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Abstract 

 The development of structurally diverse and functionally complex multicellular 
organs is dependent on coupling the generation of cellular heterogeneity with structural 
organization. My thesis exploits the retina of the genetically tractable Drosophila 
melanogaster to address how organs develop from naïve tissues. During retinal 
development a wave of apical constriction, known as the morphogenetic furrow (MF), 
advances across the eye-disc epithelium as the leading front of photoreceptor (PR) 
differentiation. My thesis addresses three aspects of organogenesis from the perspective 
of neurogenesis: (1) ‘Who’ will develop as a PR? (2) ‘Where’ will neurogenesis initiate? 
(3) ‘When’ will neurogenesis occur? 

 ‘Who?’ Neurogenesis begins with proneural factor expression, which assigns 
neural competence to naïve cells; this is coupled to MF progression in the retina. The 
Notch pathway refines neural competence to single evenly spaced PRs, in a process 
termed lateral inhibition. I identified nemo (nmo) as a target of proneural factors and 
show that Nmo promotes Notch-mediated lateral inhibition, thus contributing to the 
selection of single PRs and other neural cell types. 

 ‘Where?’ A prerequisite to the initial onset of PR neurogenesis is regional-fate 
competence. Antennal/head fate selectors compete with and mutually antagonize eye-
fate selectors to subdivide the tissue. Overlaid onto this are signalling pathways, which 
cooperate to promote MF initiation and neurogenesis. I find that compromising one of 
these pathways, the Ras/MEK/MAPK cascade, affects where neurogenesis initiates by 
regulating both regional-fate specification and signal transduction. This is achieved via 
factors that control extracellular ligand diffusion. 

 ‘When?’ Although signalling pathways regulate gene expression to promote MF 
progression and neurogenesis, how this translates into epithelial morphogenesis is not 
known. I find that the MF’s pace is sensitive to integrin adhesion receptor levels, and that 
integrins are genetically downstream of the signalling events driving MF progression. 
Integrins within the MF stabilize microtubules to promote apical constriction and MF 
progression, thus genetically linking signalling events with cytoskeletal remodeling 
events necessary for morphogenesis and neurogenesis. 

 My thesis supports the notion that cellular diversity follows from the interplay 
between signal transduction and cell competence, and that tissue structure is a 
consequence of signal transduction-regulated cell adhesion and cytoskeletal remodeling. 

Keywords:  neurogenesis; signal transduction; lateral inhibition; morphogenesis; 
cellular adhesion; microtubules  
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Chapter 1.  
 
General Introduction 

Nearly all multicellular organisms have their beginnings as single cells or 

zygotes. While the challenges faced by adults and embryos are largely similar 

(respiration, digestion, etc.), adults use existing organs, physiology and behaviour to 

face these challenges, whereas embryos build new structures, which add novel 

functions (Shostak, 1990). The process of progressively building a structurally 

heterogeneous and functionally complex adult from a zygote is termed development. 

Understanding how adult body plans arise from zygotes is the focus of developmental 

biology. In essence, it can be broken down into three broad ‘problems’: (1) differentiation 

or the generation of cellular diversity from the same genetic blueprint, (2) morphogenesis 

or the structural organization of different cell types within tissues, and (3) developmental 

timing or the coordination of differentiation with morphogenesis to ensure a fully 

developed and functional system. While different species address these problems with 

their own answers, many generalizations can be made (Gilbert, 2000).  

1.1. Drosophila melanogaster as a model organism   

The fruit fly Drosophila melanogaster is a widely used model organism in 

developmental biology. Genome sequencing over the past few decades has revealed a 

remarkable conservation among genes in different animals, including flies and humans 

(Adams, 2000; Venter et al., 2001). Indeed, while the human genome, due to duplication 

events during vertebrate evolution, contains nearly four times the number of genes that 

the Drosophila genome does, they share the same number of gene families (Venter et 

al., 2001). This means that, overall, the molecular toolkit available to human cells is the 

same as that available to Drosophila cells. Thus insights gained from studies in 

Drosophila can be aptly extended to vertebrates (Reiter, Potocki, Chien, Gribskov, & 
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Bier, 2001). Drosophila’s genetic tractability has made it one of the best characterized 

model organisms, and thus a powerful tool for integrating lessons from cell biology and 

signal transduction. Indeed, the mechanisms underlying several developmental 

processes, now known to be evolutionarily conserved, were first identified in Drosophila 

(e.g. neurogenic genes). 

Drosophila adult structures, such as the wings, eyes, antennae, legs, etc., arise 

from discrete epithelial compartments or primordia called imaginal discs. Imaginal discs 

are first specified during embryogenesis and continue to grow and develop during the 

larval stages (Figure 1.1). As development progresses, they are subdivided across three 

major axes: anterior-posterior, dorso-ventral and proximo-distal (Figure 1.2). A fourth 

axis, specific to epithelial cells but evolutionarily conserved across epithelia, is the apico-

basal axis. Polarization along this axis is associated with distinct organelle and protein 

subcellular organization and function (Figure 1.2) (reviewed by J. L. Lee & Streuli, 2014; 

Schock & Perrimon, 2002). Regional identity and organ-specific fate within a primordium 

arise as a consequence of subdivision along the different axes (reviewed by Morata, 

2001). For example, the adult compound eye arises from the growth, patterning and 

morphogenesis of the larval eye imaginal disc. 

Through the use of the Drosophila melanogaster retina as a model system, my 

thesis addresses: (1) The problem of differentiation or cellular diversity generation 

(Chapters 2 and 4), (2) the problem of morphogenesis or tissue structure (Chapter 5), 

and the problem of developmental timing (Chapter 5) (Figure 1.3).  
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Figure 1.1. Drosophila melanogaster adult structures develop from epithelial 
sacs called imaginal discs 

(a) A third-instar larva showing the position of all imaginal discs (colour coded 
according to the appendages that they will develop into). Examples of the wing, 
haltere and leg discs are shown. (b) The body of the adult Drosophila, indicating 
the trunk and the different appendages.  

Note: Adapted with permission from Macmillan Publishers Ltd: Nature Reviews. Molecular Cell 
Biology, (Morata, 2001), copyright (2001). 
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Figure 1.2. Imaginal discs are subdivided along three major axes and polarized 
apico-basally. 

Imaginal disc subdivision along the anterior-posterior, dorso-ventral and proximo-
distal axes are shown using the eye-antennal imaginal disc as an example. 
Additionally, epithelia possess a fourth axis of polarization, the apico-basal axis, 
which orients the subcellular localization/ position of organelles and proteins with 
functional consequences. 
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Figure 1.3. The Drosophila retina is a model system to study how cellular 
diversity and structural organization are generated and coordinated 

With over 10 cell types organized in a highly structured unit eye, called an 
ommatidium, the Drosophila retina is an excellent system to study (A) how cells 
are made different from each other, how they are then assigned different positions 
in a tissue, and how these two processes are coordinated during development. (B) 
Depiction of the various cell types present in the adult retina, which includes 
photoreceptor (PR) neurons, support cells and accessory cells. (C) The full 
complement of cells in an ommatidium with cross-sections at various levels (i-iv). 

Note: Panels B and C are reprinted from Developmental Biology, 385/2, Franck Pichaud, 
Transcriptional regulation of tissue organization and cell morphogenesis: The fly retina as a case 
study, 168-178, Copyright (2014), with permission from Elsevier.
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1.2. Development of the Drosophila retina   

As is the case for development of a whole organism, organ development or 

organogenesis is also dependent on the generation of cellular diversity coupled to 

structural organization, albeit on a smaller scale. The Drosophila visual system has 

significantly contributed to a general understanding that cellular diversity arises from the 

interplay between signal transduction and cell competence, and that the structural 

organization of tissues arises in part through regulated cell adhesion (Bao, 2010). 

 

 

Figure 1.4. The adult compound eye arises from patterning and morphogenesis 
of the eye-antennal imaginal disc 

 

The Drosophila adult compound eye is composed of an ordered array of 750-800 

hexagonally packed unit eyes called ommatidia (Ready, Hanson, & Benzer, 1976). Each 

ommatidium is made up of photoreceptors, cone cells, pigment cells and accessory cells 

arranged in a stereotypic pattern (Ready, Hanson, & Benzer, 1976) (Figure 1.3). The 

eye imaginal disc primordium, which develops into the compound eye (Figure 1.4), first 

appears late in embryogenesis (Garcia-Bellido & Merriam, 1969). It proliferates and 
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grows throughout the first and second larval instars. During the third larval instar, 

ommatidial differentiation (photoreceptor neurogenesis) initiates at the posterior margin 

of the disc and sweeps across the tissue towards the anterior (Ready, Hanson, & 

Benzer, 1976). Neurogenesis is coupled to and preceded by a wave of morphogenesis 

(apical constriction and apico-basal contraction) known as the morphogenetic furrow 

(MF), which is visualized as a traveling indentation in the disc epithelium (Figure 1.5) 

(Ready, Hanson, & Benzer, 1976). It is important to note that MF progression is not 

linked to cell migration; rather, much like a wave at a stadium, it is a transient state of 

cellular constriction. 

 

 

Figure 1.5. The morphogenetic furrow is the leading edge of retinal 
differentiation in the eye disc 

(A) The morphogenetic furrow moves posterior to anterior. It is coupled to and 
precedes photoreceptor neurogenesis. (B) It is characterized by cells that 
constrict their apical surfaces as well as (C) undergo apico-basal contraction. (A-
B) Anterior to the furrow cells divide asynchronously, they become synchronized 
in the first mitotic wave (FMW) just anterior to the MF. Within the furrow they are 
arrested in G1 and posterior to it they initiate terminal differentiation following a 
second mitotic wave (SMW) in which a subset of cells divide. 
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The MF is the leading edge of retinal determination, embodying the coordination 

of cell-cycle progression and morphogenesis with neural specification. Ahead of the MF, 

cells exist as asynchronously dividing undifferentiated progenitors. Just anterior to the 

furrow they become synchronized and go through a few rounds of mitosis before 

becoming transiently arrested in G1 upon entry into the furrow (Figure 1.5). Posterior to 

the furrow, a subset of cells synchronously enter S phase before terminal differentiation 

(reviewed by Roignant & Treisman, 2009). The furrow’s pace is tightly regulated to 

ensure that the adult eye is populated with the correct number of cells; mutations which 

alter the pace of the MF are associated with compound eyes that deviate from normal 

size (Justin P Kumar, 2011).   

Drosophila eye development is a complex multifaceted process that can be 

studied on many different levels. My thesis focuses on three aspects of eye development 

that are all relevant to photoreceptor neurogenesis: (1) The regulation of neural 

differentiation by autonomous factors such as the proneural genes (Chapter 2), (2) The 

establishment of eye-fate (over antennal/head-fate), which is upstream of and necessary 

for neural differentiation (Chapter 4), and (3) the contribution of cell adhesion to 

morphogenesis, which is crucial for setting the pace of neural differentiation (Chapter 5).  
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1.2.1. Neurogenesis is governed by the interplay between neural 
competence and signal transduction 

The utility of the eye disc over other imaginal discs lies in its stepwise 

development and in its high degree of organization, as well as the ability to visualize 

these sequential steps in the same tissue. Indeed, since neural differentiation initiates 

only at the furrow, it is a physical indicator of the temporal stage of differentiation in the 

eye disc, overall. The progressive movement of the MF is a reiterative process that 

results in an array of evenly spaced ommatidia set down one row at a time posterior to 

the furrow. Ommatidial development begins with the specification of PRs, of which the 

first to differentiate is the R8 founder cell (Figure 1.6) (Tomlinson & Ready, 1987). Only 

one R8 photoreceptor is specified from among a group of cells that are all competent to 

adopt this fate, due to a process known as lateral inhibition. Subsequently, all other PRs 

(R1-R7) are recruited by R8 into an ommatidial cluster (Figure 1.6) (Freeman, 1996). 

Since R8 specification is critical to the specification and development of all other PRs, 

R8 cells dictate ommatidial spacing within the disc, and ultimately determine the 

crystalline architecture of the adult eye (Figure 1.6). 

 

Figure 1.6. Photoreceptor neurogenesis is a reiterative stepwise process that 
begins with R8 

Photoreceptor differentiation initiates posterior to the furrow with the 
specification of R8 (Sensless; Sens marks R8 equivalence groups and R8s. 
Following R8 specification, all other PRs are recruited into an ommatidial cluster, 
beginning with R2 and 5, followed by R3 and 4, R1 and 6 and lastly, R7 (Prospero; 
Pros). ELAV marks all photoreceptors (PRs). 
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Neurogenesis is an evolutionarily and developmentally conserved process that 

begins with the expression of so-called proneural factors (reviewed by Bertrand, Castro, 

& Guillemot, 2002). Proneural factors are Class-II basic helix-loop-helix (bHLH) 

transcription factors (Figure 1.7), which endow cells with competence to take on neural 

fate (reviewed by Bertrand, Castro, & Guillemot, 2002). Drosophila has two families of 

proneural factors: the Atonal (Ato) family and the Achaete-Scute complex (Asc) family; 

these are broadly responsible for specifying PRs and internal sensory organs, and 

external sensory organs, respectively (Jarman & Ahmed, 1998). In the eye disc, the 

proneural gene atonal (ato) is required for specifying the R8 founder cell (Jarman, Sun, 

Jan, & Jan, 1995). Thus proneural factors have two separate functions, a common one 

to promote pan-neuronal fate, and a proneural family-specific one to regulate  tissue-

specific gene expression (reviewed by Kiefer, Jarman & Johnson, 2005) 

  

Figure 1.7. Proneural factors are bHLH proteins that promote transcription as 
dimers 

Schematic representation of the structure of a bHLH dimer that is complexed to 
DNA. The basic region fits in the main groove of the DNA, and many residues in 
this region make direct contact with the E-box sequence. The two α-helices of 
both partners together form a four-helix bundle. 

Note: Reprinted with permission from Macmillan Publishers Ltd: Nature Reviews. Neuroscience, 
(Bertrand et al., 2002), copyright (2002). 
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Proneural factor expression during neurogenesis is strikingly dynamic. It begins 

with broad proneural expression in a cluster of cells followed by stages of increasingly 

restricted expression, until a single cell, the presumptive neuroblast, maintains proneural 

expression (Figure 1.8). Thus, although all proneural cluster cells are competent to 

become neuroblasts, in a normal situation, only one cell per cluster will take on neuronal 

fate. In the case of PR neurogenesis, Ato is first expressed in all cells just anterior to the 

furrow. This broad phase of expression peaks within the MF and is refined into clusters 

of about 10 Ato positive cells at the posterior edge of the MF, called intermediate groups 

(IGs). IGs are further refined into R8 equivalence groups (EGs) of about 3 Ato-positive 

cells with apical nuclei, and eventually a single R8 precursor is selected from this group 

(Figure 1.8 and Chapter 2) (N E Baker, Yu, & Han, 1996). Therefore, control of Ato 

expression and refinement is critical to ensuring exactly one R8 per ommatidium and 

proper ommatidial spacing over the entire eye field.  

How is exactly one cell (R8) chosen from a group of competent cells? The 

answer lies in the interplay between neural competence and signal transduction. An 

essential role of proneural proteins is to restrict their own expression to single progenitor 

cells (Figure 1.8) (reviewed by Bertrand et al., 2002). They do so by increasing their own 

expression within the same cell while signalling to neighbouring cells to suppress 

proneural factor expression through a process termed lateral inhibition. Specifically, 

proneural factors regulate the expression of ligands of the Notch signal transduction 

pathway; these activate Notch signalling in neighbouring cells where Notch targets 

function to repress proneural gene expression, and therefore, suppress neuronal fate in 

the adjacent cells (Figure 1.9) (reviewed by Bertrand et al., 2002). Thus, while proneural 

factors endow cells with neural competence, their induction of Notch signal transduction 

serves to restrict neural competence to a single cell.  
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Figure 1.8. Proneural refinement during neurogenesis is a developmentally 
conserved process 

Proneural factor expression for the case of photoreceptors in the eye disc (Ato; 
top) and sensory organ precursors (SOPs) in the wing disc (Ac; bottom) are 
shown in confocal micrographs. In both cases, neurogenesis begins with broad 
proneural expression followed by successive rounds of refinement, until 
proneural expression remains in individual cells (rows of R8 cells) or SOPs. In the 
eye disc, all stage of neurogenesis and proneural refinement are visible at any 
given time point since PR neurogenesis is a reiterative process. In the case of 
SOPs in the wing disc, different SOP clusters can be observed at different stages 
of neurogenesis.  
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Figure 1.9. Notch-mediated lateral inhibition uses stochastic differences in 
proneural expression to refine it to single cells. 

As well as promoting its own expression, a proneural factor in the signal-sending 
cell triggers delta (dl) expression. The Notch (N) receptor is uniformly expressed 
but is activated in a subset of cells (signal receiving) due to the non-uniform 
expression of Dl. Dl binds to N in trans leading to the cleavage of the intracellular 
domain of N (Nicd). Nicd promotes target gene expression including expression of 
the Enhancer of split complex proteins, which inhibit proneural expression thus 
leading to lateral inhibition and proneural refinement triggered by the signal-
sending cell. 

In Chapter 2, I present evidence that nemo (nmo), which encodes the founding 

member of the Nemo-like Kinase (NLK) family of Serine/Threonine kinases (Choi & 

Benzer, 1994), is a transcriptional target common to both proneural factor families. NLKs 

play diverse roles in regulating cell signalling during development and are conserved 

from worms to humans (Ishitani et al., 2010; Rocheleau et al., 1999; Zeng & Verheyen, 

2004). I present evidence that Nmo functions as a novel positive regulator of the Notch 

signal transduction pathway; where it promotes the localization of the Notch ligand Delta 

in the signal-sending cell to promote lateral inhibition and therefore proneural refinement. 
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1.2.2. The intersection between signal transduction and eye-fate 
competence dictates the initiation of PR neurogenesis 

A common feature of development is the subdivision of naïve homogenous 

tissues into smaller domains with specific regional fates (Figure 1.10). Selector genes 

assign regional identity and competence to developing primordia. They do so by either 

antagonizing or reinforcing each other to robustly specify non-overlapping regional 

identity (reviewed by Bao, 2010). Additionally, selector genes are themselves regulated 

by signal transduction pathways, which attenuate or amplify their expression (reviewed 

by Tsachaki and Sprecher, 2012). Therefore, regional-fate within tissues arises from the 

interplay between selector genes and signal transduction. 

The eye-antennal imaginal disc is an excellent system to study regional-fate 

specification because it is subdivided over time to specify numerous adult structures 

including the compound eyes, antennae and head cuticle (reviewed by Kumar, 2012). A 

core genetic network of six transcription factors, Eyeless (Ey), Twin of eyeless (Toy), 

Optix (Otx), Sine oculis (So), Eyes absent (Eya) and Dachshund (Dac), known as the 

retinal determination gene network (RDGN), establishes the eye-antennal primordium 

during embryogenesis (reviewed in Bao, 2010). While it lacks region-specific identity 

differences during embryogenesis and the first larval instar (L1) (María Domínguez & 

Casares, 2005), during L2, competing eye and antennal/head fate selector factors 

spatially restrict each other’s expression within the naïve tissue (Figure 1.10) (Wang and 

Sun, 2012; Weasner and Kumar, 2013). This mutual antagonism broadly subdivides the 

tissue into regions competent to adopt either eye fate or antennal/head fate (Figure 

1.10).  
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Figure 1.10. Regional-fate specification of the eye-antennal imaginal disc begins 
in L2 

In L1 the eye-disc lacks regional-fate differences and expresses only eye-fate 
selectors. During L2 regional differences between the eye and antenna arise from 
mutual antagonism between eye-fate and antennal-fate selectors; this precedes 
the onset of retinal differentiation in L3. 

Unambiguous establishment of eye-fate is a prerequisite to initiating retinal 

neurogenesis, a process that is intricately regulated by signal transduction pathways. 

The interplay of Ecdysone, Notch, Ras/MEK/MAPK, Janus kinase/ Signal Transducer 

and Activator of Transcription (JAK/STAT), Hedgehog (Hh), Decapentaplegic (Dpp) and 

Wingless (Wg) signalling during late L2 and early L3 are thought to culminate in initiating 

retinal differentiation at the dorsoventral (DV) midpoint of the posterior margin of the eye 

disc, known as the posterior center (PC) (Figure 1.11) (Dominguez & Hafen, 1997; Ekas, 

Baeg, Flaherty, Ayala-Camargo, & Bach, 2006; J P Kumar & Moses, 2001; Ma & Moses, 

1995; Ma, Zhou, Beachy, & Moses, 1993; Niwa, Hiromi, & Okabe, 2004; Treisman & 

Rubin, 1995; Tsai et al., 2007). Wg signalling is the main inhibitor of retinal differentiation 

(Ma & Moses, 1995; Treisman & Rubin, 1995). It maintains the pool of undifferentiated 

progenitors by inhibiting differentiation, and also promotes antennal/head fate in the 

tissue through regulation of selector factors (reviewed by Roignant & Treisman, 2009). 

To initiate photoreceptor differentiation and the MF, Wg signalling must be suppressed 

and Hh signalling activated at the posterior of the disc, early in L3 (Figure 1.11) (Ekas et 

al., 2006; Tsai et al., 2007).  
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Suppression of Wg signalling is initiated by the Notch pathway along the DV 

boundary during L2. Notch induces unpaired (upd) expression at the PC via its effector 

Eye gone (Eyg) (Chao, Tsai, Chiu, & Sun, 2004). Upd is the JAK/STAT pathway ligand; 

it diffuses from the PC towards the anterior, activating JAK/STAT signalling in receiving 

cells (Hayashi et al., 2012; Zhang, You, Ren, & Lin, 2013). JAK/STAT dually functions to 

repress wg transcription along the disc margins and promote growth. Tissue growth at 

this stage also contributes to regional-fate specification by positioning the posterior 

margin of the disc out of the diffusible range of anteriorly expressed Wg, thus enabling 

the initiation of retinal differentiation and the MF (Chao et al., 2004; Ekas et al., 2006; 

Kenyon, Ranade, Curtiss, Mlodzik, & Pignoni, 2003; Tsai & Sun, 2004; Tsai et al., 2007). 

Once initiated, MF progression and retinal differentiation are driven primarily by Hh and 

Dpp signalling and opposed by Wg signalling. The balance of these positive and 

negative forces ultimately dictates the pace of morphogenesis and retinal differentiation 

(reviewed by Roignant & Treisman, 2009).  

In Chapter 4, I present evidence that compromising Ras/MEK/MAPK signalling 

along the dorsoventral (DV) boundary of the eye-antennal imaginal disc results in 

expanded antennal/head-cuticle at the expense of the compound eye. I show that these 

defects in fate specification can be traced to perturbations in both regional competence 

induced by selector factors, and to perturbations in the signal transduction events 

required to trigger retinal differentiation.  
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Figure 1.11. Signal transduction pathways converge to regulate the onset of 
retinal differentiation 

Notch signalling triggers Eye gone (Eyg) along the DV boundary, which promotes 
the expression of unpaired (upd), the JAK/STAT pathway ligand, in a cluster of 
cells at the equator of the posterior disc margin (posterior center; PC). Upd 
diffuses from the PC towards the anterior, activating JAK/STAT signalling in 
receiving cells (Hayashi et al., 2012; Zhang et al., 2013). JAK/STAT dually 
functions to repress wg transcription along the disc margins and promote growth, 
which positions the posterior margin of the disc out of Wg’s diffusible range, thus 
enabling the initiation of retinal differentiation downstream of Hh, Dpp and the 
Ras/MEK/MAPK pathway, the exact role of the latter is unknown.  
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1.2.3. Signalling pathways regulate the pace of morphogenesis 
and neurogenesis via cytoskeletal remodeling and cell 
adhesion  

In numerous developmental contexts, signal transduction pathways are known to 

drive tissue morphogenesis; yet how these pathways, which are best characterized for 

their roles in regulating gene expression, modulate cytoskeletal remodeling is less 

characterized. In the Drosophila L3 eye disc, morphogenesis or apical constriction of MF 

cells and photoreceptor neurogenesis go hand in hand. This relationship is preserved 

even in the context of forcibly induced ectopic eyes in tissues such as the leg imaginal 

disc, where, there too, photoreceptor neurogenesis is preceded by and coupled to a 

wave of apical constriction (Blaquiere, Lee, & Verheyen, 2014). Therefore, controlling 

the pace of the morphogenesis (apical constriction) is, by extension, equivalent to 

controlling the pace of neurogenesis. 

Hh and Dpp signaling have long been known to be the principal promoters of MF 

progression (Roignant & Treisman, 2009). Despite the dramatic morphogenetic events 

central to MF progression, only a handful of studies have addressed how cytoskeletal 

and cell adhesion players respond to these pathways (Corrigall, Walther, Rodriguez, 

Fichelson, & Pichaud, 2007; Escudero, Bischoff, & Freeman, 2007; Schlichting & 

Dahmann, 2008); those that do have focused on apical constriction within the MF and on 

cell-cell adhesion in developing photoreceptors (K. E. Brown, Baonza, & Freeman, 2006; 

Corrigall et al., 2007; Escudero et al., 2007; Mao & Freeman, 2009; Mirkovic et al., 2011; 

Schlichting & Dahmann, 2008). Apical constriction is triggered by Hh and Dpp signaling 

(Figure 1.12). It depends on the apical accumulation of filamentous (F)-actin and 

localized Myosin II activation; these in turn are dependent on microtubule stabilization 

within the MF in response to Hh and Dpp signalling (Figure 1.12) (Corrigall et al., 2007; 

Escudero et al., 2007).  
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Figure 1.12. Apical constriction of the morphogenetic furrow is downstream of 
Hh and Dpp- mediated Rho activation 

(A) The Hedgehog- (Hh) and Decapentaplegic (Dpp)- signaling pathways converge 
to govern apical constriction in the developing retina. For the Hh-signaling 
pathway, Hh stands for Hedgehog; Ptc for patched; Smo for smoothed; Ci for 
Cubitus interruptus; CiR for Ci Repressor; CiA for Ci Activator. For the Dpp 
pathway: Dpp stands for decapentaplegic; Mad for Mothers-Against-DPP; Med for 
Medea. By default the Hh-signaling pathway is off. Upon binding of Hh to Ptc, 
processing of full length Ci into CiR is relieved and CiA is stabilized. CiR-mediated 
inhibition of transcription is alleviated and CiA-dependent transcriptional 
activation is enabled. In the scenario depicted here, apical constriction results 
from a combination of alleviating CiR-dependent transcriptional repression and 
activating gene transcription downstream of Dpp. (B) A simplified diagram of the 
gene-network that produces epithelial cell apical constriction in the developing 
retina. RhoA is upstream of Rho-Kinase (ROCK) and this kinase activates non-
muscle Myosin-II (Myo-II). DRak acts redundantly with ROCK during this process. 
The formin Diaphanous (Dia) regulates F-actin and is required for this cell 
response. The converging output of the Hh and Dpp-signaling pathways is to 
promote apical microtubule stabilization. The components enclosed in the red 
oval represent cytoskeletal members and interactors thought to directly drive 
constriction at the apical surface. 

Note: Reprinted from Developmental Biology, 385/2, Franck Pichaud, Transcriptional regulation 
of tissue organization and cell morphogenesis: The fly retina as a case study, 168-178, Copyright 
(2014), with permission from Elsevier. 
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Cell adhesion is a vital part of development and contributes to shaping both 

organ form and function. Two types of cell adhesion can be distinguished, cell-cell 

adhesion and cell- extra cellular matrix (ECM) adhesion. Cadherins are the classical cell-

cell adhesion receptors; they bind other cadherins from neighbouring cells through 

homophilic interactions between their extracellular domains (reviewed by Brasch, 

Harrison, Honig, & Shapiro, 2012). Cell-ECM adhesion is mediated primarily by integrin 

receptors, which bind ECM components (e.g. Laminin, Collagen, etc.) at the basal 

surfaces of epithelia (reviewed by N. H. Brown, 2011). Cell-cell adhesion is well studied 

in the context of eye development. It has been implicated in apical constriction, 

ommatidial morphogenesis and ommatidial rotation (Mirkovic & Mlodzik, 2006; Mirkovic 

et al., 2011; Robertson, Pinal, Fichelson, & Pichaud, 2012; Schlichting & Dahmann, 

2008). Cell-ECM adhesion, on the other hand, remains virtually unexplored in these 

contexts.  

Integrins are /-heterodimeric trans-membrane ECM-receptors found in all 

multicellular organisms (metazoans) (Figure 1.13). Drosophila has five  subunits (PS1-

5) and two  subunits (-PS and ); of these, -PS1, -PS2 and -PS are the most 

conserved across species (reviewed by Narasimha & Brown, 2006). Integrins bind every 

major component of the ECM and are linked to the intracellular cytoskeleton via 

cytoplasmic linker proteins that act as adapters for the bidirectional transmission of force 

across the plasma membrane (reviewed by Delon & Brown, 2007).  

Integrin binding can be thought of in 2 contexts: extracellular (outside) binding of 

ECM ligands and intracellular (inside) binding of adaptors to cytoskeletal proteins (Figure 

1.13) (Harburger & Calderwood, 2009). Integrin binding affinity is dependent on their 

conformational state, which exists in a continuum depending on the binding type (outside 

or inside) and the specific binding partners involved (Bouvard, Pouwels, De Franceschi, 

& Ivaska, 2013). Either binding event will lead to integrin conformational changes, which 

in turn modify their affinity for the other binding type. This bidirectional (outside-in or 

inside-out) transmission of information is a striking feature of integrins (Figure 1.13), 

making them key modulators of canonical signalling pathways involved in processes as 

diverse as migration, proliferation, survival and gene expression. 
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Figure 1.13. Integrins function in outside-in and inside-out signalling as obligate 
/- heterodimers 

There are two directions of integrin signalling, which have different biological 
consequences. During ‘inside–out’ signalling (right), an intracellular activator, 
such as talin or kindlins, binds to the β-integrin tail, leading to conformational 
changes that result in increased affinity for extracellular ligands (integrin 
‘activation’). The relationship between specific conformations and activation 
remains controversial. Inside–out signalling controls adhesion strength and 
enables sufficiently strong interactions between integrins and extracellular matrix 
(ECM) proteins to allow integrins to transmit the forces required for cell migration 
and ECM remodelling and assembly. Integrins also behave like traditional 
signalling receptors in transmitting information into cells by ‘outside–in’ 
signalling (left). Binding of integrins to their extracellular ligands changes the 
conformation of the integrin and, because many of the ligands are multivalent, 
contributes to integrin clustering. The combination of these two events leads to 
intracellular signals that control cell polarity, cytoskeletal structure, gene 
expression and cell survival and proliferation. Although we conceptually separate 
the two processes, they are often closely linked; for example, integrin activation 
can increase ligand binding, resulting in outside–in signalling. Conversely, ligand 
binding can generate signals that cause inside–out signalling. 

Note: Adapted with permission from Macmillan Publishers Ltd: [Nature Reviews. Molecular Cell 
Biology] (Shattil, Kim, & Ginsberg, 2010), copyright (2010). 
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In Chapter 5, I present evidence that apical constriction and the pace of the MF 

are sensitive to basal integrin levels, and that integrins are genetically downstream of the 

signalling events driving MF progression (Hh and Dpp signalling). I show that in the 

context of the furrow, integrins stabilize apico-basally oriented microtubules to promote 

apical constriction and MF progression. This is the first evidence for the involvement of 

basally localized adhesion receptors in MF progression. Here, integrins constitute a 

genetic link between signalling events and morphological change at the cellular level, 

which when coordinated at the tissue-level, leads to tissue morphogenesis and 

neurogenesis.  
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Chapter 2.  
 
Who will win?                                                          
Nemo promotes Notch-mediated lateral inhibition 
downstream of proneural factors  

Vilaiwan M. Fernandes, Shanker S. S. Panchapakesan, Lorena R. Braid and 

Esther M. Verheyen.  

Department of Molecular Biology and Biochemistry, Simon Fraser University, 

Burnaby, British Columbia, Canada, V5A 1S6. 

Reprinted from Developmental Biology 392(2):334-43, © 2014, with permission 

from Elsevier. 

As the first author, I conceived, designed and performed the experiments, 

analysed and interpreted the data, and wrote the manuscript. SSSP contributed 

to the EMSAs. LRB contributed to experiments and with EMV was involved in the 

conception and design of the experiments, and in writing the manuscript.  
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2.1. Abstract 

During neurogenesis, conserved tissue-specific proneural factors establish a 

cell’s competence to take on neural fate from within a field of unspecified cells. 

Proneural genes encode basic helix-loop-helix transcription factors that promote the 

expression of ‘core’ and subtype-specific target genes. Target genes include both pan-

neuronal genes and genes that aid in the process of refinement, known as lateral 

inhibition. In this process, proneural gene expression is increased in the neural 

progenitor while simultaneously down-regulated in the surrounding cells, in a Notch 

signalling-dependent manner. Here, we identify nemo (nmo) as a target of members of 

both Drosophila Atonal and Achaete-Scute proneural factor families and find that 

mammalian proneural homologs induce Nemo-like-kinase (Nlk) expression in cell 

culture. We find that nmo loss of function leads to reduced expression of Notch targets 

and to perturbations in Notch-mediated lateral inhibition. Furthermore, Notch 

hyperactivity can compensate for nmo loss in the Drosophila eye. Thus nmo promotes 

Notch-mediated lateral inhibition downstream of proneural factors during neurogenesis.  

2.2. Introduction 

A functional nervous system is composed of hundreds of different neuronal 

subtypes, from motor neurons to photoreceptors, and is staggering in complexity. During 

the early stages of neurogenesis a conserved class of transcription factors called the 

proneural proteins are expressed in cells destined to take on neural fate. These 

transcription factors are necessary and sufficient to transform ectoderm into neural 

progenitors and to integrate positional information to commit these cells to subtype-

specific differentiation (Bertrand et al., 2002; Kiefer et al., 2005).  

There are two major structural families of proneural factors: the Atonal (Ato) 

family and the Achaete-Scute complex (Asc) family. In Drosophila the Ato family 

founding member Atonal specifies photoreceptors and internal sense organs while the 

Asc proteins, Achaete and Scute, are responsible for specifying external sense organs 
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(Cubas et al., 1991; Jarman et al., 1993). Proneural factors contain a basic-Helix-Loop-

Helix (bHLH) domain, which is essential for their hetero-dimerization with the 

ubiquitously expressed bHLH E-proteins; Daughterless (Da) is the only E protein present 

in Drosophila (Bertrand et al., 2002; Kiefer et al., 2005). Together they form an active 

complex that interacts with DNA at conserved E-box binding sites containing a core 

CANNTG motif to promote target gene transcription (Bertrand et al., 2002; Kiefer et al., 

2005). 

Neurogenesis progresses in a stereotypical stepwise manner independent of 

neuronal subtype or the specific proneural family expressed. It initiates with uniform 

proneural factor expression in groups of ectodermal cells called ‘proneural clusters’. 

These clusters are rendered competent to take on neural fate via the expression of ‘core’ 

neurogenic targets downstream of proneural factors (Bertrand et al., 2002). An essential 

role of proneural proteins is to then restrict their own expression within a proneural 

cluster to a single progenitor cell by a process termed ‘proneural refinement’. A complex 

network of genetic interactions refines proneural clusters into individual neural 

progenitors, the heart of which relies on Notch (N)-mediated lateral inhibition (Bertrand 

et al., 2002). Early during neurogenesis, proneural clusters express both the N ligand 

encoded by Delta (Dl) and the N receptor equally. Dl binds N in adjacent cells leading to 

the cleavage and nuclear translocation of the transcriptionally active intracellular domain 

of N (Nicd). So long as ligand and receptor levels are uniform, N-signalling is uniform in 

proneural clusters; however, a minor elevation in Dl levels in a single cell leads to a bias 

in N signalling, stimulating it in neighbouring cells (Doroquez and Rebay, 2006). In these 

cells, Nicd activates the E(spl)-C target genes, which encode factors that repress 

proneural factor expression. Dl is an example of a ‘core’ proneural target; therefore, 

reduced proneural factor expression results in reduced Dl expression further amplifying 

the difference in Dl levels between cells and leading to stronger suppression of 

proneural factor expression and neural fate via E(spl)-C proteins in neighbouring cells 

(Bertrand et al., 2002; Doroquez and Rebay, 2006). This conserved mechanism serves 

to ensure robust selection of a single neural progenitor from among several competent 

cells. 
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The conserved Nemo-like-kinases (Nlks) have been implicated in numerous 

patterning and signalling processes throughout development (Braid et al., 2010; Chiu et 

al., 2011; Choi and Benzer, 1994; Ju et al., 2013; Mirkovic et al., 2011; Yu et al., 2011). 

In a recent screen aimed at uncovering Ato transcriptional targets in Drosophila, Aerts 

and colleagues identified E-boxes in the second intron of the Drosophila nlk, nemo 

(nmo), which conformed to the Ato E-box consensus sequence (Aerts et al., 2010). 

Furthermore, they showed that a genomic fragment containing a subset of these 

predicted Ato E-box binding sites is able to drive GFP reporter expression in Ato-specific 

proneural domains, in support of nmo being a transcriptional target of Ato (Aerts et al., 

2010). Here we show that nmo is expressed not only in Ato-specific proneural domains 

but also in Asc proneural domains during larval development. Loss of either Ato or Asc 

family members leads to proneural domain specific loss of nmo expression, while 

overexpression of members of either proneural family induces ectopic nmo expression. 

We identify multiple putative Asc E-box binding sites in nmo’s second intron, and for a 

subset of these along with the previously identified Ato-E-box binding site show 

proneural factor- E-box specific binding in vitro. Furthermore, we show that vertebrate 

proneural orthologs, Atonal homolog 1 (Atoh1) and Achaete-Scute complex homolog 1 

(Ascl1) both induce Nlk expression in mouse embryonic fibroblasts (MEFs) showing that 

this is a conserved relationship.  

We also report that Nmo loss of function results in neuronal duplications caused 

by impaired proneural refinement whereas Nmo and Nlk gain of function suppress neural 

fate. Nmo LOF phenotypes are reminiscent of impaired N signalling (Baker and Yu, 

1997; Bang and Posakony, 1992; Ligoxygakis et al., 1998; Mummery-Widmer et al., 

2009; Schweisguth and Posakony, 1994) and indeed, we find that canonical N targets 

are reduced in nmo mutant tissue. Furthermore, Notch hyperactivity is sufficient to 

rescue defects in proneural refinement caused by loss of nmo, and conversely, loss of 

nmo suppresses N hyperactivity phenotypes. In summary, we identify nmo as a 

conserved proneural target, which promotes proneural refinement via N-mediated lateral 

inhibition during neurogenesis.  
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2.3. Materials and Methods 

2.3.1. Fly stocks and genetics 

The following mutant and transgenic flies were used in this study: w;; 

nmoDB24/TM6B (Zeng & Verheyen, 2004), w;; FRT79, nmoDB24/TM6B (Zeng & Verheyen, 

2004), w;; nmoP/TM6B (Choi & Benzer, 1994), UAS-nmo RNAi; (VDRC 104885), w;; 

UAS-Ato/TM6B (a gift from Yuh Nung Jan), w; UAS Nicd; (a gift from Spyros Artavanis-

Tsakonas), w; UAS-H RNAi; (VDRC 110046), w; UAS-nmoC51e; UAS-nmob27(Verheyen et 

al., 2001), ywhsflp,tub-GAL4,UAS-GFP,6X MYC-NLS; UAS-y+;tub-GAL80,FRT2A/TM6B 

(MARCM 79, A gift from Gary Struhl), hsflp;; GFP,FRT79/TM6B (Bloomington stock 

center), ;Ptc-GAL4; UAS-GFP, nmoP1/TM6B, UAS-dcr2; Mirror-Gal4/TM6B, ;UAS-

nmoRNAi; (VDRC v101545), w; hsflp; Act>CD2>Gal4>GFP/ SM6~TM6B, Tb (A gift from 

Bruce Edgar), In(1)ac3, sc10-1 ac3 w1 s1/FM7i, P{ActGFP};; (Bloomington stock center), 

;UAS-scute; (Bloomington stock center), ;UAS-achaete; (Bloomington stock center),;;Dl-

LacZ (Bloomington stock center), ;;UAS-GFP, EyFlp1, tub-GAL4, FRT82, tub-

GAL80/TM6B (eyflp-MARCM 82, a gift from Bruce Edgar), ;;FRT82B,ato1/TM6B (a gift 

from Bassem Hassan), ;Nmo-GFP-FLAG; (encoded by an insertion of a genomic BAC 

containing the entire nmo locus, which has been recombineered to express a GFP 

fusion protein; Bloomington stock center; Spokony and White, 2012), UAS-Atoh1 (a gift 

from Bassem Hassan), ;UAS-Nmo-kinase dead; UAS-Nmo-Kinase dead, ;UAS-human 

NLK/CyO;, UAS-human NLK-kinase dead/CyO; (gifts from Janghoo Lim);Sca-Gal4; and 

;;nmoP, FRT82B, ato1/TM6B.  

2.3.2. Clonal analysis 

LOF clones and MARCM clones were generated by heat-shocking first instar 

larvae at 37°C for 1.5 hours and incubating them at 25°C until dissection. Misexpression 

flip-out clones were generated by heat-shocking first instar larvae at 37°C for 15 minutes 

and incubating them at 25°C until dissection. 
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2.3.3. Immunocytochemistry 

Eye discs from wandering third instar larvae were dissected in 1X phosphate-

buffered saline (PBS), fixed in 4% formaldehyde, blocked in 5% normal donkey serum 

and stained using standard protocols for all antibodies with the exception of mouse anti-

E(spl) mAb323, which following the overnight 1° incubation at 4oC, was rinsed 3X with 

cold PBTX and incubated with 2° antibodies for 2 hours at room temperature. Discs were 

then rinsed 3X with cold PBTX and mounted immediately.  

The following primary antibodies were used in this study: mouse anti-Ac (1:10) 

(DSHB), mouse anti-β-Gal (1:2000) (Invitrogen), mouse anti-E(spl) mAb323 (1:1) (A gift 

from Sarah Bray), rabbit anti-Ato (1:1000) (A gift from Yuh-Nung Jan), guinea pig anti-

Ato (1:1000)  and guinea pig anti-Sens (1:1000) (gifts from Hugo Bellen). Secondary 

antibodies were FITC anti-mouse, FITC anti-guinea pig, DyLight549 anti- mouse, 

DyLight549 anti- rabbit, DyLight649 anti- rat, DyLight649 anti- guinea pig (Jackson 

Immunochemicals).cause Word’s auto-numbered paragraphs habitually renumber 

themselves when one moves a document from one computer to another, I have made 

styles to manually number paragraphs.  These styles are recommended for students 

who have experienced this issue.  

2.3.4. Transfection and Immunoprecipitation 

NIH/3T3 cells were transfected with pCS2-Atoh1 (a gift from B. Hassan) or 

pCMV-Ascl1 (full length ascl1(Vierbuchen et al., 2010) [addgene#27150] was subcloned 

into the pCMV vector) using PolyFectTM tranfection reagent as per the instructions. Cells 

were harvested 48 h after transfection and Western blotted using rabbit anti-NLK (1:200; 

abcam 97642), mouse anti--tubulin (1:1000; abm) and mouse anti-myc (1:1000; abm).  

2.3.5. Protein expression and purification 

pGex-Da (Singson, Leviten, Bang, Hua, & Posakony, 1994), pGEX-Sc (Singson 

et al., 1994), and pGEX-Ato (Acar et al., 2006) plasmids were used to transform BL21-

pLysS cells. Cultures were grown and induced with IPTG (isopropyl--D-

thiogalactopyranoside) and Glutathione Sepharose 4B beads (GE Healthcare) were 
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used to batch purify the GST-tagged proteins by standard techniques (Singson et al., 

1994).  

2.3.6. Electrophoretic mobility shift assays 

Electrophoretic mobility shift assays (EMSAs): nmo AtoE8 5’-

GTTAACTATGTGCAGCAGCTGTTGGACATTTACTTT-3’; mutated nmo AtoE8 5’-

GTTAACTATGTGCAGAAGCTTTTGGACATTTACTTT-3’; nmo AscE1 5’- 

CCACCCACCGCCCACCGCCCACCTGCGTACCCCTCC-3’; mutated nmo AscE1 5’- 

CCACCCACCGCCCACCGCCAACCTTCGTACCCCTCC-3’; nmo AscE2 5’- 

GGAGGTGGTAAGCAGCAGGTGTGTGCTGTGTAGAAT-3’; mutated nmo AscE2 5’- 

GGAGGTGGTAAGCAGAAGGTTTGTGCTGTGTAGAAT-3’; E-boxes are shown in 

boldface. Mutant probes have the CANNTG changed to AANNTT. The top-strand 

oligonucleotide was labelled prior to hybridization to the complementary oligonucleotide, 

which was included at a 50X molar excess for duplex formation. The labelling reaction 

and EMSAs were performed according to standard techniques (L. M. Powell, Lage, 

Prentice, Senthinathan, & Jarman, 2004; Singson et al., 1994).  The specific binding 

buffer used in EMSAs was: 10mM Tris HCl, 1mM dithiothreitol, and 1mMEDTA, with 

40mM NaCl. Ato-Da or Sc-Da heterodimers were prepared by incubating the proteins for 

20 min on ice in binding buffer, and then ~70 nM Ato-Da or Sc-Da was incubated with 

the above mentioned probes for 30 min on ice. Each binding reaction mixture was then 

electrophoresed on a 5% polyacrylamide gel at 14 W for 1hr at 4oC followed by 

phosphorimager analysis (Molecular Dynamics). (Singson et al., 1994), pGEX-Sc 

(Singson et al., 1994). 

2.4. Results  

2.4.1. nmo is expressed in Drosophila proneural domains 

The nmo locus spans over 75kb, the vast majority of which is contained in its 

59.4kb second intron (Figure 2.1A). Using Target Explorer, an automated tool for 

identifying putative transcription factor binding sites (Sosinsky, 2003), we analysed the 

nmo locus for putative Ato E-box binding sites. Our analysis identified a total of nine 
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putative Ato-E-boxes distributed across nmo’s second and third intron (E1-8 in intron 2 

and E9 in intron 3; Table S1; Figure 2.1A). These conform to the previously defined Ato 

E-box consensus sequence, RACASCTGY (Aerts et al., 2010; Stark et al., 2007). Aerts 

et al. performed a similar analysis and demonstrated that a 754bp genomic fragment 

containing E-box E8 (Figure 2.1A, green)  is able to drive GFP reporter element (RE) 

activity in Ato-dependent proneural domains across several neurogenic tissues; namely 

the wing, leg and eye-antennal imaginal discs (Figure 2.1B, D, F) (Aerts et al., 2010). 

This reporter is hereon referred to as nmo-AtoRE-GFP. 

In order to more fully characterize Nmo’s role in neuronal cell types, we used two 

reporters that accurately represent nmo’s complete repertoire of expression domains at 

the transcriptional and protein level: nmo-LacZ (nmoP1, a validated enhancer trap) and 

Nmo-GFP (a GFP-protein fusion carried on a genomic BAC) (Braid & Verheyen, 2008; 

Choi & Benzer, 1994; Spokony & White, 2012; Yu, Houl, & Hardin, 2011). By comparing 

nmo-LacZ and Nmo-GFP with nmo-AtoRE-GFP, we hoped to gain insight into a broader 

role for Nmo during development.  

Proneural domains in the wing, leg and eye-antennal imaginal discs are found in 

stereotypical patterns, and their dependence on members of either proneural family is 

well characterized (Cubas, de Celis, Campuzano, & Modolell, 1991; Jarman, Grau, Jan, 

& Jan, 1993; White & Jarman, 2000). In the wing disc, Asc-dependent proneural 

domains that give rise to macrochaete sensory organ precursors (SOPs) are found in 

the presumptive notum and in the anterior compartment. A single Ato-dependent SOP 

cluster is present in the anterior ventral disc. This latter cluster is the only one that shows 

GFP expression from nmo-AtoRE-GFP (arrowhead in Figure 2.1B, 2.2A; (Aerts et al., 

2010). We observed that both nmo-LacZ and Nmo-GFP have overlapping expression in 

all the Asc SOPs, as well as in the Ato-dependent SOP in the anterior ventral disc 

(Figure 2.1C). nmo was previously shown to be a Wingless target (Zeng & Verheyen, 

2004) and consistent with this, both nmo-LacZ and Nmo-GFP are expressed in two 

stripes flanking the dorso-ventral boundary in the wing pouch (Figure 2.1C).  

In the leg disc, a large cluster of Ato-dependent SOPs in the presumptive femur 

region give rise to the chordotonal organ (Jarman et al., 1993). Here too, nmo-LacZ and 
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Nmo-GFP expression overlap with that of Ato, as does GFP expression from nmo-

AtoRE-GFP (Figures 2.1D, E and 2.2B; Aerts et al., 2010). nmo-LacZ and Nmo-GFP are 

both also expressed in the distal region of the leg disc, which lacks nmo-AtoRE-GFP 

expression (Figures 2.1D, E, 2.2B). 

In the antennal disc, all three reporters are coincident with the Ato-specific 

proneural domain that gives rise to the Johnston’s organ (Figures 2.1F, G, 2.2C). In the 

eye disc, the ocelli and founding R8 photoreceptors arise from Ato-dependent proneural 

domains. Photoreceptor neurogenesis occurs in a progressive wave that sweeps across 

the eye disc from posterior to anterior, called the morphogenetic furrow (Ready, Hanson, 

& Benzer, 1976). Ato expression initiates in a broad band just anterior to the furrow 

before refining into intermediate groups and eventually into individual presumptive R8s. 

While all three reporters overlapped with Ato expression in the presumptive ocelli, their 

expression in the R8 proneural domain differed subtly (Figures 2.1F, G, 2.2C). GFP 

expression driven by nmo-AtoRE-GFP overlaps with the posterior most domain of Ato 

expression, which has resolved into presumptive R8s (Aerts et al., 2010). It then persists 

with variable expression posterior to the furrow in predominantly R8 photoreceptor cells 

(Figure 2.2D). Nmo-GFP expression initiates just posterior to early Ato expression and is 

expressed at high levels in a band that spans the proneural domain. Nmo-GFP levels 

then drop and remain low in the posterior half of the disc in both ommatidial and 

interommatidial cells (Figure 2.1G, 2.2E). nmo-LacZ initiates after Ato expression in 

intermediate groups and persists in all PRs in the posterior half of the disc (Figure 2.2C). 

The broad expression of nmo-AtoRE-GFP and nmo-LacZ in the posterior half of the disc 

is most likely due to perdurance of -Galactosidase (-Gal) and GFP. Variation in 

expression at the furrow between the Nmo-GFP protein trap and the two enhancer traps, 

nmo-LacZ and nmo-AtoRE-GFP, may reflect differences in post-transcriptional dynamics 

of the fusion protein with -Gal and GFP. These data demonstrate that nmo is 

expressed in proneural domains that are specified by both proneural factor families.  
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Figure 2.1. nmo is expressed in proneural domains 

(A) Modified Target Explorer output showing Ato (red) specific E-box binding sites 
in nmo’s second and third introns conforming to the RACASCTGY consensus 
sequence. All sites contain the core CANNTG motif.  The site validated by Aerts et 
al. (2010) is shown as E8 (green box). Discs stained to reveal expression patterns 
of nmo reporters and Ato (B-G) and Ac (C).  (B) nmo-AtoRE-GFP drives GFP 
expression in Ato-specific SOPs (Aerts et al., 2010). (C) In the L3 wing disc nmo-
lacZ is expressed in both Asc and Ato derived SOPs (arrowheads) and along the 
dorso-ventral boundary. (D, E) In the leg disc Ato and nmo-AtoRE-GFP and nmo-
lacZ are co-expressed in the chordotonal SOPs, while nmo-lacZ is also seen in the 
distal region. (F, G) Expression of nmo-AtoRE-GFP and Nmo-GFP coincide with 
the posterior (right) edge of Ato expression at the morphogenetic furrow. Both 
reporters and Ato are also coincident in the ocelli (arrowheads) and in the 
antennal disc. 
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Figure 2.2. nmo is expressed in proneural and neural domains  

(A) Nmo-GFP is expressed in the Asc and Ato derived SOPs of the wing imaginal 
disc. (B) Nmo-GFP is expressed in the chordotonal organs and in the distal 
portion of the L3 leg disc. (C) nmo-LacZ overlaps with Ato expression in 
intermediate groups and persists in all photoreceptors in the posterior half of the 
disc. (D) nmo-AtoRE-GFP expression posterior to the furrow is predominantly in 
R8s (marked by Senseless {Sens}) at variable levels but is sometimes expressed 
adjacent to Sens positive photoreceptors (ELAV positive). (E) Nmo-GFP is 
expressed in all cell types within the proneural domain and then drops to lower 
levels towards the posterior where it is expressed in both photoreceptors and 
inter-ommatidial cells. 
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2.4.2. Both proneural families regulate nmo expression in vivo 

Given nmo’s expression in proneural domains (Figure 2.3A), we tested whether 

nmo is a proneural target through loss and over-expression of members of both 

proneural families. nmo-lacZ expression is absent from all Asc-derived SOPs in achaete 

(ac) and scute (scute) double mutant (sc10-1) wing discs (Figure 2.3B) and from ato loss-

of-function clones (ato1/1) in the eye disc (Figure 2.3C). Previously, Aerts et al. 

demonstrated that Ato, but not Sc, overexpression could induce ectopic GFP from nmo-

AtoRE-GFP (Aerts et al., 2010). Here we confirm these results in the wing disc with Ato 

and Sc overexpression under the Patched (Ptc)-GAL4 driver (Figures 2.3D, G). 

Additionally, we show that while Achaete (Ac) overexpression cannot induce ectopic 

GFP (Figure 2.3F), overexpression of mammalian Atonal homolog 1 (Atoh1) can (Figure 

2.3E). Next, we tested the ability of members of both proneural families to induce nmo-

LacZ expression. Consistent with the Ato and Asc loss of function data, and in contrast 

to the restricted expression from nmo-AtoRE-GFP, we found that overexpression of Ato, 

Atoh1, Sc and Ac using the Ptc-GAL4 driver induced ectopic nmo-lacZ in the wing disc 

in all cases (Figures 2.3H-K).  

While members of both proneural families could induce nmo-LacZ expression, 

only Ato members were able to induce nmo-AtoRE-GFP expression. Combined with 

nmo’s expression in both proneural family domains and the proneural loss of function 

data for both families, this suggested that nmo may be a shared proneural target that is 

regulated independently by Ato and Asc family members. This is intriguing given that the 

consensus sequence (RACASCTGY) used to identify Ato-E-boxes by Aerts et al. (2010) 

was originally identified as an Asc binding motif by Stark et al. (2007). We set out to 

identify Asc E-box binding sites at the nmo locus first with the commonly used Asc E-box 

consensus sequence, GCAGSTGK (L. M. Powell et al., 2004). We identified a number of 

putative E-box binding sites with this consensus sequence (Table 2.1; Figure 2.4A 

shows sites identified in intron 2 only; green). Given the sequence similarity, several of 

these, not surprisingly, overlapped with predicted Ato E-boxes, including Ato E-box 8. In 

order to use more stringent conditions to identify putative Asc E-box binding sites we 

used the 13bp Asc E-box consensus sequence previously defined by Singson et al. 

(1994) GCAGGTGKNNNYY. This search identified 1 putative binding site, which was 



 

42 

also identified by the less stringent search conditions, and which we refer to as Asc-E. 

(Table 2.1; Figure 2.4A).  

We next tested the ability of proneural factor- E-protein heterodimers (Ato-Da or 

Sc-Da) to bind these sites in vitro. We found that while Ato-Da heterodimers were able to 

bind nmo’s AtoE8 (Figure 2.4B) and Sc-Da heterodimers were able to bind nmo’s Asc-E 

(Figure 2.4C) in an E-box dependent manner, the reciprocal binding experiments were 

also positive i.e. Ato-Da and Sc-Da heterodimers were able to bind nmo’s Asc-E (Figure 

2.4D) and nmo’s Ato-E8 (Figure 2.4E), respectively. This suggests that although nmo 

expression in proneural domains appears to be controlled independently by both 

proneural families, at least for the case of the two sequences tested (Ato-E8 and Asc-E), 

DNA sequence does not confer proneural factor specificity in vitro.  

We hypothesized that nlks may be conserved proneural targets given the 

dramatic cross-species conservation demonstrated by Atoh1 induction of nmo. 

Mammals have four E-protein homologs that are thought to confer tissue specificity, and 

the details of which E-proteins heterodimerize with which proneural factors remain poorly 

characterized (Bertrand et al., 2002; Flora, Garcia, Thaller, & Zoghbi, 2007). NIH/3T3 

mouse embryonic fibroblasts have previously been shown to have endogenous E-

protein activity (Flora et al., 2007). Therefore, we tested our hypothesis by transfecting 

mouse NIH/3T3 cells with the murine homologs, Atoh1 and Achaete-scute complex 

homolog 1 (Ascl1) separately, and examining endogenous Nlk protein levels. As in the 

case of Drosophila, members of both proneural families were able to induce endogenous 

Nlk expression (Figure 2.3L, M). This suggests that nmo (nlk) is a conserved target gene 

common to both proneural structural families. 
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Figure 2.3. nmo expression is regulated by members of both proneural families  

(A) nmo-lacZ is expressed in Ato and Asc domains, as indicated by arrowheads. 
(B) nmo-lacZ is lost from all Asc derived SOPs in sc10-1wing discs but expression 
remains in the SOP also derived from Ato (arrowhead). (C) nmo-lacZ (detected 
with anti--gal antibody) is lost in GFP-marked ato1 MARCM clones in the eye disc. 
(D-G) Restricted ectopic expression of nmo-AtoRE-GFP in an L3 wing disc is seen 
after expression of the following transgenes using Ptc-Gal4: (D) UAS-Ato, (E) 
UAS-Atoh1, (F) UAS-Ac and (G) UAS-Sc. Ectopic expression of nmo-lacZ is seen 
after driving the following transgenes using Ptc-Gal4: (H) UAS-Ato, (I) UAS-Atoh1, 
(J) UAS-Ac and (K) UAS-Sc.  (L) NIH/3T3 cells transfected with pCS2-Atoh1 and 
pCMV-Ascl1 show elevated levels of endogenous Nlk compared to control 
untreated cells. -tubulin is used as a loading control. 
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Figure 2.4. nmo E-boxes are bound by both Ato-Da and Sc-Da proteins 

(A) Modified Target Explorer output showing Asc (green) and Ato (red) specific E-
box binding sites at the nmo locus. All sites contain the core CANNTG motif but 
Asc E-boxes were found using the GCAGSTGK consensus sequence while Ato E-
boxes were found with the RACASCTGY consensus sequence.  See Table S1 for 
precise locations of sites. Ato-E8 and the putative Asc E-box, Asc-E, which 
conforms to the longer consensus sequence (GCAGGTGKNNNYY; Singson et al., 
1994) are indicated (asterisks). (B) Electrophoretic mobility shift assays (EMSAs) 
showing gel shifts when Ato-Da heterodimers are incubated with labelled nmo’s 
Ato-E8, but not with a mutated E-box. (C) EMSAs using labelled nmo’s Asc-E 
show that Sc-Da heterodimers bind specifically to the E-box since mutating the E-
box abolishes binding. Reciprocal binding assays show that (D) Sc-Da 
heterodimers bind nmo’s Ato-E8 and that (E) Ato-Da heterodimers bind nmo’s 
Asc-E but not to a mutated E-boxes. 
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Table 2.1. List of Ato and Asc E-boxes at the nmo locus 

E-box name Orientation Sequence Position (3L) 

Ato E1 forward AACAGCTGC 7978012 

Ato E2 reverse GCAGCTGTC 7985862 

Ato E3 forward GACAGCTGC 7998433 

Ato E4 forward AACAGCTGC 8010856 

Ato E5 reverse ACAGGTGTT 8015774 

Ato E6 forward AACACCTGT 8016103 

Ato E7 reverse GCAGCTGTT 8020211 

Ato E8 reverse GCAGCTGTT 8022455 

Ato E9 forward GACAGCTGC 8036471 

Short Asc E1 reverse ACAGCTGC 7978013 

Short Asc E2 forward GCAGCTGT 7985862 

Short Asc E3 forward GCAGCTGT 7991507 

Short Asc E4 forward GCAGCTGT 7997988 

Short Asc E5 reverse ACAGCTGC 7998434 

Short Asc E6 reverse CCACCTGC 8000560 

Short Asc E7 reverse ACAGCTGC 8002970 

Short Asc E8 forward GCAGGTGT 8004883 

Short Asc E9 forward GCAGGTGT 8009329 

Short Asc E10 reverse ACAGCTGC 8010857 

Short Asc E11 forward GCAGCTGT 8020211 

Short Asc E12 forward GCAGCTGT 8022455 

Short Asc E13 forward GCAGGTGG 8023204 

Short Asc E14 reverse CCACCTGC 8028154 

Short Asc E15 reverse ACAGCTGC 8033373 

Short Asc E16 reverse ACAGCTGC 8036472 

Short Asc E17 reverse ACAGCTGC 8036744 

Short Asc E18 forward GCAGCTGG 8040069 

Long Asc-E forward AGCAGGTGTGTGCT 8009328 
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Nmo promotes proneural refinement 

After finding that nmo expression was regulated by proneural genes, we were 

interested in determining Nmo’s function, if any, during neurogenesis and analysed nmo-

/- adults for neurogenic defects. Photoreceptor neurogenesis in the eye is directed by Ato 

and begins with specification of the founding R8 photoreceptor (Jarman et al., 1995). 

Examining nmo-/- adult eyes by confocal microscopy detecting auto-fluorescence showed 

the presence of fused ommatidia compared to wildtype (Figure 2.5A, B), suggesting 

defects in cell specification.   

Photoreceptor neurogenesis initiates in the L3 eye disc. In wildtype L3 eye disc 

tissue Ato is first expressed in all cells just anterior to the MF as a consequence of 

Hedgehog and Notch signalling (N E Baker & Yu, 1997; Borod & Heberlein, 1998; 

Dominguez & Hafen, 1997; Y. Sun, Jan, & Jan, 1998); this is termed the proneural 

‘selection’ phase. Following selection is the ‘refinement’ phase, wherein Ato expression 

is progressively restricted into regularly spaced clusters of about 10 cells (intermediate 

groups, IGs). These are further restricted, in a Notch dependent manner (N E Baker et 

al., 1996), into R8 equivalence groups (EGs) of about 3 Ato-positive cells with apical 

nuclei and finally into individual R8 precursors, which retain Ato expression for 2-4 rows 

in a staggered pattern (Figure 2.5C,D,E, 2.6A) (reviewed in Roignant and Treisman, 

2009). This counterintuitive switch in the effects of Notch signalling on ato expression 

from positive to negative corresponds with a switch in the enhancer element used to 

regulate ato expression (N E Baker et al., 1996; N E Baker & Yu, 1997; Y. Sun et al., 

1998). 

Consistent with nmo-/- adult phenotypes, eye tissue mutant for nmo (or 

expressing RNAi against nmo) showed defects in Ato expression and refinement (Figure 

2.5C,D,E, 2.6A). There is a mild delay in the onset of Ato expression relative to wildtype 

tissue (Figure 2.5C,D,E). However, Ato expression levels in the selection phase once 

initiated are comparable with wildtype tissue. Ato refinement in nmo mutant tissue is 

perturbed such that its refinement into EGs (delineated by high Ato expression in ~3 

apical nuclei) and individual R8s was incomplete, often resulting in spacing defects 

between R8s (Figure 2.5C,D,E, 2.6A). Conversely, overexpression of Nmo resulted in 

reduced Ato expression, with loss of IGs and EGs (Figure 2.7F, 2.4B). 
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Figure 2.5. Nmo promotes proneural refinement during photoreceptor 
neurogenesis  

(A) Maximum projection of confocal sections detecting autofluorescence of a 
wildtype (wt) and (B) nmo-/- adult eye. In addition to square ommatidia, nmo-/- eyes 
have fused ommatidia (arrows). Ato expression in nmo-/- mosaic tissue marked by 
the absence of GFP in somatic clones (C) or the presence of GFP in MARCM 
clones (D). In both instances Ato initiation is mildly delayed and refinement into 
individual R8s is perturbed. (E) Ato expression in an eye disc in which Nmo is 
knocked down in half the disc by RNAi under the control of the Mirror-Gal4 driver 
(marked by the presence of GFP). In wt tissue Ato expression begins at low levels 
in the anterior (left), increasing as it is refined into intermediate groups (IGs) and 
equivalence groups (EGs; arrowheads) before being expressed in a staggered 
pattern of individual R8s. When Nmo is knocked down, there is a mild delay in the 
onset of Ato expression; EGs, marked by apical cells expressing high levels of 
Ato are never observed and multiple R8s persist (arrows). (F) Actin flipout clone 
expressing 2 copies of UAS-Nmo, marked by the presence of GFP, shows reduced 
Ato expression, relative to surrounding wt tissue and greater spacing between 
individual R8s. 
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Figure 2.6. Nmo promotes proneural refinement in the eye disc 

(A) Maximum project showing Ato expression in a Mirror>NmoRNAi, dcr2, GFP eye 
disc where Nmo is knocked down in the dorsal compartment (marked by GFP). (B) 
Z-sections from basal to apical of the same tissue shown in (A), show that high-
levels of Ato in R8 equivalence groups are missing in NmoRNAi tissue. (C) 
Quantification of the distance between individual Ato positive R8 nuclei to nearest 
Ato positive nuclei reflects a significant (t-test p-value= 0.028) defect in spacing 
when Nmo is knocked down. Error bars represent standard deviation.(D) An actin 
flip-out clone over expressing 2 copies of nmo in the L3 eye disc results in loss of 
intermediate groups (IGs; wildtype IGs marked with arrow heads.) and greater 
spacing between presumptive R8s as marked by Sens. Panel (E) shows a zoomed 
section of (D). Note that Nmo overexpression appears to have non-autonomous 
effects such that R8 spacing is perturbed outside but adjacent to the clone (yellow 
oval). 
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Having examined Nmo’s effects on Ato-derived photoreceptors, we next 

examined the Asc-derived external sensory bristles of the notum. A wildtype fly notum 

has tightly regulated macrochaete numbers and positions (Figure 2.7A).  nmo-/- adult 

nota showed a gain of dorsocentral and postalar bristles in 70% of flies (n=23) versus 

2% in controls (n=50) (Figure 2.7B). Drosophila adult external sensory organ 

development occurs during the larval and pupal stages. Proneural factors are expressed 

in broad domains (proneural clusters) before being refined by N-mediated lateral 

inhibition (Bertrand et al., 2002; Kiefer et al., 2005). After lateral inhibition has selected 

an individual SOP, it divides into a pIIa and a pIIb cell (Bardin, Le Borgne, & 

Schweisguth, 2004; Knoblich, 2008; Roegiers & Jan, 2004). The pIIa lineage gives rise 

to the hair and socket while the pIIb lineage gives rise to an apoptotic glial cell, the 

neuron and the sheath. The divisions that follow establishment of the pIIa and pIIb cells 

from the mother SOP are asymmetric cell divisions due to the asymmetric segregation of 

the Numb and Neuralized proteins into a single daughter cell; these factors bias Notch 

signalling activity to set up distinct daughter cells fates (Bardin et al., 2004; Knoblich, 

2008; Roegiers & Jan, 2004). A gain of bristle phenotype can therefore be the result of 

perturbations to proneural refinement or due to fate changes caused by perturbations to 

asymmetric cell divisions (Mummery-Widmer et al., 2009).  

To determine if proneural factor expression is perturbed we examined Ac 

expression in nmo-/- discs. Consistent with nmo-/- adult phenotypes, Ac refinement in 

SOPs is perturbed in nmo-/- discs. In mid-L3 wt discs (~6 hrs before pupariation), Ac 

expression in SOPs is normally found in varying stages of refinement; late stages of 

refinement are visible by high Ac expression in individual cells with low expression in 

neighbours (Figure 2.7C). These patterns were not observed in nmo-/- discs, where Ac 

expression remained broad and did not peak in individual cells (Figure 2.7D).  

Next we tested the effects of Nmo overexpression on Ac expression and on 

external sensory organ development. Overexpressing Nmo under the control of the SOP 

driver, Scabrous (Sca)-Gal4 (expression pattern shown in Figure 2.8A), results in loss of 

Ac in the notum part of the wing disc (Figure 2.7E), as well as notum and scutellum 

bristle loss and empty sockets in 100% of adults (n=50) versus 0% in controls 

(Sca>GFP; n=25) (Figure 2.7F). Similarly, overexpressing Nmo under the Apterous (Ap)-
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Gal4 driver, which drives expression as early as L2 in the dorsal compartment of the disc 

(Milán & Cohen, 2000), also resulted in reduced Ac expression in the disc (Figure 2.7G) 

and in bristle loss in 100% of adults (n=27) compared to 0%  in controls (Ap>GFP; 

n=30); empty sockets were observed at much lower frequency (>8%) compared with 

overexpression under Sca-Gal4 (100%) (Figure 2.7H). Notably, overexpression of a 

kinase dead form of Nmo was unable to induce bristle loss (Figure 2.8B), indicating that 

Nmo’s kinase activity is required for its function in neurogenesis.  

We tested for functional conservation by overexpressing human Nlk in the 

Drosophila wing disc with Sca-Gal4 and found that similar to Nmo, Nlk overexpression 

results in mild bristle loss and empty sockets in 60% of adults (n=20); versus 0% in 

controls (n=25) (Figure 2.7I). Bristle loss was much more penetrant with the Ap-Gal4 

driver (100% compared to 0% in controls; n=25 and 30, respectively) (Figure 2.7J). As 

with Nmo, Nlk’s kinase activity is required since overexpressing a kinase dead Nlk did 

not induce bristle loss, instead 30% of adults (n=33) showed bristle duplications similar 

to nmo-/- suggesting that it may act as a dominant negative (Figure 2.8C). 

The presence of empty sockets in Sca>2xNmo and Sca>Nlk overexpression flies 

indicated that the later stages of external sensory organ development dependent on 

asymmetric cell division may be perturbed. While Nmo-GFP expression is detected in 

proneural clusters and individual SOPs still expressing proneural factors during the larval 

stages in the presumptive notum (Figure 2.2A, 2.7K), surprisingly, we were unable to 

detect GFP expression during the stages of asymmetric cell divisions in the pupa (data 

not shown). The lack of GFP expression at these stages suggests that Nmo is unlikely to 

contribute to asymmetric cell divisions in the pIIa and pIIb lineages under normal 

conditions. Therefore, the gain of bristle phenotype observed in nmo-/- flies likely maps to 

perturbed proneural refinement that results in the selection of multiple neuronal cells 

rather than a single neuron. Overall these data are consistent with a global and 

conserved role for Nmo in promoting proneural refinement during neurogenesis.  



 

55 

 



 

56 

Figure 2.7. Nmo promotes proneural refinement during external sensory organ 
neurogenesis 

(A) Adult wt notum. (B) 70% of nmo-/- adults have dorsocentral and postalar bristle 
duplications (arrows; two separate nota are shown). (C) Ac expression in an L3 wt 
wing disc is found to peak in the sensory mother cells, see boxed inset for 
zoomed image. (D) Peaked expression of Ac in a nmo-/- wing disc is not observed, 
see boxed zoom. (E) Ac expression is reduced in SOPs when 2 copies of Nmo are 
expressed under the SOP specific Scabrous (Sca)-Gal4 driver. (F) Sca>2x Nmo 
adults show variable loss of bristles (white arrows) as well as empty sockets 
(yellow arrow).  (G) Ac expression is reduced in SOPs when one copy of Nmo is 
expressed under the early dorsal compartment driver Apterous (Ap)-Gal4. (H) 
Ap>Nmo adults show variable loss of bristles (white arrows). (I) Sca-Gal4 driving 
vertebrate Nlk also results in loss of bristles and empty sockets. (J) Similarly, 
Ap>Nlk results in loss of bristles. (K) A magnified view of wing disc Asc-SOPs 
show that Nmo-GFP levels correlate with levels of Ac i.e. high levels of Nmo-GFP 
are found in the sensory mother cell, which express the highest levels of Ac. 
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Figure 2.8. Nmo promotes lateral inhibition in a kinase dependent manner 

(A) The Sca-Gal4 expression domain is marked by the presence of GFP (green) (B) 
Nmo’s ability to inhibit SOP formation via lateral inhibition is dependent on its 
kinase activity since Sca>2Xnmo-kinase dead does not result in bristle loss. (C) 
The same is true for overexpression of a kinase dead form of human Nlk. 
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2.4.3. Nmo promotes N-mediated lateral inhibition during R8 
specification 

Impaired N signalling usually underlies proneural refinement defects (Cau & 

Blader, 2009). Since previous reports indicated that Nmo interacts with the N pathway 

(Ishitani et al., 2010; Verheyen, Purcell, Fortini, & Artavanis-tsakonas, 1996), and we 

observe proneural refinement defects in nmo mutants, we investigated whether Nmo 

may function during N-mediated lateral inhibition. We chose to focus on Nmo’s effect on 

Ato refinement in the eye. While loss of nmo phenocopies perturbed N signalling, Nmo 

and N may act in parallel on proneural refinement. In order to determine whether Nmo 

regulates N signalling we tested whether the canonical N targets, the Enhancer of split 

(E(spl)) proteins (Jennings, Preiss, Delidakis, & Bray, 1994) and the eye-specific N 

target, Da (Lim, Jafar-Nejad, Hsu, & Choi, 2008) are affected in nmo-/- clones. Using an 

antibody (mAb323) that detects four E(spl) proteins (mδ, mγ, m, m3) (Jennings et al., 

1994), we find a reduction in E(spl) levels in nmo-/- clones (Figure 2.9A, 2.10). 

Additionally, Da is reduced in nmo-/- clones (Figure 2.11A). This suggests that during 

proneural refinement Nmo may function in part through regulation of the N pathway 

rather than through a parallel pathway.  

Therefore, we asked whether increasing N activity in nmo-/- clones could rescue 

defects in Ato refinement. We used the Mosaic Analysis with a Repressible Marker 

(MARCM) technique (T. Lee & Luo, 2001) to express either the constitutively-active Nicd 

or RNAi against the N antagonist, Hairless (H), in nmo-/- mutant clones (Figure 2.9E,F).  

N hyperactivity alone in MARCM clones, using either UAS-Nicd (Figure 2.9C) or UAS-

HRNAi (Figure 2.9D), results in precocious Ato expression ahead of the MF followed by a 

rapid attenuation of Ato-positive cells within the MF and a consequent loss of R8 

precursors; this is because Notch signalling switches from first promoting Ato expression 

to repressing it via lateral inhibition (N E Baker et al., 1996; N E Baker & Yu, 1997; Y. 

Sun et al., 1998). Strikingly, increasing Notch activity in nmo-/- MARCM clones 

suppresses this phenotype to produce a near wildtype pattern of Ato expression (Figure 

2.9E,F). Ato is more refined than in wildtype control clones, as discrete EGs are now 

observed, which ultimately resolve into individual R8s more frequently (Figure 2.9E,F), 
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providing strong evidence that Nmo positively influences N-mediated lateral inhibition to 

refine proneural expression during neurogenesis. 

Our findings suggest that Nmo is a positive regulator of N signalling. This is in 

contrast to the work of Ishitani et al. (2010), which found that in Zebrafish 

phosphorylation of Nicd by Nlk inhibits formation of the active transcriptional complex in 

the signal-receiving cell.  Therefore, we explored whether differences in Nmo’s mode of 

N regulation during Drosophila neurogenesis could account for this discrepancy. In 

developing macrochaete SOPs of the wing disc, Nmo-GFP levels correlate with 

proneural factor levels in SOPs; i.e. high Nmo-GFP expression is found in the neural 

progenitor or signal-sending cell (Figure 2.7K). This suggests that during Drosophila 

neurogenesis Nmo may function in the signal-sending rather than receiving cell. The 

mere presence of Nmo in the signal-sending cell, however, does not confirm a functional 

requirement in this cell. Therefore, we examined whether components of the N signalling 

pathway are perturbed in tissue mutant for nmo or in which Nmo has been knocked 

down. We examined the secreted glycoprotein Scabrous (Sca), which affects the range 

of N signalling (E. C. Lee et al., 1996; Renaud & Simpson, 2001), Dl-LacZ, Dl, and N (by 

antibodies that detect the extracellular domain {ecd} and intracellular domain {icd} of the 

receptor) in nmo-/- mosaic tissue or nmoRNAi expressing tissue. While the expression 

patterns of Sca, Dl-LacZ, Necd and Nicd appear unchanged in nmo-/- clones (Figure 

2.11B,C, D, E), Dl expression patterns are perturbed (Figure 2.12A, 2.11F,G). The 

pattern of Dl accumulation has been extensively described by Parks et al. (1995). Dl is 

ubiquitously expressed within the furrow, from where it emerges in photoreceptor pre-

clusters  (presumptive IGs and EGs) (Overstreet, Fitch, & Fischer, 2004; Parks et al., 

1995). The majority of Dl protein is detected in apical endosomal vesicles in clusters 

exiting the furrow. It continues in differentiating photoreceptor cells in a stereotypical 

manner that correlates with row number (Parks et al., 1995).  We examined Dl protein in 

tissue in which Mirror-Gal4 drives the expression of NmoRNAi in the dorsal compartment 

of the eye disc; here, the onset of Dl is mildly delayed and, unlike in wildtype tissue, 

expression in clearly defined clusters is not prominent (Figure 2.12A). These data 

suggest that Nmo may promote N signalling, at least in part, via the regulation of Dl at 

the protein level.  
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Figure 2.9. Nmo promotes Notch mediate lateral inhibition during photoreceptor 
neurogenesis 

(A) Expression of the canonical N target, E(spl) is reduced in nmo-/- somatic 
clones (marked by the absence of GFP and indicated by dashed line). (B) Ato 
refinement is disrupted, and R8s fail to emerge in nmo-/- MARCM (GFP-positive) 
clones. (C) Tub>Nicd and (D) Tub>HRNAi MARCM clones (GFP-positive) induce 
precocious Ato ahead of the MF, as well as rapid downregulation of Ato and loss 
of R8s. (E) Ectopic activation of the Notch pathway in nmo-/- + Tub>Nicd and (F) 
nmo-/- + Tub>HRNAi MARCM clones partially rescues Ato refinement. 
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Figure 2.10. Z-series showing expression of E(spl) proteins in nmo-/- mosaic 
tissue 

(A) Maximum projection showing E(spl) proteins in a nmo-/ clone. E(spl) levels in 
the posterior of the disc (right) are comparable with wildtype but expression is 
reduced at the leading edge (left). (B) shows the z-series from basal to apical; 
again, only expression at the leading edge appears reduced. 
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Figure 2.11. Expression of Notch pathway targets and components in nmo 
mutant clones 

(A) nmo mutant clones stained for the Notch target Da, which appears decreased 
with loss of nmo. Notch pathway components (B) Sca, Notch with antibodies 
raised against the extracellular domain (C) and the intracellular domain (D) are 
unaffected by loss of nmo.(E) Dl-LacZ expression is mildly delayed by Nmo 
knockdown (bottom dotted region) but levels appear unchanged. (F) Maximum 
projection of Dl protein expression when Nmo is knocked down (GFP region). (G) 
Z-series of panels (F); note that Dl protein expression is largely apical and the z-
series are of sections in the apical region of the disc. 
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Figure 2.12. Delta protein expression is perturbed by reducing Nmo 

(A) In wildtype tissue, the majority of Dl protein is detected in apical endosomal 
vesicles in clusters exiting the furrow (brackets).The expression pattern of the N 
ligand Dl is perturbed following Nmo knockdown. The onset of Dl is mildly 
delayed and expression in defined clusters is not prominent.  (B) We propose a 
model in which Nmo functions downstream of proneural factors in the signal-
sending cell to promote Notch signalling via regulation of its ligand Dl at the 
protein level. Lower levels of Nmo in the signal-receiving cell may also play a role 
in Notch signalling. 
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2.5. Discussion 

We have shown that nmo is expressed in Ato- and Asc-dependent proneural 

domains and that expression of nmo and its mammalian homolog Nlk is regulated by 

members of both proneural families, suggesting that nmo is a conserved common 

proneural target. In support of these results, nmo and nlk were hits in two recent 

genome-wide screens aimed at identifying targets of Ato and Ascl1, in Drosophila and 

mouse respectively (Aerts et al., 2010; Castro et al., 2011). Additionally, we find that 

downstream of proneural factors, Nmo promotes proneural refinement via Notch-

mediated lateral inhibition. Our study defines a feedback loop in which proneural factors 

promote high levels of nmo expression in the neural progenitor followed by a novel role 

for Nmo in promoting N-mediated lateral inhibition to restrict proneural expression in 

adjacent cells, thus contributing to the robust selection of an individual neural cell. 

2.5.1. Nmo and Notch-mediated lateral refinement 

Common proneural targets include both pan-neuronal genes and genes that aid 

in the refinement process known as lateral inhibition (Bertrand et al., 2002). This Notch-

dependent process, in which a single neural progenitor is selected from among a 

proneural cluster, is essential for proper neuronal specification across species (Bertrand 

et al., 2002). Nmo was previously identified for its genetic interactions with the N-

pathway (Verheyen et al., 2001, 1996). Indeed, we find reduced Notch targets and gain 

of neural cell types in tissue mutant for nmo, a phenotype that is rescued by Notch 

hyperactivity. We observe that Nmo-GFP expression is highest in the signal-sending 

cell, the same cell in which proneural factors activate expression of their core target Dl 

(reviewed in Roignant and Treisman, 2009) and that Dl’s expression pattern is perturbed 

in nmo-/- clones in the eye disc. While these data do not exclude a possible role for Nmo 

is the signal-receiving cell, they support a role for Nmo as a regulator of Dl in the signal-

sending cell and as a positive regulator of Notch signalling. Our data indicate that 

Nmo/Nlk’s kinase activity is essential for its function during proneural refinement. Future 

studies are needed to determine the specific mode of Dl protein regulation by Nmo and 

whether Nmo functions in the signal-receiving cells. Irrespective of this, our results in 
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Drosophila indicate that Nmo acts as a positive regulator of neurogenesis, a surprising 

result given that Ishitani et al. found that Nlk inhibits formation of the Notch active 

transcriptional complex resulting in impaired neuroblast formation in zebrafish (Ishitani et 

al., 2010). These differences may represent species-specific divergence in Nlk function 

or may reflect differential expression in the signal-sending versus receiving cell during 

neurogenesis.  
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Chapter 3.  
 
An in vivo RNAi screen for kinase regulators of 
morphogenetic furrow progression 

The work presented here was completed with the help of Mehrnoosh Faghih 

Ordobadi, Robert Muhumuza and Sarah Siebert. EMV conceived the screen. I 

designed it and, following completion of the pilot screen by MFO, RM and SS, 

undertook the main screen, analysed the data and interpreted it.  

3.1. Rationale 

Protein phosphorylation is a post-translational modification of proteins, whereby a 

protein kinase catalyses the addition of a covalently bound phosphate group to a serine, 

a threonine or a tyrosine residue (Gao, Xiao, & Hu, 2014). Phosphorylation is a 

reversible modification, and the removal of phosphate groups is facilitated by protein 

phosphatases. The regulation of proteins by phosphorylation is termed 

phosphoregulation; it represents the largest class of post-translational modification within 

cells and plays an important role in a wide range of cellular processes (Cohen, 2001).  

One of the main interests of the Verheyen lab is phosphoregulation, specifically 

in the context of Wingless (Wg) signalling. To pursue this, my lab mates, Sharan Swarup 

and Tirthadipa Pradhan-Sundd, undertook an in vivo ‘kinome-wide’ and ‘phosphatome-

wide’ screen for regulators of Wg signalling in Drosophila. As a consequence, the lab 

possessed a library of RNAi lines targeting the complete Drosophila kinome and 

phosphatome from the Vienna Drosophila Research Centre. The availability of this 

enormous resource prompted us to screen for the involvement of phosphoregulation 

during MF progression. We restricted our analysis to kinases.  
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3.1.1. Assay and pilot screen 

We used the GAL4/UAS system (Brand & Perrimon, 1993) to drive expression of 

UAS-double stranded RNA (UAS-RNAi) constructs against kinase encoding genes in the 

eye disc. To gauge defects in MF progression upon RNAi-mediated kinase knockdown, 

we directly examined L3 eye discs and visualized the MF with an antibody against 

Armadillo (Arm) or Drosophila -catenin, which marks apical cell membranes. We 

decided to also use antibodies against the photoreceptor-specific proneural factor Ato, 

and against the pan-neuronal marker Embryonic Lethal, Abnormal Vision (ELAV) 

(Jarman et al., 1993), to screen for effects on proneural refinement, and photoreceptor 

differentiation and organization.  

The MF moves across the eye disc uniformly, visualised as a line of apical 

constriction that spans the entire dorso-ventral extent of the eye disc. In fixed tissue, 

delays or accelerations in MF progression are easily noticed in genetic mosaics. Here, 

defects in progression caused as the MF passes through mutant clones can be directly 

compared to MF progression through neighbouring wildtype tissue by examining the 

MF’s relative position in the mutant clone versus the wildtype cells surrounding it. 

However such defects cannot be observed if the relevant gene is uniformly knocked 

down in the entire tissue, as there is no internal control for normal progression speed. 

Screening for such defects using the GAL4/UAS system, therefore, required that we use 

a GAL4 driver to knock down expression in only one part of the MF (Figure 3.1); thus 

giving us a means with which to gauge MF progression by relative position through use 

of internal controls within the tissue. 

Mehrnoosh Faghih Ordobadi, Robert Muhumuza and Sarah Siebert performed a 

pilot screen (Figure 3.1) against known regulators of MF progression and R8 

specification using multiple GAL4 drivers, with and without UAS-dicer2 (dcr2). This proof 

of concept screen informed our decision to proceed with the eye gone (eyg)-GAL4 driver 

(Jang, 2003) with UAS-dcr2 for the screen. UAS-dcr2 serves to increase the efficiency of 

the RNAi knockdown and, therefore, increases phenotypic penetrance. eyg-GAL4 drives 

expression in a wedge-shaped region, from anterior to posterior, along the dorsoventral 

midline of the eye disc (Figure. 3.1B). During L3, this expression domain spans the MF 

and is surrounded by non-expressing cells on either side, to provide internal controls. 
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The eyg-GAL4 domain also overlaps with the posterior center (PC), the region where MF 

progression and retinal differentiation initiate. This enabled us to screen not only for MF 

progression defects but also for defects in furrow initiation (See Chapter 4).  

  

 

Figure 3.1. Two GAL4 drivers with non-ubiquitous expression domains in the 
eye disc that span the MF 

(A) mirror (mirr)-GAL4 drives GFP expression in the dorsal half of the eye disc. It 
spans the MF (marked by Ato) and the ventral half of the disc serves as an internal 
control within the tissue. (B) eye gone (eyg)-GAL4 drives GFP expression in a 
wedge along the dorsoventral boundary of the eye disc. It spans the MF (marked 
by Ato) and is flanked by two unaffected regions which serve as internal controls. 
The eyg-GAL4 expression domain also overlaps with the posterior center (PC; 
star), the MF origin. 
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Figure 3.2. A schematic illustration of the RNAi screen performed to identify 
kinase regulators of MF progression. 
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3.2. Materials and methods  

3.2.1. Fly stocks and genetics 

We used the following transgenic flies in this study (individual genotypes are 

enclosed in {} and are separated by commas): {;;eyg-GAL4/TM6B} (BL#46190), {;;UAS-

dcr2} (BL#24651), {;UAS-dcr2;eyg-GAL4/TM6B}, {;;mirr-Gal4/TM6B} (BL#29650), 

{;UAS-dcr2;mirr-GAL4/TM6B}. Additionally we used a subset of the VDRC UAS-Kinase-

RNAi lines listed and indicated in Appendix 1.  

3.2.2. Immunocytochemistry 

Eye discs of third instar larvae were dissected in 1X phosphate-buffered saline 

(PBS), fixed in 4% formaldehyde, blocked in 5% normal donkey serum and stained using 

standard protocols for all antibodies. 

The following primary antibodies were used in this study:  mouse anti-Arm 

(1:100; DSHB), rat anti-Elav (1:200; DSHB), rabbit anti-Ato (1:1000; a gift from Y.N. 

Jan). Secondary antibodies were FITC anti-mouse, DyLight649 anti-rat and Cy3 anti- 

rabbit (Jackson Immunochemicals). 

3.3. Screen hits 

I screened ~90 kinases that were prioritized for having previously documented 

eye phenotypes (based on information compiled by Sarah Siebert from flybase.org; See 

Appendix 1). Roughly a third of these were identified as factors that regulate furrow 

progression and/ or photoreceptor development, including nemo (nmo) (Table 3.1). We 

obtained three major categories of hits: those that produced (1) a delay in MF, (2) a 

complete block in MF progression in the GAL4 domain, and (3) an advance in MF 

progression (see Table 3.1, examples are shown in Figure 3.3).  

Perhaps not surprisingly, the majority of hits were positive regulators of MF 

progression i.e. they belonged to categories (1) and (2), suggesting that it is easier to 
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‘break’ or slow down the MF rather than ‘speed’ it up through perturbations to 

phosphoregulation. Indeed, only 2 negative regulators of MF progression (category 3) 

were identified: Misshapen (Msn) and Pka-C1. Pka-C1 is a known negative regulator of 

Hh signalling. The induction of ectopic apical constriction anterior to the MF by Pka-C1 

loss were documented previously (Pan & Rubin, 1995). Thus, Msn is the only novel 

negative regulator of MF progression identified from the screen.  

In category 2, in which all differentiation was blocked, we identified Downstream 

of Raf1 (Dsor1), Shaggy (Sgg) and Casein kinase 1 (Ck1). Sgg and Ck1 are known 

to negatively regulate Wg signalling. Ectopic Wg signalling in their absence results in a 

block in retinal differentiation (Legent, Steinhauer, Richard, & Treisman, 2012). 

Therefore, of the kinase regulators required for initiating retinal differentiation, Dsor1 was 

the only novel hit.  

Given the wealth of hits, we stopped the screen to pursue characterizing two 

hits obtained from the partial screen. We chose to characterize dsor1 and msn because 

the phenotypes produced by their knockdown were underrepresented in the screen i.e. 

they belonged to categories 2 and 3. Chapters 4 and 5 are the projects that developed 

from further characterization of dsor1and msn, respectively. 
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Table 3.1. Hits identified by the RNAi screen for regulators of MF progression 

CG number Gene name MF progression  Category  

CG7643 ald Delay  1  

CG6875 asp Delay  1  

CG2210 awd Delay  1  

CG8224 babo Delay  1  

CG6963 gish Delay  1  

CG11228 hpo Delay  1  

CG2615 ik2 Delay  1  

CG2899 ksr Delay  1  

CG1098 madm Delay  1  

CG7892 nmo Delay  1  

CG1210 pdk1 Delay  1  

CG4141 Pi3K92E Delay  1  

CG17596 S6kII Delay  1  

CG7873 Src42A Delay  1  

CG17603 taf1 Delay  1  

CG12072 warts Delay  1  

      

CG2028 CkIα Blocked1  2  

CG2621 sgg Blocked1  2  

CG15793 dsor1 Blocked  2  

      

CG4379 Pka-C1 Advance1  3  

CG16973 msn Advance  3  
1These effects were previously documented 
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Figure 3.3. Examples phenotypes of screen hits 

(A) The majority of hits identified by the screen appeared to be positive regulators 
of MF progression, thus their knockdown produced delays in MF. (B) Only two hits 
produced advances in MF. (C) Hits belonging to a third category were those 
whose knockdown resulted in a block in retinal differentiation in the GAL4 
domain. 
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Chapter 4.  
 
Where will it begin?                               
Ras/MEK/MAPK regulation of heparin sulfate 
proteoglycans promotes retinal differentiation in the 
Drosophila eye disc 

The following chapter was submitted for review at Developmental Biology. The 

authors of the paper were as follows:  

Vilaiwan M. Fernandes, Tirthadipa Pradhan-Sundd, Jessica A. Blaquiere and 

Esther M. Verheyen 

Department of Molecular Biology and Biochemistry, Simon Fraser University, 

Burnaby, British Columbia, Canada, V5A 1S6. 

As the first author, I conceived, designed and performed the experiments, 

analysed and interpreted the data, and wrote the manuscript. TBS and JAB 

contributed to experiments and, with EMV, to writing the manuscript.  
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4.1. Abstract 

Generating cellular heterogeneity is crucial to the development of complex 

organs. Organ-fate selector genes and signalling pathways generate cellular diversity by 

subdividing naïve tissues and imprinting them with regional identities. The Drosophila 

eye-antennal imaginal disc is an excellent system in which to study regional-fate 

specification since eye-fate is a prerequisite to retinal differentiation. During 

development, signalling pathways and selector genes compete with and mutually 

antagonize each other to subdivide the tissue. Wingless (Wg) signalling is the main 

inhibitor of retinal differentiation; it does so by promoting antennal/head-fate via selector 

factors and by antagonizing Hedgehog (Hh), the principal differentiation-initiating signal. 

Wg signalling must be suppressed by JAK/STAT at the disc posterior in order to initiate 

retinal differentiation. Ras/MEK/MAPK signalling has also been implicated in initiating 

retinal differentiation but its mode of action is not known. We find that compromising 

Ras/MEK/MAPK signalling along the dorsoventral (DV) boundary of the early larval disc 

results in expanded antennal/head cuticle at the expense of the compound eye. These 

phenotypes correspond both with perturbations to selector factors, and with de-

repressed wg. Indeed, STAT activity is reduced due to decreased mobility of the ligand, 

Unpaired (Upd) along with a corresponding loss in Dally-like protein (Dlp), a heparan 

sulfate proteoglycan (HSPG) that aids in Upd diffusion. Strikingly, blocking HSPG 

biogenesis phenocopies compromised Ras/MEK/MAPK, while restoring HSPG 

expression significantly rescues the adult phenotype. This study demonstrates a novel 

role for HSPGs downstream of Ras/MEK/MAPK in regional-fate specification during 

development. 

4.2. Introduction 

 During development, a handful of conserved signal transduction pathways 

coordinate tissue patterning, cell fate specification, and differentiation to give rise to 

specialized adult organs. A common feature of development is the subdivision of 

homogenous unspecified tissue into subdomains with specific regional identities. 
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Signalling pathways are used reiteratively along with selector genes to assign regional 

identity to developing primordia (reviewed by Tsachaki and Sprecher, 2012).  

In Drosophila, the adult compound eyes, ocelli, antennae, maxillary palps and 

head cuticle all arise from the larval eye-antennal imaginal discs (reviewed by Kumar, 

2012). The eye-antennal imaginal disc therefore represents an excellent system to study 

the regulation of regional-fate specification. Early during embryogenesis, the eye-

antennal primordium lacks regional identity (María Domínguez & Casares, 2005); 

differences between the presumptive eye and antennal fields only arise during the 

second larval instar (L2) (Kenyon et al., 2003)  when competing eye and antennal-head 

fate selector factors spatially restrict each other’s expression within the naïve tissue 

(Wang and Sun, 2012; Weasner and Kumar, 2013). During L2, eye field specification 

begins with the expression of the eye selector genes twin of eyeless (toy) and eyeless 

(ey). Toy and Ey, in turn, promote the expression of additional retinal determination 

network members, sine oculus (so), eyes absent (eya) and dachshund (dac); together 

they lock in eye fate (reviewed by Kumar, 2010). Antennal selector genes include 

distalless (dll), homothorax (hth) and cut (ct). Hth and Ct directly repress ey transcription, 

and are themselves repressed by So (Wang & Sun, 2012); this mutual antagonism 

results in a broad subdivision of the naïve L2 tissue into regions competent to adopt 

either eye or antennal-head fate. 

During L3, retinal differentiation begins at the intersection of the posterior margin 

of the disc with the dorso-ventral (DV) boundary, hereon referred to as the posterior 

center (PC). From the PC, photoreceptor neurogenesis sweeps across the disc towards 

the anterior, coupled to a preceding wave of apical constriction, known as the 

morphogenetic furrow (MF) (Ready, Hanson, Benzer, Ready, & Hanson, 1976). The MF 

represents the leading edge of retinal differentiation. Its progression further resolves the 

expression domains of selector genes within the eye field, which will contribute to both 

the adult retina and surrounding head capsule (reviewed by Kumar, 2010). Regional 

specification at this stage is dependent, not merely on selector genes, but instead on the 

intersection between signal transduction pathways and selector factors. The interplay of 

Ecdysone, Notch (N), Ras/MEK/MAPK, Janus kinase/ Signal Transducer and Activator 

of Transcription (JAK/STAT), Hedgehog (Hh), Decapentaplegic (Dpp) and Wingless 
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(Wg) signalling during late L2 and early L3 is thought to culminate in MF initiation at the 

PC of the eye disc (Dominguez & Hafen, 1997; Ekas et al., 2006; J P Kumar & Moses, 

2001; Ma & Moses, 1995; Ma et al., 1993; Niwa et al., 2004; Treisman & Rubin, 1995; 

Tsai et al., 2007).  

Wg signalling is the main inhibitor of retinal differentiation, MF initiation and MF 

progression (Ma & Moses, 1995; Treisman & Rubin, 1995). wg is transcribed along the 

dorsal and ventral margins of the eye disc. It antagonizes Hh and Dpp and in doing so 

represses retinal differentiation (Ma & Moses, 1995; Treisman & Rubin, 1995; 

Wiersdorff, Lecuit, Cohen, & Mlodzik, 1996). Wg signalling is itself antagonized by Dpp 

signalling (Pignoni & Zipursky, 1997; Royet & Finkelstein, 1997; Wiersdorff et al., 1996). 

A critical step necessary for retinal differentiation is the exclusion of Wg signalling from 

the posterior regions of the disc (Royet & Finkelstein, 1997; Treisman & Rubin, 1995). 

The activation of Notch signalling along the DV boundary promotes growth of the entire 

disc (Chao et al., 2004; Reynolds-Kenneally & Mlodzik, 2005). This period of growth is 

important for regional specification as it positions the posterior margin of the disc out of 

Wg’s diffusible range, thus enabling the initiation of retinal differentiation (Kenyon et al., 

2003). Notch-mediated growth is facilitated in part through Notch-induced expression of 

Unpaired (Upd), the JAK/STAT pathway ligand, at the PC (Ekas et al., 2006; Tsai & Sun, 

2004; Tsai et al., 2007). With the help of heparan sulfate proteoglycans (HSPGs) in the 

extracellular matrix (ECM), Upd diffuses from the PC towards the anterior, activating 

JAK/STAT signalling in receiving cells (Hayashi et al., 2012; Zhang et al., 2013). 

JAK/STAT dually functions to promote growth throughout the disc and repress wg 

transcription along the disc margins; another means by which Wg signalling activity is 

excluded from the posterior of the disc to enable the initiation of the MF and 

neurogenesis (Chao et al., 2004; Ekas et al., 2006; Tsai & Sun, 2004; Tsai et al., 2007).   

The Ras/MEK/MAPK pathway has also been implicated in the initiation of retinal 

differentiation at the PC (Dominguez & Hafen, 1997; J P Kumar & Moses, 2001). There 

is a complete absence of retinal development when eye discs from individuals carrying a 

temperature-sensitive mutation in the pathway receptor (epidermal growth factor 

receptor; egfr) are shifted to the restrictive temperature just prior to MF initiation (J P 

Kumar & Moses, 2001). While Ras/MEK/MAPK signalling has been implicated in 
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regulating ey and eya expression, as well as Eya activity (Hsiao, Williams, Davies, & 

Rebay, 2001; Salzer, Elias, & Kumar, 2010; Xiong, Morillo, & Rebay, 2013), its mode of 

action during MF initiation is poorly understood. Here, we show that eye domains with 

compromised Ras/MEK/MAPK signalling fail to adopt retinal fate; instead they take on 

head capsule and/or antennal fate, resulting in adults with disrupted eye fields and 

expanded head/ antennal fields. These adult phenotypes are preceded by matching 

changes in selector genes in the eye disc i.e. loss of eye selectors and gain of head 

selectors in regions of compromised Ras/MEK/MAPK signalling. Reduction of 

Ras/MEK/MAPK signalling phenocopies the loss of JAK/STAT signalling. Phenotypes 

associated with loss of JAK/STAT signalling have been ascribed to de-repression of wg, 

which in turn results in the interruption of MF initiation points and compromised retinal 

fate specification. Indeed, we observe non-autonomous expansion of Wg-target 

expression domains and of the wg domain when Ras/MEK/MAPK signalling is reduced. 

Interestingly, while upd transcription is unaffected, we find reduced expression of the 

HSPG, Dally-like protein (Dlp) and a corresponding impairment of Upd mobility in the 

ECM when Ras/MEK/MAPK pathway activity is reduced. Loss of eye fate and expanded 

head/ antennal fate can be rescued by overexpressing the HSPGs, dally or dlp. 

Therefore, we propose that Ras/MEK/MAPK signalling is required for the expression of 

HSPGs, which facilitate Upd mobility in the ECM, and that normal HSPG expression is 

essential for eye-fate specification through JAK/STAT suppression of wg. 

4.3. Materials and methods 

4.3.1. Fly stocks and genetics 

We used the following mutant and transgenic flies in this study (individual 

genotypes are enclosed in {} and are separated by commas): 

{w1118;;},{dsor1LH110,FRT101/FM7a;;} (BL#5545), {ubi-GFP, FRT101A;; eyflp}, {dsor1K7D13, 

FRT 19A/FM7c}, {armLacZ, FRT19A;; eyflp} (gifts from J. Triesman), {;;eyg-

GAL4/TM6B} (BL#46190), {;;UAS-dcr2} (BL#24651), {;UAS-dcr2;} (BL#24650), {;UAS-

dcr2;eyg-GAL4/TM6B }, {;UAS-GFP;eyg-GAL4/TM6B }, {;UAS-p35;} (BL#5072), {;UAS-

p35;eyg-GAL4/TM6B}, {;UAS-dsor1-RNAi;} (VDRC#107276), {;UAS-dsor1-RNAi;UAS-
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dcr2}, {;;UAS-rl-RNAi} (BL#34855), {;UAS-Ras-RNAi;} (VDRC#106642and #28129), 

{;UAS-Raf-RNAi;} (VDRC#20909 and VDRC#107766), {UAS-RasN17;;} (BL#4845), 

{;;UAS-dsor1} (FlyORF#001292), {;;UAS-rlsem},{;;UAS-dally-RNAi} (BL#28747, BL#33952 

and VDRC#14136), {;;UAS-dlp-RNAi} (BL#34089, BL#34091 and VDRC#10298), 

{;;UAS-dally} (BL#5397), {;;UAS-dlp } (BL#9160), {UAS-sfl-RNAi} (BL#50538), {;;UAS-

sfl} (BL#21840), {;;mirr-Gal4/TM6B} (BL#29650), {updLacZ;;} or posterior dot (Y. H. Sun 

et al., 1995), {updLacZ; UAS-dsor1-RNAi}, {;STAT92E10XGFP;} (BL#26197), 

{;STAT92E10XGFP;eyg-Gal4/TM6B},{;dppLacZ/CyO; eyg-Gal4/TM6B}, {;UAS-sgg-

RNAi;} (VDRC#101538), {;UAS-ck1-RNAi;} (VDRC#110768), {;wg-lacZ/CyO;} (Kassis, 

Noll, VanSickle, Odenwald, & Perrimon, 1992), {;wg-lacZ/CyO; eyg-Gal4/TM6B}, 

{fz3LacZ;;}(Sato, Kojima, Ui-Tei, Miyata, & Saigo, 1999), {fz3LacZ;;mirr-Gal4/TM6B}, 

{;;Fz3-RFP}  (a gift from Ramanuj Dasgupta) and {;UAS-dsor1-RNAi;Fz3-RFP}. 

4.3.2. Immunocytochemistry 

Eye discs of third instar larvae were dissected in 1X phosphate-buffered saline 

(PBS), fixed in 4% formaldehyde, blocked in 5% normal donkey serum and stained using 

standard protocols for all antibodies with the exception of extracellular-Upd. Ex-Upd 

stains were was performed according to standard extracellular antibody protocols (Baeg, 

Lin, Khare, Baumgartner, & Perrimon, 2001; Strigini & Cohen, 2000). Briefly, discs were 

incubated in primary antibody at 4°C before fixation, to allow primary antibody binding in 

the absence of endocytosis. After fixation, standard protocols were used. 

The following primary antibodies were used in this study:  mouse anti-Arm 

(1:100; DSHB; Wieschaus, E), rat anti-Elav (1:200; DSHB; Rubin, G.M.), rabbit anti-βGal 

(1:1000; Cappel), rabbit anti-Hth (1:1000; a gift from Richard Mann), mouse anti-Cut 

(1:20; DSHB; Rubin, G.M.), mouse anti-Eya (1:100; DSHB; Benzer, S. / Bonini, N.M.), 

mouse anti-Dac2-3 (1:100; DSHB; Rubin, G.M.), mouse anti-Dlp (1:50; DSHB; Beachy, 

P.A.), mouse anti-Wg (1:50; DSHB; Cohen, S.M.), Rabbit anti-Upd (1:100), Secondary 

antibodies were FITC anti-mouse, FITC anti-mouse IgG1, FITC anti-rat, DyLight649 anti-

mouse IgG2, DyLight649 anti-mouse, Cy3 anti- rabbit, DyLight649 anti-rat (Jackson 

Immunochemicals). 
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4.4. Results 

4.4.1. Compromised Ras/MEK/MAPK signalling results in gain of 
head/antennal fate at the expense of eye fate 

 While performing a screen for regulators of Drosophila eye development, we 

observed striking adult phenotypes, not previously described, when we knocked down a 

component of Ras/MEK/MAPK signalling in the eye disc. Expression of a short hairpin 

against downstream of Raf1 (dsor1 or Drosophila MEK; Figure 4.1A), in a wedge along 

the DV boundary of the disc using the eye gone (eyg)-GAL4 driver (eyg>dsor1RNAi; 

Figure 4.3), resulted in adults with split eye fields separated by ectopic antennal or head 

cuticle along the presumptive DV boundary (Figure 4.1C). While adult phenotypes 

showed some variation in penetrance (Figure 4.2A-F), including complete loss of the 

compound eye replaced by antennal/ head cuticle on rare occasions (<5%; N = 56; 

Figure 4.2F), individuals with split eye fields made up the majority of adult phenotypes 

(>80%; N = 56). The Ras/MEK/MAPK pathway is known to positively regulate cell 

survival in the posterior region of the disc (Nicholas E Baker, Yu, & York, 2001; 

Bergmann, Agapite, McCall, & Steller, 1998; Wu, Zhuang, Han, Xu, & Deng, 2009; Lihui 

Yang, Baker, & York, 2003). Importantly, blocking Caspase-dependent cell death by co-

expressing the baculovirus anti-apoptotic protein p35 (Hay, Wolff, & Rubin, 1994) did not 

change these phenotypes (Figure 4.2G), suggesting that they are not primarily due to 

impaired cell survival. 

Next we tested whether the phenotype in dsor1 knockdowns was due to a loss of 

Ras/MEK/MAPK signalling in these animals or to another, uncharacterized, function of 

Dsor1. Thus we sought to knock down other pathway members (Fig 1A). eyg-GAL4 

driven RNAi knockdown of rolled (rl or Drosophila MAPK) also produced ectopic 

antennae and reduced eye fields (Figure 4.2H), but in general these phenotypes tended 

to be milder than those caused by dsor1 knockdown. RNAi knockdown of Ras and Raf 

had no effect on eye development (data not shown). This was a surprising result given 

the numerous reported roles for Ras signalling during eye development (Gaengel & 

Mlodzik, 2003; Robertson et al., 2012; L Yang & Baker, 2001); we speculated that an 

inefficient RNAi-mediated knockdown might account for the lack of disruption to eye 
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development. To test this, we expressed a dominant negative form of Ras (UAS-RasDN) 

under the control of eyg-GAL4, and observed similar phenotypes to dsor1 knockdown 

i.e. expanded head cuticle at the expense of the compound eye (Figure 4.1D, 4.2I-K). 

Loss of eye tissue was enhanced when individuals were raised at 29oC to achieve 

optimal GAL4activity (Figure 4.2K).  

As a further control for the fact that the effects of Dsor1 knockdown were due to 

loss of MAPK pathway activity, we attempted to rescue the knockdown phenotype. First, 

we restored Dsor1 expression in eyg>dsor1RNAi discs by co-expressing wildtype UAS-

dsor1. This produced a near complete rescue of the split eye field and ectopic head 

cuticle phenotype (Figure 4.1F), suggesting that the dsor1 knockdown phenotype is not 

due to nonspecific off-target effects. We ruled out that this rescue could be due to 

titration of Gal4 by the presence of multiple UAS sequences by including a UAS-GFP in 

the Dsor1 knockdown alone (Figure 4.1E). To test for the involvement of canonical 

Ras/MEK/MAPK pathway, we co-expressed an activated form of rl (UAS-rlsem), along 

with RNAi against dsor1 using the eyg-GAL4 driver. Here too, we observed a rescue of 

the dsor1 knockdown phenotype (Figure 4.1G). Together, these data implicate the 

Ras/MEK/MAPK pathway in regulating the balance between retinal and antennal/head 

fate. 
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Figure 4.1. Head/antennal cuticle expands at the expense of the compound eye 
when Ras/MEK/MAPK signalling is compromised.  

(A) A schematic illustration of the Ras/MEK/MAPK pathway, whose activity is 
triggered by receptor tyrosine kinases (RTKs; primarily EGFR at this stage of 
Drosophila eye development). The pathway is characterized by a phosphorylation 
cascade that ultimately leads to changes in target gene expression. (B) A control 
eyg>dcr2 adult eye. (C) dsor1 knockdown by eyg-GAL4 leads to adults in which 
head/antennal cuticle has expanded into the compound eye domain, splitting the 
eye along the DV boundary. (D) A similar but milder phenotype of expanded head 
cuticle at the expense of compound eye is observed when a dominant negative 
form of Ras (RasDN) is driven by eyg-GAL4. (E) A phenotype similar to (C) is 
observed even when GFP is expressed as a titration control. (F) Coexpression of 
wildtype dsor1 and (G) an activated form of Drosophila MAPK, Rolled (rlsem) both 
rescue the dsor1 knockdown phenotype. 
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Figure 4.2. Reduced Ras/MEK/MAPK signalling produces a range of loss of eye- 
and gain of head/antennal-fate defects.  

(A-F) dsor1 knockdown by eyg-GAL4 leads to adults in which head/antennal 
cuticle has expanded at the expense of compound eye with some variability (A) 
~5%, (B-D) 82%, (E) 10% and (F) 3%. (G) Co-expression of P35 with dsor1RNAi

 did 
not modify the appearance of the knockdown phenotype. (H) rl knockdown by 
eyg-GAL4 results in smaller eyes and antennal duplications (arrowheads). (I-K) 
Expanded head cuticle at the expense of compound eye is observed when a 
dominant negative form of Ras (RasDN) is driven by eyg-GAL4. Individuals raised 
at 29oC showed more severe phenotypes. 
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4.4.2. Expression domains of eye selectors are reduced and 
antennal/head selectors are expanded when Ras/MEK/MAPK 
signalling is compromised 

The enlargement of antennal and head cuticle at the expense of compound eye 

when dsor1 is knocked down suggested disruptions to the normal regional fate 

specification during eye disc development. Therefore, we examined eyg>dsor1RNAi third 

instar eye-antennal discs. In eyg>dcr-2 control discs, Armadillo (Arm) marks apical cell 

membranes and is enriched in the apically constricting MF cells. The MF appears as a 

continuous band that spans the width of the disc along its entire dorso-ventral (DV) 

extent (Figure 4.3A). ELAV, a pan-neuronal factor, marks developing photoreceptors in a 

single continuous domain posterior to the MF (Figure 4.3A). In dsor1 knockdown discs 

we observed two separate MFs as seen with Arm (Figure 4.3B) and the MF marker dpp-

lacZ (Figure 4.4C), and two domains of ELAV-positive photoreceptors (Figure 4.3B) on 

either side of the eyg-GAL4 expressing region (Figure 4.4A).  

Next we examined whether the expression of eye selectors was affected when 

dsor1 was knocked down. In control discs, Eya is expressed in the developing 

photoreceptors posterior to the MF, within the MF and just anterior to it (Figure 4.3C), 

while Dac is expressed at high levels anterior to the MF, within it and in the youngest 

photoreceptors just posterior to the MF; it then drops to low levels in older or more 

posterior photoreceptors (Figure 4.3E). For both Eya and Dac, eyg-GAL4>dsor1RNAi 

caused reduced expression along the DV boundary of the disc (Figure 4.3D, F). 

Reduced Eya expression when dsor1 is knocked down is consistent with other reports of 

Eya regulation by members of the Ras/MEK/MAPK pathway, including Ras, Pointed 

(Pnt) and Yan (Salzer et al., 2010).  

We also tested whether the antennal/head-fate selector Ct is affected by dsor1 

knockdown. In control discs, Ct is expressed in the outer rings of the antennal disc and 

in the anterior-most regions of the eye disc (Figure 4.3G). It is also expressed in 

developing cone cells in the posterior of the eye disc, independent of its role as an 

antennal/head-fate selector factor (Figure 4.3G) (Blochlinger, Jan, & Jan, 1993; Cordero 

& Cagan, 2010). In eyg-GAL4>dsor1RNAi discs, we observe an expansion of the Ct 

expression domain in the anterior region of the eye disc as well as ectopic Ct along the 
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DV boundary region dividing the two ELAV-positive photoreceptor domains (Figure 

4.3H). Together these data show that compromised Ras/MEK/MAPK signalling by dsor1 

knockdown results in reduced eye-fate selector factors and elevated antennal/head-fate 

selectors. 
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Figure 4.3. Head/antennal-fate selectors expand at the expense of eye-fate 
selectors when Ras/MEK/MAPK signalling is compromised.  

(A) A control eye disc showing the MF marked by Arm enrichment and 
photoreceptors marked by ELAV. (B) dsor1 knockdown by eyg-GAL4 leads to two 
smaller eye fields with two MFs and two ELAV-positive photoreceptor domains. 
(C) The eye-fate selector Eya is expressed in developing photoreceptors and in a 
broad band in the anterior. (D) Eya expression is reduced along the DV boundary 
when dsor1 is knocked down by eyg-GAL4. (E) Dac, another eye-fate selector is 
expressed at high levels in the neighbourhood of the MF and at low levels 
posterior to it. (F) dsor1 knockdown by eyg-GAL4 leads to reduced Dac 
expression along the DV boundary. (G) Cut, an antennal/head-fate selector is 
expressed in the outer rings of the antenna and the anterior most region of the 
eye disc. (H) Cut expression expands into the eyg-GAL4 domain when dsor1 is 
knocked down by eyg-GAL4. 
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Figure 4.4. Reduced Ras/MEK/MAPK disrupts retinal differentiation and the MF.  

(A) A control eye disc showing the eyg-GAL4 expression domain marked by the 
presence of GFP. The MF marked by Arm enrichment and photoreceptors marked 
by ELAV, and (B) the MF marker dpp-lacZ. (C) dsor1 knockdown by eyg-GAL4 
leads to two smaller eye fields with two MFs as shown by the MF marker dpp-lacZ. 
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4.4.3. Dsor1 knockdown results in non-autonomously expanded 
Wg target expression domains 

Multiple groups have recently demonstrated that regional fate specification is the 

outcome of competition between distinct fate-selector networks (Wang & Sun, 2012; 

Weasner & Kumar, 2013). Hth is genetically upstream of Ct (Dong, Dicks, & 

Panganiban, 2002), and like Ct also promotes antennal-head fate while antagonizing 

eye selectors (Wang & Sun, 2012). Since we observe ectopic Ct expression when 

Ras/MEK/MAPK signalling is compromised, we tested whether Hth expression was also 

affected in this context. In control discs, Hth is expressed at high levels in the antennal 

disc and in the anterior most region of the eye disc, and at low levels everywhere else 

(Figure 4.5A). eyg>dsor1RNAi resulted in ectopic Hth in the DV boundary region where 

eyg-GAL4 drives expression (Figure 4.5B). Additionally, we observed a non-autonomous 

expansion of the Hth expression domain at the disc margins, such that Hth expression 

extended much further towards the posterior at the margins when compared with control 

discs (Figure 4.5B). Similar results were obtained when dsor1 was knocked down by 

RNAi using the mirror (mirr)-GAL4 driver, which drives expression in the dorsal 

compartment of the disc (Figure 4.6D).  

In addition to functioning as an antennal-head-fate selector, Hth is also a target 

and effector of Wg signalling, which contributes to inhibition of MF progression and 

retinal differentiation (Baonza & Freeman, 2002; Lopes & Casares, 2010; F Pichaud & 

Casares, 2000; Treisman & Rubin, 1995). Thus we tested whether altered Wg signalling 

could explain the appearance of Dsor1 knockdown eyes; Indeed, when the negative 

regulators of Wg signalling, Shaggy (Sgg) (Heslip, Theisen, Walker, & Marsh, 1997) or 

Casein kinase 1 (Ck1) (Legent et al., 2012), are knocked down by eyg-GAL4 driven 

RNAi, they phenocopy dsor1 knockdown adults (Figure 4.6A, B). We tested whether 

another Wg target, frizzled3 (fz3), (Sato et al., 1999), was affected by reduced 

Ras/MEK/MAPK signalling. We examined the expression of the Fz3-RFP protein trap 

(Olson et al., 2011) and the enhancer trap fz3-lacZ. High Fz3-RFP expression is 

restricted to the anterior disc margins in control discs (Figure 4.5C) but was expanded 

non-autonomously along the margins in discs in which dsor1 is knocked down along the 

dorso-ventral boundary (Figure 4.5D). Similar effects were observed for fz3-lacZ when 
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we used mirr-GAL4 to drive RNAi against dsor1 (Figure 4.6F). Thus, the expression 

domains of Wg signalling targets expand non-autonomously when Ras/MEK/MAPK 

signalling is compromised using distinct GAL4 drivers (eyg-GAL4 and mirr-GAL4). 

4.4.4. Wg and wg expression domains expand non-autonomously 
in dsor1 knockdowns 

The striking similarity between the dsor1 knockdown phenotype and knockdowns 

of negative regulators of Wg signalling combined with the observed elevation in Wg 

targets in dsor1 knockdowns led us to examine the levels of Wg itself. We analysed both 

Wg protein and wg transcriptional expression using an antibody against Wg, and by 

examining the enhancer trap wg-lacZ. In control discs, Wg and wg-lacZ are expressed in 

a dorsal wedge in the antennal disc and at the anterior margins of the eye disc (Figure 

4.5E, G). In eyg>dsor1RNAi discs, both Wg and wg-lacZ expression expanded non-

autonomously and were elevated (Figure 4.5F, H). Collectively these data suggest that 

compromised Ras/MEK/MAPK signalling results in a non-autonomous de-repression of 

Wg transcription in the eye disc, leading to upregulation of Wg targets and phenotypes 

that are similar to Wg gain of function (gain of head tissue at the expense of eye). 
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Figure 4.5. Compromised Ras/MEK/MAPK signalling leads to non-
autonomously expanded domains of Wg signalling and wg 
transcription  

(A) In control discs the head/antennal-fate selector and Wg signalling target Hth is 
expressed at high levels in the outer antennal rings and in the anterior region of 
the eye disc (B) Hth expression is autonomously and nonautonomously expanded 
when dsor1 is knocked down by eyg-GAL4. Ectopic Hth is observed in the eyg-
GAL4 domain (autonomous) as well as non-autonomously expanded along the 
disc margins towards the posterior (C) The RFP reporter of the Wg target Fz3 is 
expressed at the anterior eye disc margins in control discs (D) Fz3-RFP expands 
non-autonomously in eyg>dcr2,dsor1RNAi discs (E) Wg is expressed in a wedge in 
the antennal disc, in two large spots at the anterior dorsal margin and along the 
anterior ventral margin of control eye discs (F) dsor1 knockdown by eyg-GAL4 
leads to non-autonomous expansions in the Wg domain along the disc margins 
towards the posterior. (G) wg-lacZ is expressed along the anterior disc margins 
and near the margins of the peripodial membrane in control discs (H) wg-lacZ 
expression domains expand non-autonomously in eyg>dcr2; dsor1RNAi discs. 
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Figure 4.6. Compromised Ras/MEK/MAPK signalling phenocopies gain of Wg 
signalling  

(A-B) dsor1 knockdown phenocopies ectopic Wg signalling caused by knocking 
down (A) sgg or (B) ck1 by eyg-GAL4 driven RNAi. (C) Hth expression in a 
control disc (D) Ectopic Hth is observed in the dorsal region of the disc when mirr-
GAL4 is used to knockdown dsor1 by RNAi (E) fz-lacZ expression in a control 
disc. (F) mirr-GAL4 mediated dsor1 knockdown causes fz-lacZ to be elevated and 
expanded in the dorsal region of the disc. 
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4.4.5. upd expression is unaffected by dsor1 knockdown 

The non-autonomous effects on wg transcription and Wg signalling suggested 

the involvement of a long-range signalling factor that acts to suppress Wg signalling 

specifically at the level of transcription. One such pathway, triggered at long range, and 

well characterized for its role in the initiation of retinal differentiation is the JAK/STAT 

pathway (Ekas et al., 2006; Tsai & Sun, 2004; Tsai et al., 2007). The JAK/STAT 

activating ligand upd is transcribed in only a small group of cells at the PC (Tsai & Sun, 

2004). It diffuses to exert long range effects, a process that requires  the HSPGs Dally 

and Dlp (Hayashi et al., 2012; Tsai & Sun, 2004; Zhang et al., 2013).  

We tested whether Ras/MEK/MAPK signalling acts via the JAK/STAT pathway to 

have non-autonomous effects on wg expression. Using upd-lacZ (also known as 

‘Posterior dot’) (Y. H. Sun et al., 1995), we tested whether upd expression is affected in 

eyg>dsor1RNAi discs. Surprisingly upd-lacZ expression, which is normally expressed in a 

small group of cells at the PC (Figure 4.7A), was unchanged in dsor1 knockdown discs 

(Figure 4.7B). This indicates that Ras/MEK/MAPK signalling does not regulate upd 

expression, as the eyg-GAL4 domain encompasses the upd expression domain. 

4.4.6. JAK/STAT signalling activity and Upd mobility is perturbed 
in dsor1 knockdowns 

Next, we tested whether JAK/STAT activity is normal when Ras/MEK/MAPK 

signalling is compromised. To do so we used the 10XSTAT92E-GFP reporter, which is a 

STAT92E transcriptional reporter that faithfully recapitulates pathway activation (Bach et 

al., 2007). In controls, 10XSTAT92E-GFP is observed in the posterior region of the eye 

disc (Figure 4.7C). Strikingly, in eyg>dsor1RNAi discs, 10XSTAT92E-GFP was present in 

the eyg-GAL4 region, but strongly reduced in the two flanking photoreceptor domains 

(Figure 4.7D). Thus we see a reduction in JAK/STAT signalling activity but no change in 

ligand expression in dsor1 knockdowns, a surprising observation. One possible 

explanation is that even though upd expression is unaffected, its mobility in the ECM 

may be affected by dsor1 knockdown, leading to impaired JAK/STAT activation. We, 

therefore, examined the extracellular distribution of Upd (ex-Upd). As previously reported 
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in control discs, ex-Upd is observed throughout the disc but is enriched in the region 

posterior to the MF and at very high levels near its source at the PC (Figure 4.7E) 

(Zhang et al., 2013). In discs where dsor1 is knocked down in the eyg-GAL4 domain, 

however, ex-Upd localisation in the posterior of the disc was greatly reduced; but 

increased signal intensity is observed in the vicinity of the PC (Figure 4.7F). Thus in 

dsor1 knockdowns, there is less diffusion of Upd protein from its source. These data 

indicate that while compromised Ras/MEK/MAPK signalling does not regulate upd 

expression, it does regulate the extracellular distribution of Upd and therefore JAK/STAT 

signalling activity. 
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Figure 4.7. JAK/STAT signalling is perturbed by reduced Ras/MEK/MAPK 
signalling  

(A) In control discs upd is expressed in a small cluster of cells at the posterior 
center of the disc (B) upd-LacZ expression is unaffected when dsor1 is knocked 
down by eyg-GAL4. (C) In control discs the 10XSTAT9E-GFP reporter is expressed 
in the antennal disc and in the posterior compartment of the eye disc (D) in 
eyg>dcr2; dsor1RNAi discs, 10XSTAT9E-GFP expression is maintained in the 
posterior eyg-GAL4 region but decreased in the regions flanking it. (E) In control 
discs ex-Upd is enriched in the posterior region of the disc and at high levels near 
the PC. (F) The posterior enrichment of ex-Upd is severely reduced in eyg>dcr2; 
dsor1RNAi discs, and it appear to accumulate to higher levels near the PC. 
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4.4.7. Ras/MEK/MAPK signalling regulates JAK/STAT activity via 
HSPGs  

Recent studies have demonstrated the importance of HSPGs in mediating Upd 

mobility in the ECM during eye development (Hayashi et al., 2012; Zhang et al., 2013). 

Since Upd mobility was perturbed when Ras/MEK/MAPK signalling was compromised, 

we tested whether the expression of the HSPG Dlp was altered under these conditions. 

In control discs, Dlp is expressed in a dynamic pattern; it is detected at high levels in the 

outer rings of the antennal disc and in the anterior-most regions of the eye disc. It is also 

observed in a broad band in the region of the MF just anterior to developing 

photoreceptors (Figure 4.8A). Finally, it is expressed in the region adjacent to the PC in 

the posterior half of the disc (Figure 4.8A, C), consistent with its role in regulating Upd 

mobility. In dsor1 knockdown discs Dlp expression adjacent to the PC was specifically 

lost (Figure 4.8B).  

As the Dlp expression domain affected by dsor1 knockdown appears to be in 

photoreceptors and as these cell types are missing in knockdown discs, we needed to 

address whether the loss of Dlp we observed was a secondary effect of the loss of 

photoreceptors. To address this, we used a hypomorphic allele of dsor1 (dsor1K7D13) 

(Legent et al., 2012), in which the majority of photoreceptors are still formed and persist 

in homozygous mutant clones (Figure 4.9B), unlike clones of a dsor1 null allele 

(dsor1LH110), which do not survive (Figure 4.9A). Dlp expression and localization were 

perturbed even in dsor1K7D13 clones, such that Dlp was reduced non-autonomously and 

its localisation was more dispersed compared with controls (Figure 4.8D).  

Loss of HSPGs in the eye disc has not previously been reported to perturb 

regional-fate specification (Zhang et al., 2013). To test whether HSPGs affect regional 

specification we used the eyg-GAL4 driver, to knock down Dlp or Dally by RNAi in the 

eye disc. These had very minor defects; adults displayed a rough eye in the eyg-GAL4 

domain (Figure 4.8E, 4.9C). Since Dally and Dlp were shown to function redundantly to 

promote Upd mobility, we speculated that the mild defects we observed with individual 

knockdowns may be due to their functional redundancy. Therefore, we blocked the 

biogenesis of all HSPGs by knocking down sulfateless (sfl), a factor required for sulfation 

on heparan sulfate chains (Lin & Perrimon, 1999). eyg-GAL4 mediated knockdown of slf 
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produced adult phenotypes identical to those of reduced Ras/MEK/MAPK signalling, 

such that adults possess ectopic antennal-head tissue in the eyg-GAL4 region at the 

expense of compound eye (Figure 4.8F).  

Lastly, we tested whether sfl, dlp or dally overexpression could rescue the adult 

phenotype caused by eyg-GAL4 driven knockdown of dsor1. Overexpression of slf or dlp 

alone had no obvious effects on the compound eye (Figure 4.9D, E), whereas dally 

overexpression resulted in overgrowth of both retinal and head/antennal fate (Figure 

4.9F). When co-expressed with dsor1RNAi, overexpression of sfl did not rescue the dsor1 

knockdown phenotype (Figure 4.9G). However, both Dlp and Dally overexpression 

resulted in strong rescues of the adult compound eye (Figure 4.8G, H; >60% of eyes 

were rescued by Dlp overexpression, the remaining percentage {<40%} showed reduced 

or split eyes {compared to >80% for eyg>dsor1RNAi}; complete loss of the compound eye 

{as in Figure S1F} was never observed; N = 19). Interestingly, the effects of 

overexpressing Dally were sensitive to temperature-dependent changes in expression; 

crosses raised at 29oC did not eclose due to an apparent defect in disc eversion (data 

not shown), whereas this was not the case of dlp overexpression. Together, these data 

suggest that Ras/MEK/MAPK signalling is required for the appropriate expression of 

HSPGs, which is essential to ensure Upd diffusion and JAK/STAT activation and in turn 

to suppress of wg expression and permit eye fate. 
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Figure 4.8. Overexpression of HSPGs rescues the regional-fate specification 
defects caused by reduced Ras/MEK/MAPK  

(A) In control discs Dlp is expressed at high levels in the outer rings of the 
antennal disc and in the anterior-most regions of the eye disc and in a broad band 
in the region of the MF just anterior to developing photoreceptors. It is also 
expressed in the region adjacent to the PC in the posterior half of the disc (B) In 
dsor1 knockdown discs, Dlp expression adjacent to the PC is lost and 
10XSTAT92E-GFP reporter activity is largely restricted to the eyg-GAL4 domain of 
the disc. (C and D) Dlp expression and localization is non-autonomously 
perturbed in clones carrying a hypomorphic mutation in dsor1 (dsor1K7D13; D) 
compared to control discs (C). (E) dlp knockdown alone by eyg-GAL4 had very 
minor defects in the adult. (F) sfl knockdown by eyg-GAL4 phenocopied 
eyg>dcr2,dsor1RNAi adults. (G, H) Dlp and Dally overexpression rescues the dsor1 
knockdown  phenotype. 
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Figure 4.9. Effects of HSPG knockdown and overexpression  

(A) homozygous clones for a null allele of dsor1 (dsor1LH110) do not survive 
posterior to the MF as only GFP positive heterozygous and homozygous tissue is 
visible (B) homozygous clones of dsor1KD13 are recovered in the posterior 
suggesting that it is a hypomorphic allele. (C) eyg-GAL4 mediated knockdown of 
Dally causes a mild rough eye. (D) sfl and (E) dlp overexpression by eyg-GAL4 did 
not have obvious effects on the compound eye. (F) dally overexpression by eyg-
GAL4 resulted in overgrown eye tissue. (G) Overexpression of sfl did not rescue 
the dsor1 knockdown phenotype. 
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4.5. Discussion 

In this study, we show that Ras/MEK/MAPK signalling and HSPGs are important 

for regional-fate specification of the Drosophila retina during development. We find that 

compromised Ras/MEK/MAPK signalling along the DV boundary (during L2-L3) 

phenocopies gain of Wg signalling, which results in expanded antennal/head fate at the 

expense of retinal fate in this region. This leads to the development of adults with 

compound eyes split along the DV boundary, which itself develops into antennal/head 

cuticle. When Ras/MEK/MAPK signalling is compromised, we observe impaired Upd 

mobility in the ECM, and show that HSPG expression is decreased. HSPG 

overexpression can rescue defects in regional-fate specification caused by compromised 

Ras/MEK/MAPK signalling. Since Upd activates the JAK/STAT pathway, which is 

required to suppress wg, we propose a model in which HSPG expression and/or 

localization downstream of Ras/MEK/MAPK signalling promotes the diffusion of Upd, 

which is secreted from the PC. Upd diffuses away from the PC, activates JAK/STAT 

signalling to suppress wg transcription at the posterior disc margins, thus promoting 

retinal fate specification through photoreceptor differentiation (Ekas et al., 2006; Tsai et 

al., 2007). Our study demonstrates a novel mode by which, signal transduction pathways 

intersect with selector networks to promote regional fate specification during 

development. 

4.5.1. Ras/MEK/MAPK signalling regulates regional fate 
specification  

One possible interpretation of our results is an autonomous loss of eye fate since 

Ras/MEK/MAPK signalling directly promotes eya expression and Eya activity (Hsiao et 

al., 2001; Salzer et al., 2010). Antennal/head and eye selector factors mutually 

antagonize each other so loss of the eye selector Eya is consistent with autonomous 

increases in the head selectors Ct and Hth. However, we observed both autonomous 

and non-autonomous effects on Hth expression, thus Ras/MEK/MAPK’s regulation of 

eye selector factors alone is not sufficient to explain the dsor1 knockdown phenotype. 

Antennal-head fate is also regulated by Wg signalling, which suppresses retinal fate. Our 

data suggests that at least part of the ectopic antennal-head fate selector factor 
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expression we observe is due to non-autonomous changes in wg transcription and, 

therefore, Wg signalling. Wg inhibits both eye-fate selectors and photoreceptor 

differentiation (or neural competence) while also promoting head/antennal-fate selectors. 

Affecting a master regulator, like Wg, must ultimately filter down to the level of both 

regional-fate specification and retinal differentiation and is, therefore, likely to dominate 

the outcome of signalling interactions. 

4.5.2. Ras/MEK/MAPK signalling passively regulates JAK/STAT 
signalling to promote retinal differentiation 

The first step of retinal differentiation begins with Upd secretion from the PC. 

From there Upd diffuses and activates JAK/STAT signalling, which indirectly suppresses 

wg expression at the disc margins by an unknown mechanism; this serves to restrict Wg 

signalling activity to more anterior regions of the disc (Ekas et al., 2006; Tsai et al., 

2007). Upd mobility in the ECM is facilitated by HSPGs, the loss of which reduces 

overall JAK/STAT activity (Hayashi et al., 2012; Zhang et al., 2013). Here we find that 

when Ras/MEK/MAPK signalling is reduced, Dlp expression is lost in the posterior disc. 

The diffusion of numerous morphogens in the ECM is regulated by HSPGs, including 

Wg, Hh and Upd (Baeg et al., 2001; Hayashi et al., 2012; Tsuda et al., 1999; Yan et al., 

2010). Hh and Upd signalling levels are important for MF progression (Ekas et al., 2006; 

Greenwood & Struhl, 1999; Tsai & Sun, 2004; Zhang et al., 2013). While we did not 

examine whether Hh signalling/diffusion was affected by the observed decreases in Dlp 

expression in Dsor knockdown discs, we observed a reduction in Upd mobility. We saw 

that Upd was not present throughout the posterior disc but instead accumulated adjacent 

to its point of secretion (the PC). JAK/STAT activity is maintained in this central region 

but is reduced at the disc margins, where it is required to suppress wg expression (Ekas 

et al., 2006; Tsai et al., 2007). Since overexpression of dlp and dally can partially rescue 

the dsor1 knockdown phenotype, these retinal differentiation defects appear to be due to 

regulation of Upd (and likely Hh) diffusion by Ras/MEK/MAPK signalling via HSPGs. 

HSPGs undergo several post-translational modifications during their biogenesis. 

Ras/MEK/MAPK signalling may therefore regulate the transcriptional expression of 

HSPGs, their post-translational processing or their localization. Although surprising that 

out of Ras/MEK/MAPK’s many contributions during these stages of development (M 
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Domínguez, Wasserman, & Freeman, 1998; Robertson et al., 2012; L Yang & Baker, 

2001), restoration of HSPGs alone significantly rescues regional identity. One possible 

explanation is that RNAi-mediated knockdown of dsor1 results in an incomplete 

knockdown and residual Ras/MEK/MAPK activity. Indeed, distinct thresholds of activity 

have been implicated in its ability to regulate multiple processes during eye development 

(Halfar, Rommel, Stocker, & Hafen, 2001). 
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5.1. Abstract 

During morphogenesis, extracellular signals trigger actomyosin contractility in 

subpopulations of cells to coordinate changes in cell shape. To illuminate the link 

between signalling-mediated tissue patterning and cytoskeletal remodeling, we study the 

progression of the morphogenetic furrow (MF), the wave of apical constriction that 

traverses the Drosophila eye imaginal disc preceding photoreceptor neurogenesis. 

Apical constriction depends on actomyosin contractility downstream of the Hedgehog 

(Hh) and BMP pathways. We identify a novel role for integrin adhesion receptors in MF 

progression. We show that Hh and BMP regulate integrin expression, the loss of which 

disrupts apical constriction and slows furrow progression; conversely, elevated integrins 

accelerate furrow progression. We present evidence that integrins regulate MF 

progression by promoting microtubule stabilization since reducing microtubule stability 

rescues integrin-mediated furrow acceleration. Thus integrins act as a genetic link 

between tissue-level signalling events and morphological change at the cellular level, 

leading to morphogenesis and neurogenesis in the eye. 

5.2. Introduction 

Coordinated cellular shape changes drive morphogenesis, which is the 

development of 3-dimensional structures from tissues that often start as 2-dimensional 

sheets (reviewed in Munjal and Lecuit, 2014). In tissues, signal transduction pathways 

initiate morphogenetic events such as the bending, folding, and narrowing of tissue; 

these events are dependent upon polarized sub-cellular actomyosin-based contractile 

networks and cellular adhesion, both between cells and with the extracellular matrix 

(ECM) (Munjal & Lecuit, 2014). During development polarized actomyosin contractile 

networks drive cellular deformations in processes as diverse as cytokinesis, tissue 

invagination and cell motility.  

Localized activation of the small GTPase, Rho, controls actomyosin-based 

contractility (reviewed in Jordan and Canman, 2012 and Munjal and Lecuit, 2014). In its 



 

113 

GTP-bound form, Rho activates a number of downstream effectors, including the formins 

and formin-related proteins, which nucleate the formation of actin filaments and promote 

their elongation, and kinases such as Rho-associated kinase or ROCK, which promote 

the motor activity of Myosin II (Myo II) (Jordan & Canman, 2012; Munjal & Lecuit, 2014). 

It is the localization of Rho activators, guanine nucleotide exchange factors (GEFs), 

within the cell that activates Rho (Jordan & Canman, 2012; Munjal & Lecuit, 2014). 

Connections between the microtubule cytoskeleton and Rho activation have been 

studied extensively in studies of cytokinesis. During cytokinesis, microtubules of the 

anaphase spindle promote the localization of the RhoGEF, Ect2/Pebble, to the 

equatorial region of the cell (Jordan & Canman, 2012). Once activated locally, Rho 

causes local polymerization of F-actin and activation of Myo II to form and constrict the 

contractile ring (Jordan & Canman, 2012).  

When cellular deformations are coordinated across cells, they drive tissue 

morphogenesis. Tissue bending or invagination is seen in numerous developing 

embryos, including during ascidian (Sherrard, Robin, Lemaire, & Munro, 2010), sea 

urchin (Davidson, Koehl, Keller, & Oster, 1995), Drosophila (Kiehart et al., 1990) and 

vertebrate (J.-Y. Lee & Harland, 2007) gastrulation, Drosophila tubulogenesis (Booth, 

Blanchard, Adams, & Röper, 2014), and vertebrate neural tube closure (Schroeder, 

1970). A morphogenetic mechanism commonly used to achieve tissue bending is apical 

constriction (reviewed in Martin and Goldstein, 2014 and Sawyer et al., 2010). Here, 

signalling pathways localize Rho activity to the apical surfaces of subsets of cells within 

the tissue (Martin & Goldstein, 2014; Munjal & Lecuit, 2014; Sawyer et al., 2010). In turn, 

this promotes actomyosin-driven apical constriction in these cells, which, coupled to 

cadherin-based cell-cell adhesion, exerts local mechanical stress and ultimately tissue 

invagination (Brasch et al., 2012; Martin & Goldstein, 2014; Sawyer et al., 2010). While 

the contribution of cell-cell adhesion has been well characterized in the context of apical 

constriction (Guillot & Lecuit, 2013; Martin & Goldstein, 2014; Sawyer et al., 2010), the 

contribution of cell-ECM adhesion to this process is poorly understood. Here we use the 

pseudo-stratified columnar epithelium of the Drosophila eye imaginal disc to explore the 

connections between upstream signalling pathways that control tissue patterning during 

organogenesis, the cytoskeletal response, and the contribution of cell-ECM adhesion to 

this process.  
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During the Drosophila third larval instar (L3), photoreceptor neuron development 

initiates at the posterior margin of the eye disc and moves anteriorly in a wave of 

morphogenesis and differentiation called the morphogenetic furrow (MF; Figure 5.1) 

(Ready, Hanson, & Benzer, 1976). The MF consists of a propagating band of apically 

constricting cells undergoing simultaneous apico-basal contraction, leading to the 

appearance of a physical groove moving across the epithelium (Ready, Hanson, & 

Benzer, 1976). Cells anterior to the furrow exist in an undifferentiated proliferative state. 

These cells apically constrict with the passage of the furrow, before differentiating as 

photoreceptors towards the posterior (Ready, Hanson, & Benzer, 1976). The MF, 

therefore, represents the leading edge of retinal differentiation. The development of a 

properly structured eye requires a MF moving at the correct speed (Kumar, 2011).  

The Hedgehog (Hh) and Decapentaplegic (Dpp, a Bone Morphogenetic Protein 

homolog) pathways promote furrow progression (reviewed in Roignant and Treisman, 

2009). Developing photoreceptor neurons posterior to the MF secrete Hh (Figure 5.1A), 

which diffuses towards the anterior to promote target gene expression via its 

transcriptional effector Cubitus interruptus (Ci) (Heberlein & Moses, 1995). Hh signalling 

initiates dpp transcription within the furrow (Figure 5.1A); Dpp relies on its own 

transcriptional effector, Mothers against Dpp (Mad), to promote target gene expression 

and redundantly regulate MF progression (Pichaud, 2014 and Roignant and Treisman, 

2009). Wingless (Wg) signalling from the anterior disc margins opposes the activity of 

the Hh and BMP pathways (Figure 5.1A), and the balance in activity of these three 

pathways regulates the crucial pace of furrow progression across the eye field (Roignant 

and Treisman, 2009). 

Actomyosin-based contractility drives apical constriction within the eye disc 

downstream of Hh and Dpp signals (Figure 5.1B) (Corrigall et al., 2007; Escudero et al., 

2007). It requires the small GTPase Rho1, the formin Diaphanous (Dia), and the Rho-

associated protein kinase  (ROCK) (Corrigall et al., 2007) (Figure 5.1B). Additionally, 

stabilized microtubules are enriched in cells within the morphogenetic furrow (Corrigall et 

al., 2007). Depolymerization of these microtubules leads to decreased recruitment of F-

actin and to decreased Myo II activation and, therefore, to defects in apical constriction 

(Corrigall et al., 2007). There are obvious parallels between apical constriction of cells 
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within the MF and that of other systems such as the ventral furrow. Further, the 

involvement of stabilized microtubules that are coupled to apical F-actin enrichment and 

Myo II activation is reminiscent of the contractile ring formed during cytokinesis, the  

subcellular position of which is also dependent on a population of stabilized microtubules 

(Jordan and Canman, 2012). 

Cell-ECM adhesion occurs at the basal surfaces of epithelia and is mediated 

primarily by integrin receptors (Narasimha & Brown, 2006). Integrins are /-

heterodimeric trans-membrane ECM-receptors found in all metazoans (Narasimha & 

Brown, 2006). They bind every major component of the ECM. Cytoplasmic linker 

proteins connect transmembrane integrins to the cytoskeleton and act as adapters for 

the bidirectional transmission of force across the plasma membrane (Narasimha & 

Brown, 2006).  

In this study we establish links between stabilized microtubules in the MF, the 

integrin adhesion receptors, and the Hh and Dpp signalling pathways. We find that the 

Hh and Dpp pathways are upstream of integrin expression in the eye disc, and that 

integrins expressed within the MF promote furrow progression. We show that 

microtubule stability correlates with integrin levels at the basal surface of cells within the 

MF. Indeed, we find that integrins promote apical F-actin accumulation and apical 

constriction within the furrow via the regulation of microtubule stability. We demonstrate 

that within cells of the MF, microtubules orient their minus ends at the apical cell surface, 

the region where actomyosin contractility is activated. Additionally, we show that the 

apical enrichment of F-actin needed for apical constriction requires cytoplasmic dynein, 

the motor protein responsible for nearly all minus-end directed microtubule-based 

transport in eukaryotes (Vale, 2003). Thus integrins link tissue patterning events with the 

subcellular actomyosin-based contractility that governs apical constriction and furrow 

progression.  
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Figure 5.1. An overview of the known interactions between tissue-level 
signalling and actomyosin-based contractility during morphogenetic 
furrow progression in the Drosophila eye disc.  

(A) In the Drosophila eye disc (right is posterior), the Hh, Dpp and Wg signalling 
pathways regulate tissue patterning and MF progression. Developing 
photoreceptors secrete Hh; Hh promotes dpp expression within the MF. Together 
the two pathways promote MF progression, which Wg signalling from the anterior 
disc margins inhibits. (B) Summary schematic of the current understanding of 
how Hh and Dpp signalling redundantly promote apical actomyosin-based 
contractility by the localized activation of Rho in MF cells (Corrigall et al., 2007; 
Escudero et al., 2007). (B’) Corrigall et al. showed that these pathways induce 
microtubule stabilization in MF cells and that MF microtubules are necessary for 
the apical accumulation of F-actin and Myo II activation which promotes apical 
constriction (Corrigall et al., 2007). (C) A focal plane through the apical end of a 
wildtype (wt; w1118) eye disc (left is anterior) stained for F-actin, which is enriched 
in apically constricting MF cells, the Hh transcriptional effector Ci155 (a commonly 
used MF marker), and the neuronal marker Futsch (22C10), which shows 
photoreceptors posterior to the MF. (D) A focal plane through the basal end of the 
same disc shown in (C). F-actin is mildly enriched in a broad basal band in the 
region under the MF. Futsch shows photoreceptor axonal projections exiting the 
basal surface of the disc proper. A haemocyte aggregate is marked by “h”. 
Haemocyte immune cells are F-actin rich cells often found on the basal surface of 
eye imaginal discs. Scale bar is 20m. 
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5.3. Materials and methods 

5.3.1. Fly stocks and genetics:  

We used the following mutant and transgenic flies in this study ({} enclose 

individual genotypes, separated by commas): {w1118;;}, {yw,hsFLP122, TubGAL4, UAS-

GFP;;FRT2A, TubGAL80} (MARCM 2A, a gift from Bruce Edgar), {yw,hsFLP122;FRT40, 

ubi-GFP} (a gift from H.Stocker), {yw,hsFLP122;FRT80, ubi-GFP} (a gift from Jessica 

Treisman), {yw,hsFLP122;FRT80, ArmLacZ} (a gift from Jessica Treisman), {yw, 

hsFLP122;AyGAL4, UAS-GFP;UAS-dcr2}, {w; hsflp; Act>CD2>Gal4>GFP/ SM6~TM6B, 

Tb} (a gift from Bruce Edgar), {;;Dhc64c, FRT2A/TM6B,Tb} (BL#23863), { ;UAS-p35;} 

(Bloomington stock center; BL#5072), {;UAS-p35; Dhc64c, FRT2A/TM6B}, {;smoQ, 

FRT40/CyO, Act>GFP} (a gift from Tom Kornberg), {;UAS-ci5M;} (a gift from Daniel 

Kalderon), {yw, hsflp;;UAS-tkvQD/TM6B, Sb} (BL#36536), {y, mewM6, ifK27e,f,  

FRT19/FM0;;} (a gift from Sally Horne-Badovinac), {mysXG43, FRT19A/FM7;;} (a gift from 

Nicholas Brown), {mewA, FRT19A/FM7;;} (BL#52372), {ifB4, FRT19A/FM7;;} (a gift from 

Nicholas Brown), {;UAS-GFP;eygGAL4}, {;UAS-dcr2;eygGAL4}, {;;eygGAL4} 

(BL#46190), {;;msn172, FRT80/TM6B} (BL#5947), {;UAS-msn-RNAi;} (VDRC# 101517), 

{;UAS-msn-RNAi;UAS-dcr2}, {;;UAS-EB1-RNAi/TM6C} (VDRC# 24451), {;UAS-msn-

RNAi; UAS-EB1-RNAi}, {;;bsk-DN} (BL#6409); {;Zasp-GFP;} (a gift from Frieder 

Schöck),  {;Vkg-GFP;} (Flytrap), {Trol-GFP;;} (Flytrap), {;;ILK-GFP}, {Tensin-GFP} (gifts 

from G. Tanentzapf).  

5.3.2. RNAi misexpression 

In all RNAi misexpression experiments, we co-expressed UAS-dicer 2 (dcr-2) to 

enhance the knockdown efficiency. 

5.3.3. Mosaic analysis 

We generated LOF clones and MARCM (T. Lee & Luo, 2001) clones by heat-

shocking first instar larvae at 37°C for 1.5 hours and incubating them at 25°C until 
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dissection. We produced misexpression flip-out clones by heat-shocking first instar 

larvae at 37°C for 15 minutes and incubating them at 25°C until dissection.  

5.3.4. Immunocytochemistry 

We dissected eye imaginal discs from wandering third instar larvae in 1X 

phosphate-buffered saline (PBS), fixed in 4% formaldehyde for 20 minutes, blocked in 

5% normal donkey serum and incubated in primary antibodies diluted in block overnight 

at 4oC. Samples were then washed in 1X phosphate-buffered saline (PBS) with 0.1% 

TritonX (PBST), incubated in secondary antibodies diluted in block, washed in PBST and 

mounted in Vectashield with DAPI (Vector Laboratories).  

We used the following primary antibodies in this study:  mouse anti-acetylated 

alpha-tubulin (1:100, Sigma T7451), anti-γ-tubulin (1:500, Sigma T5326), mouse anti-

Arm supernatant (1:100, Developmental Studies Hybridoma Bank; DSHB), rat anti-Elav 

supernatant (1:200, DSHB), rat anti-Ci155 supernatant (1:50, DSHB), mouse anti-β-PS 

integrin supernatant (1:10, DSHB), mouse anti-α-PS1 integrin supernatant (1:3, DSHB), 

mouse anti-α-PS2 integrin supernatant (1:1, DSHB), rat anti-α-PS2 integrin (1:3, a gift 

from Guy Tanentzapf),  rabbit anti-βGal (1:1000, Cappel), mouse anti-22C10 (1:10, 

DSHB), rabbit anti-pSmad1/5/8 (1:1000, a gift from Dan Vasiliauskas, Susan Morton, 

Tom Jessell and Ed Laufer), rabbit anti-Hth (1:1000, a gift from Richard Mann), rabbit 

anti-Nidogen (1:500, a gift from Anne Hölz). Secondary antibodies were FITC anti-

mouse, FITC anti-mouse IgG1, FITC anti-rat, DyLight649 anti-mouse IgG2, DyLight649 

anti-mouse, Cy3 anti- rabbit, DyLight649 anti-rat (Jackson Immunochemicals) and 

Rhodamine-phalloidin (Molecular Probes). 

5.3.5. Dextran uptake assays 

Dextran uptake assays were performed according to standard protocols using 

0.1 mM Texas-Red dextran (lysine fixable, MW3000; Molecular Probes) (Entchev, 

Schwabedissen, & González-Gaitán, 2000). Discs were dissected and incubated in S2 

insect medium. Peripodial membranes were left intact.  
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5.3.6. Microscopy and image measurements 

All images were acquired at room temperature on a Nikon Eclipse Ti inverted 

confocal microscope (60X oil, 40X oil, or 20X multi- immersion lenses) controlled by NIS 

Elements acquisition software. NIS Elements was also used to measure mean 

fluorescence intensity between EB1RNAi clones and neighbouring control tissue (n=6 

each). MF acceleration was measured in ImageJ by measuring the distance between the 

anterior-most position of the MF in the eyg-Gal4 domain and the position of the MF in 

the flanking control tissue, using Armadillo as a MF marker. Images were compiled in 

Adobe Photoshop (CS5) and Illustrator (CS5). 

5.4. Results 

5.4.1. Hh and Dpp signalling are upstream of the spatially distinct 
-PS integrin expression domains in the eye disc 

  We were interested in exploring the connection between upstream signalling 

pathways that drive MF progression and the cytoskeletal response underlying apical 

constriction. We reasoned that cytoskeletal-interacting proteins with distinct expression 

domains in the region of the MF represent good candidates to link upstream signalling to 

the cytoskeletal response. Integrins are conserved transmembrane cell-ECM adhesion 

receptors, which function as obligate /-heterodimers. -PS1 (multiple edematous 

wings or mew in Drosophila), -PS2 (inflated or if in Drosophila), and -PS (myospheroid 

or mys in Drosophila) are the most conserved across species (Narasimha & Brown, 

2006). Early reports of integrin expression in Drosophila described distinct spatially 

restricted domains for -PS1 and -PS2 in the eye disc (Brower, Piovant, & Reger, 

1985), though no further in-depth and high resolution subcellular localization has been 

reported. We used the accumulation of apical and basal F-actin (Figure 5.1C, D) as 

landmarks for the MF to precisely define the basal (Figure 5.2A-C) and apical (Figure 

5.3A-C) expression domains of -PS1, -PS2 and -PS integrin in the L3 eye disc. 

Basally, -PS1 and -PS2 occupy distinct domains (Figure 5.2A, B). -PS1 is enriched 

anterior to and within the MF, but present at low levels posterior to the furrow (Figure 

5.2A, B). In contrast, basal -PS2 expression initiates within the MF, where it achieves 
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its highest expression before decreasing slightly in the posterior of the eye field (Figure 

5.2A, B). -PS integrin is expressed throughout the disc with enrichment within the MF at 

the basal surface (Figure 5.2C). In summary, at the basal surface of the disc proper, the 

highest levels of integrins are observed in cells within the MF. This is the region with the 

highest levels of -PS and overlapping domains of -PS1 and -PS2 (Figure 5.2D).  

It is not known which signalling factors regulate -PS integrin expression in the 

eye disc. Since -PS integrin expression domains are dynamic and evolve with MF 

progression and subsequent photoreceptor differentiation, which are downstream of Hh 

and Dpp signalling, we hypothesized that these pathways may regulate their expression. 

We observed reduced -PS2 expression in clones lacking the Hh signal transducer, 

Smoothened (Smo), which spanned the MF (Figure 5.2E). Consistent with other reports, 

smo mutant clones showed disrupted F-actin and apical constriction (Corrigall et al., 

2007 and unpublished data). Conversely, boosting Hh signalling anterior to the MF by 

overexpressing an active form of Ci (UAS-ci5M (Price & Kalderon, 1999)) in clones, 

resulted in ectopic expression of -PS2 (Figure 5.2F) in regions of the clone where 

ectopic apical constriction and ectopic photoreceptors were induced (Figure 5.3D). As 

the principal inducer of actomyosin-based apical constriction, Hh signalling is thought to 

transcriptionally promote MF progression, in part, through promoting Dpp signalling, 

which functions redundantly with Hh (Corrigall et al., 2007; Escudero et al., 2007). 

Consistent with this, we observe ectopic -PS2 expression in clones anterior to the MF 

in which Dpp signalling is increased by expressing an activated form of the Dpp co-

receptor, Thickveins (UAS-tkvQD). As with Ci5M-expressing clones, TkvQD-expressing 

clones showed ectopic -PS2 (Figure 5.2F, G) in regions of the clone where ectopic 

apical constriction and ectopic photoreceptors were induced (Figure 5.3E). 

Unfortunately, haemocyte aggregates were found on the basal surface of every disc we 

examined for smo mutant clones, and Ci5M- and TkvQD-expressing clones (n > 20 for 

each genotype). These obscured examination of -PS1 and -PS expression in these 

genotypes because haemocytes express high levels of -PS1/-PS integrins (Irving et 

al., 2005) and deform the basal surface of the epithelium. Collectively, these data show 

that Hh and Dpp signalling or the tissue-level patterning events triggered by these 

pathways are upstream of -PS2 expression. 
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Our analysis of basal -PS expression brought to light the dearth of knowledge 

surrounding the basal surface of the eye-imaginal disc. With our interest rooted in 

integrin and cell-ECM adhesion, Kasandra McCormack and I characterized the basal 

distribution of as many integrin-associated and cytoskeletal-interacting proteins as we 

could get reagents for, either in the form of antibodies or protein traps. These results are 

summarized in Figure 5.4. Surprisingly, we observed non-uniform basal distribution 

(delineated by the position of the MF) for nearly every component observed implying that 

basally located proteins are under tight regulation during MF progression and 

neurogenesis. 
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Figure 5.2. -PS integrin subunits are expressed in distinct basal domains 
downstream of Hh and Dpp signalling.  

(A, B) A basal focal plane of a wildtype eye disc showing the domains of -PS1 
integrin (red in A and B), -PS2 integrin (green in A and B”) and F-actin (blue in B 
and B”) relative to the MF (arrowhead marks the middle of the MF). -PS1 is 
enriched in the anterior while -PS2 is enriched in the posterior, and the two 
overlap within the MF. (C) The basal surface of a wt eye disc showing β-PS 
integrin (magenta) and F-actin (green). -PS is enriched within the MF. 
Haemocytes (h) at the basal surface are indicated in (C).  (D) Schematic indicating 
the enrichment of F-actin, α-PS1, α-PS2, and β-PS within the eye disc relative to 
the position of the MF. (E) Basal α-PS2 expression (magenta) in mosaic eye discs 
containing cells homozygous for a mutation in the Hh receptor, smo, (GFP marks 
smoQ/Q cells). (F, G) Basal α-PS2 expression (magenta) in eye discs containing 
GFP positive flipout clones overexpressing (F) an active form of Ci, UAS-ci5M or 
(G) an activated form of the Dpp co-receptor, Tkv, UAS-tkvQD. Scale bars are 20m. 
See Figure 5.3 also. 
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Figure 5.3. Integrin localization at the apical surface of the eye disc, and the 
effects of over expressing of ci5M and tkvQD on apical F-actin.  

(A, B) Apical focal planes of a wildtype eye disc stained with antibodies against 
the αPS1 (red and A’) and αPS2 (green and A”) integrins as well as phalloidin 
(blue and B’). (C) Apical focal planes of a control eye disc expressing Armadillo-
GFP stained with an antibody against the βPS integrin (purple and C’). (D, E) 
Zoomed out apical focal planes shown in 2F and G, respectively, which contain 
clones that are overexpressing either (D) Ci5M or (E) TkvQD. Both cases induce 
ectopic photoreceptors marked by asterisks. Scale bars are 20m. 
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Figure 5.4. The expression/ localization domains of cytoskeletal, adhesion-
related and ECM components are asymmetric on the basal surface 
of the eye disc 

Integrins (orange); Cytoskeleton and associated proteins (Blue), Adhesion 
complex proteins (Grey); ECM components (Pink). With the exception of integrins, 
whose expression is likely regulated at the transcriptional level, all other 
components are through to be ubiquitously expressed. Their asymmetric 
distribution relative to the MF, therefore, suggests that their sub-cellular 
localization is regulated in concert with MF progression and/ or PR differentiation. 



 

128 

5.4.2. Integrins promote apical F-actin enrichment and apical 
constriction within the MF 

Early studies of integrins in Drosophila showed that integrins are required for 

proper organization of photoreceptors in the eye in clusters called ommatidia (Brower et 

al., 1995; Longley & Ready, 1995; Zusman, Patel-King, Ffrench-Constant, & Hynes, 

1990). In adult eye tissue mutant for integrins, all ommatidial cell types were present, but 

rhabdomere structure was severely perturbed (Longley & Ready, 1995; Zusman et al., 

1990). These data rule out a role for integrins in cell type specification, and rhabdomere 

defects have since been traced to adhesion deficiencies in the cone cell plate and the 

retinal floor during rhabdomere morphogenesis (Longley & Ready, 1995). While these 

studies demonstrated a clear role for integrins during rhabdomere morphogenesis, they 

did not examine the effects of disrupting integrins during MF progression. Based on the 

enrichment of integrins in cells within the MF, we asked whether they might play a role in 

MF progression within the larval eye disc. We induced clones of cells that were 

homozygous mutant for the different integrin subunits (-PS1, -PS2, -PS1 and -PS2, 

or -PS integrin) in the eye disc and examined MF progression and photoreceptor 

development by probing for F-actin, which accumulates apically in constricting cells of 

the MF, and the neuronal marker Futsch or 22C10 (Figure 5.5A, B, C). Interestingly, 

while loss of either -PS subunit alone had no effect on MF progression or 

photoreceptor development (Figure 5.6), loss of both -PS1 and -PS2 or their obligate 

heterodimer partner, -PS integrin, resulted in reduced accumulation of F-actin along 

with reduced apical constriction and delayed photoreceptor differentiation (Figure 5.5A, 

B, C). Thus, integrins appear to be required for proper apical enrichment of F-actin, 

apical constriction and subsequent photoreceptor differentiation.  
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Figure 5.5. Integrins are required for apical constriction and the progression of 
the morphogenetic furrow at the proper speed.  

(A-C) Apical focal planes of an (α-PS1,α-PS2)-/- mosaic eye disc or a βPS-/- mosaic 
eye disc showing F-actin (red), which marks apically constricting MF cells and 
Futsch (or 22C10), which labels differentiated photoreceptors (blue). Cells 
homozygous for mutations in either both integrin α-PS subunits or the βPS 
subunit are indicated by the absence of GFP. (B) Close up view of the furrow 
region of the disc shown in (A). Asterisks indicate lagging regions of the furrow 
(reduced F-actin and apical constriction along with delayed photoreceptor 
development). Scale bars are 20m. See Figure 5.6 also. 
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Figure 5.6. Loss of either α integrin subunit alone does not alter MF 
progression.  

Apical focal planes of mosaic eye discs containing homozygous mutant α-PS1 (A), 
or α-PS2 (B) cells show normal MF progression as observed through phalloidin-
labelled F-actin (magenta).  Homozygous mutant αPS1-/- or αPS2-/- cells are 
indicated by a lack of GFP (green). Scale bars are 20m. 
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Next, we asked whether elevating integrins was sufficient to induce ectopic apical 

F-actin enrichment, increased apical constriction, and precocious photoreceptor 

development. To do this, we took advantage of the negative regulation of integrins by 

the Ste20 kinase, Misshapen (Msn). Msn inhibits basal integrin localization in the 

Drosophila follicular epithelium (Lewellyn, Cetera, & Horne-Badovinac, 2013). We find 

that Msn plays a similar role in the eye disc as it does in the follicular epithelium, since 

clones mutant for msn (msn172) in the eye disc have elevated -PS1, -PS2 and -PS 

integrins, specifically at the basal surface (Figure 5.7A, B, C; 5.8A, B, C).  

Collagen IV represents the most abundant ECM component in metazoans 

(Pastor-Pareja & Xu, 2011). During larval development, its incorporation into imaginal 

disc ECMs is mediated by integrins, which capture collagen IV monomers that are 

secreted into the circulating haemolymph by the fat body (Pastor-Pareja & Xu, 2011). 

When we examined Viking-GFP, a protein trap for Drosophila collagen IV, we found that 

it was elevated at the basal surface of msn mutant clones relative to neighbouring 

control tissue. This demonstrates that, at least in the context of inside-out signalling, the 

elevated integrins in msn mutant clones are functionally active since Vkg-GFP capture 

and incorporation into the ECM is augmented (Figure 5.9). 

Because loss of Msn increases the levels of integrins specifically at the basal 

surface, we examined the effects of this perturbation on apical constriction, MF 

progression and photoreceptor development. Strikingly, MF progression and 

photoreceptor differentiation accelerate through msn mutant (elevated integrin) clones, 

as demonstrated by a more advanced position in static snapshots of the MF, and of 

photoreceptors marked by the pan-neuronal marker, ELAV (Figure 5.7D, E). 

Additionally, increased levels of apical F-actin (Figure 5.7D, E) and myosin contractility 

(revealed by a protein trap for the heavy chain of Myo II, Zipper-YFP; Figure 5.8D) result 

in ectopic apical constriction. Thus, while traversing msn mutant tissue, the width of the 

MF is wider relative to control tissue as more cells apically constrict (Figure 5.7D, E). 

Similarly, knocking down Msn by RNAi in a wedge along the equator of the disc using 

the eyg-Gal4 driver (the expression domain of which is shown in Figure 5.8E) also 

results in acceleration of MF progression and photoreceptor differentiation (Figure 5.7F).  
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In addition to regulating integrins, Msn has been implicated in numerous 

signalling processes, including as an activator of c-Jun N-terminal kinase (JNK) 

signalling (Su, Maurel-zaffran, Treisman, & Skolnik, 2000), as a Smad/Mad inhibitor 

(Kaneko et al., 2011), and as an activator of Wnt target expression (Mahmoudi et al., 

2009). We therefore tested whether the ectopic and precocious apical constriction 

observed in msn mutant tissue is due to elevated integrins rather than to a role of Msn in 

one of these signalling pathways. During larval stages, JNK signalling is activated 

predominantly as a stress response and does not play a crucial role during normal 

morphogenetic events. Consistent with this role, mis-expression of a dominant negative 

form of the Drosophila JNK Basket with the eyg-Gal4 driver had no effect on MF 

progression (Figure 5.8F). Similarly, eyg-Gal4 driving RNAi against the kinases Slipper 

(JNKKK), Hemipterous (JNKK) or Basket (JNK) did not affect MF progression 

(unpublished data). Additionally, we find that levels of the Hh effector Ci155, the Hh 

target, dpp-LacZ (unpublished data), and the Dpp effector pMad are unaffected by Msn 

knockdown (Figure 5.8G, H). Lastly, we also confirmed that expression of the eye-

specific Wg target, Homothorax (Hth), was unaffected in msn mutant clones (Figure 5.8I, 

J). Collectively, these results strongly suggest that msn acts independently of JNK, Hh, 

Dpp and Wg signalling to regulate integrin expression and MF progression.  

We reasoned that if the acceleration of MF progression downstream of msn loss 

was due to increased basal integrin expression, then depleting integrins in this genetic 

context should restore the normal pace of MF progression and photoreceptor 

development. Consistent with this hypothesis, using the eyg-Gal4 driver to deplete Msn 

by RNAi in a -PS heterozygous mutant background results in a statistically significant 

suppression of MF acceleration and photoreceptor development (P<0.02; Figure 5.7F, 

G, H). Taken together, our data identify a novel role for integrins in promoting apical 

constriction and MF progression.  
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Figure 5.7. The Ste20 kinase, Misshapen (Msn), negatively regulates integrin 
levels and furrow progression within the eye disc.  

(A-C) Basal focal planes of mosaic msn-/- (msn172) eye discs show elevated (A) α-
PS1, (B) α-PS2, and (C) β-PS integrins in msn-/- cells (marked by the absence of 
GFP). (D) An apical focal plane of a mosaic msn-/- eye disc shows accelerated MF 
progression and photoreceptor development through msn-/- cells (lacking GFP). F-
actin is enriched in constricting cells within the MF and ELAV marks developing 
photoreceptors. (E) Close up view of the region surrounding the msn-/- cells 
shown in (D). More cells constrict apically and contribute to the MF in msn-/- 
clones. (F, G) Apical focal planes of eye discs expressing UAS-msnRNAi under the 
control of the eyg-GAL4 driver either alone (F) or in a heterozygous β-PS mutant 
background (G). Discs are stained with antibodies against Armadillo (green) and 
ELAV (magenta). Scale bars are 20m. (H) Quantification of the degree of furrow 
acceleration observed in the conditions shown in (F, G). Error bars represent 
standard deviation. eyg>UAS-msnRNAi, UAS-dcr2 (n=15) and βPS+/-, eyg> UAS-
msnRNAi, UAS-dcr2 (n=15), t-test p-value << 0.02). See Figure 5.8 also. 
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Figure 5.8. Msn loss does not affect apical integrin levels but displays 
increased apical contractility, and Hh, Dpp and Wg signal 
transduction are unaffected by loss of Msn in the eye disc.   

(A) Apical focal planes of the msn-/- mosaic eye discs shown in Figure 5.7A-C 
stained with antibodies against α-PS1 (A), α-PS2 (B) and β-PS (C), respectively. 
Dashed line marks the position of the MF; anterior is left of the MF. (D) An apical 
focal plane of a msn-/- clone in a larval eye disc (marked by the absence of -Gal in 
magenta) showing ectopic apical Zip-YFP (green) localization and MF furrow 
acceleration. Scale bars are 20m. (E, F) Apical focal planes of eye discs 
expressing either (E) GFP or (F) a dominant negative form of the JNK kinase, 
Basket (UAS-bskDN), under the control of eyg-GAL4. Discs were stained with 
antibodies against Armadillo (red), which is enriched in the constricting MF cells, 
and ELAV (blue) to label the photoreceptors in the posterior.  (G, H) Apical focal 
planes of eye discs expressing either (G) UAS-dcr2 alone or (H) UAS-dcr2 with 
UAS-msnRNAi under the control of eyg-GAL4. Discs were stained with antibodies 
against Ci155 (green) and pMad (purple). (I) Wildtype or (J) msn-/- mosaic eye discs 
stained with an antibody against the Wg target, Homothorax (Hth). msn-/- cells are 
indicated by a lack of GFP (Green). 
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Figure 5.9. Collagen IV capture into the basement membrane is increased under 
msn mutant clones. 

Consistent with a known role for integrins in mediating collagen IV (Viking-GFP; 
Vkg-GFP) capture into the BM, msn mutant clones, which have elevated integrins 
basally, show higher Vkg-GFP incorporation into the BM relative to control tissue.  
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5.4.3. Msn may negatively regulate integrins by promoting their 
endocytosis 

The mechanism underlying Msn’s negative regulation of integrins is not known. 

Lindsay Lewellyn’s work on Msn in migrating cells of the follicular epithelium 

demonstrated that Msn localization was enriched at the trailing edge of migrating cells 

(Lewellyn et al., 2013). In migrating cells, integrins function in large adhesion complexes 

called focal adhesions. Focal adhesion disassembly or turnover at the trailing edge of 

migrating cells is critical to allow forward movement of the cell, a process that is 

perturbed in the follicle cells when msn is lost (Lewellyn et al., 2013). Focal adhesion 

turnover is regulated by endocytosis (Pouwels, Nevo, Pellinen, Ylänne, & Ivaska, 2012). 

While active cell migration does not occur in the eye disc, integrin turnover may still be a 

relevant process. We noticed that the ectopic integrin expression observed for -PS1 

and -PS2 due to loss of msn is limited to an expansion in their normal domains of 

expression i.e. -PS1 persists longer but not indefinitely in the posterior region and 

likewise, -PS2 is detected prematurely in the anterior but does not appear ectopically in 

anterior clones that do not span the MF (data not shown). This suggested that Msn is 

likely not affecting integrins transcriptionally but rather regulating the stability or turnover 

of integrins.  

We hypothesized that Msn may negatively regulate integrins by promoting their 

removal from the basal cell-membrane via endocytosis. Presently, we have only very 

preliminary data to support this hypothesis. Kasandra and I performed dextran uptake 

assays, in which fluorescently labeled dextran was added to discs. This molecule is not 

membrane permeable but is incorporated into endocytic vesicles. Thus intracellular 

dextran can be used as a read-out for total endocytosis in tissue. Under normal 

conditions, few dextran positive vesicles are observed with a 15 minute pulse followed 

by a 20 minute chase (Figure 5.10). This is because they have passed through the initial 

stages of endocytosis and been degraded by the lysosome. In contrast, we found 

persisting dextran positive vesicles at the basal surface of clones lacking msn. This 

indicates that the later stages of endocytosis and lysosomal degradation are perturbed 

by loss of msn (Figure 5.10). Defects in late endocytosis or lysosomal degradation may 

reflect perturbations specific to these stages or perturbations to earlier stages. Until the 
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early stages of endocytosis are evaluated both through additional dextran uptake assays 

and through examination of endocytic markers (Rab proteins), these data remain 

ambiguous.  

 

 

Figure 5.10. Endocytosis and/or lysosomal degradation is perturbed by loss of 
msn 

A dextran uptake assay (15 minute pulse followed by 20 minute chase) showed 
dextran (MW 3000) persisting in vesicles in msn mutant clones (A) anterior to and 
(B) posterior to the MF. Persisting vesicles were observed at the basal surface of 
the disc.  
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5.4.4. Integrins promote the accumulation of stable microtubules 
within the furrow 

The novel implication that integrins are involved in promoting apical constriction 

within the furrow is surprising; how are basally localized adhesion receptors able to 

regulate actomyosin contractility at the apical surface? Integrin function has been 

studied extensively in the context of cell migration, where connections have been made 

between integrins and the microtubule cytoskeleton (Ezratty, Bertaux, Marcantonio, & 

Gundersen, 2009; Ezratty, Partridge, & Gundersen, 2005; Kaverina, Krylyshkina, & 

Small, 1999; Palazzo, Eng, Schlaepfer, Marcantonio, & Gundersen, 2004; Stehbens et 

al., 2014). Previous work demonstrated that depolymerisation of microtubules in the MF 

via the mis-expression of the microtubule severing protein, Spastin (Sherwood, Sun, 

Xue, Zhang, & Zinn, 2004), completely blocked accumulation of F-actin, Myo II, and 

apical constriction (Corrigall et al., 2007). We therefore tested whether integrins could be 

regulating microtubules within the MF. We used an antibody raised against the 

acetylated form of -tubulin to examine stable or long-lived microtubule regions with 

slow dynamics (Westermann & Weber, 2003). 

A lateral view through wildtype cells in eye discs showed acetylated microtubules 

present parallel to the apico-basal axis in cells within the MF, many of which span the full 

apico-basal length of the epithelium (Figure 5.11A). In contrast, clones lacking -PS 

integrin in the same disc have fewer and shorter acetylated microtubules (Figure 5.11B, 

C), suggestive of decreased microtubule stability in integrin mutant cells. Next, we 

induced msn mutant clones to elevate integrin levels basally. Strikingly, in msn mutant 

tissue there is an increase in the number of cells that display apico-basally polarized 

acetylated microtubules; as well, these cells show an increase in the density of 

acetylated microtubules relative to wildtype cells in the same disc (Figure 5.11D, E), 

indicating that microtubules are ectopically stabilized when msn is lost (i.e. when basal 

integrins are elevated). This elevation in stable microtubules is also visible at the basal 

surface of the disc proper, which shows an increase in acetylated tubulin in the msn 

mutant clone relative to wildtype tissue (Figure 5.11F). Together, these data suggest that 

integrins promote microtubule stability within the MF.  
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Figure 5.11. Integrins regulate stable microtubule enrichment within the MF.  

(A-C) Lateral views of different regions of the same β-PS-/- mosaic eye disc stained 
with an antibody against acetylated tubulin (magenta). -PS-/- homozygous mutant 
cells are indicated by a lack of GFP (green). Lines (A”, B”, C”) highlight the 
number and length of microtubules within cells found in the MF.  In B”, the green 
lines indicate microtubules that are found within control cells, which are dense 
and which span the apico-basal length as compared with microtubules in the 
mutant tissue (yellow lines), which are scarcer and often shorter. (D, E) Lateral 
views of different regions of the same msn-/- mosaic eye disc stained with an 
antibody against acetylated tubulin (magenta). msn-/- cells are indicated by a lack 
of GFP (green). Lines (D”, E”) highlight the number and length of microtubules 
within cells found in the MF, which are more numerous and longer in msn-/- mutant 
tissue (F) Basal focal plane of the msn-/- mosaic eye disc shown in (D, E) shows an 
elevation in acetylated tubulin within the clone. Scale bars are 20m. 
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5.4.5. Integrins regulate apical constriction and furrow progression 
by increasing microtubule stability 

msn loss of function (LOF) generates cells with increased levels of basal 

integrins, an enrichment of stable acetylated microtubules, precocious accumulation of 

F-actin, and accelerated MF progression. Since microtubules are required within the MF, 

we asked whether integrins could be promoting apical constriction and MF progression 

via their ability to stabilize microtubules; if this were the case, destabilizing microtubules 

should rescue the premature apical constriction and accelerated MF progression, 

independent of basal integrin levels (Figure 5.12A).  

Microtubules are dynamic filaments that extend in phases of growth or 

polymerization and shorten in phases of catastrophe or depolymerisation, predominantly 

at their plus-ends while their minus-ends typically remain fixed. Previous work 

demonstrated that eliminating microtubules (e.g. by mis-expressing microtubule severing 

proteins) leads to a dramatic loss of F-actin accumulation and apical constriction within 

the MF (Corrigall et al., 2007); however, the strength of this perturbation precludes 

epistatic analysis of integrin function, microtubule stabilization and apical constriction. 

We therefore sought to shift the existing balance between microtubule growth and 

catastrophe through modulation of the microtubule plus-end binding protein, EB1 (Figure 

5.12A). Knocking down EB1 increases microtubule catastrophe in multiple contexts in 

vivo (Busch & Brunner, 2004; Ligon, Shelly, Tokito, & Holzbaur, 2003; Tirnauer, Grego, 

Salmon, & Mitchison, 2002; Wen et al., 2004).  

As with msn mutant clones, depleting Msn by RNAi in flipout clones elevated 

basal levels of -PS integrin, increased acetylated microtubules and resulted in a 

corresponding acceleration in apical constriction and MF progression in affected cells 

(Figure 5.13A, B). Clones in which EB1 was knocked down by RNAi showed a decrease 

in acetylated tubulin at the basal surface (Figure 5.13D; Mean Fluorescence Intensity: 

EB1 RNAi = 549.3±45.1 compared to control 1048.8±79; P<0.001; n=6 each). This is 

consistent with a shift in the balance between microtubule growth and shrinkage. 

However, apical constriction and MF progression appeared unaffected, suggesting that 

the effect of EB1 depletion on microtubule dynamics was not sufficient to affect apical 
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constriction (Figure 5.13C, D). Additionally, depleting EB1 did not affect basal levels of 

-PS integrin (Figure 5.13C). In clones in which both Msn and EB1 were knocked down, 

basal levels of acetylated tubulin were restored to wildtype levels, and the MF 

progressed at its normal pace (Figure 5.13F). Notably however, basal -PS expression 

remained elevated in double knockdown clones (Figure 5.13E), suggesting that EB1 

acts downstream of integrin expression. A similar rescue was obtained using the eyg-

Gal4 driver (Figure 5.12B-E), allowing the rescue of MF pace to be quantified (P<10-8; 

compared to Msn RNAi alone). We previously showed that reducing the genetic dose of 

-PS integrin rescued MF acceleration caused by knocking down Msn (Figure 5.7F-H). 

To confirm the link between integrin up-regulation and microtubule stabilization in 

promoting MF acceleration, we examined acetylated tubulin in clones expressing RNAi 

against Msn in a -PS heterozygous background, and found that basal acetylated-

tubulin levels are restored along with normal MF progression, suggesting integrins act 

upstream of microtubule stabilization  (Figure 5.13G). Collectively, these data suggest 

that integrins are able to exert their effects on apical constriction via the regulation of 

microtubule stability. 
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Figure 5.12. Co-depletion of EB1 rescues the accelerated MF progression we 
observe upon depletion of Msn.   

(A) Schematic diagram of our test of the epistatic relationship of integrins, 
microtubules and apical constriction. If integrins promote MF apical constriction 
by stabilizing microtubules in MF cells, then shifting the balance of microtubule 
dynamics towards increased catastrophe (by depleting the end-binding protein 1, 
EB1 (Busch & Brunner, 2004; Ligon et al., 2003; Tirnauer et al., 2002; Wen et al., 2004)) 
will counteract the effects of integrin elevation on apical constriction. (B-D) Apical 
focal planes of eye discs expressing either (B) UAS-EB1RNAi with UAS-dcr2, (C) 
UAS-msnRNAi with UAS-dcr2 and UAS-GFP (GFP is a titration control; expression 
not shown) or (D) UAS-msnRNAi, UAS-dcr2 and UAS-eb1RNAi under the control of 
the eyg-GAL4 driver. Discs are stained with antibodies against Armadillo (green) 
and ELAV (magenta). EB1 depletion alone has no effect on MF progression. Msn 
depletion accelerates MF progression, which is rescued by the co-depletion of 
EB1. (D) Quantification of the degree of furrow acceleration observed in the 
conditions shown in (C, D). Error bars represent standard deviation. (eyg>UAS-
msnRNAi, UAS-dcr2, UAS-GFP (n=10) and eyg> UAS-msnRNAi, UAS-dcr2, UAS-
eb1RNAi (n=13), t-test p-value<<10-8). 
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Figure 5.13. Co-depletion of EB1 rescues elevated integrin-induced (msnRNAi) 
ectopic microtubule stabilization and apical constriction.  

Larval eye discs containing flipout clones of cells depleted of Msn alone (A, B; 
UAS-GFP as a titration control), EB1 alone (C, D), or Msn and EB1 (E, F). (G) 
msnRNAi flipout clones were also generated in a heterozygous β-PS mutant 
background (β-PS+/-). We stained discs with antibodies against β-PS integrin (A, C, 
E) or acetylated tubulin (B, D, F, G). Depleted cells are GFP positive. Phalloidin 
labels F-actin, which accumulates apically within the MF (B”, D”, F”, G”).  Scale 
bars are 20m. See Figure 5.12 also. 
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5.4.6. Apical F-actin enrichment and apical constriction in the MF 
require cytoplasmic dynein 

We show that microtubule stability downstream of integrins positively contributes 

to apical constriction, complementing previous data showing that microtubules within the 

MF are required for the apical enrichment of F-actin and activation of Myo II (Corrigall et 

al., 2007). Another cellular process that requires microtubules to position actomyosin 

contractility is cytokinesis (Jordan and Canman, 2012). Efficient cytokinesis is proposed 

to be regulated by the motor-dependent delivery of contractility-activators along 

microtubules to the cell cortex at the division plane (Jordan and Canman, 2012). We 

hypothesised that microtubules in the MF may also serve as tracks for the motor-

dependent delivery of contractility-activators to the apical surface to promote apical 

constriction.  

To explore this hypothesis, we first examined microtubule polarity in the furrow 

using an antibody against γ-tubulin, which nucleates microtubules and so serves as a 

minus-end marker. We find that γ-tubulin is localized to the apical cortex of MF cells 

(Figure 5.14B, C, 5.15A), indicating that within the MF, microtubules emanate from the 

apical surface and grow basally. This was unexpected since others demonstrated that 

microtubules in photoreceptor cells are oriented with their plus-ends, and not their 

minus-ends, located apically (Houalla, Hien Vuong, Ruan, Suter, & Rao, 2005; Mosley-

Bishop, Li, Patterson, & Fischer, 1999; Patterson et al., 2004). Previous studies used 

sevenless- or GMR-Gal4 to drive expression of the microtubule minus-end marker Nod 

when evaluating microtubule orientation in the eye disc. These Gal4-drivers only drive 

expression in developing photoreceptors behind the MF, where Nod localized basally 

(Mosley-Bishop et al., 1999; Patterson et al., 2004). In addition to observing γ-tubulin 

localized apically in cells anterior to and within the MF (Figure 5.14A, B, C, 5.15A), we 

observed that differentiating photoreceptor cells posterior to the MF, appeared to 

reorient their microtubules, as γ-tubulin in these cells was enriched at their basal 

surfaces (Figure 5.15B). Thus, while our data are consistent with Nod mis-expression 

studies in developing photoreceptors, they show that microtubule orientation differs 

between posterior and anterior regions. 
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If, as we speculate, microtubules serve as tracks for the motor-dependent 

delivery of contractility activators to the apical surface, then based on their orientation 

within the furrow, minus-end directed motor proteins must be implicated in apical 

constriction. In eukaryotes, cytoplasmic dynein is responsible for nearly all microtubule 

minus end-directed motor protein-based transport (Vale, 2003) . In Drosophila, the 

heavy chain of cytoplasmic dynein is encoded by Dhc64C (Rasmusson, Serr, Gepner, 

Gibbons, & Hays, 1994). We tested whether loss of Dhc64C would alter apical 

constriction within the MF. Unfortunately, we were unable to induce Dhc64C mutant 

mitotic clones due to its requirement in cytokinesis (unpublished data). To circumvent 

this, we used the MARCM technique to express the baculovirus anti-apoptotic protein 

p35 in clones that were homozygous for the Dhc64C mutation, thereby preventing 

Caspase-dependent cell death in those cells. Dhc64C mutant cells (overexpressing p35) 

within the furrow showed a clear loss of apical F-actin enrichment and reduced apical 

constriction relative to wildtype tissue (Figure 5.14D, E, 5.15C). Thus cytoplasmic dynein 

function is required for the apical enrichment of F-actin and for apical constriction. 
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Figure 5.14. Apical constriction of cells within the morphogenetic furrow 
depends on the minus-end directed motor, cytoplasmic dynein.  

(A) An illustration of an apical (xy) focal plane and a lateral (xz) plane view of the 
disc proper shown for (B) and (C), respectively. (B) An apical focal plane of a 
region spanning the MF in a wildtype disc (left is anterior) stained for F-actin, 
Acetylated tubulin (Ac-tub) and γ-tubulin. F-actin is apically enriched within the 
constricting MF cells. γ-tubulin is apically localized anterior to and within the MF 
where it appears punctate; it is not observed apically posterior to this region. 
Bright punctae just anterior to and posterior to the MF mark spindle centrosomes 
of dividing cells. (C) A lateral (xz) plane view of the same wt disc shows the 
squamous epithelium called the peripodial membrane overlying the disc proper. 
The MF is a physical groove in the tissue with basally positioned nuclei relative to 
neighbouring tissue. A DAPI stained nucleus is outlined by dashed lines in the 
peripodial membrane; the bright punctae in nuclei mark the nucleolus. F-actin is 
enriched apically. Stable microtubules (identified by acetylated tubulin staining) 
are seen growing basally from the apical surface where γ-tubulin punctae are 
localized within the MF. (D) A lateral view through control tissue (heterozygous for 
the cytoplasmic dynein heavy chain, Dhc64C ; lacking GFP positive homozygous 
tissue) zoomed in on the apical F-actin rich region of the MF and an illustration 
outlining the same features. (E) A lateral (xz) plane view through the same disc as 
(D) containing Dhc64C homozygous cells (also expressing p35; GFP positive) and 
an illustration outlining the decrease in apical F-actin enrichment and reduced 
apical constriction in mutant cells (GFP positive) marked by arrowheads in (E). 
Scale bars are 20m. (F) Combined with previous work (Corrigall et al., 2007), our 
data supports a model in which microtubules stabilized within the MF provide 
tracks for the dynein-dependent delivery of contractility-inducing factors to the 
apical surface of MF cells.  
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Figure 5.15. γ-tubulin is enriched apically in the region of the MF, and dynein is 
required for MF progression.  

Apical (A) and basal (B) focal planes of a wildtype eye disc stained with antibodies 
against acetylated tubulin (red) and γ-tubulin (green) and phalloidin to label F-
actin (blue). (C) Apical focal planes of an eye disc with MARCM clones of cells 
homozygous for a mutation in the heavy chain of the cytoplasmic dynein, Dhc64-/-, 
and expressing a UAS-p35 (Hay et al., 1994) transgene (indicated by GFP). Disc 
was stained with an antibody against Futsch (blue) to mark the differentiated 
photoreceptors and phalloidin to label F-actin (red). Asterisk indicates the 
position of the MARCM clone spanning the MF, which shows that F-actin 
enrichment of the MF is disrupted in the clone. Scale bars are 20m. 
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5.5. Discussion 

This study demonstrates novel links between basal integrin expression, 

microtubule stability, and apical constriction. In the MF the actomyosin contractility that 

drives apical constriction is coincident with microtubule minus-ends and correlates with 

microtubule stability. Corrigall et al. demonstrated that apical F-actin accumulation and 

constriction in the MF require microtubules (Corrigall et al., 2007); we show that, in 

addition, they require the minus-end microtubule motor, cytoplasmic dynein. Cytoplasmic 

dyneins are multifunctional motors implicated in transporting cargo, exerting tension on 

cellular structures such as centrosomes, and in spindle assembly (reviewed in Roberts 

et al., 2014). While our data do not explicitly address whether dynein-dependent cargo 

delivery is required for apical constriction, they are consistent with a model in which we 

speculate that dynein transports contractility-activators, such as RhoGEFs, along 

microtubules to the apical surface to promote apical constriction. This model predicts 

that dynein-dependent transport and, therefore, apical constriction can be regulated by 

modulating microtubule stability. Indeed, our data on integrin-mediated microtubule 

stability demonstrate that apical constriction correlates with microtubule stability. 

5.5.1. Microtubule-dependent actomyosin-based contractility is a 
conserved developmental feature  

Studies documenting examples of microtubule-dependent actomyosin-based 

contractility in the field of morphogenesis are numerous and the count is rising (Booth et 

al., 2014; C. Lee, Scherr, & Wallingford, 2007; J.-Y. Lee & Harland, 2007). In Xenopus, 

analogous actomyosin-driven cellular deformations are observed during both neurulation 

and gastrulation, where apical actomyosin contractility, driving apical constriction, 

depends on apico-basally polarized microtubule networks (C. Lee et al., 2007; J.-Y. Lee 

& Harland, 2007). Another topologically similar process occurs during Drosophila 

salivary gland tubulogenesis, where apical constriction is dependent on dynamic 

microtubule reorganization from dense apical arrays into apico-basally polarized 

microtubules, concomitant with the onset of apical constriction (Booth et al., 2014). In the 

salivary gland, microtubule arrays emanate from the apical surface in an acentrosomal 

manner (Booth et al., 2014). In the eye, we observe a strikingly similar switch in apical 
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microtubule organization (Figure 5.14B” inset), which corresponds to the approach of the 

MF and apical constriction. Similarly, microtubules emanating from the apical surface of 

MF cells appear normal in SAS4 homozygous mutant flies, which lack centrosomes 

(Gopalakrishnan et al., 2011), suggesting that MF microtubules may also be 

acentrosomal (unpublished data).  

The apico-basal microtubule polarity in the MF of the eye disc appears to be a 

conserved feature of pseudostratified epithelia, as it is observed in the zebrafish retina 

(Norden, Young, Link, & Harris, 2009), and in chick (Spear & Erickson, 2012) and 

mammalian neuroepithlia (Chenn, Zhang, Chang, & Mcconnell, 1998). In vertebrates, 

this polarity is set via the apical positioning of the centrosomes and thought to be “pre-

assigned” as a consequence of centrosomal function in interphase primary cilium basal 

body formation (H. O. Lee & Norden, 2013). In contrast, Drosophila cells lack primary 

cilia during development, but the same polarity is still maintained acentrosomally in the 

MF and the salivary glands. 

5.5.2. Restricted expression of cytoskeletal interacting proteins 
coordinates tissue-level patterning with morphogenesis 

During MF progression, the Hh and Dpp pathways induce actomyosin-based 

apical constriction (Corrigall et al., 2007; Escudero et al., 2007). How these pathways 

modulate cytoskeletal remodelling, when they chiefly regulate gene expression, is 

mysterious. Cadherin, Cad86C, is an example of a cytoskeletal interacting protein that 

acts downstream of Hh and Dpp signalling to promote MF progression (Schlichting & 

Dahmann, 2008). The exact mechanism by which Cad86C functions to induce epithelial 

folds is not clear, but Schlichting and Dahmann, (2008) propose it depends on 

heterophilic interactions with an unknown cadherin.  

Here, we present evidence that implicates another set of cytoskeletal interacting 

proteins, the evolutionarily conserved integrin adhesion receptors, as regulators of apical 

constriction and MF progression. We find that the basal expression domains of the two 

most conserved -PS integrin subunits (-PS1 and -PS2) overlap within the MF, thus 

producing a unique domain of paired integrin expression within the eye disc. Our data 



 

157 

suggests that the onset of -PS2 integrin expression within the furrow is either directly or 

indirectly downstream of Hh and Dpp signalling (Figure 5.16). Elevated integrin 

expression at the basal cell surface within the MF promotes microtubule stability. 

Consistent with a model in which microtubules act as tracks for dynein-dependent 

delivery of contractility-promoting factors to the apical surface, microtubule stabilization 

promotes apical constriction (Figure 5.16). Examples of integrin-microtubule interactions 

are numerous and include integrin-mediated microtubule nucleation and stability in other 

cellular contexts (Bökel, Prokop, & Brown, 2005; Colello, Mathew, Ward, Pumiglia, & 

LaFlamme, 2012; Palazzo et al., 2004; Wen et al., 2004). /1 integrin heterodimers 

promote microtubule nucleation via Ras/Mek/Erk signalling in CHO-K1 cells (Colello et 

al., 2012). In migrating fibroblasts, integrins in focal adhesions regulate Rho activation of 

mDia, which in complex with EB1 and APC, binds to and stabilizes microtubule plus-

ends (Palazzo et al., 2004; Wen et al., 2004). While (Corrigall et al., 2007) demonstrated 

a requirement for Rho and Dia in MF apical constriction, their potential roles in promoting 

apical constriction via microtubule stability, in addition to their function in the actomyosin 

contractility cascade, remains to be evaluated. Indeed, further studies are required to 

address the mechanism by which integrins regulate microtubule stability within the MF.  

Our data highlight how the regulated/restricted expression of a set of cytoskeletal 

interacting proteins as a consequence of upstream signalling aids in the coordination of 

tissue patterning with morphogenesis (model in Figure 5.16). It is unlikely that integrins 

and Cad86C represent the only examples of links between genetic expression and 

cytoskeletal action in the eye disc. Future studies that identify factors in this category will 

improve our understanding of organogenesis. Given the extensive similarities between 

microtubule-dependent apical constriction across diverse systems, testing for integrin 

regulation of microtubule stability in other contexts will be particularly interesting. 
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Figure 5.16. A model diagram of the causal connections we propose between 
tissue level patterning and cytoskeletal changes 
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Chapter 6.  
 
Summary and perspectives 

The Drosophila retina has proved to be an invaluable tool for studying the 

principles of organ formation. The work presented here lends support to the growing 

realisation that cellular heterogeneity or diversity arises from the reiterative and 

combinatorial interplay between signal transduction pathways and competence factors 

(Chapters 2 and 4). Another emerging theme, also supported here, is that regulated cell 

adhesion contributes to organ structure (Chapter 5) and, must therefore contribute to the 

structural diversity between organs.  

Eye-fate specification and retinal differentiation both depend on competence 

factors and signal transduction events. In Chapter 2 we identify the conserved kinase 

Nmo as a novel regulator of neurogenesis. nmo expression is induced as a 

consequence of neural competence; it then serves to regulate and refine neural 

competence via the Notch pathway. A Notch pathway component, long known to be 

induced by proneural factors is the ligand, Dl. In the prevailing model of neurogenesis, 

inherent variation in early proneural factor expression leads to subsequent differences in 

dl expression (Figure 1.8) (reviewed by Bertrand et al., 2002). These differences are 

then amplified and stabilized when Dl activates Notch signalling in adjacent cells. Cells 

with the highest proneural factor levels and, therefore, Dl levels activate Notch in 

neighbouring cells, where Notch signalling represses proneural expression (Figure 1.8) 

(reviewed by Bertrand et al., 2002).  

The data presented in Chapter 2 along with work from other labs demonstrates 

that in addition to dl, proneural factors promote the expression of multiple Notch 

signalling components or regulators (Aerts et al., 2010; Fernandes, Panchapakesan, 

Braid, & Verheyen, 2014; Stark et al., 2007). Scabrous (Sca) is one such target. Sca 

acts as a scaffold to stabilize the Notch receptor in cis at the cell membrane, which 
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reduces its signalling potential in the signal-sending cell (Powell et al., 2001). We show 

that Nmo also functions in the signal-sending cell, where it regulates the stability and/or 

localization of Dl (Fernandes et al., 2014). Thus, proneural factors appear to promote the 

expression of not one but numerous signalling components and regulators which work to 

fortify unidirectional Notch activation in neighbouring cells. This serves to robustly 

amplify inherent variation in neural competence to generate stable patterns of neuroblast 

(R8 or SOP) specification. 

In addition to identifying nmo as a common proneural target, we also find that 

Nmo’s kinase activity is relevant to its function, implying that members of the Notch 

pathway in the signal-sending cell are subject to phosphoregulation. This is a novel 

finding given that, to date, few examples of Notch pathway phosphoregulation are 

known; those that are known occur in the signal receiving cell (reviewed by Andersson, 

Sandberg, & Lendahl, 2011). The identity of the protein that Nmo phosphorylates to 

activate Notch signalling during Drosophila neurogenesis is not known. Since Nmo 

appears to regulate Dl, I speculate that Dl itself or the E3 ubiquitin ligases Mind bomb 

and Neuralized, which regulate Dl trafficking (Lai, Roegiers, Qin, Jan, & Rubin, 2005; Le 

Borgne, Remaud, Hamel, & Schweisguth, 2005), represent promising phosphorylation 

targets of Nmo.  

In Chapter 4, we show that HSPG expression downstream of the 

Ras/MEK/MAPK pathway is critical for normal regional-fate specification and retinal 

differentiation, once again highlighting the interplay between signalling and cell 

competence. Compromised Ras/MEK/MAPK signalling dramatically resembled Wg gain 

of function and this was also phenocopied by blocking HSPG biogenesis. In this context, 

Wg signalling is unique; unlike other pathways that tend to regulate a single tier of 

cellular competence at any given time, Wg signalling regulates multiple levels of cell 

competence. It inhibits both eye-fate selectors and retinal differentiation (neural 

competence) while also promoting head/antennal-fate selectors. While surprising that 

out of Ras/MEK/MAPK’s many developmental functions, restoration of HSPGs alone is 

largely sufficient to rescue regional identity, we speculate that HSPG promotion of 

JAK/STAT signalling and, therefore, suppression of Wg is the relevant or dominant 
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outcome here. Affecting a master regulator like Wg must ultimately filter down to the 

level of both regional-fate specification and retinal differentiation.  

The numerous roles of the Ras/MEK/MAPK pathway during eye development 

underscore the importance of both developmental timing and signalling thresholds. 

Although Ras/MEK/MAPK signalling has been extensively studied in eye disc 

development, it is possible that the functions of this pathway revealed in my work were 

missed due to the different roles that it plays at different times in development. During 

earlier stages Ras/MEK/MAPK signalling appears to regulate other signalling pathways 

in a permissive manner (Chapter 4), whereas at later stages distinct thresholds of its 

signalling activity regulate PR recruitment and cell survival (Freeman, 1996; Halfar et al., 

2001; L Yang & Baker, 2001; Lihui Yang et al., 2003). Another reason for this function 

having not been identified before is that many studies on EGFR focused on 

photoreceptor specification and components were identified in screens for PR defects 

using mosaic clones (Legent et al., 2012). We find a specific requirement for 

Ras/MEK/MAPK in non-autonomous regulation of signals via HSPGs; therefore it is 

possible that such clones may have not been in the right location, or may not have 

affected signal diffusion to the same extent as the approach used in Chapter 3. Overall, 

these findings demonstrate that the same pathway can be temporally regulated and 

tuned to produce diverse outputs, thus contributing to cellular diversity generation during 

development. 

Finally, in Chapter 5 we provide a genetic link between signal transduction 

events and morphogenesis in the eye disc via the integrin adhesion receptors. These 

are still early days for our understanding of cell adhesion, both cell-cell and cell-ECM, in 

the context of organogenesis. However, it is clear that cell adhesion must be dynamically 

regulated. Several recent studies along with the work presented here (Chapter 5) are 

beginning to uncover the contribution of cell competence and signal transduction to the 

spatio-temporal control of both cell-cell and cell-ECM adhesion (Corrigall et al., 2007; 

Escudero et al., 2007; Robertson et al., 2012).  

The data presented in Chapter 5 are the first evidence for the involvement of 

basally localized adhesion receptors in apical constriction and MF progression. We show 
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that through the stabilization of microtubules, integrins promote actomyosin-based apical 

constriction and drive epithelial morphogenesis. Microtubule-dependent actomyosin 

contractility has been reported in multiple cell and developmental contexts. It is perhaps 

best characterized during cytokinetic contractile ring formation. During cytokinesis, astral 

microtubules serve as the tracks along which the RhoGEF Pebble is delivered to the 

division plane where it activates actomyosin-based contractility via the Rho cascade 

(Jordan & Canman, 2012). During cytokinesis, microtubules contact the cell cortex with 

their plus ends, thus the relevant motor protein for Pebble delivery is a plus-end directed 

kinesin (Jordan & Canman, 2012). In the context of MF apical constriction, microtubules 

contact the apical cell cortex with their minus ends, and we find that the minus-end 

directed motor protein cytoplasmic dynein is required. Microtubule-dependent 

actomyosin contractility therefore can be thought of as a fundamental building block for 

many cellular behaviours, which is used and adapted according to need by cells in 

diverse contexts.  

 Integrin-mediated microtubule stability is critical in migrating cell types where it 

has been studied extensively. Recently it has also been implicated in establishing 

epithelial polarity in tissues where apico-basal polarity switches during development 

(Akhtar & Streuli, 2013). In mouse mammary gland epithelia, integrin-mediated 

microtubule stabilization along with motor proteins promotes apico-basal reorientation by 

facilitating organelle reorientation, and polarized secretion and endocytosis. This study 

and ours provide the first evidence of a functional requirement for integrin-mediated 

microtubule stabilization in developing epithelia that are not actively migrating. Thus, like 

microtubule-dependent actomyosin contractility, integrin-mediated microtubule 

stabilization also represents an evolutionarily conserved cellular module that can be 

contextually deployed during development. 

6.1. Future directions 

While the study of cell adhesion as a whole in the Drosophila retina is a relatively 

recent endeavour, significant progress has been made in the area of cell-cell adhesion 

(K. E. Brown et al., 2006; Corrigall et al., 2007; Escudero et al., 2007; Mao & Freeman, 
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2009; Mirkovic et al., 2011; Schlichting & Dahmann, 2008). In contrast, with the 

exception of the work presented in Chapter 5, cell-ECM adhesion is virtually unexplored.  

Of particular interest in this area is the regulation of ECM components such as 

Collagen IV and Perlecan. Both are secreted into the circulating haemolymph primarily 

by the larval fat body (Pastor-Pareja & Xu, 2011). Collagen IV is recruited to discs in an 

integrin dependent manner, after which it facilitates Perlecan incorporation (Pastor-

Pareja & Xu, 2011). It is therefore intriguing that we observe greater accumulation of 

Collagen IV in the eye posterior to the MF than in undifferentiated regions anterior to the 

MF, as non-uniform Collagen IV accumulation is not observed for other imaginal discs 

such as the wing disc (our data and Pastor-Pareja & Xu, 2011).  

The differential accumulation of ECM components posterior to the MF suggests 

that they are tightly regulated by the events associated with the passage of the MF. Do 

they, in turn, regulate these or other MF events? What is the biological significance of 

increased incorporation of Collagen IV posterior to the MF? This is the very region in 

which unspecified cells start to differentiate as photoreceptors. It is tempting to speculate 

that they may contribute to morphogenesis and/or photoreceptor development. Collagen 

IV incorporation into the ECM has been shown to increase tissue tension (Pastor-Pareja 

& Xu, 2011). It is possible that differential Collagen IV incorporation contributes to the 

morphology or development of photoreceptors by modulating tissue tension, a notion 

that is easily testable with available resources. 

Lastly, having established a role for integrins in regulating apical constriction via 

microtubules, it will be especially exciting to study integrin function in the context of 

inside-out and outside-in signalling. The finding that collagen IV is elevated in the ECM 

below msn mutant clones, which have elevated levels of integrins, suggests that inside-

out signalling is active. I hypothesize that outside-in activation of integrins is key for their 

ability to stabilize microtubules and promote apical constriction. If true, it implies that 

regulating total collagen IV secretion by the fat body is a means by which to regulate the 

pace of the MF and neurogenesis. Kasandra McCormack’s preliminary data supports 

this provocative idea.  
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Cell-ECM adhesion is mediated by essential conserved molecules whose 

functions are studied mainly in the context of cell motility; significantly less is known 

about their roles in tissue morphogenesis. The Drosophila eye represents an 

uncharacterized but uniquely poised system in which to address these gaps in 

knowledge.  
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Appendix.  
 
Prioritized Kinase RNAi stocks 

List of all Drosophila kinases and VDRC lines used in the RNAi screen 

CG Number Common name VDRC# Rank Screened? 

CG10023 Fak56D 108608 1 Y 
CG10079 DER 107130 1 Y 
CG10522 sticky 100265 1 Y 
CG10539 S6k 104369 1 Y 
CG10967 Atg1 16133 1 Y 
CG1098 Madm 101758 1 Y 
CG1107 aux 103426 1 Y 

CG11228 hpo 104169 1 Y 
CG11525 CycG 106846 1 Y 
CG12019 Cdc37 110727 1 Y 
CG12072 warts 106174 1 Y 
CG1210 Pdk1 109812 1 Y 

CG12559 rolled 109108 1 Y 
CG14026 tkv 105834 1 Y 
CG14396 Ret 107648 1 Y 
CG1511 Eph 110448 1 Y 

CG15793 Dsor1 107276 1 Y 
CG15862 Pka-R2 101763 1 Y 
CG1594 hop 102830 1 Y 

CG16708 Cerk 101550 1 Y 
CG16973 msn 101517 1 Y 
CG17090 hipk 32855 1 Y 
CG1725 dlg1 109274 1 Y 

CG17520 CkIIα 
 

1 N 
CG17596 S6kII 101451 1 Y 
CG17603 Taf1 106119 1 Y 
CG1772 dap 

 
1 N 

CG18085 sev 107048 1 Y 
CG18402 InR 992 1 Y 
CG18492 Tak1 101357 1 Y 
CG18582 mbt 109880 1 Y 
CG1891 sax 46358 1 Y 
CG1973 yata 110214 1 Y 
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CG2028 CkIα 110768 1 Y 
CG2048 dco 9241 1 Y 
CG2049 Pkn 108870 1 Y 
CG2087 PEK 110278 1 Y 
CG2210 awd 110782 1 Y 
CG2615 ik2 103748 1 Y 
CG2621 shaggy 101538 1 Y 
CG2845 phl 107766 1 Y 
CG2899 ksr 110621 1 Y 

CG31349 pyd 104159 1 Y 
CG32417 Myt1 105157 1 Y 
CG32484 Sk2 41905 1 Y 
CG32717 sdt 100685 1 Y 
CG34344 rdgA 102909 1 Y 
CG34412 tlk 105732 1 Y 
CG3510 CycB 109611 1 Y 
CG3938 CycE 110204 1 Y 
CG4006 Akt1 103703 1 Y 
CG4012 gek 107207 1 Y 
CG4032 Abl 2897 1 Y 
CG4141 Pi3K92E 107390 1 Y 

CG42317/ 
CG17309 

csk 109813 1 Y 

CG42320/ 
CG1658/ 
CG33553 

Doa 102520 1 Y 

CG4252 mei-41 103624 1 Y 
CG4353 hep 109277 1 Y 
CG4379 Pka-C1 

 
1 Y 

CG4488 wee 106329 1 Y 
CG4523 Pink1 109614 1 Y 
CG5092 Tor 

 
1 N 

CG5125 ninaC 110702 1 Y 
CG5373 Pi3K59F 100296 1 Y 
CG5387 Cdk5α 108656 1 Y 
CG5408 trbl 22114 1 Y 
CG5680 bsk 104569 1 Y 
CG5940 CycA 103595 1 Y 
CG5974 pelle 103774 1 Y 
CG6355 fab1 27592 1 Y 
CG6518 inaC 101719 1 Y 



 

185 

CG6535 tefu 22502 1 Y 
CG6551 fu 27663 1 Y 
CG6775 rugose 107056 1 Y 
CG6875 asp 110177 1 Y 
CG6963 gish 106826 1 Y 
CG7524 Src64B 35252 1 Y 
CG7643 ald 110572 1 Y 
CG7719 gwl 21046 1 Y 
CG7873 Src42A 100708 1 Y 
CG7892 nmo 101545 1 Y 
CG7904 punt 107071 1 Y 
CG8057 alc 104489 1 Y 
CG8201 par-1 52556 1 Y 
CG8224 babo 106092 1 Y 
CG8250 Alk 11446 1 Y 
CG8967 otk 104688 1 Y 
CG9326 vari 104548 1 Y 
CG9374 lkb1 108356 1 Y 
CG9774 rok 104675 1 Y 

CG33554 Nipped-A 52487 1 Y 
CG12306 polo 20177 2 N 
CG1495 CaMK1 101380 2 N 

CG18069 CaMKII 100265 2 N 
CG6772 Slob 100987 2 N 
CG8657 Dgkξ 4659 2 N 
CG8874 Fps85D 107266 2 N 
CG9096 CycD 29024 2 N 
CG9985 sktl 101624 2 N 

CG10033 for 108293 3 N 
CG10177 

 
107848 3 N 

CG10260 
 

105614 3 N 

CG10261/CG42783 aPKC 105624 3 N 

CG10295 Pak 108937 3 N 
CG10572 Cdk8 107187 3 N 
CG10637 Nak 109507 3 N 
CG10776 wit 103808 3 N 
CG10933 

 
104282 3 N 

CG11486 
 

106497 3 N 
CG11489 srpk79D 102632 3 N 
CG11660 

 
105395 3 N 
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CG11811 
 

110740 3 N 
CG11859 

 
109296 3 N 

CG12066 Pka-C2 108424 3 N 
CG13369 

 
100747 3 N 

CG1389 tor 101154 3 N 
CG14217 Tao-1 107645 3 N 
CG14895 Pak3 107260 3 N 
CG15218 CycK 110774 3 N 
CG15224 CkIIβ 106845 3 N 
CG16903 

 
37572 3 N 

CG17161 grp 110076 3 N 
CG17245 plexB 46687 3 N 
CG17299 SNF4Aγ 

 
3 N 

CG17342 Lk6 109663 3 N 
CG17348 drl 100039 3 N 
CG17559 dnt 106056 3 N 
CG18247 shark 25304 3 N 
CG1848 LIMK1 25344 3 N 
CG1915 sls 47301 3 N 
CG1939 Dpck 100276 3 N 
CG2246 

 
110389 3 N 

CG2577 
 

105471 3 N 
CG2699 Pi3K21B 104179 3 N 

CG30021 metro 29965 3 N 
CG3051 SNF1A 106200 3 N 
CG3068 aurora 108446 3 N 

CG31003 gasket 107429 3 N 
CG31097 

 
107652 3 N 

CG3127 Pgk 110081 3 N 
CG3140 Adk2 107326 3 N 
CG3172 twf 25817 3 N 

CG32031 Argk 34037 3 N 
CG32134 btl 110277 3 N 
CG32742 l(1)G0148 104902 3 N 
CG32743 Smg1 108450 3 N 
CG3319 Cdk7 103413 3 N 

CG33531 Ddr 101831 3 N 
CG34361 Dgk 105753 3 N 
CG3525 eas 103784 3 N 
CG3608 

 
106695 3 N 

CG3682 PIP5K59B 108104 3 N 
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CG3837 
 

105549 3 N 
CG3915 Drl-2 102192 3 N 
CG3969 PR2 100169 3 N 

CG40129 Gprk1 
 

3 N 
CG42273 mnb 28628 3 N 

CG42341/CG3263 Pka-R1 103720 3 N 

CG42347/CG1776 
 

101640 3 N 

CG42636/CG8742 Gyc76c 106525 3 N 

CG5179 Cdk9 103561 3 N 
CG5363 cdc2 106130 3 N 
CG5483 Lrrk 105630 3 N 
CG5725 fbl 101437 3 N 
CG6027 cdi 109409 3 N 
CG6114 sff 100717 3 N 
CG6343 ND42 110787 3 N 
CG6386 ballchen 108630 3 N 
CG6521 Stam 22497 3 N 
CG6612 Adk3 110382 3 N 
CG6620 ial 35107 3 N 
CG6703 CASK 104793 3 N 
CG6767 

 
109894 3 N 

CG7001 Pk17E 102179 3 N 
CG7028 PRP4 107042 3 N 
CG7103 Pvf1 102699 3 N 
CG7177 Wnk 35194 3 N 
CG7186 SAK 105102 3 N 
CG7223 htl 27180 3 N 
CG7281 CycC 48834 3 N 
CG7597 Cdk12 25510 3 N 
CG7693 fray 106919 3 N 
CG7838 BubR1 26109 3 N 
CG8094 Hex-C 35338 3 N 
CG8173 

 
105661 3 N 

CG8203 Cdk5 104491 3 N 
CG8222 Pvr 105353 3 N 
CG8239 

 
107034 3 N 

CG8351 Tcp-1η 108585 3 N 
CG8485 

 
35940 3 N 
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CG8637 trc 107923 3 N 
CG8789 wnd 103410 3 N 
CG8878 

 
100985 3 N 

CG9738 Mkk4 108561 3 N 
CG10498 cdc2c 104959 4 N 
CG10579 Eip63E 50599 4 N 
CG1609 Gcn2 103976 4 N 
CG4268 PitsIre 107303 4 N 
CG4926 Ror 935 4 N 
CG6622 Pkc53E 27699 4 N 
CG8049 Btk29A 106962 4 N 

CG10082 
 

103749 5 N 
CG10155 Spred 18025 5 N 
CG10244 Cad96Ca 8402 5 N 
CG10268 

 
110640 5 N 

CG10308 CycJ 110222 5 N 
CG10504 Ilk 16062 5 N 
CG10673 

 
27301 5 N 

CG10702 
 

100842 5 N 
CG10738 

  
5 N 

CG10895 lok 110342 5 N 
CG10951 niki 100823 5 N 
CG11221 

 
100163 5 N 

CG11249 
 

108319 5 N 
CG11255 

 
17534 5 N 

CG11420 png 31500 5 N 
CG11533 Asator 45121 5 N 
CG11594 

 
105487 5 N 

CG11621 Pi3K68D 109582 5 N 

CG11870/CG43143 
 

106088 5 N 

CG12069 
 

100886 5 N 
CG12147 

 
101875 5 N 

CG1216 mri 101345 5 N 
CG12229 

 
101097 5 N 

CG12244 lic 106822 5 N 
CG1227 

 
105610 5 N 

CG12289 
 

105685 5 N 
CG1271 

 
110178 5 N 

CG13388 Akap200 102374 5 N 
CG1344 

 
108838 5 N 
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CG13591 Ssl 108692 5 N 
CG1362 cdc2rk 100299 5 N 

CG13688 Ipk2 43825 5 N 
CG14030 Bub1 101096 5 N 
CG14305 

 
17477 5 N 

CG14939 CycY 107010 5 N 
CG14992 Ack 39857 5 N 

CG15072/CG42856 
 

107458 5 N 

CG15547 
 

104520 5 N 
CG16910 key 100257 5 N 
CG17010 

  
5 N 

CG17146 Adk1 104475 5 N 
CG17216 KP78b 105265 5 N 
CG17256 Nek2 103408 5 N 
CG1747 Sk1 32932 5 N 

CG17471 
  

5 N 
CG17528 

  
5 N 

CG17698 
 

105884 5 N 
CG17998 Gprk2 101463 5 N 
CG18255 Strn-Mlck 

 
5 N 

CG1830 PhKγ 110638 5 N 
CG18374 Gyk 52478 5 N 
CG1851 Ady43A 33133 5 N 

CG18854 
  

5 N 
CG1951 

 
33431 5 N 

CG1954 Pkc98E 108151 5 N 
CG2201 

 
108958 5 N 

CG2252 fs(1)h 108662 5 N 
CG2272 slpr 106449 5 N 
CG2794 

 
109682 5 N 

CG2846 
 

100266 5 N 
CG2929 Pi4KIIα 110687 5 N 
CG2964 

 
109509 5 N 

CG3001 Hex-A 104680 5 N 
CG3008 

 
103828 5 N 

CG30184 
 

104976 5 N 
CG30295 Ipk1 109497 5 N 

CG3086 MAPk-Ak2 110317 5 N 

CG3105 Pask 107025 5 N 



 

190 

CG31127 Wsck 
 

5 N 
CG31140 

 
101347 5 N 

CG31183 
 

4773 5 N 
CG31421 Takl1 110765 5 N 
CG31643 

  
5 N 

CG31751 
 

110319 5 N 
CG31873 

 
36375 5 N 

CG32019 bent 46253 5 N 
CG3216 

 
107985 5 N 

CG32649 
 

26536 5 N 
CG32666 Drak 107263 5 N 
CG32703 

 
109661 5 N 

CG3277 
 

108052 5 N 
CG32849 Hex-t2 100218 5 N 
CG32944 

 
103642 5 N 

CG33102 Hex-t1 46574 5 N 
CG33114 Gyc32E 108142 5 N 
CG3324 Pkg21D 103513 5 N 

CG33338 p38c 105173 5 N 
CG33519 Unc-89 106267 5 N 
CG33671 

 
49773 5 N 

CG33981 
  

5 N 
CG3400 Pfrx 25959 5 N 

CG34318/CG8179 
 

35850 5 N 

CG34356 
 

109790 5 N 
CG34357 

 
105185 5 N 

CG34359 IP3K2 102772 5 N 
CG34380 

 
39447 5 N 

CG34384 
 

102481 5 N 
CG34392 Epac 110077 5 N 
CG3534 

 
109666 5 N 

CG3544 
 

105459 5 N 
CG3738 Cks30A 108401 5 N 
CG3809 

 
108975 5 N 

CG4007 Nrk 103804 5 N 
CG4026 IP3K1 

 
5 N 

CG40293 Stlk 
 

5 N 
CG4041 

 
108887 5 N 

CG40478 Dyrk3 
 

5 N 
CG4132 pkaap 106808 5 N 
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CG4201 ird5 
 

5 N 

CG42349/CG10524 Pkcδ 101421 5 N 

CG42366/CG31711 
 

108102 5 N 

CG42403/CG6320 Ca-β 105748 5 N 

CG4290 SIK2 103739 5 N 
CG4527 slik 43784 5 N 
CG4546 

 
34869 5 N 

CG4551 smi35A 101376 5 N 
CG4583 Ire1 39561 5 N 
CG4629 

 
26574 5 N 

CG4720 Pk92B 110228 5 N 

CG4798 l(2)k01209 106934 5 N 

CG4803 Takl2 104701 5 N 
CG4839 

 
100999 5 N 

CG4945 
 

24683 5 N 
CG5072 Cdk4 40577 5 N 
CG5144 

 
104240 5 N 

CG5169 GckIII 107158 5 N 
CG5182 Pk34A 101146 5 N 
CG5288 

 
103656 5 N 

CG5310 nmdyn-D6 110565 5 N 

CG5452 dnk 103385 5 N 
CG5475 Mpk2 102484 5 N 
CG5626 

 
27469 5 N 

CG5757 
 

110460 5 N 
CG5790 

 
110683 5 N 

CG6092 Dak1 104861 5 N 
CG6117 Pka-C3 

 
5 N 

CG6214 MRP 105419 5 N 
CG6292 CycT 37562 5 N 
CG6297 JIL-1 107001 5 N 
CG6364 

 
108949 5 N 

CG6498 
 

109282 5 N 
CG6509 Dlg5 101596 5 N 
CG6715 KP78a 47657 5 N 
CG6800 

 
104255 5 N 
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CG7004 fwd 110159 5 N 
CG7069 

 
101116 5 N 

CG7070 PyK 35165 5 N 
CG7094 

 
108273 5 N 

CG7097 hppy 103580 5 N 
CG7125 PKD 106255 5 N 
CG7156 

 
26036 5 N 

CG7207 cert 103563 5 N 
CG7236 

  
5 N 

CG7328 
 

110610 5 N 
CG7335 

 
100062 5 N 

CG7362 
 

104218 5 N 
CG7393 p38b 108099 5 N 
CG7405 CycH 104312 5 N 
CG7470 

 
101476 5 N 

CG7525 Tie 27087 5 N 
CG7551 

  
5 N 

CG7616 
 

104663 5 N 
CG7717 Mekk1 110339 5 N 
CG7766 

 
110184 5 N 

CG7995 
 

101869 5 N 
CG8174 SRPK 103416 5 N 
CG8286 P58IPK 109649 5 N 
CG8298 

 
43541 5 N 

CG8362 nmdyn-D7 105161 5 N 

CG8363 Papss 110544 5 N 
CG8475 

 
110591 5 N 

CG8565 
 

100449 5 N 
CG8726 

 
109451 5 N 

CG8767 mos 110435 5 N 
CG8808 Pdk 106641 5 N 
CG8866 

 
103725 5 N 

CG8914 CK11β2 102633 5 N 
CG8948 Graf 42166 5 N 
CG9222 

 
104259 5 N 

CG9358 Phk-3 106938 5 N 
CG9541 

 
102912 5 N 

CG9746 ird1 110706 5 N 
CG9961 

 
101702 5 N 

CG9962 CK1a-like 108721 5 N 
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Rank: (1) Documented eye phenotype; (2) Documented eye-specific expression; (3) Documented neuronal 
phenotype; (4) Documented neuronal expression; (5) None of the above.  

Compiled by Sarah Siebert from Flybase.org 


	EthicsStatement_2012_p.iv.pdf
	Ethics Statement


