us as researchers to ensure the imaging approach we choose is the most appropriate for
our specific needs and not just a party trick to bump up the impact of a paper. Do I
regret using mSPIM? Absolutely not. I got hands on experience of a technically
innovative microscope and I do believe that the ability to visualise the entire epidermis
in a single image file added to our data set, even if a similar conclusion could have been
reached via a number of different paths. Will mSPIM replace the confocal as my go to
microscopy approach in the future? Not a chance.
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I will finish with a general comment on model organisms in research. As a Drosophila
researcher, it is not unusual for me to be asked to justify the translational benefits of my
work and the same is probably true for anyone whose studies aren’t directly related to
cancer or a similarly unpleasant human disease. These criticisms can be applied with
particular enthusiasm towards the work of this thesis, which focuses primarily on the
relationship between the insect segmentation cascade and a family of poorly conserved
pro-apoptotic genes. However, I do believe that my findings provide a novel example of
an organism coordinating cell fate and cell death during development and whilst I
wouldn’t go as far as saying that a similar mechanism will exist to link patterning and
apoptosis in other model systems, there is every possibility that we will eventually be
able to draw parallels between this and other studies. Having deliberated in some depth,
I am unable to think of a way I could have uncovered a similar mechanism in such a
short time frame using a vertebrate model organism or, heaven forbid, one of the
organoid systems that have swamped the developmental biology field over the previous
few years. In my opinion, the continuously evolving powers of Drosophila genetics,
and the creativity and freedom this affords to researchers, ensures a place for the
humble fruit fly in contemporary medical research and I strongly feel that there is plenty
of life in this old model organism yet.
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