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Abstract 
 

The atypical cadherins Dachsous (Ds) and Fat (Ft) form a system of planar cell 

polarity that controls the shape of tissues and organs in animals. These cadherins 

become planar polarised in response to opposing gradients of ds and four jointed 

(fj) and lead to the downstream polarisation of Dachs, an atypical myosin. 

Polarisation of Dachs is critical for orientation of cell division and tissue elongation. 

Even though the proximal-distal gradients are critical, some additional mechanism 

must exist in order to generate a robust planar polarisation. Via an RNAi screen in 

the Drosophila wing, we identify two novel components of the Ds-Ft system: Bul 

and Kul. bul encodes a novel FBXL7 ubiquitin ligase that is recruited to the Ft 

intracellular domain and promotes degradation of both Ds and its effector protein, 

Dachs. Loss of Bul results in accumulation of Dachs, similar to loss of Ft. 

Overexpression of Bul causes downregulation of Dachs, similar to overexpression 

of Ft intracellular domain. In addition to regulating Dachs, Bul also influences Ds in 

a similar manner. GFP-tagged Bul localises to the plasma membrane in a Ft-

dependent manner and is planar polarised. kul encodes an ADAM10 protease that 

cleaves Ft to promote turnover of Ds-Ft transcellular bridges. Kul cleaves Ft and 

this cleavage is important for its activity. The action of Kul and Bul contribute in 

setting up the initial planar polarisation of the Ds-Ft system in response to orienting 

gradients along the proximal-distal axis of the wing. To achieve planar polarisation, 

Ft and Bul localise to the proximal side of the cell and thus restrict Ds and Dachs to 

the distal side of the cell. In this way, epithelial cells can decode vectorial 

information from a gradient to orient their behaviour. 
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 Introduction Chapter 1.

 

“The most obvious differences between  

different animals are differences of size,  

but for some reason the zoologists have  

paid singularly little attention to them.” 

 

J. B. S. Haldane  

On Being the Right Size (1928)  
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1.1 A multitude of sizes and shapes 

A simple glance is enough to make us realise the multitude of different sizes and 

shapes in the animal kingdom. Animal structures show forms specifically adapted 

to their environments and functions. A textbook example is the one of the 

vertebrate skeleton: even though there is a great degree of homology between the 

bones in the skeleton of different vertebrates, an immense diversity of forms arise 

from the need to adapt to distinct settings. A comparison between the human arm 

and the bat wing shows that there is a great degree of homology. Nonetheless, 

changes in the scale and proportion of different bones allow adaptation to 

completely distinct functions: by reducing the length of the humerus and increasing 

the length of metacarpals and phalanges the structure changes from a human arm 

specialised in manipulation to a bat wing adapted to flight (Fig 1.1 A).  

 

Within a species, however, the size and shape of organs and organisms is strictly 

conserved. This suggests that the mechanisms by which the size and form are 

achieved must be tightly regulated. Yet, even within a species, variability can be 

observed, for instance in response to the nutritional status of the organism: starved 

animals tend to be smaller than well-fed animals (Fig 1.1 B), a regulation known to 

happen via the action of the Insulin and mTor pathways (Parker 2011). 

 

1.1.1 On being the right size 

 The first evidence that organs “know” their correct size came from transplantation 

experiments: when multiple foetal thymus glands are transplanted into a new 

individual, each one will grow to their normal size (Metcalf 1963; Conlon & Raff 

1999). A similar example happens in Drosophila imaginal discs: transplantation of 

an immature wing disc into a third instar larva delays metamorphosis of the host 

until the disc reaches its final size (Bryant & Simpson 1984). Both these examples 

suggest the existence of an intrinsic mechanism for size control. Interestingly, this 

is not always the case: if several foetal spleens are transplanted they will grow, 

collectively, to reach the size of one spleen (Metcalf 1963; Conlon & Raff 1999).  
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Figure 1.1 - Size is regulated at a genetic and environmental level. 

(A) Bones in human arm and bat wing show great degree of homology. Changing 
the proportions of different bones leads to a different overall shape adapted to a 
specific function: manipulation for humans and flight for bats (adapted from 
Encyclopaedia Britannica) 
(B) Nutrition regulates body size without affecting proportions. Well-fed Drosophila 
individuals are bigger than starved animals.  
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radius 
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This reveals that the regulation of the size of an organ is a complex problem that 

must integrate both intrinsic and extrinsic clues. 

 

The mechanism for control of organ size does not happen via cell number counting 

and rather takes into account total organ volume. This can be clearly demonstrated 

by looking at salamanders: these animals are usually diploid but in some cases 

animals are born that are tetraploid or showing even higher levels of ploidy. In the 

case of tetraploid animals, even though their cells are twice the size of diploid cells, 

the organs in the tetraploid and diploid grow to the same size such that the 

tetraploid animal is composed of half the number of cells (Fankhauser 1952).  

 

Similarly, in Drosophila wing discs, manipulation of cell cycle gene expression 

levels leads to subtle changes in cell proliferation rate. These wing discs will 

develop to produce an adult wing with a size very similar to the one of wild-type 

animals but instead composed of bigger or small-sized cells (Neufeld 1998; 

Weigmann et al. 1997). 

 

These data suggest that rather than counting number of cells, the organ seems to 

be able to measure total cell mass. The question is then: How does this happen? 

For an organ to regulate its size, it has to regulate several different cellular 

processes and integrate this information at the organ level and, ultimately, at the 

organismal level. Some of the cellular processes that are subject to a tight 

regulation include cell division, cell growth and cell proliferation; all described 

further on in this thesis (Lecuit & Le Goff 2007). 

 

1.1.1.1 Regulation of the cell cycle 

Organ growth is highly dependent on the ability of cells to progress through the cell 

cycle. In Drosophila, progression through G1-S phase is rate limited by cyclinE 

(cycE) that acts in collaboration with Cdk2. Later on in the cycle, the transition from 

G2 to M is limited by cdc25/string, an activator of CyclinB/cdk1 (Milan, Campuzano 

& Garcia-Bellido 1996a; Milan, Campuzano & Garcia-Bellido 1996b).  Mutation of 

these proteins early in development prevents the growth of tissues and is lethal to 
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the animal.  Since these proteins are rate limiting, one could predict that 

overexpression of both CycE and Cdc25/string would lead to increased cell division 

and, therefore, overgrowth. Interestingly, despite the higher rates of cell division, no 

overgrowth is observed and, instead, the final organ is normally sized and 

composed of smaller cells (Neufeld 1998). Accordingly, arresting the cell cycle late 

in development via means of cdk1 mutations leads to mostly normally sized tissue 

but, in this case, composed of fewer and bigger cells (Neufeld 1998; Weigmann et 

al. 1997). 

 

Altogether, this suggests that, while tissue growth normally requires cell divisions, 

there exists an intrinsic mechanism of size determination that is independent of cell 

number counting and instead regulates overall tissue volume.  

 

1.1.1.2 Regulation of cell growth 

Another fundamental step that allows for cells to go through cell proliferation is cell 

growth. Cell growth implies an increase in cell volume, which comes associated 

with an increase in the total amount of cellular protein and other forms of cellular 

biosynthesis.  

 

Controlling the rate of protein synthesis is therefore critical for the control of cell 

growth and, hence, genes involved in protein synthesis play a critical role in this 

process. Genes encoding for ribosomal proteins, translation and elongation factors 

and genes important for ribosomal biogenesis are fundamental (Parker 2011).  

 

The insulin/mTOR signalling pathway also plays an essential role in this regulation 

by coupling the nutritional status of the organism with the rate of cell growth 

(Hietakangas & Cohen 2009; Brogiolo et al. 2001). Upon feeding, insulin like 

peptides (dILP) are produced by cells in the gut and also by neurosecretory cells in 

the brain. These peptides activate the insulin receptor (InR) at the tissue level and, 

in turn, activate a cascade of events important for the ribosome biogenesis (Parker 

2011).  
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Loss of the insulin receptor phenocopies starvation and produces organs featuring 

smaller cells. Interestingly, patterning and cell proliferation scales with this process 

and the organs, despite being smaller, conserve the same proportions as wild-type 

counterparts (Rulifson 2002; Zhang et al. 2009).  

 

Importantly, all these processes need to be coupled and integrated in a developing 

organism. Drosophila research has proven to be fundamental to shed light on this 

regulation.  

 

1.1.2 On being the right shape 

Apart from a tightly regulated and robust size, organs also show a highly conserved 

shape. An important factor in the regulation of organ shape is the process of tissue 

extension. This extension can be achieved via one of two means: cell intercalation 

or oriented cell divisions. Cell intercalation is the rearrangement of cells within a 

tissue, whereby cells divide in random orientations and then migrate locally to their 

correct position by remodelling cell-cell junctions and undergoing exchange of 

neighbours (Fig 1.2). Cell intercalation is critical for the evagination of the pupal 

wing and leg imaginal discs (Fristrom 1976) and for the germ-band elongation 

during embryo development in Drosophila (Bertet et al. 2004). Alternatively, tissue 

elongation can occur due to the orientation of cell division being biased along a 

particular axis. If the majority of cells divide along the proximal distal axis, for 

example, then the tissue as a whole will also become elongated along this axis. 

Polarised cell division is important not only during animal but also during plant 

development (Ciruna et al. 2006; Rolland-Lagan et al. 2003; Reddy 2004). 

Examples include the morphogenesis of Antirrhinum petals (Rolland-Lagan et al. 

2003), the neurulation of zebrafish (Concha & Adams 1998) and several tissues in 

Drosophila (da Silva & Vincent 2007; Baena-López et al. 2005). In the fly wing, for 

instance, marked clones of cells will grow anisotropically along the proximal distal 

axis, the axis of tissue growth (Baena-López et al. 2005). The mechanism by which 

this orientation of cell division is achieved is starting to be unravelled and is known 

to implicate the Ds-Ft pathway and, in particular, the downstream component 

Dachs, described later on in this thesis (Rogulja et al. 2008). 
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Figure 1.2 - Cellular mechanisms of tissue size and shape.  

A, Tissue proliferation and the increase in tissue mass are driven by continuous cell 
divisions (outlined in red). B, Oriented cell divisions, here along the horizontal axis, 
cause the elongated growth of the clone and of the organ. C, Cell rearrangements 
such as intercalation drive tissue elongation and affect tissue shape. Here the red 
interfaces shrink and new horizontal interfaces (blue) are formed, producing an 
exchange in cell neighbours. Reprinted from (Lecuit & Le Goff 2007) with 
permission from Nature Publishing Group. 
 

 

 

1.2 Drosophila as an animal model 

Regulation of final organ size is an essential developmental process: organ size 

reflects organ function and, therefore, misregulation of this process might 

compromise function of the organ. Accordingly, a multitude of medical conditions 

arise from both under or overgrowth of different organs and, therefore, 
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understanding how appropriate size is achieved shows a biomedical interest 

(Shingleton 2010).  

 

Drosophila, like all insects, does not grow during adult life due to the presence of 

an external rigid exoskeleton that restricts growth. Hence, in these animals, adult 

body size is primarily the result of their growth rate during the larval phases and the 

length of this growth period (Stern 2006; Nijhout 2003; Day & Lawrence 2000). 

 

Drosophila goes through three larval stages before initiating metamorphosis. 

During this period, both the larval tissues and the tissues that will metamorphose to 

form the adult body, the imaginal tissues, increase in mass and undergo 

development (Edgar 2006). 

 

Regulation of organ size is a complex problem and must integrate both internal 

physiological signals and external cues from the environment. Importantly, 

physiological mechanisms controlling organ growth must show plasticity so that 

growth responds to changes in the environment. Circulating factors such as 

hormones and insulin-like growth factors (dILPs/IGFs) play an important role in this 

response, as mentioned above (Stanger 2008).  

 

Moreover, organ size control must be coupled to the patterning and differentiation 

of tissues within the organ and must integrate with the mechanical forces exerted in 

the organ during tissue morphogenesis.  

 

Integration of environmental, physiological, genetic and organ-specific effects 

occurring during larval stages is therefore essential to determine the final size and 

proportions of the adult body. Even though progress has been made in clarifying 

individual processes, a major challenge is in the understanding of how these 

processes are integrated and co-regulated during development (Mirth & Shingleton 

2012).  

 

Drosophila has been shown in the past to be a powerful animal model for the study 

of morphogenetic processes such as the patterning cell mechanics and dynamics 

associated with tissue remodelling. Recent work has proven that Drosophila is also 
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a great model to understand how cellular processes can be coordinated at the level 

of the tissue. Also, the fact that imaginal discs, particularly the wing imaginal disc, 

show an impressive rate of cell division makes them an excellent model for the 

study of organ growth (Lecuit & Le Goff 2007). 

 

1.2.1 Wing development 

Development of the Drosophila wing is initiated from a cluster of 20-30 

undifferentiated cells that invaginate from the embryonic epithelium to form the 

wing ‘imaginal disc’. During the larval stages, the wing imaginal disc will grow by 

cell proliferation to achieve a specific size and shape. Four days of continued cell 

division will give rise to a wing primordium that, by the end of the 3rd instar, is 

comprised of approximately 40 to 50 thousand cells. Throughout this growth phase, 

the orientation of cell divisions has a major influence in defining what will be the 

shape of the final adult tissue (Gong et al. 2004; Ciruna et al. 2006; Keller 2006).  

 

Later on, during the pupal stages, the wing imaginal disc will evert and undergo 

morphogenetic movements to generate the structure of the adult wing. During this 

period of morphogenesis, cell-shape changes and cell rearrangements will further 

sculpt the post-growth tissue (Lecuit & Le Goff 2007; Keller et al. 2008; Aigouy et 

al. 2010; Bosveld et al. 2012). 

 

By the end of the developmental process, the adult wing will be composed of two 

apposed epithelial sheets constituting its dorsal and ventral sides, firmly bound 

together. This adult wing shows not only a tightly regulated form but also a very 

specific patterning of differentiated cell types. 

 

Over the last few decades, great progress has been made in understanding the 

genetic basis for the patterning of the wing (Garcia-Bellido 2009), yet how tissue 

form is determined is not so clearly understood.  
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1.2.1.1 Compartment boundaries, organisers and axis formation 

The development and subsequent patterning of the wing disc is dependent on 

signalling along 3 different axes: the Anterior-Posterior (A-P), Dorsal-Ventral (D-V) 

and Proximal-Distal (P-D).  

Early on in development two compartment boundaries are defined: the Anterior-

Posterior and Dorsal-Ventral boundaries. These compartment boundaries prevent 

cell mixing and ensure that cells from different compartments keep their identity. 

(Garcia-Bellido 2009). 

 

Compartment boundaries are the production site for several key secreted signalling 

molecules that organize the spatial pattern of the developing wing. Differential gene 

expression in opposing compartments triggers specific cell-cell signalling across 

the compartment boundary. This interaction between compartments generates an 

“organizing centre”, which produces long-range symmetric signals that are 

responsible for further patterning of the organ (Lawrence & Struhl 1996). 

 

In the case of the A-P boundary, expression of the engrailed transcription factor 

induces the synthesis of Hedgehog (Hh) in the P-compartment, which then crosses 

a few cells into the A-compartment (Tabata 2004). In response to receiving Hh, the 

A-compartment induces expression of decapentaplegic (dpp), which forms a long-

range gradient across the entire wing disc. P-compartment cells do not respond to 

Hh because they lack the key Hh signal transducer cubitus interruptus (ci). In the 

case of the D-V boundary, expression of the apterous transcription factor initiates 

local activation of Notch signalling along both sides of the compartment boundary, 

and Notch signalling induces expression of the secreted Wnt protein Wingless (Wg) 

(Garcia-Bellido 2009). Together, the orthogonal A-P and D-V boundary organisers 

are thought to provide a Cartesian co-ordinate system to organise wing size, shape 

and pattern along these two axes. Importantly, integration of signals from these two 

axes leads to the definition of the third axis, the proximal-distal axis. 

 

Cues from the A-P and D-V organizers lead to the expression of the transcription 

factors nubbin and vestigial distally, and homothorax and teashirt proximally (Brook 

et al. 1996). These factors subdivide the wing disc along the P-D axis into a distal 
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region, which will constitute the wing blade, and a proximal region forming the wing 

hinge and notum.  

 

Interestingly, the P-D axis also features long-range gradients, the dachsous gene 

being highly expressed proximally and lowly distally, and the four-jointed gene 

being highly expressed proximally and lowly distally (Mao et al. 2011b; Matakatsu 

2004; Rogulja et al. 2008; Simon et al. 2010). These will be discussed later on in 

this thesis. 

 

1.2.1.2 Control of tissue size along the A-P and D-V axes 

The A-P and D-V organisers play key roles in the control of wing growth. For 

instance, BMP signals (including Dpp) produced by the A-P boundary drive cell 

proliferation and survival such that removal of Dpp produces a tiny wing and 

ectopic induction of a new A-P boundary (or ectopic expression of Dpp itself) 

generates overgrowth of the wing along the A-P axis (Schwank & Basler 2010).  

Similarly, Notch and Wg provide signals for cell proliferation and survival, so that an 

ectopic D-V organiser will produce massive overgrowth along the D-V axis 

(Giraldez 2003). Neither the A-P nor the D-V organiser is sufficient to support 

tissue growth on its own; removal of either organiser prevents wing growth 

(Schwank & Basler 2010). Extension of the tissue along one axis (for example, 

along the A-P axis by expression of Dpp) can occur only because the orthogonal 

organiser (at the D-V boundary) simply extends with the additional growth. How 

these organising signals control cell proliferation and survival remains unclear, but 

results from a newly described signalling pathway, the Hippo pathway, provide a 

possible model. This pathway will be described further on in this thesis.  

 

The signalling along the referred three axes is essential for the patterning of the 

wing. The most obvious readouts are the vein patterning and the specification of 

the margin.  
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1.2.1.3 Control of vein pattern in the wing 

The veins are the most characteristic structures of the wing, presenting a species-

specific two-dimensional pattern (Fig. 3.3A). Veins are the product of the 

differentiation of longitudinal stripes of cells and the subsequent deposition of a 

darkly pigmented cuticle.  These cells, more packed than intervein cells, will assure 

the transport of nutrients to living cells by enclosing conducts in which the 

haemolymph can circulate and that may carry trachea and axons. Veins, typically 

running from the base to the apex of the wing, will also confer structural support 

and strengthen the wing (Bier 2000; De Celis & Diaz-Benjumea 2003).  

 

The positioning of the 5 major veins depends on the patterning along the Anterior-

Posterior and Dorsal-Ventral axis based on a ‘French Flag’ mechanism of tissue 

subdivision in which cells receive and respond to gradients of morphogens and 

subsequently differentiate into patterns. Patterning of the veins depends on cells 

responding to gradients of the secreted morphogens Dpp and Hh (Blair 2007). 

Once positioned, vein cell identity is dependent on EGFR/Ras signalling via the 

activation of the MAPK pathway (Diaz-Benjumea & Hafen 1994; De Celis & Diaz-

Benjumea 2003; Brunner et al. 1994). Interestingly, the EGFR/Ras pathway is also 

implicated in the morphogenesis of vein cells. This signalling pathway is 

responsible not only for the regulation of DE-cadherin expression, encoded by 

shotgun, but also for its correct localization. High levels of Ras and activated ERK 

are found in provein cells, where they are responsible for the sub-apical 

relocalization of DE-cadherin containing adherens junctions. This change in cell-

cell adhesion contributes to changes in cell shape, critical for proper wing vein 

formation. Therefore, mutations in genes from the EGFR/Ras pathway will lead to 

defects in vein patterning (O'Keefe et al. 2007).  

 

1.2.1.4   Specification of the wing margin 

Another important part of the patterning of the wing is the specification of the wing 

margin. The cells along the dorsoventral boundary of the Drosophila wing imaginal 

disc are specified as the margin, where, later in development, sensory organs and 

specialised trichomes will appear in a characteristic pattern. Wing margin cell fate 
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is dependent on a local activation of Notch, which leads to elevated wingless/wnt 

signalling. Accordingly, mutations in members of the wg pathway lead to defects in 

the wing margin commonly referred to as wing nicks. Because the expression of wg 

is dependent on Notch signalling, defects in Notch also lead to wing margin 

defects; however, this pathway is also important for vein differentiation and thus 

Notch phenotypes also show defects in vein patterning (Couso et al. 1994; de Celis 

et al. 1996) .  

 

1.3   Hippo pathway and regulation of growth 

The Hippo pathway was first identified in flies, mostly by means of genetic screens 

looking for novel tumour suppressor genes. This pathway, conserved in mammals, 

has been implicated in the regulation of organ size via regulated transcription of 

pro-proliferation and anti-apoptotic genes. The last decade has seen the 

understanding of this pathway evolve from a linear kinase cascade to a complex 

pathway, thought to integrate information from several different origins. Although 

some light has been shed on how the core kinase cascade can be regulated, it still 

remains unclear what the main physiological signals are that control this pathway 

during normal development (Genevet et al. 2010; Halder & Johnson 2010; Harvey 

& Tapon 2007).  

 

1.3.1   Hippo pathway core cascade 

At the core of this cascade is Hippo (Hpo), a highly conserved protein kinase. Flies 

mutant for hpo show an overgrowth phenotype with enlarged head, eyes, halteres, 

thorax, wings and legs. Interestingly, the patterning of the overgrown structures is 

not affected as they show normal differentiation, suggesting that hpo specifically 

regulates tissue growth. Hippo gets activated upon phosphorylation of one tyrosine 

residue in its activation loop, by a mechanism that might happen either via auto-

phosphorylation or through the activity of another kinase. Active Hippo will then 

phosphorylate a downstream kinase Warts and its adaptor protein Mats. 

Phosphorylation of Warts leads to its activation and subsequent phosphorylation of 

Yorkie (Yki). Phosphorylated Yki is sequestered in the cytoplasm by 14-3-3 
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proteins and, therefore, its transcriptional role is circumvented. In the absence of an 

active Hippo pathway, Yki translocates into the nucleus where, together with its 

binding partners, it regulates the expression of pro-proliferation genes, such as 

cyclinE, and pro-survival genes, like diap1 (Justice et al. 1995; Xu et al. 1995; 

Tapon et al. 2002; Kango-Singh et al. 2002; Pantalacci et al. 2003; Udan et al. 

2003; Wu et al. 2003; Huang et al. 2005; Lai et al. 2005; Jia 2003; Harvey et al. 

2003) (Fig 1.3).  

 

1.3.2  Upstream regulation of Hippo pathway 

Regarding the upstream signals that the Hippo pathway responds to, many 

mechanisms have been proposed. The overall picture suggests that the pathway is 

responsive, via means of cell-cell interaction, to the integrity of the cytoskeleton 

and tissue morphology (Genevet & Tapon 2011). Several upstream branches have 

been suggested to feed into the pathway such as polarity determinants like aPKC 

and Crumbs (Grzeschik et al. 2010; Ling et al. 2010; Robinson et al. 2010; C.-L. 

Chen et al. 2010), FERM domain proteins such as Expanded and Merlin 

(Hamaratoglu et al. 2005; Pellock et al. 2007) and, also the atypical cadherin Fat 

(Cho et al. 2006; Bennett & Harvey 2006; Silva et al. 2006; Willecke et al. 2006) 

(Fig 1.3). 

 

Apart from the mechanisms previously described, it has also been proposed that 

the Yki (or its homologue YAP in mammals) could respond to tension (Aragona et 

al. 2013; Dupont et al. 2012), possibly sensed via structural components of the cell, 

like the actin (Fernandez et al. 2011; Sansores-Garcia et al. 2011) or spectrin 

(Fletcher et al, under revision) cytoskeletons. Ex and Mer, localised apically and 

interacting with the cytoskeleton, would therefore be in an ideal position to sense 

this tension and link it into the Hippo pathway (Bretscher et al. 2002).  

1.3.3 The dual role of Fat: growth and planar polarity 

As previously mentioned, one of the receptors for the Hippo kinase cascade is the 

atypical cadherin Fat. This receptor shows a dual role: not only is it important for 

growth regulation by feeding into the Hippo pathway but it has also been implicated 



Chapter 1 Introduction 

29 

in the regulation of organ shape by affecting the localisation of the myosin Dachs. 

Accordingly, fat mutants show both a shape phenotype, revealing round organs, 

and also a growth phenotype, revealing overgrowth of structures such as the wing 

(Mahoney et al. 1991; Bryant et al. 1988; Ma et al. 2003; Yang et al. 2002; Mao 

2006; Mao et al. 2011b; Simon et al. 2010). 

 

Interestingly, regulation of both roles - planar polarity and Hippo-related growth - 

depends on expression gradients of ds and fj. If on one hand the vector of these 

gradients provides directional information for PCP signalling (Yang et al. 2002; Ma 

et al. 2003; Simon 2004), on the other hand the slope of those same gradients 

regulates Hippo-dependent responses (Rogulja et al. 2008). Recent work has 

shown that Dachs is able to mediate both of these effects, the first transcriptionally 

through Yki de-repression (Cho et al. 2006), the second through alignment of the 

mitotic spindle, which correlates with Dachs asymmetric localisation and orientation 

of cell division (Mao et al. 2011b), further discussed later on in this thesis.  

 

Regarding its role in the Hippo pathway, there are at least two alternative 

mechanisms by which Fat could affect the core kinase cascade. Firstly, Fat could 

regulate the stability of the Warts kinase, using a mechanism likely to be dependent 

on the myosin Dachs and the LIM domain containing protein Zyxin. It is 

hypothesized that Dachs promotes Zyx association with Wts and, in this way, 

influences Wts levels, presumably by promoting Wts degradation. Accordingly, in 

fat mutant clones, where Dachs activity is no longer repressed, warts levels are 

reduced (Rauskolb et al. 2011; Cho et al. 2006). Alternatively, Fat has been 

proposed to affect the localisation of the FERM domain containing protein 

Expanded (Ex): fat mutant clones in wing imaginal discs have decreased levels of 

Ex at the apical membrane (Bennett & Harvey 2006; Silva et al. 2006; Willecke et 

al. 2006) . However, this model has been challenged by the fact that no physical 

interactions have been reported between Ft and Ex. More recent work suggests 

that Ex is instead recruited to apical membrane by binding to the intracellular 

domain of the apical determinant Crumbs, a transmembrane protein that localises 

in a similar fashion to Fat. Crb has been shown to directly bind Ex and to regulate 

its localisation: both loss of Crb and mutation of its juxtamembrane FERM binding 

domain, the domain binding to Ex, leads to a mislocalisation of Ex, from apical to 
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the basolateral domain of imaginal disc epithelial cells (Ling et al. 2010; C.-L. Chen 

et al. 2010; Robinson et al. 2010).   

 
Figure 1.3 - Schematic representation of the Hippo pathway in Drosophila  

Simplified version of the Hippo kinase pathway: core components (Hippo, Salvador, 
Warts and Mats) are activated by upstream signals such as cadherins Fat and 
Dachsous, the transmembrane protein Crumbs and the protein complex Expanded-
Merlin-Kibra. Core kinase cascade is responsible for the regulation of Yorkie 
activity: phosphorylated Yki is sequestered in the cytoplasm by 14-3-3 protein; non 
phosphorylated Yki enters the nucleus where, together with other proteins such as 
Scalloped leads to the transcription of anti-apoptotic genes and pro-proliferation 
genes (adapted from (Genevet & Tapon 2011). 
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1.4  Planar Polarity  

Throughout development and morphogenesis it is essential to coordinate the 

polarity of individual cells at the tissue level so that precisely organised tissue 

geometry can be generated (Matis & Axelrod 2013). This coordination has to 

happen not only in the apico-basal axis but also along the plane of the epithelium, 

the so-called planar polarity. Together, apico-basal polarity and planar polarity 

enable cells to orient their behaviour in three-dimensions in a way that apico-basal 

polarity provides the ‘y axis’ vector and planar polarity provides the ‘x-z axes’ vector. 

This thesis will focus on the role of planar polarity.  

 

Planar polarity is present in many different contexts during development and adult 

life, in both animals and plants. Planar polarity ensures the correct orientation of 

asymmetric cellular structures and cell divisions, directs cell migration and orients 

neighbour exchanges. Well studied examples include the convergent extension 

movements of mesodermal cells - that takes place during antero–posterior (A–P) 

axis elongation in vertebrates, the positioning of motile and sensory cilia, and the 

polarization of skin and hair follicles (Wallingford 2012).  

 

In the specific case of the Drosophila wing epithelium, a coordinated orientation of 

wing hairs, produced by each cell in the wing blade, occurs in a planar polarised 

fashion. These hairs are not only positioned orthogonally to the epithelium but they 

also point along the P-D axis of the wing. This coordination is possible because 

planar polarity signalling provides the cells with information that determines the 

direction in which hairs point.   

 

Because planar polarity signalling happens at the intercellular level it allows the 

coupling of polarity from one cell to the one of its neighbours. Hence, this polarity is 

distinct from mechanisms that happen at the single-cell level, such as chemotaxis, 

that are strictly cell-autonomous (Swaney et al. 2010).  

 

PCP signalling components and the mechanisms in which they have been 

implicated are conserved throughout evolution. Accordingly, defects in PCP 

signalling have been associated with many developmental anomalies and diseases, 
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including open neural tube defects, polycystic kidneys, conotruncal heart defects, 

deafness, and situs inversus. PCP is also believed to underlie the directed 

migration of malignant cells during invasion and metastasis and wound healing 

(Matis & Axelrod 2013). 

 

1.5   PCP signalling pathways: Dachsous-Fat and ‘core’ 
pathways 

Planar polarity is thought to be the result of interplay between two distinct 

pathways: the Dachsous-Fat pathway and the core pathway composed of proteins 

like Frizzled (Fz) and Flamingo (Fmi). Work has been done to dissect these 

pathways, however, the relationship between them remains controversial 

(Lawrence & Casal 2013).  

 

1.5.1   The Dachsous-Fat pathway 

The Dachsous and Fat proteins belong to the cadherin superfamily, a group of type 

I integral membrane proteins characterized by the presence of cadherin-type 

repeats in their extracellular domain, which mediate Ca2+-dependent binding. 

Drosophila Fat comprises 34 of these tandem cadherin-type repeats, five epidermal 

growth factor (EGF)-like repeats, and two laminin G-like domains in its extracellular 

region; followed by the transmembrane and intracellular domains. Drosophila Ds is 

composed of 27 cadherin repeats followed by the transmembrane and intracellular 

domains.  

 

In flies, Dachsous and Fat are known to play a role in the regulation of tissue shape 

via the polarisation of an atypical myosin Dachs (Cho 2004). Upon heterophilic 

interactions between Ds and Ft via the tandem cadherin repeats (H. Strutt & D. 

Strutt 2002; Matakatsu 2004; Ma et al. 2003), Dachs becomes planar polarised in 

the developing wing imaginal disc. This Ds-Ft binding and polarisation of Dachs 

then mediates intercellular signalling, responsible for both regulation of gene 

expression (Cho 2004) and establishment of tissue shape (Rawls et al. 2002; H. 

Strutt & D. Strutt 2002; Casal et al. 2002; Yang et al. 2002; Mao 2006). Regarding 
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gene expression, fat is expressed throughout the developing wing disc but plays a 

critical role in the patterning of the P-D axis, by repressing distal genes in the 

proximal wing. Accordingly, fat mutant clones localised in the proximal region show 

elevated expression of both wingless and rotund, both genes showing patterned 

expression along the P-D axis and associated with distal identity (Cho 2004). In 

terms of tissue shape, Ds-Ft binding modulates the asymmetric subcellular 

localisation of the atypical myosin Dachs, which is then critical for orientation of cell 

division and tissue elongation (Mao et al. 2011b). These processes will be further 

characterised later on in this thesis. 

 

Homologues for both Fat and Dachsous cadherins can be found in mammals and, 

even though no clear homologue has been described for the Dachs protein, many 

related atypical myosins exist. The function of this pathway is also conserved as 

both Fat4 and Dchs1 mutant mice exhibit shape defects in multiple organs. In these 

mutant mice both the intestine, lung and kidney are shorter than in wild type, 

suggesting that, similarly to what happens in flies, this pathway is critical for the 

correct elongation of organs (Mao, Mulvaney, et al. 2011a). Remarkably, a chimera 

between the intracellular domain of Fat4 and the remainder of Drosophila Ft can 

rescue PCP defects in the Drosophila wing and abdomen, suggesting that the 

mechanism of Ft function in flies and mammals is very likely to be conserved (Pan 

et al. 2013).  

 

1.5.2 Core PCP polarity pathway 

The ‘core’ PCP pathway in flies is composed of six proteins, which share a similar 

structure, and localise to the adherens junction of cells, where they form a putative 

intercellular complex. These core proteins show an asymmetric subcellular 

localisation from early on in wing development but this asymmetry becomes 

particularly prominent when trichomes form. At this stage, the seven-pass 

transmembrane protein Frizzled (Fz) and the cytosolic proteins Dishevelled (Dsh) 

and Diego (Dgo) are confined to distal cell junction; the four-pass transmembrane 

protein Strabismus (Stbm, also known as Van Gogh; Vang) and the cytosolic 

protein Prickle (Pk) are localized proximally. The seven-pass transmembrane 
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cadherin Flamingo (Fmi, also known as Starry Night; Stan) is present both distally 

and proximally.  

 

The mechanism by which the core proteins become asymmetrically localized is 

thought to be dependent on feedback interaction amplification between proximally 

localized and distally localized proteins, and mediated by a Pk dependent feedback 

amplification in which Pk inhibits Dsh membrane association (Tree et al. 2002). 

This polarity is then coordinated across the tissue due to the formation of 

asymmetric intercellular complexes (W.-S. Chen et al. 2008; H. Strutt & D. Strutt 

2008).  

 

The core pathway has been implicated in the positioning of hairs both in mammals 

and in Drosophila (D. Strutt 2003). In the fly, each wing cell generates an actin hair 

that points distally. Mutations in planar cell polarity core proteins disrupt this 

orientation and instead wing hairs create swirls and waves (Wong & Adler 1993).  

Similarly, in mammals, mutation in Celsr1, Vangl2 and Fz6 - homologues to 

Drosophila Fmi, Stbm and Fz respectively - disrupt this orientation and create 

whorls and ridges in the fur (Guo et al. 2004; Devenport & Fuchs 2008; Ravni et al. 

2009). 

 

1.5.3 Relationship between Dachsous – Fat and ‘core’ PCP pathway 

Early research proposed that the Dachsous-Fat pathway was upstream of the core 

module and that it would be responsible for orienting the polarity of core 

components (Yang et al. 2002; Ma et al. 2003). However, this model has been 

challenged by experiments showing that the Dachsous-Fat module can signal 

directly to effector modules, without the need to go through the core pathway. For 

example, in the fly abdomen, cells overexpressing Ft or an active form of Ds cause 

repolarization of adjacent cells even if they are mutant for fz or fmi (Casal et al. 

2006). Additionally, recent data suggest that in the Drosophila wing, the core 

pathway is not necessary for the polarisation of Dachsous and Fat: endogenous 

Fat and Dachs asymmetry can still be detected in fz null mutant wing discs (Brittle 

et al. 2012).  
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Reciprocally, in mutants of dachs, one of the effectors of the Dachsous-Fat 

pathway, the polarisation of the core PCP components in the wing is not strongly 

affected (Brittle et al. 2012). 

 

Thus, although both pathways are involved in PCP signalling and influence each 

other to some extent, a simple linear model does not seem plausible, it appears 

clear that they cannot be considered perfectly redundant as expression of proteins 

from one module fails to completely rescue mutants for the other (Matis & Axelrod 

2013). 

 

1.6 Dachs planar polarisation 

As mentioned above, the Dachsous-Fat pathway is critical for the appropriate 

shaping of organs, such as the wing and eye in Drosophila, through the activity of 

the myosin Dachs (Rogulja et al. 2008; Brittle et al. 2012). Dachs does not localise 

uniformly around the circumference of the cell but is instead enriched at the distal 

side of each cell; and along the Proximal-Distal axis (Rogulja et al. 2008).  

 

Dachs polarisation is known to dependent on the four jointed (fj) and ds gradients, 

and is modulated by Dachsous and Fat activity. Contrary to the constant levels of 

expression of fat, ds is expressed in a gradient from proximal to distal in response 

to cues emanating from compartment boundaries (Matakatsu 2004; Simon et al. 

2010; Rogulja et al. 2008; Mao et al. 2011b). At this same stage, an opposing 

gradient of fj can be observed in the wing disc, being highly expressed distally and 

lowly expressed proximally.   

 

Fj is able to phosphorylate both Ds and Ft in several cadherin domains as they 

transit through the Golgi (H. Strutt 2004). This phosphorylation modulates the 

binding between these two cadherins: phosphorylation of Ds by Fj decreases its 

affinity for Ft whereas the phosphorylation of Fat increases its affinity for Ds 

(Ishikawa et al. 2008; Brittle et al. 2010; Simon et al. 2010). This modulation of 

binding leads to opposing gradients of Ds and Ft activity: with Fat activity higher 
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distally, where Fj levels are high; and Ds activity higher proximally where its own 

levels of expression are high. 

 

In the Drosophila wing disc, Dachs localisation is restricted to the distal side of the 

cell; a localisation that correlates with low levels of Fat activity. In fat mutant clones, 

Dachs spreads all around the circumference of the cell suggesting that Fat activity 

is important to restrict Dachs localisation to the distal side (Rogulja et al. 2008). 

Interestingly, Dachs does not localise in anterior or posterior junctions where fat 

levels are low and ds levels are also low but it localises distally where fat levels are 

low and ds levels are high (Brittle et al. 2012). This suggests that low levels of fat 

are not sufficient to shift Dachs to other membranes but also that high levels of ds 

are needed, indicating a role for both the cadherins in this process.  

 

In the Drosophila eye, Dachs is also asymmetrically localised, and is enriched at 

the posterior of cells that lie in front of the morphogenetic furrow. Similar to the 

wing, this localisation is consistent with the ds and fj gradients (Brittle et al. 2012). 

In the eye imaginal disc, the secreted morphogen wg is highly expressed at the 

dorsal and ventral poles. Because Wg activates Ds expression while suppressing 

Fj expression, Ds levels are higher at the poles and lower at the equator; the 

opposite is observed for Fj. In this tissue, Dachs localisation also correlates with 

the orientation of cell division: whereas WT clones grow symmetrically oblique with 

respect to the equator, in ds mutant eye discs, where Dachs planar polarisation is 

lost, this preferential orientation of cell division is no longer present (Baena-López 

et al. 2005).  

 

The importance of fj and ds gradients in defining Dachs localisation is further 

supported by compartment driven overexpression of Fj or knockdown of ds in wing 

discs. In these tissues Dachs shows a repolarisation towards high fj levels and 

lower ds (Ambegaonkar et al. 2012). Interestingly, this repolarisation is coupled 

with reorientation of mitotic spindles and, therefore results in changes in the adult 

wing shape (Mao et al. 2011b). These data strongly suggest that Dachs plays an 

instructive role in defining the orientation of cell division. The mechanism by which 

this happens will be discussed later on in this thesis. 
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Even though it is clear that ds and fj gradients are critical for the correct polarisation 

of Dachs, it is not clear how the cells read those gradients and transform that 

information into the specific localisation of a protein that can then be translated into 

orientation of cell division. 

 

1.6.1   Dachs and orientation of cell division 

Dachs localisation correlates with orientation of cell division, even in cases when 

division does not align along the P-D axis, which suggests a role for Dachs in 

defining the axis along which cells will divide. Accordingly, in both fat and dachs 

mutants, in which, respectively, polarised localisation of Dachs is lost or overall 

dachs expression is disrupted, elongation of clones along the P-D axis fails to 

happen. This phenotype led to the name Dachs, after the German word for Badger, 

since these animals have short limbs, as do dachs mutant flies, whose wings and 

legs fail to extend fully in the P-D axis (Mao et al. 2011b).  

 

As cell division is known to be dependent on apical cell-cell junction geometry, with 

cells usually dividing along their longer axis (Hertwig 1893), the correlation between 

Dachs position and orientation of cell division could suggest that Dachs is important 

for defining apical cell geometry (Mao et al. 2011b) 

 

Accordingly, Dachs exerts a contractile force on apical cell junctions where it 

localises, therefore increasing their tension (Mao et al. 2011b): junctions enriched 

in Dachs have twice as much tension as non-enriched junctions (Bosveld et al. 

2012). Thus, fat mutants cells, in which polarised localisation of Dachs is lost, are 

40% more contracted that wild type cells, and cells where dachs is mutant are 60% 

more relaxed. (Mao et al. 2011b). 

 

The anisotropy in Dachs localisation across the cell leads to an anisotropy in 

junctional tension, which in turn results in cell shape changes. Changes in cell 

shape are critical for orientation of cell division: cells tend to align their mitotic 

spindle along their longest apical axis - a principle known as Hertwig’s rule – and, 
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in this way, orient division (Hertwig 1893; Strauss 2006; Théry et al. 2007; Gibson 

et al. 2011; Minc et al. 2011). 

 

Dachs’s effect on cell geometry by generation of local force anisotropies can then 

have two distinct outcomes: if in the third instar wing disc it leads to polarized cell 

divisions, in the pupal notum it is responsible for directing neighbour exchanges 

(Mao et al. 2011b; Bosveld et al. 2012). In the pupal notum, local polarisation of 

Dachs produces a junctional tension increased along the lines of Ds and Dachs 

planar polarisation. This anisotropy in tension leads to increased contraction rates 

along those same lines shaping the epithelial tissue mainly through oriented cell 

rearrangements (Bosveld et al. 2012). 

 

1.7   Polarisation of Dachsous and Fat 

It has been previously described in this thesis that manipulation of ds and fj 

gradients leads to a repolarisation of Dachs. Interestingly, the reorientation of 

Dachs in response to those changes in gradients happens not only in the 

manipulated tissue itself but also in the surrounding tissue: overexpression of Fj 

leads to a repolarisation of Dachs towards the overexpressing clone while 

overexpression of Ds leads to a repolarisation of Dachs away from the clone (Brittle 

et al. 2012). This suggests that cells can read the polarity of their neighbours and 

that polarity of the different cells is physically coupled, possibly via asymmetric 

distribution of Ds and Ft transmembrane proteins (Ambegaonkar et al. 2012). 

 

Until recently it has been difficult to observe an asymmetric localisation of these 

two cadherins. However, data taking advantage of genetic mosaics between 

endogenous protein and tagged protein made this possible and confirmed this 

hypothesis. Not only is Dachs planar polarised but polarisation can also be 

observed for the upstream cadherins Ds and Ft: Ft is enriched proximally and Ds, 

on the other hand, mostly localises distally (Ambegaonkar et al. 2012; Brittle et al. 

2012). Even though enrichment can be observed, membrane staining for Ds can be 

found both proximally and distally but with unequal levels (Ambegaonkar et al. 

2012). 
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The mechanism by which Fat and Dachsous become planar polarised in the 

developing wing depends on the opposing gradients of ds and fj. These gradients 

provide a directional bias that influences the localisation of Ds and Ft (Brittle et al. 

2012). A cell’s proximal neighbour has relatively higher Ds and lower Fj levels than 

its distal neighbour, and thus the proximal neighbour has relatively more Ds 

molecules with a higher affinity for Ft (Brittle et al. 2012; Ishikawa et al. 2008; Brittle 

et al. 2010). Consequently, Ft tends to localise to the proximal side of the cell, 

where it forms bridges with Ds on proximal neighbours. A cell’s distal neighbour 

has relatively higher Fj kinase levels than its proximal neighbour, and thus has Ft 

molecules with a higher affinity for Ds (Brittle et al. 2012; Ishikawa et al. 2008; 

Brittle et al. 2010). Consequently, Ds tends to localise distally, where it forms 

bridges with Ft molecules on distal neighbours (Brittle et al. 2012). 

 

Given that Dachsous has been shown to bind Dachs (Bosveld et al. 2012) this 

distal enrichment of Dachsous might further promote the asymmetric localisation of 

Dachs, downstream of ds and fj gradients. 

 

Interestingly, both Ds and Ft asymmetric localisation is increased in dachs mutant 

clones, suggesting that this protein might play a role as a negative regulator of the 

cadherins’ polarisations (Brittle et al. 2012). 

 

Furthermore, the fact that Dachs polarisation is more obvious than the one 

described for Ds and Ft might suggest the existence of an amplification mechanism 

operating downstream of the cadherins that would enhance Dachs polarisation 

(Ambegaonkar et al. 2012).  

 

1.8   Ds and Ft post-translational modifications 

Both these cadherins are subject to post-translational modifications. Apart from the 

previously described phosphorylation by Fj, both Ds and Ft are subject to 

proteolytic cleavage. Furthermore, Fat is further phosphorylated in a Ds dependent 

manner (Feng & Irvine 2009; Sopko et al. 2009).  
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1.8.1   A role for Fat and Ds cleavage 

Fat activity is mostly mediated via its intracellular domain (ICD), since the 

expression of a form of Fat that lacks the extracellular domain (ECD) is able to 

rescue both the overgrowth phenotype and most of the hair and bristle orientation 

defects observed in wing and abdomen of fat mutant flies. However, the Fat ICD 

does not rescue the tissue shape defects of fat mutants (Matakatsu 2006). 

 

Fat is expressed as a 560 kDa transient protein and posteriorly cleaved into two 

fragments sized 450 and 110 kDa. This cleavage event is conserved among 

different species and is thought to happen in an extracellular position so that the 

smaller cleaved product, corresponding to the 110 kDa, is composed of the 

intracellular and transmembrane domains (Sopko et al. 2009). The functional 

relevance of this cleavage and the protease responsible for this event has not been 

previously described. 

 

Fat cleavage occurs in a constitutive way (Feng & Irvine 2009) and is independent 

of Ds since this processing also happens in S2 cells, which do not have ds 

expression and grow as isolated cells (Sopko et al. 2009). This is similar to what 

has been described in the case of the maturation of the Notch receptor, in 

particular for the case of the S1 cleavage (van Tetering et al. 2009). The proteolytic 

cleavage can also happen in a form of Fat that lacks the cadherin and EGF 

domains and is therefore unable to bind Ds, suggesting that Fat processing is part 

of its normal maturation. Despite the fact that this cleavage seems to be 

constitutive rather than regulated, it might still facilitate or trigger subsequent 

events responsible for Fat regulation (Feng & Irvine 2009). 

 

Interestingly Ds also seems to undergo proteolytic cleavage in sites located in the 

extracellular domain (Feng & Irvine 2009). Contrary to the constitutive nature of Fat 

cleavage, Ds cleavage event is Ft-dependent. The functional relevance of this 

cleavage remains unsolved.  
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1.8.2   A role for Fat phosphorylation 

Fat cleavage occurs independently of the cadherin Ds but, interestingly, another 

kind of post-translational modification seems to be dependent on this interaction. 

Apart from cleavage, Fat is also subject to phosphorylation on its intracellular 

domain. In fact, analysis of Fat in vivo shows that this protein runs as a doublet and 

this is lost when the lysate is treated with phosphatase inhibitors. Interestingly this 

phosphorylation event seems to depend on Ds since the presence or absence of 

Ds modulates levels of phosphorylation (Feng & Irvine 2009; Sopko et al. 2009)  

Even though Fat phosphorylation appears to be modulated by binding to Ds, 

overexpression of Ds is not sufficient to shift Fat entirely into the hyper 

phosphorylated form (Sopko et al. 2009). 

1.8.3 A role for discs overgrown  

The fact that this doublet of Fat is lost in discs overgrown (dco) mutant flies 

suggests that Dco might be important for this phosphorylation. Dco is a homologue 

of casein kinase epsilon. Expression of a dominant-negative allele, dco3, leads to 

an overgrowth phenotype, which led to the identification of this gene as a tumour 

suppressor. Dco binds strongly to the cytoplasmic domain of Fat (Sopko et al. 

2009) and this binding has been shown to be conserved in mammals.   

 

The importance of Fat phosphorylation is, however, unclear, since clones for dco3 

appear to show normal polarisation of a V5-tagged form of Dachs (Dachs-V5) and 

dco3 flies show no defects in classic PCP hair or bristle orientation (Feng & Irvine 

2009). These data would suggest that the regulation of Dachs localisation should 

be independent of Fat phosphorylation by Dco (Feng & Irvine 2009). It should 

however be noted that dco3 is a hypomorphic form of dco with two point mutations 

in its N terminal, a region encoding for catalytic domains of the protein (Zilian et al. 

1999), which could suggest that dco3 is an unusual allele. dco3 is still able to bind 

Fat ICD but instead fails to phosphorylate Fat (Sopko et al. 2009; Feng & Irvine 

2009). Furthermore, dco3 mutant clones show no obvious defect in Fat protein 

staining in wing discs suggesting this kinase does not strongly affect Fat levels or 

distribution; no striking differences were observed regarding the processing of Fat 

either (Feng & Irvine 2009). 
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Nevertheless, analysis of Hippo signalling activity and the size of dco3 clones 

suggests that phosphorylated Fat is the active form of Fat (Sopko et al. 2009; Feng 

& Irvine 2009) 

 

Fat forms cis-dimers or oligomers via the cytoplasmic region, which suggests a 

model whereby Fat activation involves receptor clustering. Ds binding might 

increase the local concentration of Fat at cell contacts, favouring Fat cis-

dimerization and thus promoting trans phosphorylation of Fat by Dco (Sopko et al. 

2009) 

1.8.4   Regulation by lowfat 

Both Ds and Fat also seem to be regulated by another protein called Lowfat (Lft), 

whose structure and biochemical function is unknown. This protein is required for 

normal wing development as mutants reveal a mild growth phenotype and mild 

wing phenotype. However, no classical PCP defects are observed. Data suggest 

that this protein could contribute to a normal Fat signalling, however, due to the 

mild phenotype observed in its absence, the importance of this protein appears to 

be minor (Mao et al. 2009). Lft seems to regulate levels of Fat, and possibly Ds, at 

the post-transcriptional levels since in lft mutant wing and eye discs there is a 

downregulation of Fat protein levels with no effect at the level of the mRNA (Mao et 

al. 2009). 

 

1.9   Final remarks 

It is clear from the literature that Dachs plays a critical role in the orientation of cell 

division and, therefore, is essential for the correct shaping of the organ. The 

mechanism by which Dachs becomes planar polarised depends on the opposing 

gradients of ds and fj. However, the mechanism by which cells read the slope of 

those gradients and transform that into vectorial information and protein polarised 

localisation remains unclear (Fig 1.4). 
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The fact that Ds and Ft are themselves planar polarised could contribute to the 

planar polarisation of Dachs. Also, the fact that Ds has the ability to bind Dachs 

seems to play a role in directing the localisation of this protein in the wing disc, 

possibly promoting its localisation wherever Ds is previously localised. 

 

However, the polarisation of the cadherins is not as robust as the polarisation 

observed for Dachs. This suggests the existence of an additional amplification 

mechanism, possibly regulated by previously unidentified proteins. 

 

I performed a genome wide RNAi screen to find new regulators of wing shape. To 

better understand how the regulation of Dachs localisation takes place I then 

characterised the functions of these new regulators.  

This work sheds some light on how the adult wing shape is achieved by 

characterising two novel genes implicated in the regulation of wing shape. First I 

describe bul, which encodes an E3 ubiquitin ligase, and then I follow up with the 

characterisation of kul, which encodes a metalloprotease. I propose that Bul 

ubiquitylates Dachs and Dachsous and Kul cleaves Fat. Both these processing 

events would be important for the function of the corresponding proteins and, in 

particular, would allow for their membrane turnover. These post-translational 

modifications would then allow for a system, able to polarise Dachs efficiently in 

response to long-range gradients of Ds and Fj.  
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Figure 1.4 - From gradients to organ shape 

Cells are able to read long-range gradients of Ds (blue) and Fj (yellow) and 
transform that into the vectorial information.  Fat (pink), Dachsous (blue) and Dachs 
(red) show a planar polarised localisation important for orientation of cell division 
and, therefore, clonal and organ shape. P – Proximal; D - Distal 
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2.1 Fly husbandry 

Drosophila stocks were kept in plastic vials or, plastic bottles for amplification, 

using the following food recipe: 

 

360g agar, 3600g maize powder, 1200mL molasses, 440g soya powder, 732 yeast 

extract, 280 mL of 94:7 mix of propionic acid and orthophosphoric acid.  

 

Unless otherwise stated crosses were maintained at controlled temperature of 25oC. 

  

2.2 Drosophila Genotypes  

All fly strains are described in Flybase, with the exception of the bul8, kul2, kul33, & 

UAS.Bul-GFP transgenic fly line, which were generated for this study. bul-IRKK 

corresponds to 108628/KK line, bul-IRGD corresponds to 34810/GD and kul-IRKK 

refers to 105983/KK all from VDRC library. bul-IRHarvard corresponds to JF01515  

line from DRSC library. EP.kul refers to P{EPgy2}kulEY15183. UAS.kul refers to 

P{UAS-kul.S} from (Sapir 2004) 

 

Fig 3.3 A-A’:   w MS1096.GAL4/UAS.CG5313-IR 108001/KK 

Fig 3.3 B-B’:   w; UAS.CG4206-IR 108214/KK/+; hh.GAL4 , UAS.DIAP1/+ 

Fig 3.3 C-C’:   w; UAS.CG8142-IR 105707/KK/+; hh.GAL4 , UAS.DIAP1/+ 

Fig 3.3 D-D’:   w ; UAS.CG6098-IR 108096/KK/+; hh.GAL4 , UAS.DIAP1/+ 

Fig 3.3 E:   w  

 

Fig 3.4 A:   w MS1096.GAL4/UAS.CG9305-IR 110179/KK 

Fig 3.4 B-B’:   w; UAS.CG7265-IR 107990/KK/+; hh.GAL4 , UAS.DIAP1/+ 

Fig 3.4 C:   w MS1096.GAL4/UAS.CG4574-IR 108395/KK 

Fig 3.4 D-D’:   w; UAS.CG1749-IR 110985/KK/+; hh.GAL4 , UAS.DIAP1/+ 

Fig 3.4 E:   w MS1096.GAL4/UAS.CG1977-IR 110417/KK 

Fig 3.4 F:   w MS1096.GAL4/UAS.CG13852-IR 108080/KK 

Fig 3.4 G:   w MS1096.GAL4/UAS.CG4114-IR 109281/KK 

Fig 3.4 H:   w MS1096.GAL4/UAS.CG31196-IR 108129/KK 
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Fig 3.4 I:   w MS1096.GAL4/UAS.CG4221-IR 108628/KK 

Fig 3.4 J:   w  

 

Fig 3.5 A:   w; UAS.CG5460-IR 110046/KK/+; hh.GAL4 , UAS.DIAP1/+ 

Fig 3.5 B:   w; UAS.CG11450-IR 108791/KK/+; hh.GAL4 , UAS.DIAP1/+ 

Fig 3.5 C:   w MS1096.GAL4/UAS.CG3696-IR 109414/KK 

Fig 3.5 D:   w; UAS.CG3619-IR 109491/KK/+; hh.GAL4 , UAS.DIAP1/+ 

Fig 3.5 E:   w; UAS.CG11447-IR 110677/KK/+; hh.GAL4 , UAS.DIAP1/+ 

Fig 3.5 F:   w; UAS. CG4889-IR 104579/KK/+; hh.GAL4 , UAS.DIAP1/+ 

Fig 3.5 G:   w; UAS.CG9739-IR 108998/KK/+; hh.GAL4 , UAS.DIAP1/+ 

Fig 3.5 H:   w; UAS.CG42677-IR 101561/KK/+; hh.GAL4 , UAS.DIAP1/+ 

Fig 3.5 I:   w  

 

Fig 4.1 A:   w;; hh.GAL4 , UAS.diap1/+ 

Fig 4.1 B:   w; UAS.bul-IRKK/+; hh.GAL4 , UAS.DIAP1/ + 

Fig 4.1 C:   w/UAS.bul-IRGD ;; hh.GAL4 UAS.DIAP1/ + 

Fig 4.1 D:   w ;; hh.GAL4 UAS.DIAP1/ UAS.bul-IRHarvard 

Fig 4.1 E:   w/UAS.bul-IRGD; UAS.bul-IRKK/+; hh.GAL4 UAS.DIAP1/ + 

Fig 4.1 F:   w MS1096.GAL4/UAS.bul-IRGD; UAS.bul-IRKK/+  

        w MS1096.GAL4/+  

Fig 4.1 G:   w; tub.GAL4/ UAS.bul-IRKK and w; tub.GAL4/+  

Fig 4.1 H:   w; act5C.GAL4/ UAS.bul-IRKK and w; act5C.GAL4/+ 

Fig 4.1 I:   ey.GAL4, GMR.GAL4/+;  

Fig 4.1 J:   ey.GAL4, GMR.GAL4/+; UAS.bul-IRKK/+ 

Fig 4.1 K:   ey.GAL4, GMR.GAL4/+;; UAS.bul-IRHarvard/+ 

 

Fig 4.2 C, E, G, J:  w 

Fig 4.2 D, F, H, K:  w; bul8/Df(3R)Exel7327 

 

Fig 4.3 A:   w 

Fig 4.3 B:   w MS1096.GAL4;; UAS.Bul-GFP  

Fig 4.3 C:   w MS1096.GAL4;; EP.Bul 

 

Fig 4.4 A-A’:   w ; ex.LacZ/+ ; hh.GAL4, UAS.GFP / + 
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Fig 4.4 B-B’:   w ; ex.LacZ/UAS.bul-IRKK ; hh.GAL4, UAS.GFP / + 

Fig 4.4 C-C’:   w ; fj.LacZ/+ ; hh.GAL4, UAS.GFP / + 

Fig 4.4 D-D’:   w ; fj.LacZ/UAS.bul-IRKK ; hh.GAL4, UAS.GFP / + 

Fig 4.4 E-E’:   w ; en.GAL4, UAS.GFP/+ ; DIAP1.LacZ / + 

Fig 4.4 F-F’:   w ; en.GAL4, UAS.GFP /UAS.bul-IRKK ; DIAP1.LacZ / + 

Fig 4.4 G-G’:   w ;; hh.GAL4, UAS.GFP / + 

Fig 4.4 H-H’:   w ; UAS.bul-IRKK/+ ; hh.GAL4, UAS.GFP / + 

Fig 4.4 I-I’:   w ; ex.LacZ/+; FRT82B GFP/bul8 FRT82B 

Fig 4.4 J-J’:   w ; fj.LacZ/+; FRT82B GFP/bul8 FRT82B 

 

Fig 4.5 A:  w 

Fig 4.5 B:  w; nub.GAL4/UAS.bul-IRKK 

Fig 4.5 C:  w; nub.GAL4.UAS.Ft-HA/+ 

Fig 4.5 D:  w; nub.GAL4.UAS.Ft-HA/UAS.bul-IRKK 

Fig 4.5 E:  w; nub.GAL4.UAS.DsLl4 /+ 

Fig 4.5 F:  w; nub.GAL4.UAS. DsLl4/UAS.bul-IRKK 

Fig 4.5 G:  w; nub.GAL4.UAS.Dachs /+ 

Fig 4.5 H:  w; nub.GAL4.UAS. Dachs/UAS.bul-IRKK 

 

Fig 4.6 A-A’:   yw hsflp ;; FRT82B GFP/bul8 FRT82B 

Fig 4.6 B-B’:   yw hsflp ;; FRT82B RFP/bul8 FRT82B.Dachs-GFP 

Fig 4.6 C-C’:   w;; act>CD2>GAL4 UAS.GFP /UAS.Bul-GFP 

 

Fig 4.7 A-A’’:  yw hsflp; FRT40A fatGrV/ FRT40A GFP 

Fig 4.7 B-B’’:  w; ptc.GAL4 UAS.GFP / UAS.dco3 

 

Fig 4.7 C-D’’:  yw hsflp; FRT40A fatGrV/ FRT40A GFP; {P[acman]-

V5:Ft:FLAGmV} / + 

 

Fig 4.8 A-A’’:  yw hsflp; FRT40A fat8/ FRT40A GFP; {P[acman]-

V5:Ft:FLAGmV} / + 

Fig 4.8 B-B’’:   w; ptc.GAL4 UAS.GFP / + ; UAS.FtΔECD / + 

 

Fig 4.9 A-A’:  yw hsflp; FRT40A/ FRT40A, tubgal80; UAS.Bul-GFP/tubgal4 
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Fig 4.9 B-B’’:  yw hsflp; FRT40A/ FRT40AfatGrV, tubgal80; Bul-GFP/tubgal4 

Fig 4.9 C-D’’: yw hsflp; FRT40A/ FRT40A, tubgal80; Bul-GFP, 

UAS.dco3/tubgal4 

Fig 4.9 E:   w MS1096.GAL4 ;; UAS.Bul-GFP/+ 

 

Fig 4.10 A-C’’:   w;; act>CD2>GAL4 UAS.GFP /UAS.Bul-GFP 

 

Fig 4.11 A-A’:  yw hsflp ;; FRT82B GFP/bul8 FRT82B 

Fig 4.11 B-B’:   w;; act>CD2>GAL4 UAS.GFP /UAS.Bul-GFP 

Fig 4.11 C-C’’:  w; ptc.GAL4 UAS.GFP / UAS.dco3 

Fig 4.11 D-D’’:  w; ptc.GAL4 UAS.GFP / + ; UAS.FtΔECD / + 

Fig 4.11 E-E’’: yw hsflp; FRT40A fatGrV/ FRT40A GFP; {P[acman]-

V5:Ft:FLAGmV} / + 

 

Fig 4.12 A-A’:   yw hsflp ;; FRT82B GFP/bul8 FRT82B 

Fig 4.12 B-B’:   w ;; act>CD2>GAL4 UAS.GFP /UAS.Bul-GFP 

Fig 4.12 C-C’’:  w; ptc.GAL4 UAS.GFP / UAS.dco3 

 

Fig 4.13 A-A’’:  yw hsflp;FRT42D dsUA / FRT42D GFP 

Fig 4.13 B-B’’:  yw hsflp; FRT40A fatGrV/ FRT40A GFP 

Fig 4.13 C-D’’:  w; ptc.GAL4 UAS.GFP / + ; UAS.dsL14 / + 

 

Fig 4.14 A-B’:  w; ptc.GAL4 UAS.GFP / + ; UAS.FtΔICD / + 

Fig 4.14 C-C’:   yw hsflp; UAS.Ft-HA/+; act>CD2>GAL4 UAS.GFP /UAS.Bul-

GFP 

 

Fig 5.1 A, C, E, F:  w 

Fig 5.1 B:   w; kul2/ Df(3R)BSC846 

Fig 5.1 D, G, H:  w; kul2/ kul2 

Fig 5.1 I:   w; MS1096.GAL4; EP.kul 

Fig 5.1 J:  w; MS1096.GAL4; UAS.kul 

 

Fig 5.2 A:   w; UAS-dachsV5/+; dpp.GAL4 UAS.GFP/+ 

Fig 5.2 B:   w; UAS-dachsV5/+; dpp.GAL4 UAS.GFP/ UAS.kul-IRKK 
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Fig 5.2 C:  w; nub.GAL4/ UAS.Ft-HA  vs  nub.GAL4/ UAS.Ft-HA; 

UAS.kul-IRKK/+ 

Fig 5.2 G:   w; act>y>Fat-EGFP / + 

Fig 5.2 H:   w; act>y>Fatuncleav-EGFP (ΔRERRAV) / + 

Fig 5.2 I:   w; act>y>Fatcleaved-EGFP / + 

Fig 5.2 J;   w 

Fig 5.2 K:   w; act>y>Fatuncleav-EGFP (ΔRERRAV) / + 

 

Fig 5.3 A-C’’:   w;; act>CD2>GAL4 UAS.GFP /UAS.kul-IRKK 

Fig 5.3 D-E’’:   yw hsflp ;; FRT82B GFP/kul2 FRT82B 

 

Fig 5.4 A-B’’:   w; ptc.GAL4 UAS.GFP / UAS.kul  

 

Fig 6.1 A:   w; nub.GAL/+ 

Fig 6.1 B:   w; nub.GAL/+;  UAS.bul-IRKK/+ 

Fig 6.1 C:   w; nub.GAL/+;  UAS.kul-IRKK/+ 

Fig 6.1 D:   w; nub.GAL/+; UAS.kul-IRKK/ UAS.bul-IRKK 

Fig 6.1 E-E’:   yw hsflp ;; FRT82B RFP/kul33.bul8 FRT82B.Dachs-GFP 

Fig 6.1 F-F’:   yw hsflp ;; FRT82B GFP/kul33.bul8 FRT82B 

 

2.3 Recombination of genetic loci  

Throughout this study, stocks were generated to combine different loci of interest in 

cis in the same chromosome. Recombination was generated in Drosophila female 

flies, by meiotic recombination between two homologous chromosomes each 

containing one or more loci of interest. The recombinant progeny was sorted either 

by selection media or the presence of a dominant visible phenotype.  

For the case of recombination of mutant loci with FRT cassettes, recombinants 

were sorted in selective GAL418 medium for the presence of FRT. This is possible 

because this cassette contains a neomycin resistance gene. Selective GAL418 

medium was produced by pre-incubating normal food medium with 300uL of 

25ug/mL GAL418 overnight. After selection, the potential recombinant males were 
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individually used in complementation tests to confirm the presence of the loci of 

interest.  

2.4 Transgenic RNAi screen  

For the primary screen, performed by B. Thompson, 11.512 transgenic RNAi fly 

lines of the Vienna Drosophila RNAi Centre (VDRC) ‘GD’ library were selected 

based on their level of conservation. The secondary screen consisted of the 

conserved subset of the second-generation VDRC ‘KK’ library (5802 lines). The 

secondary screen was performed mainly by N. Pearson and myself. 

Lines from both libraries were screened by crossing to either the hedgehog.GAL4 

posterior compartment driver or MS1096.GAL4 whole-wing driver. This approach 

identified a large number of genes whose phenotype was confirmed by two 

independent RNAi lines. In addition to confirmation by RNAi, phenotypes were 

crosschecked with existing data on mutant phenotypes. Furthermore, we also 

recorded cases in which two or more genes known to act in the same biochemical 

pathway produced the same phenotype with individual RNAi lines. The genes 

identified were then grouped into phenotypic classes, by their effects on tissue 

growth and form.  

For instances where IR-knockdown produced a phenotype, flies were kept in 

ethanol for posterior analysis. Phenotype description and respective images were 

recorded into a FileMaker Pro database. 

 

2.5 Histology 

2.5.1 Wing mounting 

Flies were placed in 100% ethanol and kept there until further analysis. Wings were 

dissected away from the body in 70% ethanol, rinsed in distilled water, and 

mounted on a slide in a drop of Hoyer’s solution. Around 10-15 wings were imaged 

and photographed using a Zeiss Axioplan2 upright microscope. Images were 

processed using Adobe Photoshop software.  
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Hoyer’s solution: 

Gum arabic (acacia) 30g 

Glycerol 16ml 

Chloral hydrate 200g 

Distilled water 50ml 

 

2.5.2 Photographs of adult flies 

Flies were positioned in the appropriate position in a latex bottom petri dish filled 

with ethanol. Flies were pined down with insect needles. Samples were imaged on 

a Leica MZ16 F Stereomicroscope and images processed using Adobe Photoshop 

software. 

 

2.5.3 Scanning Electron Microscopy (SEM) of adult eyes 

Adult female flies of the appropriate genotype were collected into eppendorfs 

containing 10% ethanol and incubated in this solution overnight. Samples were 

serially transferred into ethanol solutions: 25%, 50%, 75% and 100% ethanol. For 

each step samples were incubated overnight. Dehydrated samples were further 

dried in a vacuum chamber and processed for fixation, critical point drying and 

platinum coating by LRI Electron Microscopy Unit. Image acquisition was 

performed using a Jeol JSM 6700 F Scanning Electron Microscope with 180x 

amplification. 

 

2.6 Immunostaining of Drosophila tissues 

For wing imaginal disc analysis, 3rd instar larvae were collected from vials using a 

20% sucrose solution. Wing discs were dissected in ice cold PBS and fixed for 20 

minutes in 4% paraformaldehyde in PBS. Samples were rinsed in PBT and twice 

washed and permeabilised for 15 min in PBT. This was followed by blocking for 1 

hour in BBT and overnight incubation at 4°C in BBT and primary antibody. Samples 

were washed 3 times for 15 min in BBT and incubated in BBT and secondary 

antibody for 2 hours at room temperature. Next, samples were washed 4 times for 
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15 min in PBT; the first wash containing 1 µg/ml DAPI (4’,6-diamidino-2-

phenylindole dihydrochloride, Molecular Probes) in order to stain DNA; and rinsed 

in PBS.  

Finally, wing discs were mounted in Fluoromount G (Southern Biotechnology).  

 

Fluorescent stains were captured on an Upright 710 Zeiss confocal microscope 

and images processed using Adobe Photoshop software. Images shown in this 

thesis are a Maximum Intensity Projection of the area of interest.  

 

Solutions: 

 

PBS (Phosphate buffered saline): 

NaCl 8 g/L, KCl 0.25 g/L, Na2HPO4 1.43 g/L, KH2HPO4 0.25 g/L, in distilled water. 

PBT (Phosphate buffered saline with Triton): 1x PBS + 0.2 % Triton X-100 (Sigma)  

BBT: 1x PBS + 0.2 % TritonX-100 + 1% BSA (Bovine Serum Albumin, Sigma) 

 

2.7 Generation of Clones 

The induction of genetic mosaics allows for the generation of mutant clones in 

developing tissues, in particular in the case of mutations that might otherwise lead 

to early lethality. This technique permits the analysis of phenotypic consequences 

of a specific mutation and the direct comparison with neighbouring wild-type tissue. 

In this study, mosaic tissues were generated using the Flp/FRT, MARCM or 

AFOUT system with a heat shock promoter (hs) to driving expression of the Flipase 

recombinase (Flp). Clones were induced by heat shocking 2nd instar larvae (60 ± 

12 hr after egg-laying) and dissection was performed at the 3rd instar stage.  

For both FRT (negatively marked with GFP) and MARCM (positively marked with 

GFP) mitotic clones, vials containing Drosophila at the stage of interest were 

incubated in a water bath for 1h at 37oC. AFOUT clones (positively marked with 

GFP) were performed in the same setting and development stage, but had a 

duration of 15 minutes.  
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2.8 Drosophila cell cultures 

2.8.1 Media  

Drosophila S2 cells were grown in Drosophila Schneider medium (Invitrogen) 

containing 10% Foetal Bovine Serum, 50 µ g/ml penicillin, and 50 µ g/ml 

streptomycin.  

 

2.8.2 Maintenance 

Drosophila S2 cells were kept in 75cm2 cell culture flasks at 25oC in a sterile 

incubator. Cells were transferred to new medium, using sterile technique, whenever 

necessary.  

 

2.8.3 Transfection 

S2 cells were seeded at approximately 3.0 x 106 cells/well in a 6-well plate to a total 

volume of 1.6mL. Cells were allowed 20 min to attach prior to transfection. 

Transfection was performed using the Effectene Transfection Reagent (Qiagen) 

according to manufacturers protocol.  

Briefly, correct amount of DNA was added to 100µl of EC buffer and vortexed for 1s. 

Effectene enhancer was added (3.2µl/400ng DNA), mixture was briefly vortexed 

and incubated for 2 min. Effectene reagent was then added (10µl/400ng DNA), 

mixture vortexed and incubated for 10 min at RT. Finally, 100uL of supplemented 

Schneider’s medium were added to transfection reaction and mixture added 

dropwise to plated cells.   

 

Fig 4.6D: 

1. HECT-FLAG 400ng + ubi-HA 300ng 

2. Hippo-FLAG 400ng + ubi-HA 300ng + Bul-MYC 300ng 

3. Dachs-FLAG 400ng + ubi-HA 300ng + Bul-MYC 300ng 

4. Dachs-FLAG 400ng + ubi-HA 300ng  
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Fig 4.11F: 

1.  FLAG-DsΔECD 400ng + ubi-HA 300ng 

2.  FLAG-DsΔECD 400ng + ubi-HA 300ng + Bul-MYC 300ng 

3.  Hippo-FLAG 400ng + ubi-HA 300ng + Bul-MYC 300ng 

 

2.8.4 Midiprep 

Transfection-grade plasmid DNA was obtained using QIAGEN Plasmid Midi Kit 

according to manufacturer’s protocol.   

 

2.8.5 Ubiquitylation assays 

3 days post transfection cells were incubated with MG132 5µM (Sigma) and 

Calpain Inhibitor I 5µM (Sigma) for 4 hours. Cells were then harvested and lysed in 

1% Triton X-100 standard lysis buffer (180uL/well). Whenever necessary lysates 

were snap frozen in liquid nitrogen and kept at -80oC for up to a month.  

 

Input: 

25ul of 4x Loading Buffer were added to 40ul of lysate. Mixture was stored at -20oC 

to be posteriorly used in Western Blot analysis.  

 

FLAG-pull-down:  

For the immunoprecipitation (IP), 500ug total protein and 40ul of mouse Anti-FLAG 

M2 affinity gel (Sigma) were used. Protein concentration was quantified using 

standard Bradford assay (BioRad). Beads were washed in Supplemented Lysis 

Buffer (SLB) prior to incubation with the lysate.  

Lysates and SLB, to a total volume of 300 uL, were added to beads and rolled 

gently for 2h at 4oC. Beads were then centrifuged for 1 min at 4000 rpm and the 

supernatant removed. FLAG beads were resuspended in 1mL of SLB and rolled at 

4oC for 5min. Mixture was then centrifuged and supernatant removed. This 

procedure was performed 3 times.  

Supernatant was removed using gel-loading tips and avoiding touching the beads 

at all times. All steps were performed at 4oC or on ice.  
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Lastly, reducing buffer (Invitrogen) and sample buffer (Invitrogen) were added, 

samples were boiled at 70oC for 10 min and processed for Western Blot.  

 

Lysis Buffer (1% Triton X-100): 

 

50mM Tris pH 7,5 

150mM NaCl  

1% Triton X-100      

1 mM EDTA      

10% Glycerol     

Distilled H2O 

 

Supplemented Lysis Buffer (1% Triton X-100): 

 

Protease inhibitor cocktail Complete (Roche): 1 pill per 50 mL of Lysis Buffer 

Phosphatase Inhibitor Cocktail 2 (Sigma): 10 µl per mL of Lysis Buffer. 

Phosphatase Inhibitor Cocktail 3 (Sigma): 10 µl per mL of Lysis Buffer. 

5mM NaF (Sigma) 

 

2.9 Antibodies 

2.9.1 Drosophila immunostainings: 

Primary antibodies:  

Mouse anti-β-galactosidase (Promega; 1:500) 

Rat anti-Fat ((Brittle et al. 2012); 1:250),  

Rabbit anti-Dachsous ((Brittle et al. 2012)1:100),  

Rat anti-Dachs ((Brittle et al. 2012), 1:500),  

Rabbit anti-aPKC (Promega; 1:500)  

Rat anti-Ecad (DSHB; 1:100),  

Rabbit anti-GFP (AMS Biotechnology; 1:250), 

 
Mouse anti-V5 (Abcam; 1:100)  

Rabbit anti-Rab7 ((Tanaka & Nakamura 2008); 1:3000) 
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Rabbit anti-Rab11 ((Tanaka & Nakamura 2008); 1:8000) 

Mouse anti-γ tubulin (Sigma; 1:250) 

Mouse anti-Wg (Santa Cruz Biotechnologies; 1:250) 

Mouse anti-FLAG (Sigma; 1:100) 

Mouse anti-Arm (Santa Cruz Biotechnologies; 1:250) 

 

Secondary antibodies: 

Alexa-fluor secondary antibodies (Invitrogen) 1:500 

 

2.9.2 Western Blot analysis: 

Primary antibodies:  

 

Mouse anti-FLAG (Sigma; 1:1000) 

Mouse anti-alpha Tubulin DM1A (Sigma; 1:1000) 

Rabbit anti-MYC (Santa Cruz; 1:5000) 

Rat high affinity anti-HA (Roche; 1:5000) 

 

Secondary antibodies: 

 

Anti-rabbit Peroxidase conjugated goat antibody (Thermo scientific) 1:10,000 

Anti-mouse Peroxidase conjugated goat antibody (Thermo scientific) 1:10,000 

Anti-rat Peroxidase conjugated goat antibody (Thermo scientific) 1:10,000 

 

2.10   Western Blot and Transfer 

Samples were run in pre-cast 4-12% Bis-Tris polyacrylamide protein gels (Novex) 

in MOPS buffer, at ≈ 100V for 1 hour. Protein was transferred to nitrocellulose 

blotting membrane (GE Healthcare) using wet transfer in Transfer Buffer. Transfer 

was performed at 100V, 400mA for 2-3hours.  Blocking and antibody incubations, 

both primary and secondary, were performed in 5% Milk in TBST. ECL reagent (GE 

Healthcare) was used for chemiluminescent Western blotting detection.  
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Transfer Buffer: 

0.025M Tris 

0.192M Glycine 

0.1% SDS 

20% MetOH 

Distilled H2O 

 

2.11   Bul Expression Constructs  

cDNA fragment (LD38495) encoding for bulbous (CG4221) was cloned using  

Gateway technology. Fragment was amplified with primers ‘Bul attB1’ and ‘Bul 

attB2 cfus’ in order to generate attB sites. attB flanked PCR product was inserted 

into a pEntry vector to produce entry clones. An entry clone with the correct 

sequence was recombined into a destination vector pAWM. This approach 

generated an expression vector containing Bulbous peptide fused to six MYC 

affinity tag at the C terminus under the Actin5C promoter. The construct was used 

to transfect S2 cells in cell culture experiments. 

The same entry clone was cloned into the Drosophila Gateway expression vector 

pPWG and injected into flies to generate UAS.Bul-GFP line. The injection was 

performed by BestGene using PhiC31 integrase-mediated transgenesis systems.  

 

Name Sequence (5’ – 3’) 

Bul attB1 
GGGG ACA AGT TTG TAC AAA AAA GCA GGC TTC ATG 

TCG CAC AAG ACT AGC AA 

Bul attB2 cfus 
GGGG AC CAC TTT GTA CAA GAA AGC TGG GTT ACA 

GAA TCC CGG ATT TGT G 

 
Table 1 – Primers used gateway cloning 

Primers used of amplification of bul flanked with attB sites to allow for C-terminal 
fusion cloning 
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2.12   Generation of mutants 

bul8 allele was generated by P element excision of P{XP}CG4221. Starter 

P{XP}CG4221 stock was isogenised to ensure an identical genetic background. 16 

putative mutants were screened by crossing to the Df(3R)Exel7327 and 

Df(3R)BSC515. Of those only one, bul8, produced a phenotype. An array of primers 

both along the gene and upstream sequences was used to characterise the 

extension of the excision (Fig 4.2 B). bul8 is lethal at early larval stages but viable 

over the Df referred, which suggests that the P-element landing might have 

generated a mutation causing the lethality.  

 

Name Sequence (5’ – 3’) bul8 amplification 

A Forward GTCGACGCATCCAGGTGCCC 
No 

A Reverse GCATGCAACCACCTCGCGGA 

B Forward TCGTTCGCGATACAACCACCGA 
No 

B Reverse TGGCGGCAGCCTTTTGGCTT 

C Forward AATGACAGGCCAGCCAGCGA 
Yes 

C Reverse CGCGGCAAGCTTTGGCTTTCG 

D Forward GCTCTTGCAACAGTGCAATCAGCA 
Yes 

D Reverse GCATTGCCCGACTTTTCGCTGC 

A* Forward CATGCAACTCGGCAATGG 
No 

A* Reverse TTTGGCCTCGATTCGCAC 

B* Forward TGCTCCTCTTCTGGGTTG 
No 

B* Reverse TTGGGATGGGTTCGACTC 

 

Table 2 – Primers for bul8 mapping 

Primers were used to map the deletion produced by P-element excision. Pairs of 
primers were classified as being able or unable to produce amplification. 
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kul mutants were generated by P-element excision of P{EP}G4260 by I. Khanal 

and N. Pearson. kul2 is a small ~576bp deletion of the promoter region and is a 

viable hypomorphic allele, while kul33 is a large ~9kb deletion of the entire coding 

region of kul and is an embryonic lethal allele. 

 

2.13   Quantification of wings 

Proximal-Distal and Anterior-Posterior axes were measured using Image J. Ratio 

was calculated. Student’s two-sample t-test was performed using Prism 6.  
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In order to better understand how tissues control their size and shape, we 

performed a genome wide RNAi screen to identify new genes that play a role in the 

regulation of growth and form (Fig 3.1). With the development of RNA interference 

and, in particular, the development of genome wide transgenic RNAi libraries, it is 

now possible to systematically knock down genes from sequenced genomes. Also, 

given the fact that this is a method of reverse genetics, it became possible to more 

easily identify novel genes involved in cellular processes in comparison with 

chemical mutagenesis screens.   

  

The first publically available Drosophila genome wide RNAi library was generated 

by the Vienna Drosophila RNAi Centre (VDRC) (Dietzl et al. 2007). This library 

made it possible to perform large in vivo screens of any known or predicted 

Drosophila gene. The library consists of hairpin-inverted repeats (IR) that are 

expressed under the control of a UAS promoter. Hence, tissue specific GAL4-driver 

lines can be crossed to individual RNAi lines to investigate the functional 

importance of a given gene in a specific tissue. 

 

Taking advantage of this newly developed tool, my PhD project focused on 

completing a genome wide RNAi screen aiming to unravel new players in the 

regulation of growth. Given that my main interest was how the correct shape is 

achieved this screen was followed by validation and characterisation of two 

candidates, bulbous (CG4221) and kuzbanian-like (CG1964). 

 

3.1 Principle of the screen 

Previously in the lab, a genome wide RNAi screen had been performed using the 

first generation RNAi library released by the Vienna Drosophila RNAi Centre 

hereafter referred as the ‘GD’ library. This primary screen used over 12000 RNAi 

lines targeting genes conserved between Drosophila and humans. The GD library 

was designed based on P-element transgenesis with random insertion sites. Due to  
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Figure 3.1 - A genome wide RNAi screen 

Schematic representation of the posterior compartment screen (using hedgehog. 
GAL4) and the whole-wing screen (using MS1096.GAL4). Hairpins are driven using 
the UAS/GAL4 system and lead to knockdown of the gene via the RNAi machinery. 
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this fact, a primary screen in the lab using this collection revealed many artefacts 

caused by UAS-driven expression of genes neighbouring the P-element insertion 

site. In order to reduce the number of false positives and confirm the phenotypes 

obtained with the primary screen, a secondary screen was performed using the 

newer ‘KK’ collection (Dietzl et al. 2007). In this KK library, each transgenic line 

contains a 300-400 base pairs from a given gene cloned as inverted repeat, similar 

to the GD library. Generation of KK lines was based on a two-step transformation in 

which flies were first transformed with vector pKC43 to generate a 'target' line. 

Gene-specific shRNA sequences within the pKC26 vector could then be integrated 

into this pKC43 target using attP/B site, phiC31–mediated integration. This strategy 

was used with the aim of eliminating the risk of insertional artefacts. Concomitantly, 

hairpins were designed in order to reduce to minimum possible off-target effects. 

The genetic homogeneity among lines is thought to make the KK collection 

particularly appropriate for screens of complex or subtle phenotypes.  

 

In both the GD and KK collections, expression of the inverted repeat (X-IR) leads to 

the production of RNA hairpins that are recognized and degraded by the cellular 

RNA interference machinery. This generates small interfering RNAs (siRNAs), 

which target the RNA induced silencing complex (RISC) to complementary X 

mRNA, thereby triggering X mRNA degradation (Fig. 3.1). When RISC finds a 

complementary strand, it activates Argonaute - the catalytically active RNase in the 

RISC complex – and cleaves the RNA. This results in substantially decreased 

levels of protein translation and effectively turning off the gene (Fire et al. 1998). 

 

Two screens were performed in parallel targeting a subset of Drosophila genes that 

are conserved in humans. In a wing compartment-based screen, UAS-IR lines 

were crossed individually to hedgehog.GAL4 driver line. In this screen, the progeny 

expressed the transgene throughout development in the posterior compartment of 

the wing. The advantage of this approach is that the anterior compartment is mostly 

unaffected, and can be used as an internal control. To avoid losing progeny due to 

increased apoptosis, an inhibitor of apoptosis (DIAP1) was co-expressed with the 

transgene. In parallel, a whole wing screen using MS1096.GAL4 was performed 

aiming to recover genes implicated in the regulation of shape and patterning of the 

wing. Similar to hedgehog.GAL4, this driver is expressed throughout development 
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of the wing, but in this case in both the anterior and posterior compartments of the 

wing. In contrast to hedgehog.GAL4, which is expressed in tissues other than the 

wing, the MS1096.GAL4 driver is truly wing specific, which allows for the recovery 

of genes that would present a lethal phenotype with the hedgehog.GAL4 driver. 

Figure 3.1 illustrates the principle by which these hairpin transgenes induce RNAi-

mediated gene knockdown.  

 

In both screens, compartment driven and whole wing screen, the progeny were 

then screened and scored for alterations in the size, morphology or pattern. The 

genes were then grouped into phenotypic classes, described below. 

 

This work was a joint effort of the lab: B. J. Thompson in IMP Vienna performed the 

primary screen using the GD collection. The secondary screen, using the KK 

collection was divided in two sections: N. Pearson screened 4000 lines in 

collaboration with E. Lucas, C. Sidor, and G. Fletcher. The remaining 3000 was 

screened by myself and correspond to the second half of screen. The work 

described below refers to the portion of the screen performed by myself. 

 

3.2 Screen overview 

Approximately 3000 RNAi lines were screened, targeting about 3000 genes. From 

those lines, 316 lines (10.5%) produced viable flies with an observable wing 

phenotype. 30% of those phenotypes were confirmed by at least one of the 

following: a second independent RNAi line or mutant allele in the same gene or a 

gene encoding another member of the same biochemical pathway. These 300 lines 

were classified based on the observed phenotype (Figure 3.2). 

 

The remainder of the lines analysed, approximately 90%, produced no observable 

wing phenotype. Additionally, only one third of the lines producing a phenotype 

could be confirmed. Since RNAi knockdown efficiency is not 100% it is possible 

that the absence of phenotype is due to a residual function of the protein caused by 

remaining mRNA. Therefore, absence of phenotype does not necessarily mean 



Chapter 3. A genome wide RNAi screen in the Drosophila wing 

66 

that the candidate gene does not play a role in the development or morphogenesis 

of the wing and might constitute a false negative result. 

  

In addition to the categories previously referred, a small percentage of genes - 2% 

of the genes with observable phenotype – were classified into the pupal lethal 

category (Table 10). Unfortunately, due to the approach taken, it is impossible to 

guarantee that those genes do belong in that category: each RNAi line was 

crossed to the drivers only once; therefore, absence of progeny could be due to 

many different aspects such as reduced fertility, delayed development or even 

husbandry issues such as variability of food. 

 

Approximately 10% of lines screened showed a phenotype that we referred to as 

the ‘hinge phenotype’. In these lines, the hinge of the wing fails to fully inflate 

producing flies with an abnormal wing posture: wings are slightly curved and held 

closed. This phenotype has been recently characterised (Green et al. 2014) and is 

thought to be the result of the insertion of the target vector within the 5’ 

untranslated region of the gene tiptop (tio). Accordingly, overexpression of this 

gene results in a similar wing phenotype. It is possible that the ‘hinge’ artefact led 

to false negative results due to a dominant effect over other phenotypes. However, 

because this phenotype was easily identified it is unlikely that it led us to score 

false positives.   

 

3.3 Genes affecting cell cycle  

Reducing the speed of the cell cycle in the developing wing revealed a mild 

reduction of tissue size with an increase in cell size. This is due to the fact that the 

cell cycle is slower, but the rate of cell growth remains the same (Neufeld 1998). 

Therefore, cells grow at the same rate but for longer periods between divisions, so 

that the adult wing is only mildly smaller and is composed of larger than normal 

cells. 

RNAi knock down of genes promoting cell cycle progression cycle (such as 

Replication Factor C subunit 3 and mini chromosome maintenance 3), lead to an 

undergrowth phenotype accompanied by an increase in cell size, readily apparent 
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by the reduced density of wing hairs, as each wing cell produces a single hair. In 

this category, a number of known cell cycle regulator were recovered as well as 

some novel genes, such as CG8142 and Lrr47 (Fig 3.3, Table 3). 

 
Figure 3.2	  	  -‐	  Graphic representation of screen results 

Graphic representation of proportion of different phenotypes observed in the 
screen. Phenotypes were classified as undergrowth, blistered, vein, overgrowth, 
shape, nick, pupal lethal (PL) or ‘other’ if they couldn’t be classified into any of the 
previously mentioned categories. Graph is representative of all confirmed 
phenotypes only, regardless of drivers used.  
 
 

3.4 Genes affecting cell growth  

Reducing cell growth during wing development generates a smaller wing 

composed of smaller cells and, hence, featuring denser wing hairs. In this category, 

RNAi hairpins were recovered that target genes encoding general transcription 

factors (such as CG9305 and DNA polymerase delta) and translation factors (such 

as CG7265, a component of the elongation factor EF-2). This suggests that 

regulation of transcription and translation might be an additional mechanism of cell 

growth control (Fig 3.4 B-C’; Table 3). 

 

We also identified genes involved in mitochondria function, in particular those 

encoding proteins thought to be important for ATP synthesis (such as CG1749) and 

genes thought to play a role in lipid biosynthesis (such as Plc21C) (Fig 3.4 D-E’).  
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Figure 3.3	  -‐	  Genes affecting cell cycle show undergrowth phenotype  

Compared with WT wings (A-A’) wings expressing IR for Replication Factor C 
subunit 3 (Rfc3) (B-B’), mini chromosome maintenance 3 (mcm3) (C-C’), CG8142 
(D-D’), and Leucine rich repeat containing protein 47 (Lrr47) (E-E’) show 
undergrowth phenotype with decreased hair density. IR driven by hedgehog.GAL4 
(C-E) or MS1096.GAL4 (MS.G4) (B). Wings from adult male files.  
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These results suggest that, although cell cycle and cell growth are usually coupled 

together, these are two independent processes. Interestingly, both regarding cell 

cycle and cell growth, we were able to identify genes whose phenotype fit in these 

categories, but whose function is unknown and might, therefore, account for new 

regulators of cell cycle or cell growth (Fig 3.4 B-E’).  

 

3.5 Genes affecting cell proliferation 

Altering the rate of cell proliferation during wing development results in changes in 

tissue size but, interestingly, no patterning defects were observed. Wing hair 

density in the posterior compartment was comparable to that observed in the 

anterior compartment. This is due to the fact that, despite the difference in 

compartment size, it still features normally sized cells (Figure 3.4 F-H, Table 4). 

 

RNAi lines causing tissue overgrowth or undergrowth, without altering cell size or 

tissue patterning, included those targeting known components of the Hippo 

signalling pathway, such as expanded and mats.  We also recovered RNAi lines 

targeting genes not previously associated with a Hippo-like cell proliferation 

phenotype.  These include polarised components of the cytoskeleton such as 

alpha-spectrin (Fletcher et al, under revision, Fig 3.4E) and genes of unknown 

function, such as CG4221 (further described in this thesis, see Chapter 4). 

 

Thus, we have identified novel regulators of cell proliferation that may modulate 

signalling through the Hippo pathway. 

 

3.6 Genes affecting patterning of wing veins 

We identified different categories in which the wing vein patterning was disrupted. 

Using a whole wing driver we were able to identify genes that caused either a loss 

(such as hairless) or a gain of vein tissue (such as net and kismet). In some other 

cases the number of veins was correct but the exact patterning was affected 

resulting in a delta vein phenotype, such as delta and CG11447 (Fig 3.5 B-F, Table 

5).  
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Figure 3.4	   -‐	   Genes affecting cell growth showing undergrowth and genes 

affecting proliferation showing overgrowth  

Compared with WT wings (A-A’), wings expressing IR for CG9305 (B), CG7265 (C, 
C’), Plc21C (D) or CG1749 (E-E’) show undergrowth phenotype with more dense 
wing hairs. Wings expressing IR for α-spectrin (F), mats (G), expanded (H) or 
CG4221 (I) show overgrowth phenotype without affecting patterning. 
IR driven by hedgehog.GAL4 (C and E) or MS1096.GAL4 (MS.G4) (B, D, F-J). 
Wings from adult male files.  
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Figure 3.5	   -‐	  Genes affecting vein and margin specification or leaflet adhesion 

affect patterning of the wing 

Compared with Wild-type wings (A-A’), wings expressing IR for hairless (B), net 
(C), kismet (D), delta (E) or CG11447 (F) show defects in vein patterning.  Wings 
expressing IR for wingless (G) or frizzled2 (H) show defects in margin specification. 
Wings expressing IR for wing blister (I) show defects in dorsal ventral leaflet 
adhesion. 
IR driven by hedgehog. GAL4 (B-C; E-I) or MS1096.GAL4 (MS.G4) (D). Wings 
from adult male files.  
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3.7 Genes affecting the specification of the wing margin 

The wing margin is specified by high levels of Wnt/Wingless signalling.  Defects in 

Wnt signalling often lead to deletions of wing margin, known as wing 'nicks'.  

Expression of Wingless at the developing wing margin depends on Notch 

signalling; whose disruption can also cause wing nicks, but with associated vein 

defects. Even though none of the known regulators of the wing margin specification 

have been identified in my subset of the screen, many were present in the screen 

performed by N. Pearson. This included hairpins against the Wingless pathway 

components such as wg and fz2, which displayed a small P compartment with wing 

nicks. In addition to these established components, wing nicks were also caused by 

several RNAi hairpins targeting novel genes, which are therefore potential novel 

candidates involved in the regulation of Wnt signalling (Fig 3.5 G-H, Table 6).  

 

3.8 Genes controlling wing leaflet adhesion 

The Drosophila adult wing is formed of two juxtaposed leaflets of epithelial cells, 

the dorsal and ventral leaflets, and adherent to each other via integrin complexes. 

Failure in the correct dorsal-ventral adhesion results in a blister phenotype. In this 

category we could find not only described genes such as wing blister, a Laminin-

type protein (Fig 3.5 I) but also novel genes that might be essential for this process 

(Table 7).  

3.9 Genes controlling wing shape 

The regulation of shape is another fundamental process in the development of the 

Drosophila adult wing. Even though more information is now available on how the 

correct shape is achieved, the underlying mechanism for this regulation remains 

unclear. As previously described in this thesis (see Chapter 1.17-1.23), the 

Dachsous-Fat pathway is essential for this process. This screen identified, among 

others (Table 8), two novel genes, CG4221, hereafter referred as bulbous (bul), 

and kuzbanian-like (kul) in which the shape of the wing is affected: further analysis 

of those wings revealed that they are rounder as compared with the WT control. 
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The characterization of the phenotype and function of both of these genes will be 

discussed later on in this thesis (Figures 4 to 6). 

Note that some genes are covered by two RNAi hairpins, which may have different 

strengths and therefore different phenotypes.  Some RNAi lines also produce more 

than one class of phenotype in the same wing.  For this reason, some RNAi lines 

may appear in more than one category (Tables 3 – 10). 

 

3.10  Final remarks 

We performed a genome wide RNAi screen that allowed for the identification of 

several previously uncharacterised genes. Genes were classed into different 

categories depending on the phenotype produced upon its knockdown. Categories 

included cell division (in which compartments feature less dense wing hairs), cell 

growth (in which compartment feature more dense wing hairs), cell proliferation 

(with no defects on patterning or wing hair density), patterning of wing veins or wing 

margin, leaflet adhesion and wing shape (Tables 3-10). Phenotypes were 

confirmed by independent RNAi lines for the candidate gene or RNAi lines for 

genes in the same pathway or biochemical process, which gave us confidence in 

the results obtained. 

I took particular interest in genes affecting the shape of the wing and therefore 

throughout my PhD I focused on characterising the function of Bul and Kul.  
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From our genome-wide RNAi screen I took special interest in genes affecting both 

size and shape of the fly wing. The overall screen uncovered genes previously 

described as playing a role in the regulation of shape. In particular, RNAi of the 

dachsous (ds) gene causes an abnormally rounded wing that is also slightly 

overgrown. Aiming to better understand how the shape of an organ is determined, 

we selected novel genes whose RNAi-mediated knockdown caused a rounded 

wing.   

 

4.1 Bul, CG4221, a novel ubiquitin ligase 

One of the novel genes uncovered by the RNAi screen is CG4221. Due to the 

shape of the mutant wings, we decided to name this gene as bulbous (bul). The bul 

gene encodes an E3 ubiquitin ligase of the F-box Leucine Rich Repeat (LRR) 

family, homologous to the mammalian protein FbxL7.  Both proteins contain an F-

box domain and 11 Leucine Rich Repeats and share 49% amino acid identity 

throughout those domains.  

 

Fundamental cellular activities require the tight regulation of protein levels, both 

regarding time and location. Therefore generation and degradation of proteins is 

critical. Ubiquitylation is a process by which proteins are covalently bound to 

ubiquitin. This process usually targets the protein to the 26S proteasome and leads 

to its subsequent degradation.  

 

Ubiquitylation is a three-step mechanism that involves an E1 activating enzyme, E2 

conjugating enzyme and E3 ligases. E1 is responsible for the activation of ubiquitin 

and E2 for its subsequent conjugation. E3 ligases define the specificity of 

ubiquitylation and are responsible for the recognition of the substrate and 

consequent transfer of ubiquitin moieties from the E2 to the recognised substrate. 

This transfer can happen in different ways depending on the nature of the E3 ligase. 

In the case of E3 ligases belonging to the HECT-domain family, transfer happens 

first to the HECT domain and then to the substrate. For E3 ligases from the RING-

domain family, as is the case for Bul, transfer happens directly from the E2 to the 

target (Ho et al. 2006).  
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One of the best-characterised RING ligase families is the SCF (Skp-Cullin-Fbox) 

complex. E3 ubiquitin ligases of this family recognise substrates via their WD40 or 

Leucine-Rich-Repeat domains and recruit the Skp-Cullin-E2 module via their F-box 

domains (Petroski & Deshaies 2005).  

 

Bulbous is homologous to the mammalian FbxL7, a ligase containing an F-box 

domain that interacts with the Skp protein in the E2 complex and Leucine Rich 

Repeats responsible for binding phosphorylated targets (Ho et al. 2006) .  

 

Accordingly, yeast two hybrid data show that CG4221 interacts with Skp A, B, C 

and Cullin (Giot 2003; Stanyon et al. 2004), strongly suggesting that this protein 

could, similar to what happens in the case of the mammalian orthologue, play a 

role in ubiquitylation and therefore regulate the stability of substrate proteins.  

 

In mammals, FbxL7 has been implicated in the ubiquitylation and degradation of 

Aurora A, a serine/threonine protein kinase, that is responsible for mitotic spindle 

formation, chromosome alignment and separation. FbxL7 plays a role specifically 

during mitosis but not interphase and therefore might be important in modulating 

Aurora A levels during mitosis (Coon et al. 2012). 

  

Besides acting as components of SCF complexes, F-box proteins also play 

important roles in many different biochemical complexes and have been implicated 

in transcription and DNA replication, cell differentiation and death (Ho et al. 2006).  

 

Many questions remain unanswered regarding these proteins. These include the 

following: How many substrates do F-proteins have? Since a single F-box appear 

to have more than one substrate; in the case of several substrates, are there 

connections between them? How is the specificity of ubiquitylation determined? 

(Ho et al. 2006). My PhD project aimed to understand the function and answer the 

referred questions for the case of Bulbous. 
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4.2 Characterisation of bul-IR phenotype 

RNAi knockdown of CG4221, both in the compartment specific screen (in which the 

RNAi was driven in the posterior compartment with hedgehog.GAL4 UAS.DIAP1) 

(Fig 4.1 B-D) and in the whole-wing driven screen (using MS1096.GAL4 driver), 

causes a mild overgrowth phenotype (Fig 4.1 F). Interestingly, even though the 

compartment (or wing) shows an enlarged area it is still comprised of normal sized 

cells, as observed by the comparable density of wing hairs in anterior (control) and 

posterior (bulbous knockdown) compartments (Fig 4.1 B-D). Importantly, no major 

differences were observed in the patterning of the wing: positioning and thickness 

of veins were comparable to the wild type counterpart, specification of wing margin 

was unaffected and adhesion between dorsal and ventral leaflets was correctly 

achieved (Fig 4.1 A-F).  

 

In order to confirm the observed phenotype, several independent RNAi were 

analysed.  

 

Driving the ‘GD’ VDRC line in the posterior compartment produced a mild 

overgrowth phenotype. This phenotype is weaker than the one observed with the 

‘KK’ VDRC line (Fig 4.1 C). The difference could be explained by the fact that 

different RNAi lines target different areas of the gene and, therefore, can have 

different strengths. ‘KK’ line targets the 3’ of the coding region whereas the ‘GD’ 

targets the 5’. Being the target for the ‘KK’ line very close to the 3’ untranslated 

region, an area critical for RNA stability and protection against RNA-degrading 

proteins, it is possible that this hairpin is stronger. Furthermore, because hairpins 

are inserted in different areas of the genome, it is also possible that they are 

expressed at different levels.  

 

A phenotype very similar to the ‘KK’ line is observed when driving the hairpin line 

from Harvard collection (Fig 4.1 D). Interestingly, co-expressing both ‘KK’ and ‘GD’ 

IR lines does not lead to a stronger phenotype (Fig4.1 E-F). The overgrowth 

observed with this double RNAi line is very similar to the one observed with the ‘KK’ 

line alone, even thought the hairpins target difference sequences in the gene. The  
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Figure 4.1- Knockdown of bul shows a mild tissue overgrowth phenotype 

Wings expressing Bul-IRKK (B), Bul-IRGD (C) or Bul-IRHarvard  (D) using 
hedgehog.GAL4 UAS.DIAP1 driver have an overgrown posterior compartment 
compared with wild type flies (A). Wings expressing Bul-IRKK and Bul-IRGD (E) with 
hedgehog.GAL4 UAS.DIAP1 (hh.G4) driver show overgrown posterior 
compartment similar to flies expressing Bul-IRKK alone (B). Wings expressing Bul-
IRKK and Bul-IRGD (F, black) using MS1096.Gal4 (MS.G4) show very mild 
overgrowth compared with WT flies (F, red). Wings expressing Bul-IRKK (G and H, 
black) with, respectively, tubulin.Gal4 (tubG4) or actin.Gal4 (actG4) drivers show 
overgrowth compared with WT flies (G and H, red). Eyes expressing Bul-IRKK (J, 
black) or Bul-IRHarvard (K, black) using GMR.GAL4 driver show no difference in size 
when compared with WT fly eyes (I, red).  
Bul-IRKK corresponds to 108628/KK line from VDRC library. bul-IRGD corresponds 
to 34810/GD line from VDRC library. Bul-IRHarvard corresponds to JF01515 line from 
DRSC library. All wings and eyes from adult female flies. 

hhG4 Bul-IRKK Wild-type 

A B 

hhG4 Bul-IRHarvard 

D 

tubG4 Bul-IRKK actG4 Bul-IRKK 
WT WT 

G H 

hhG4 Bul-IRKK&GD 

E 

MSG4 Bul-IRKK&GD 
WT 

F 

GMRG4 
Bul-IRKK 

GMRG4 
Bul-IRHarvard Wild-type 

I J K 

hhG4 Bul-IRGD 

C 



Chapter 4. Identification of bulbous as a new regulator of shape 

79 

similarity of phenotypes could possibly be explained by a dilution of the Gal4 when 

analysing the double knockdown. 

 

I next assessed if the phenotype observed is specific to the wing or if knocking 

down bul ubiquitously in all tissues would have a similar impact in the shape of 

other organs.  

 

Driving the ‘KK’ RNAi line in the whole organism, either by using a tubulin.GAL4 

driver or an actin.GAL4 driver does not produce an obvious difference in any organ 

apart from the wing (Fig 4.1 G-H, data not shown). Furthermore, using the eye 

driver, GMR. GAL4, we couldn’t detect any difference in the size of the adult fly 

eyes (Fig 4.1 I-K) 

 

4.3 Characterisation of bulbous mutant allele 

To examine the bul gene further and in order to better characterise its phenotype 

and function I generated a bul mutant allele. The mutant was generated by 

imprecise excision of P-element P{XP}CG4221[d08178] (see Material & Methods, 

2.12) and consists of, approximately, a 2Kb deletion that spans over the first non-

coding exon of CG4221 (Fig 4.2 A). This is very likely to remove the promoter of 

the gene and, therefore, prevent transcription and gene function. However due to a 

lack of in depth characterisation of the mutant allele expression levels, it is possible 

the bul8 allele is not a complete null and that some residual protein function is still 

present, possibly via the existence of alternative promoters.  

  

An array of primers spanning along the gene was used to characterise the 

extension of the P-element excision. Primers ‘a’ and ‘b’ were unable to produce any 

PCR product for the putative mutant allele (bul8) while, the same primers, amplified 

a PCR product both for a putative precise excision allele (bul1) and the wild type 

control. PCR mapping allowed for narrowing down the size of the excision. bul8 

allele consists of a 4.6Kb deletion: 2Kb of the deletion span over the first exon of 

bul and the remaining is located in a non-coding region upstream of this gene (Fig 

4.2 B).  
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Figure 4.2 - bul8 mutants show a round shape phenotype 

Schematic representation of P element excision (A) and the respective DNA gel 
(B). Primers a and b show no amplification for bul8 (b8) but show amplification for 
wild type control (WT) and precise P-element excision, bul1 (b1) (a-d) represent pair 
of primers. Blue triangle represents position of the P element P{XP}CG4221 
excised. Light blue represent extension of excision, 4.6 Kb. Black areas represent 
coding exons. Grey areas represent non-coding exons. Black lines represent 
introns. 
Wing (D, I) and thorax (F) of bul8/Df flies are rounder than WT counterparts (C, E, I) 
( ***<0.001; n > 10; PD: Proximal – Distal axis; AP – Anterior Posterior axis). Eyes 
from bul8/Df flies show a rough eye phenotype both by transillumination microscopy 
(H) and SEM (K). Df corresponds to Df(3R)Exel7327. Organs from adult female 
flies. 
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The mutant, hereafter referred to as bul8, confirmed the phenotype previously 

described in this thesis for the RNAi lines. bul hemizygous flies show a mild 

overgrowth phenotype both in the wing and in the thorax. bul8 homozygous flies are 

lethal at early larval stages. bul8 lover deficiencies spanning the gene, namely 

Df(3R)Exel7327 and Df(3R)BSC515, show both normal viability  and the 

overgrowth phenotype. bul8  lethality could be explained by a random mutation 

generated upon insertion of the P-element in another gene, but further analysis 

needs to be done to precisely map that mutation. 

  

bul8/Df  mutants exhibit, apart from mild overgrowth, a round shape phenotype (Fig 

4.2 C-F). Wings of bul8/Df mutants are shorter in the Proximal-Distal (P-D) axis and 

wider in the Anterior-Posterior (A-P) axis so that the P-D/A-P ratio is smaller than of 

WT wings, revealing a round shape phenotype (Fig 4.2 C-D & I) similar to that 

described for ft mutants (Mahoney et al. 1991; Bryant et al. 1988). Regarding the 

thorax of those flies, they also reveal a more pear-like shape: the length between 

left and right extremes is longer than WT (Fig 4.2 E&F).  The wing shape of mutant 

flies led us to name the mutants as bulbous, given that the wings have a shape that 

resembles a light bulb.  

 

No obvious difference in shape or size was observed in other organs such as legs, 

overall head or abdomen, but further characterization would be needed in order to 

completely rule out a phenotype in these structures. Regarding the eyes of bul 

mutant flies: initial analysis using transillumination microscopy suggested a mild 

rough eye phenotype, in which the regular arrangement of the ommatidia was 

disrupted (Fig 4.2 G&H). A subsequent analysis using Scanning Electron 

Microscopy, performed by Lucy Collinson from LRI EM Unit, confirmed this 

phenotype (Fig 4.2J&K). In Drosophila wild type eyes, one single mechanosensory 

interommatidial bristle is present in between ommatidia cell. This produces an adult 

compound eye with a very regular hexagonal array of ommatidia. In the case of 

bul8/Df mutants this packing is not a well-ordered pattern: multiple bristles are 

present in between two ommatidia explaining the rough eye observed (Fig 4.2 K). 
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4.4 Overexpression of Bul shows an undergrowth phenotype 

Gain of function experiments can be useful to assess the function of a gene. In 

order to address the phenotype of Bul overexpression I generated a UAS.BulGFP 

line (see Material & Methods 2.11). Consistent with the loss of function phenotype, 

MS1096.Gal4 driven overexpression of bulbous, (Fig 4.3 A-C) either as an EPline, 

P{GSV6}GS11421 (Fig 4.3B) or a UAS.Bul-GFP line (Fig 4.3C) reveals a 

undergrowth phenotype, in which the wings are approximately 60% the size of the 

WT. In both cases, and similar to the described loss of function phenotype, no 

patterning defect is observed. 

 

 
Figure 4.3 - Overexpression of bul causes a small wing phenotype 

Wings expressing UAS.Bul (B) or EP.Bul (C) under the control of MS1096.Gal4 
(MS.G4) are smaller than wild type control wings. UAS.Bul corresponds to the line 
generated for this study (see Material & Methods 2.11 for details). EP.bul 
corresponds to P{GSV6}GS11421. All wings are from adult female flies. 
 

 

 

4.5 Bul loss of function leads to upregulation of Hippo 
pathway reporter 

Mutations affecting tissue growth without affecting patterning or wing hair density, 

and hence cell size, are not common. Frequent examples include mutations 

affecting genes of the Hippo signalling pathway. For instance, inhibition of the warts 

(wts) kinase by expression of a wts-IR transgene in the wing causes tissue 

overgrowth without altering veins or bristles (Harvey et al. 2003; Justice et al. 1995; 

Jia 2003). Because the Hippo pathway affects cell proliferation, knockdown of 
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regulators of this pathway modulate the size of the wing without compromising the 

size of its cells or its patterning. 

 

The bul overgrowth phenotype coupled with the absence of patterning defects 

suggests that this gene may be involved in the Hippo signalling pathway. The 

Hippo pathway is known to restrict cell proliferation by inhibiting the transcriptional 

coactivator Yorkie (Yki). We used LacZ reporters for the Yki target genes expanded 

(ex), fourjointed (fj), and drosophila inhibitor of apoptosis 1 (diap1) as a read out to 

test if bul was affecting Hippo signalling.  The LacZ gene encodes the β-

galactosidase bacterial protein, easily detectable by antibody staining. Down-

regulation of bul in the posterior compartment of third instar wing discs by 

expression of bul-IR with the hh.GAL4 driver led to a mild increase in the 

expression of ex-LacZ reporters compared to control (Fig 4.4 A-B). This 

upregulation was confirmed in a clonal analysis: bul8 mutant clones show higher 

levels of ex-LacZ than wild type neighbouring cells (FIG 4.4 I).  

 

Analysis of other transcriptional reporter genes such as fj-LacZ and DIAP1-LacZ 

did not reveal a phenotype: the posterior compartment expressing bul-IR shows 

similar levels of both these reporter genes than the control anterior compartment 

(Fig 4.4 C-F & J). The levels are also comparable to the expression levels 

observed in the posterior compartment of control discs, expressing UAS-GFP.  

Importantly, knockdown of bul at this stage of development, does not lead to an 

overgrowth phenotype. This might explain the absence of phenotype observed fj-

LacZ and DIAP1-LacZ. 

 

Due to the round shape phenotype observed in bul8/Df wings and its reminiscence 

of Ds-Ft pathway mutant phenotypes I analysed wingless expression upon bul 

knockdown. Fat is important for repression of wingless expression in the proximal 

wing and, therefore, its expression is a common readout for the activity of Ds-Ft 

pathway. No differences were observed either in terms of levels or pattern of 

expression of wg (Fig 4.4 G-H), which might suggest that Bul has no direct effect 

on Fat. 
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Figure 4.4 - Downregulation of bulbous leads to increased levels of ex-LacZ and 

has no effect on other Hippo reporter genes. 

3rd instar wing discs expressing bul-IRKK (B-B’) show increased ex-LacZ levels 
when compared with discs expressing CD8GFP (A-A’). No difference is observed 
for fj-LacZ (C-D’), diap1-LacZ (E-F’) or Wg (G – H’). Transgenes driven in posterior 
compartment using hedgehog.GAL4 (green, outlined by dashed line). FRT bul8 
clones (GFP negative, outlined by dashed line) show increased levels of ex-LacZ 
(I-I’); no difference is observed for fj-LacZ (J-J’). bul-IRKK corresponds to 
108628/KK line from VDRC library.  
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These data suggest that bul could modulate expression of Yki target genes, 

however, given the weak phenotype, this is most likely to happen indirectly via the 

regulation of upstream members of the Hippo pathway.  

 

4.6 Bul-IR shows genetic interaction with Ds-Ft pathway 

One of the upstream branches of the Hippo pathway is the Dachsous (Ds) – Fat 

(Ft) cadherin system of planar cell polarity (Cho et al. 2006; Bennett & Harvey 

2006; Silva et al. 2006; Willecke et al. 2006). Ds and Ft encode large atypical 

cadherins that interact heterotypically to form cell-cell junctions in epithelia and are 

required to control tissue shape in both Drosophila and mice.  

 

An important effector of Ds and Ft is the atypical myosin Dachs that orients cell 

shape, cell division or cell-cell re-arrangements to drive tissue elongation along the 

proximal-distal axis of various fly epithelia. In addition, Dachs can signal to the 

nucleus via the Hippo pathway effector Yki to promote cell proliferation and tissue 

growth (Cho et al. 2006). 

 

Mutations in members of Ds-Ft pathway result in a randomization of orientation of 

cell division and, therefore, produce round structures, both in Drosophila and in 

mammals.  

 

bul mutant flies reveal a similar shape phenotype in which both thorax and wings 

are rounder than wild type counterparts. Given the resemblance of phenotypes, I 

sought to check for potential genetic interactions between bulbous, fat, dachsous 

and dachs.  

 

Overexpression of either the atypical cadherin Ds or Ft results in a round wing 

phenotype in which the distance between the two cross veins is shortened (Fig 4.5). 

On the other hand, overexpression of the myosin Dachs has mostly a growth 

phenotype due to its role in the Hippo pathway: overexpression of Dachs leads to 

an overgrowth phenotype.  
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Coupling the knockdown of bul with individual overexpression of each of the 

referred genes results in a stronger phenotype  

 

In the particular case of Fat, even though they have similar shapes, wings 

expressing both UAS.Fat and bul-IR are bigger than the ones expressing UAS.Fat 

alone (Fig 4.5 C-D).  

 

Regarding Dachsous, overexpression of Ds alone leads to an enlarged and round 

wing phenotype. Co-expression of bul-IR does not only exacerbate the roundness 

phenotype, but also the extent of overgrowth  (Fig 4.5 E-F).  

 

In the case of Dachs, overexpression of this gene alone causes mainly overgrowth 

due to its input into the Hippo pathway. Coupling overexpression of Dachs with 

knockdown of bul reveals an additive phenotype: both overgrowth and roundness 

are highly exacerbated (Fig 4.5 G-H). 

 

The phenotypic interaction between Ds-Ft-Dachs overexpression and Bul 

knockdown could be explained by two alternative hypotheses. On one hand Bul 

and Ds-Ft-Dachs could belong to independent pathways and the phenotypes 

observed would be the additive effect of affecting two different pathways. On 

another hand the above-mentioned genes could be all in the same pathway and 

the enhanced phenotype would be the outcome of affecting the pathway at different 

levels. 

  

As Bul encodes an E3 ligase, modulation of its expression should lead to a 

difference in the levels or localisation of its target(s). Due to the phenotypes 

previously described and in order to address if Bul is regulating Ds-Ft pathway, I 

sought to check if the levels or localization of Dachs, Dachsous or Fat are affected 

in the absence of Bul.  
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Figure 4.5 – bul-IR exacerbates Ds-Ft-Dachs overexpression phenotype 

Wings expressing bul-IRKK (B) are overgrown compared with wild type wings (A). 
Wings co-expressing UAS.Ft and bul-IRKK (D) are overgrown when compared with 
wings expressing UAS.Ft alone (C). Wings co-expressing UAS.Ds and bul-IRKK (E) 
are overgrown and rounder when compared with wings expressing UAS.Ds alone 
(F). Wings co-expressing UAS.Dachs and bul-IRKK (G) are overgrown when 
compared with wings expressing UAS.Dachs alone (H). Constructs driven with 
nubbin.Gal4. bul-IRKK corresponds to 108628/KK line from VDRC library. All wings 
from adult female flies. 
 

 

 

4.7 Bul regulates Dachs levels in Drosophila wing discs 

Analysis of Dachs staining in bul mutant clones shows elevated levels of this 

myosin when compared with the surrounding wild type cells  (Fig 4.6 A). This 

difference in levels was confirmed with analysis of a Dachs-GFP knock-in line (Fig 

4.6 B).  
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analysis of the localization of dachs-GFP in bul mutant clones suggests that Dachs 

localization is mostly unaffected (Fig 4.6 B).  

 

To further understand the function of bul in Dachs regulation, I have analysed the 

phenotype of Flip-out clones overexpressing Bul-GFP. Increasing the amount of 

Bul protein in clones leads to a reduction of Dachs levels, suggesting that Bul might 

be a negative regulator of Dachs (Fig 4.6 C). 

 

Interestingly, when Bul overexpressing clones are generated, the Dachs protein 

from the first row of WT cells surrounding the clone repolarises towards it. This 

change of orientation generates what we refer to as a ‘boundary effect’ between 

the tissue overexpressing Bul and the WT tissue (Fig 4.6 C), suggesting that 

overexpression of Bul and subsequent phenotypes within the clone are enough to 

locally override the tissue-wide gradients.  

 

4.8 Bul ubiquitylates Dachs in S2 cells 

As previously described, the bul gene encodes an E3 ubiquitin ligase of the F-box 

LRR family, which recognises substrates and can trigger their ubiquitylation and 

subsequent degradation by the proteasome. Interestingly, either knockdown or 

overexpression of Bul alters the levels of Dachs protein. We therefore hypothesised 

that Bulbous might be a novel ubiquitin ligase important for the regulation of Dachs 

stability. 

 

In order to test this hypothesis, Drosophila S2 cells were used to perform 

ubiquitylation assays. All cells were transfected with ubiquitin-HA. Additionally cells 

were either transfected with Dachs-FLAG alone or Dachs-FLAG and Bul-MYC. 

Comparing ubiquitylation levels in both samples showed a stronger Dachs 

ubiquitylation ladder in cells co-transfected with Bul-MYC when compared with cells 

transfected with Dachs-FLAG alone. No ubiquitylation was observed in the 

negative control, Hippo-FLAG co-transfected with Bul-MYC, which suggests that 

the ubiquitylation observed for Dachs is not the result of non-specific or Bul auto-

ubiquitylation. This increase in ubiquitylation levels suggests that Bulbous has the 
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ability to ubiquitylate Dachs and might play a role in regulating its stability (Fig 4.6 

D). 

 
Figure 4.6 - Bulbous regulates Dachs levels via ubiquitylation 

FRT bul8 clones (A - GFP negative; B – RFP negative) show increased levels of 
Dachs as seen by antibody levels (A-A’) and Dachs GFP knock-in line (B-B’). 
AFOUT clones expressing bul (GFP positive) show decreased levels of Dachs (C-
C’). S2 cells transfected with Dachs-FLAG and Bul-MYC (D, lane 3) show higher 
levels of ubiquitylation than cells transfected with Dachs-FLAG alone (D, lane 4). 
Cells were transfected with: 1 - HECT-FLAG; 2 - Hippo-FLAG + bul-MYC; 3 - 
Dachs-FLAG + bul-MYC ; 4 - Dachs-FLAG. All cells were transfected with ubi-HA. 
Lysates were pulled-down for FLAG and blotted for HA.  
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Even though we propose that Bul ubiquitylates Dachs in S2 cells we do not exclude 

the possibility that other E3 ubiquitin ligases might be important and, therefore, 

explain the background ubiquitylation observed in the absence of Bul.   

 

Since S2 cells do not show expression of endogenous Bul, as reported by RNAseq 

data from modENCODE consortium (The modENCODE Consortium et al. 2010), it 

was impossible to confirm these results by performing siRNA mediated knockdown 

experiments.   

 

4.9 Phosphorylation of Fat by Dco plays a key role in Dachs 

regulation  

Ubiquitylation is carried out in a three-step mechanism: activation, conjugation, and 

ligation, performed by ubiquitin-activating enzymes (E1s), ubiquitin-conjugating 

enzymes (E2s), and ubiquitin ligases (E3s), respectively. E3 ubiquitin ligases 

interact directly with the target and are, therefore, critical for defining the specificity 

of ubiquitylation. This interaction between E3 and substrate is usually dependent 

on the phosphorylation of the substrate (Ho et al. 2006).  

 

Given the importance of phosphorylation we sought to identify a kinase that would 

be important for regulation of Dachs.  

 

Interestingly, and given that the atypical cadherin Fat is a known negative regulator 

of Dachs, fat mutant clones show increase in membrane Dachs levels (Fig 4.7 A). 

Given that a similar phenotype is observed in both fat and bul mutants we 

hypothesise that the regulation of Dachs by Bul could involve Fat. Dco, also known 

as Casein Kinase I ε (CKIε), is a kinase that binds to Fat and phosphorylates 

several residues in its intracellular domain. This phosphorylation is thought to occur 

in a Ds-dependent manner (Sopko et al. 2009). Hence, the kinase Dco could be 

critical for this regulation. 
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Figure 4.7 – Dco phosphorylation of Fat plays a key role in Dachs regulation (I) 

fatGrV mutant clones (GFP negative - A-A’’) , dco3 expressing tissue (using ptc.G4 
driver, GFP positive - B-B’’) and fatGrV mutant clones rescued with Fat-FLAG 
phosphomutant construct (GFP negative - C-C’’) show increased levels of Dachs. 
Fat-FLAG phosphomutant construct (D-D’’) is expressed both in fatGrV mutant 
clones (GFP negative) and WT tissue (GFP positive). 
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We therefore wondered whether phosphorylation of Ft by Dco was important for 

Bul function and, therefore, regulation of Dachs levels. In order to address this 

question I analysed wing discs expressing the dco3 allele, a dominant-negative 

form of Dco. Absence of Fat phosphorylation by Dco leads to increased levels of 

Dachs, similar to the phenotype observed in fat and bul mutants (Fig 4.7 B).  

 

Interestingly, in fat mutant clones, not only do we observe higher levels of Dachs 

within the clone but also, this myosin fails to planar polarise (Fig 4.7 A). Contrary to 

what is observed in a WT disc in which Dachs is enriched in the distal side of the 

cell, in fat mutant clones Dachs is localized all around the cell (Cho 2004).  

 

Interestingly, in both bul8 and dco3 despite the increase in Dachs levels within the 

clones, the polarisation of this myosin is still mostly correctly achieved, especially in 

the case of dco3 tissue (Fig 4.6 A and 4.7 B). This might be due to the fact that, 

since Ds is still present, its ability to bind Dachs might be enough to recruit some of 

this protein to the distal side of the cell.  

 

To further investigate the relevance of this phosphorylation, I analysed fat mutant 

clones rescued by expression of a ft transgene lacking the Dco phosphorylation 

sites (Pan et al. 2013). Mutation of these sites should abolish any Fat function 

dependent on Dco phosphorylation. Expressing the ft phosphomutant transgene in 

ft mutant clones, either fatGrv or fat8, fails to rescue the phenotype (Fig4.7 C and 4.8 

A), suggesting that the ability to be phosphorylated by Dco is critical for Dachs 

regulation. Importantly, expression of a WT ft transgene rescues the phenotype to 

Dachs WT levels (data not shown). Both transgenes, ftWT and ft phosphomutant are 

expressed at similar levels as they are transcriptionally regulated by the 

endogenous promoter. Furthermore, at least for the case of Fat P-mutant, it 

localises apically even though it is impossible to say if this construct is planar 

polarised (Fig 4.7D)  
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Figure 4.8 – Dco phosphorylation of Fat plays a key role in Dachs regulation (II) 

fat8 mutant clones rescued with Fat–FLAG phosphomutant construct (GFP 
negative – A - A’’) show increased levels of Dachs. Cells expressing FatΔECD 
(using ptcG4 driver, GFP positive) show reduced levels of Dachs (B-B’’). 
 

 

 

These data, taken together, suggest that Bul, in a mechanism dependent on Fat 

phosphorylation by Dco, regulates Dachs levels in vivo.  We propose that, upon Fat 

phosphorylation by Dco, Bul is recruited to the membrane, where it targets Dachs 

for ubiquitylation and subsequent degradation. Supporting this hypothesis, 

overexpression of the intracellular domain of Fat (FatΔECD) leads to a down 

regulation of Dachs levels (Fig 4.8 B). We speculate that overexpression of 

FatΔECD would recruit more Bul to the membrane where it would ubiquitylate 

Dachs and, therefore, target it for degradation. Analysis of BulGFP localisation in 

clones expressing FatΔECD would help address this question.  

 

Preliminary results suggest that overexpression of Dco might lead to a reduction of 

Dachs levels. Overexpression of UAS.DcoWT using a patched.G4 driver, leads to 

the reduction of patched domain’s size (data not shown). This result might be 
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explained by an increase in the proportion of phosphorylated Fat molecules, which 

would enhance the recruitment of Bul to the membrane and, therefore the 

degradation of Dachs. Lower levels of Dachs would therefore reduce proliferation.  

 

4.10   Bul localisation is dependent on Fat and its 
phosphorylation 

Due to the absence of a Bul antibody, I generated of a UAS.Bul-GFP line that 

allowed analysis of the protein’s localisation. Analysis of the transgene using an 

MS1096.Gal4 and a nubbin.Gal4 driver reveals a uniform pattern of expression 

throughout third instar wing discs along the Proximal-Distal and Anterior-Posterior 

axes (data not shown).  

 

Clonal analysis revealed that Bul-GFP localizes to apical cell-cell junctions (Fig 4.9 

A). In contrast, in the absence of ft, Bul-GFP fails to localize to the membrane and 

is, instead, distributed in a punctate pattern in the cytoplasm (Fig 4.9 B). 

Interestingly, failure to localise Bul to the membrane correlates with a failure of 

Dachs degradation and, therefore, in ft mutant clones expressing Bul-GFP, Dachs 

levels are elevated (Fig 4.9 B’). 

 

A similar punctate pattern is observed when Bul-GFP is co-expressed with 

dominant-negative Dco3 but, interestingly, in this case the punctate phenotype is 

not fully penetrant (Fig 4.9 C-D). In approximately half of the clones analysed, Bul 

shows the punctate pattern, fails to localize to the membrane and, remarkably, 

Dachs levels are elevated (Fig 4.9 C). Interestingly, in the remaining cases, where 

Bul-GFP localizes properly to the membrane, Dachs levels are downregulated (Fig 

4.9 D). No obvious correlation was observed between the difference in phenotype 

and the size of the clone or its position in the disc.  

 

These data show a strong relationship between Bul-GFP localisation and its ability 

to regulate Dachs, strongly suggesting that Bul membrane localisation is critical for 

its function.  



Chapter 4. Identification of bulbous as a new regulator of shape 

95 

 
Figure 4.9 - Bul localisation is dependent on Fat and its phosphorylation 

Bul-GFP localizes to the membrane in AFOUT clones (A) and Dachs levels are 
reduced (A’). Bul-GFP shows cytoplasmic punctate pattern in MARCM ftGrV mutant 
clones (B) and Dachs levels are elevated (B’). Bul-GFP shows a dual phenotype in 
MARCM clones expressing Dco3 (C-D’): punctate Bul-GFP clones show elevated 
Dachs (C-C’) (n=17), membrane Bul-GFP clones show reduced Dachs (D-D’) 
(n=15). Bul-GFP expressed at low levels, using MS1096.GAL4 driver, shows a 
planar polarised localisation. P - Proximal; D - Distal. 
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Taken together, these findings support the notion that phosphorylated Ft recruits 

Bul in order to degrade Dachs.  This model predicts that Bul itself should be planar 

polarised to the proximal side of cells, where Ft is thought to be enriched and active, 

while Dachs localises to the distal side of cells away from Bul and in a complex with 

Ds (Bosveld et al. 2012; Brittle et al. 2012). Accordingly, low-level expression of 

Bul-GFP with MS1096.G4 reveals a clear planar polarisation along the proximal-

distal axis of wing epithelial cells (Fig 4.9 E). Although our model predicts that Bul 

should localise proximally, further analysis needs to be done to confirm this 

hypothesis.  

 

4.11   Bul does not co-localise with endocytic or centrosomes 
markers 

Despite the fact that the majority of Bul-GFP localises to apical cell-cell junctions, 

even in the WT scenario, some puncta are present in the cell, but not more than a 

couple per cell.  

 

In order to address the origin and nature of the referred puncta we analysed 

possible co-localisation between Bul-GFP and endocytic compartments. The 

endocytic pathway consists of distinct membrane compartments, which internalize 

molecules from the plasma membrane and recycle them back to the surface, as in 

early endosomes and recycling endosomes, or sort them to degradation (as in late 

endosomes and lysosomes). Lack of co-localisation between Bul-GFP, Rab11 (Fig 

4.10A) or Rab7 (Fig 4.10B) suggests that Bul does not localize in recycling or late 

endosomes. Analysis of the early endosomal compartment was not possible due 

technical reasons related to the quality of the antibody.  

Analysis of γ-tubulin, a centrosomal marker (Fig 4.10C) also failed to reveal 

significant co-localisation with Bul-GFP. To date it remains to be understood the 

nature and functional relevance of the puncta present when Bul is overexpressed.  
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4.12   Bul, Fat and Dco also regulates Ds 

Since Ds normally localises distally and the genetic interaction experiments 

described previously showed an additive phenotype between Ds overexpression 

and Bul-IR, we sought to test whether Bul might also be involved in regulating Ds.  

 

 
Figure 4.10 - Bul fails to co-localise with endocytic or centrosome markers 

Bul-GFP puncta from AFOUT clones expressing Bul-GFP fail to co-localise with 
Rab11 (A-A’’), Rab7 (B-B’’) or γtub (C-C’’) 
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Dachsous levels are elevated within bul8 clones (Fig 4.11 A). Interestingly, these 

clones also show disruption in Ds planar polarisation:  Ds is no longer enriched in 

distal side of the cell axis but instead spreads all around its circumference.  

 

In contrast, overexpression of Bul does not have a strong effect on Ds levels or 

polarisation; clones overexpressing Bul-GFP show similar Ds levels to their WT 

counterpart (Fig 4.11 B).  

 

Interestingly, in both bul mutant clones and, in some cases, in Bul overexpression 

clones, a ‘boundary effect’ is present between WT and clonal tissue (Fig 4.11 A-B).  

 

This boundary effect, in which Ds from the WT tissue repolarises towards the clone, 

is more obvious in bul mutant clones than in Bul overexpressing clones. This 

phenotype might account for the repolarization of Dachs previously described in 

this thesis (see Chapter 4.7, Fig 4.6) and to be discussed further on. 

 

Again, similarly to what is observed in the case of Dachs, expression of a 

dominant-negative Dco3 leads to elevated levels of Ds without clear a boundary 

effect (Fig 4.11 C).  

 

These results suggest that the mechanism by which Bul regulates Ds might also be 

dependent on Fat phosphorylation by Dco. We propose that Ft recruits Bul to 

antagonise Ds localisation to the plasma membrane within the same cell. 

 

In accordance with our model, overexpression of Ft intracellular domain causes 

down-regulation of Ds, possibly via over recruitment of Bul to both proximal and 

distal sides of the cell (Fig 4.11 D). 

 

Expression of a ft transgene that can no longer be phosphorylated by Dco, using 

the endogenous fat promoter, fails to rescue ftGrV mutant clones. These clones 

show reduced Ds levels similar to, but weaker than, what is observed in ftGrV clones. 

These data suggest that the one copy of the Fat phospho-mutant transgene may 

not be able to fully rescue a ft null allele (Fig 4.11 E).  
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Figure 4.11 - Bul, Fat and Dco also regulates Ds  

FRT bul8 clones (GFP negative) show increased levels of Ds (A-A’). AFOUT clones 
expressing bul (GFP positive) show no difference in Ds levels (B-B’). Cells 
expressing dco3 using ptc.GAL4 driver (GFP positive) show increased levels of Ds 
(C-C’). Cells expressing FtΔECD using ptc.GAL4 driver (GFP positive) show 
decreased levels of Ds (C-C’). ftGrv mutant clones (GFP negative) rescued with a fat 
phosphomutant construct show decreased levels of Ds (E-E’). S2 cells transfected 
with Ds-FLAG and Bul-MYC (F, lane 2) show higher levels of ubiquitylation than 
cells transfected with Ds-FLAG alone (F, lane 1). Cells were transfected with: 1 - 
DsΔECD-FLAG; 2 - DsΔECD-FLAG + Bul-MYC; 3 - Hippo-FLAG + Bul-MYC. All 
cells were transfected with ubi-HA. Lysates were pulled-down for FLAG and blotted 
for HA.  

bul8 clones 

ptc.G4  
UAS.FtΔECD 

120 - 

1.  DsΔECD-FLAG 
2.  DsΔECD-FLAG + Bul-MYC 
3.  Hippo-FLAG + Bul-MYC 

P
ol

yU
b 

Blot: anti-HA-Ub 
IP: anti-Flag 

Ubiquitylation Assay 

GFP Ds Ds 

UAS.Bul clones 

1 2 3 

ptc.G4 UAS.Dco3 

A A’ 

B B’ 

C C’ 

D D’ 

F 

E E’ 

fatGrv rescued Ft P-
mut 



Chapter 4. Identification of bulbous as a new regulator of shape 

100 

Furthermore, ubiquitylation assays in cultured S2 cells show that overexpression of 

Bul is able to directly ubiquitylate the Ds intracellular domain: cells transfected with 

DsΔECD and bul show higher Ds ubiquitylation than cells transfected with DsΔECD 

alone (Fig 4.11 F).   

 

Together, these findings suggest a model in which the Ft intracellular domain, Dco, 

and Bul act to ubiquitylate and degrade both Ds and Dachs to promote planar 

polarisation. 

 

Based on this model a binding between Fat and Bul would be expected. In order to 

address if this is the case IP assays were attempted. Unfortunately, due to the size 

of the Fat molecule, it was technically challenging to express this protein in S2 cells, 

and, given that S2 cells do not have an endogenous expression experiments were 

inconclusive.  

 

4.13   Analysis of Fat suggests a Ds-Ft negative feedback 
mechanism 

Finally, I tested whether Bul might also regulate Ft. Despite the fact that bul8 mutant 

clones have only a mild effect on Ft (Fig 4.12 A) causing a slight decrease in Ft 

levels at the plasma membrane and an accumulation of Ft at the clonal boundary, 

overexpression of Bul causes a clear increase in Ft levels (Fig 4.12 B). Contrary to 

what is observed for the case of Dachs and Dachsous, expression of a dominant-

negative Dco3, has no effect on Fat levels (Fig 4.12 C). 

 

Increased levels of Fat upon Bul overexpression could be the result of two 

alternative mechanisms. On the one hand, Bul might directly promote Ft 

stabilisation at the membrane. On the other hand, this could also be an indirect 

effect of Bul via its regulation of Ds. However, since proteins similar to Bul tend to 

bind their substrates via their LRRs and promote their polyubiquitilation and either 

subsequent degradation for the case of cytoplasmic proteins or lysosomal 

internalisation for transmembrane proteins we favour the later hypothesis. 

Accordingly, mutant clones for ds show a clear increase in Ft levels (Fig 4.13 A). 
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This result might suggest that turnover of Ds may account for the stabilisation of Ft 

induced by Bul overexpression: in clones overexpressing bul, Ds levels are 

decreased which would lead to Fat stabilization in the membrane.  

 

Furthermore, increased Ds levels may account for the alteration of Ft in bul8 clones, 

because overexpression of Ds decreases Ft levels except at the clone boundary 

where Ft levels are increased (Fig 4.13 D).   

 

 

 
Figure 4.12 - Overexpression of Bul upregulates Fat  

FRT bul8 clones (GFP negative) show no difference in Ft levels (A-A’). AFOUT 
clones expressing bul (GFP positive) show increased levels of Fat (B-B’). Cells 
expressing dco3 using ptc.GAL4 driver (GFP positive) show no difference in Fat (C-
C’).  
 
 
 

Ft Ft GFP 

A’ 

UAS.Bul 

B’ 

A 

B 

bul8 clones 

ptc.G4 UAS.Dco3 

C’ C 



Chapter 4. Identification of bulbous as a new regulator of shape 

102 

Importantly, overexpression of Ds using a Ds transgene leads to a down regulation 

of Dachs, which strongly suggests that the phenotype described for Dachs in bul8 

mutant clones cannot be explained by an indirect effect via Ds (Fig 4.13 C). 

 
Figure 4.13 - Bul regulation of Fat is potentially indirect via its effect on Ds 

FRT dsUA clones (GFP negative) show increased levels of Ft (A-A’’). FRT ftGrV 
clones (GFP negative) show decreased levels of Ds in the membrane (B-B’’). Cells 
expressing Ds using ptc.GAL4 driver (GFP positive) show decreased levels of 
Dachs (C-C’’) and Ft (D-D’’). 
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To further address the role of Fat I expressed a form of Fat that lacks the 

intracellular domain. Tissues overexpressing this construct show an upregulation of 

both Dachs and Ds (Fig 4.14 A-B). We propose that this phenotype is due to the 

fact that, by lacking the intracellular domain, Fat fails to be phosphorylated by Dco 

and therefore to recruit Bul.  

 

Remarkably, expressing a full-length form of Fat shows a striking boundary 

phenotype (Fig 4.14 C). Dachs from WT surrounding tissue completely reorients 

towards the clone expressing Fat. This phenotype might be an indirect response to 

a difference in Ds levels. We speculate that, overexpression of Fat leads to a down 

regulation of Ds. Cells that would previously read the Proximal-Distal gradient of Ds 

would now respond to this new gradient and repolarise towards the clone. 

 

 
Figure 4.14 - Bul regulation of Fat is possibly indirect via its effect on Ds 

Cells expressing FtΔICD using ptc.GAL4 driver (GFP positive) show increased 
levels of Dachs (A-A’’) and Ds (B – B’) Dashed lines represents the patch of 
FtΔICD (GFP positive) expressing cells . AFOUT clones expressing Ft (GFP 
positive) show a Dachs boundary effect with WT tissue (GFP negative) (C-C’). 
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4.14   Final Remarks 

A genome wide RNAi screen allowed me to identify Bul, an F-box protein 

homologous to Fbxl7, a member of an E3 ubiquitin ligase complex. My data 

suggest that Bul regulates both Dachs and Ds stability via ubiquitylation of these 

proteins. 

 

In summary, we propose that Bul is a novel regulator of the Ds-Ft signalling 

pathway, recruited to the proximal side of the cell. This recruitment is dependent on 

Fat and modulated by Dco phosphorylation of the Fat intracellular domain. Upon 

recruitment, Bul ubiquitylates both Dachs and Dachsous to ensure that both these 

proteins are removed from the proximal side of the cell and, therefore, restricts 

them both to the distal side.  Because the regulation of both Ds and Dachs seems 

to be dependent on Fat this mechanism might constitute a feedback between Ds 

and Ft.  
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Another potential novel regulator of shape revealed by our genome wide RNAi 

screen was kuzbanian-like (kul, CG1964).  Expression of kul-IR in the wing leads to 

a mild shape phenotype in which the wings are rounder than in the WT control.  

 

To examine the kul gene further, I. Khanal and N. Pearson generated mutant 

alleles by P-element excision. kul2 mutants consist of a small deletion of the 

promoter region (see Materials & Methods,  2.12). 

 

kul2 mutants are lethal at early larval stages, but some escaper flies can 

sporadically be recovered. Interestingly, kul2 homozygous flies exhibit moderate ds-

like phenotypes. These mutants reveal not only rounded wings but also rounder 

head and in particular, antennae. kul2 also show thorax and abdomen phenotypes, 

both of them showing a rounder shape than the WT control (Fig 5.1 C-H). These 

phenotypes can also be observed in kul2/ Df(3R)BSC846 in particular for the case of 

the round wings (Fig 5.1 A-B).  

 

On the other hand, overexpression of Kul, both in the form of an EP.kul or UAS.kul 

in the entire wing caused an opposite phenotype, narrowing the shape of the wing 

(Fig 5.1 I-J). 

 

5.1 kul RNAi disrupts Dachs planar polarisation 

Due to the similarity between kul2 and ds phenotypes N. Pearson next assessed 

whether kul is required for the planar polarisation of Dachs in response to the Ds 

and Fj gradients. In the WT background, Dachs-V5 is clearly planar polarised along 

the Proximal-Distal axis and it localises specifically to the distal side of cells. 

Expression of kul-IR in a patch of cell disrupts this polarisation and leads to a 

reduction of Dachs-V5 in the membrane and an increase in the cytoplasmic pool 

(Fig 5.2 A-B).   

 

These results suggest that the kul gene is essential for normal planar polarisation 

of Dachs and, therefore, for the correct functioning of the Ds-Ft planar polarity 

system. 
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Figure 5.1 - kul mutants show a shape phenotype. 

Wings from kul2/Df flies (B) are rounder than in WT (A). Head (D), thorax (G) and 
abdomen (H) also show abnormal shapes being overall rounder than controls 
(C,E,F). Wings expressing EP.kul (I) or UAS.kul show a narrow wing phenotype. Df 
refers to Df(3R)BSC846. EP.kul refers to P{EPgy2}kulEY15183. UAS.kul refers to 
P{UAS-kul.S} from (Sapir 2004). Organs are from female flies.  
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5.2 Kul metalloprotease cleaves atypical cadherin Fat 

The kul gene encodes an ADAM-family extracellular transmembrane 

metalloprotease and presents similarity with kuzbanian (kuz), a gene known to 

control proteolytic processing of Notch (Sotillos et al. 1997). Both Kuz and Kul have 

an ADAM family characteristic domain signature, including a signal peptide 

followed by a pro-domain, a metalloprotease domain possessing a zinc-binding 

catalytic pocket, and a disintegrin domain, which facilitates substrate recognition. A 

cysteine-rich region is followed by a transmembrane domain and a cytoplasmic tail 

(Primakoff & Myles 2000). 

 

Taking together the kul2 phenotype and the fact that the Ft protein has been shown 

to be cleaved in the juxta-membrane region of its extracellular domain (Feng & 

Irvine 2009; Sopko et al. 2009), we hypothesized that Kul could cleave Fat and 

regulate its function.  

 

N. Pearson’s work showed that the cleavage of HA-tagged Ft in wing discs is 

reduced by co-expression of kul-IR, such that we observe an accumulation of Full-

length Ft (Ft-FL) at the expense of cleaved Ft (Ft-C), suggesting that Kul is able to 

cleave Fat in vivo (Fig 5.2 C). Even though there is a clear reduction in Ft-C levels 

when kul-IR is co-expressed, knockdown of kul fails to completely abolish the 

cleavage. We believe this is due to the fact that, being an RNAi knockdown, there 

is still some residual endogenous Kul function present. However, we cannot 

discard the hypothesis that another protease could also be important for this 

cleavage.  

 

Consistent with a role for Kul in Ft cleavage, we identified a metalloprotease 

cleavage sequence (RERRAV) located at precisely the correct position within the 

Ft extracellular domain to generate the observed Ft cleavage products. In 

collaboration with A. Brittle (from D. Strutt laboratory in Sheffield) we generated a 

Fat mutant line that lacks this putative cleavage site. Mutation of this sequence 

completely prevents cleavage of GFP-tagged Ft in vivo: constructs that lack the 

RERRAV cleavage site show exclusively a band corresponding to Ft-FL, failing to  

show any cleaved fragment (Ft-C) (Fig 5.2 D).  
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Figure 5.2 - Kul cleavage of Fat is important for its function 

Cells expressing kul-IR, using dpp.GAL4, show loss of Dachs planar polarisation 
(B) when compared with WT (A). Wing discs expressing kul-IR show a reduction of 
Fat cleavage (Ft-C) and an increase in Fat full length (Ft-FL) (lane 2) (C) Wings 
expressing FtΔRERRAV show exclusively a Ft-FL band and no Ft-C (D). Ft-GFP 
and FtΔRERRAV localise to the membrane (G, H). Cleaved Fat localises to the 
cytoplasm. (I). Wings expressing ‘uncleavable’ Fat (FatΔRERRAV) are rounder 
than WT wings (J). kul-IRKK refers to 105983/KK from VDRC library. Representative 
female wings.  
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5.3 Fat cleavage is critical for its function 

To assess the functional relevance of the cleavage A. Brittle has assessed the 

localisation of several forms of Fat: a Ft-GFP, an ‘uncleavable’ Fat in which the 

cleavage site was removed and an engineered ‘cleaved’ Fat that contains 

exclusively the Ft-C fragment.  

 

Similarly to what happens to Ft-GFP, the ‘uncleavable’ form of Ft localises to apical 

junctions in wing epithelia. In contrast, the engineered ‘cleaved’ form of Ft fails to 

localise to junctions being present in the cytoplasm instead.  These data suggest 

that cleavage leads to a change in Fat localisation that might be critical for Fat 

function and regulation (Fig 5.2 G-I). 

 

We next assessed the effect of expressing these constructs in adult wings. 

Compared to WT wings, expression of GFP-‘uncleavable’ Ft causes a rounded 

wing phenotype, similar to that of kul mutants (Fig 5.2 J-K).   

 

In the absence of Fat cleavage wings show a phenotype reminiscent of the one 

observed in ft mutants. This suggests that the Kul processing of Fat is critical for its 

function. Analysis of Kul knockdown in a Fat ‘uncleavable’ background could further 

test this hypothesis.  

 

5.4 Kul cleaves Fat to remove it from junctions 

To get a better readout of the functional relevance of Ft cleavage by Kul, I have 

analysed the expression levels and localisation of both the atypical cadherins 

Dachsous and Fat and the myosin Dachs, while performing RNAi or 

overexpressing Kul.  

 

Despite the reduction of planar polarisation previously described for Dachs-V5 

when kul-IR was expressed, analysis of Dachs antibody staining fails to reveal any 

difference in this protein’s localisation. This difference in results could be explained 

by technical difficulties related with the Dachs antibody staining, coupled with the 
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mild phenotype of kul loss of function, which may require overexpression of Dachs 

to reveal a phenotype (Fig 5.3 A-A’’).  

 

Regarding Fat, the antibody staining shows very similar Fat levels and planar 

polarisation within the clones expressing kul-IR when compared with surrounding 

WT cells. Interestingly, analysis of the boundary between kul-IR-expressing tissue 

and the WT tissue suggests that Fat repolarises towards the clone (Fig 5.3 B-B’’). 

Further analysis needs to be done in order to address if repolarizing Fat belongs to 

the first row of WT cells or whether it is within the kul-IR expressing cells. 

 

Analysis of Dachsous protein in clones expressing kul-IR shows normal planar 

polarisation, localisation and levels comparable to that of WT cells (Fig 5.3 C-C’’). 

Similarly, no phenotype is observed in kul2 mutant clones for either Dachs (Fig 5.3 

D-D’’) or Dachsous (Fig 5.3 E-E’’).   

 

I finally assessed the effect of Kul overexpression in the context of Dachs and Fat. 

Increasing the levels of Kul has no effect on Dachs levels or localisation  (Fig 5.4 A-

A’’). Interestingly, regarding Fat, overexpression of Kul leads to a partial 

downregulation of Ft levels at the junctions  (Fig 5.4 B-B’’). Taken together, our 

data suggest that the Kul protease cleaves Ft at its RERRAV site to remove it from 

junctions. This proteolytic turnover of Ft could then impact on the planar 

polarisation of the Ds-Ft system, as observed by the mislocalisation of Dachs-V5 

when kul-IR is expressed. 
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Figure 5.3 - Loss of kul has no major effect in D, Ft or Ds 

AFOUT clones expressing kul-IRKK (GFP positive) show no difference in Dachs (A-
A’’), Fat (B-B’’) or Ds (C-C’’). kul2 FRT clones  (GFP negative) show no difference in 
Ds (D-D’’) or Fat (E-E’’). kul-IRKK refers to 105983/KK from VDRC library. 
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Figure 5.4 - Overexpression of kul results in downregulation of Ft but not Dachs 

Cells expressing UAS.kul using ptc.GAL4 driver (GFP positive) show reduced 
levels of Fat in the junctions (A-A’’) and no difference in Dachs. (B-B’’) 
 

 

 

5.5 Final Remarks 

Our genome wide RNAi screen allowed for the identification of Kul, a 

metalloprotease important for the regulation of organ shape. Knockdown or 

mutation of this protein leads to a phenotype consisting of round organs: head, 

thorax and wings. Our data suggest that Kul is important for the cleavage of Fat in 

its RERRAV site and that this cleavage modulates Fat localisation and activity. 

Accordingly, downregulation of Kul leads to defects of Dachs polarity, a common 

readout for Fat function.  

I propose that this cleavage is important for the membrane turnover of Fat and to 

assure that correct polarisation is achieve. The mechanism by which this might be 

achieved is discussed later on in this thesis. 
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Analysis of both bul and kul revealed that these two genes are novel regulators of 

shape. This appears to be via the same pathway, the Ds-Ft pathway. Our data 

suggest that Bul regulates the pathway via ubiquitylation of Dachs and Dachsous. 

On the other hand, Kul regulates the proteolytic turnover of Fat and, in this way, 

modulates its activity. Mutation of either bul or kul produces rounded wings and 

thorax. In the case of kul, the abdomen and head are also affected. In both cases 

the phenotype observed is not as strong as removing either the atypical cadherins 

Ds or Ft or the myosin Dachs.  

 

We therefore decided to assess the phenotype of removing both of these genes 

simultaneously. Individually, bul-IR or kul-IR produce mildly round wings. Joint 

knockdown of these two genes leads to an extremely round wing, very similar to 

the one observed in ft mutants (Fig 6.1 A-B). Interestingly, simultaneous removal of 

both these genes leads to a complete loss of Dachs polarisation similar to ft mutant 

clones, both as seen by using a Dachs-GFP line (Fig 6.1 C-C’) or a Dachs antibody 

(Fig 6.1 D-D’).  

 

These data suggest that Bul and Kul, even though acting in different levels of the 

pathway, collaborate to ensure that Ds-Ft function is correctly achieved. By acting, 

respectively, on Dachs and Dachsous and on Fat they allow for correct localisation 

of Dachs. 
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Figure 6.1 – bul and kul double mutants show depolarised Dachs 

Wings expressing bul-IR and kul-IR (using nubbin.GAL4 driver) show rounder 
phenotype (D) when compared with single knockdown (B,C) or wild-type wings (A). 
Double mutant clones, kul33 and bul8 (C, RFP negative; D, GFP negative) show 
elevated levels of Dachs and loss of its planar polarisation as seen by Dachs-GFP 
(E-E’) and Dachs staining (F-F’). 
bul-IR corresponds to 108628/KK line from VDRC library. kul-IRKK refers to 
105983/KK from VDRC library. kul-IRKK refers to 105983/KK from VDRC library. 
Representative female wings. 3rd instar wing discs.  
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 Overview 

 

Regulation of size and shape is a critical process during the development of any 

animal: a correctly sized and shaped organ is important to perform its correct 

function. During my PhD I focused primarily on the regulation of shape.  

 

Regulation of shape is highly dependent on the orientation of cell division: biasing 

cell division along a specific axis leads to tissue elongation and therefore shapes 

the developing organ. One mechanism behind the cell division bias is known to be 

dependent on the planar polarisation of Dachs. Asymmetric localisation of this 

myosin generates an anisotropy of junctional tensions, thus changing cell shape 

and therefore biasing the orientation of cell division (Matis & Axelrod 2013).  

 

Dachs becomes polarised in response to the upstream graded expression of ds 

and fj: cells are able to read the slope of these gradients and transform that into 

vectorial information. I hypothesize that these gradients generate an initial 

subcellular asymmetry of Fat, Dachsous and Dachs that is then amplified or 

maintained by two novel proteins characterised in this PhD, Bul and Kul, via the 

membrane turnover of Ds, Dachs and Ft.   

 

From gradients to polarisation 

 

In a tissue, each cell is in direct contact with its neighbours and can communicate 

with them, namely via transmembrane proteins. By direct comparison with its 

neighbours each cell has the ability to know the direction of a given gradient. In this 

scenario, by reading their immediate neighbours and orienting the localisation of 

the cadherins Dachsous and Fat accordingly it would be possible to polarise the 

system locally and coordinate that polarity across the tissue. Subcellular 

asymmetry of these cadherins could then lead to the downstream polarisation of 

the myosin Dachs.  

 

There is some controversy in the literature regarding the existence of a long-range 

gradient in the late wing disc and a question as to whether this gradient would be 

steep enough to allow cells to measure a difference to their immediate neighbours. 



Chapter 7. Discussion & Conclusions 

119 

My data suggest the existence of the referred gradients but, nevertheless, even in 

its absence, two different scenarios could still generate the asymmetry in 

subcellular localisation of Ds and Ft. On the one hand, the presence of a gradient 

early on in development, where the number of cells is greatly reduced, would 

suffice to generate a bias in the system that then needed only to be maintained 

throughout development. On the other hand, even in a scenario without a gradient, 

a sharp expression difference between the hinge and the pouch in late wing discs 

could form a step-gradient type expression. This sharp difference would then 

polarise cells in its vicinity and this polarisation would then be propagated to the 

cells further away from this boundary.  

 

The fact that planar polarisation of Dachsous and Fat is weaker than Dachs 

polarisation and that asymmetry can propagate across the tissue for at least a few 

cell diameters (Brittle et al. 2012) suggests that, in addition to the previously 

described gradient/step-gradient readings there should be an amplification 

mechanism, possibly based on uncovered proteins. This would fine-tune Dachs 

localisation downstream of Dachsous and Fat to achieve stable planar polarisation. 

With that in mind, I performed a genome wide in vivo RNAi screen focusing on 

genes producing a phenotype reminiscent of the Ds-Ft-D system. 

 

Genome wide RNAi screen 

 

The screen was performed in parallel with both a compartment driver and a whole 

wing driver. While the compartment-driven screen was particularly useful for 

identification of genes involved in patterning, cell growth and cell division, the whole 

wing driver was particularly interesting to uncover genes that, upon knockdown, 

revealed a shape phenotype and would therefore be interesting for further 

characterisation. 

 

The screen uncovered several previously characterised genes, which gave us 

confidence that the approach used was correct and would allow us to identify novel 

genes involved in those same pathways. 
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One of the drawbacks of summarising the results of the screen is that multiple 

genes exhibited more than one phenotype, thus making straightforward 

classification problematic. Furthermore, classification was done based on a 

descriptive analysis and no quantification was performed which thus might result in 

false positives or false negatives.  

 

Previously in the lab, a genome wide RNAi screen had been performed with the 

GD library from the VDRC. Due to mis-expression of genes neighbouring the 

hairpin, there was an elevated percentage of false positives. This current screen 

took advantage of a newly developed RNAi library in which the hairpins were 

inserted all in the same position in the genome, and, furthermore, the hairpins were 

designed using improved Inverted Repeat as to minimise off target effects. The fact 

that the new generation of this VDRC library was better designed and also the fact 

that phenotypes were confirmed by independent RNAi lines or RNAi lines for other 

genes in the same biochemical pathway gave us confidence in the efficiency of the 

screen and boosted our recovery rates.  

 

Interestingly, the majority of phenotypes were classed in the undergrowth category 

and only very rarely we observed cases of overgrowth. Undergrowth phenotypes 

were associated with genes involved in cell division, cell growth or cell proliferation. 

For the vast majority of cases, the extent of undergrowth was not very pronounced 

and in some cases the patterning was still maintained. This suggests that cell 

growth and cell division are two processes that can be uncoupled: when cell growth 

is affected wings show an undergrowth phenotype featuring small cells, as cells are 

unable to grow but can still divide; in cases where genes involved in the cell cycle 

are affected, cells can still grow but fail to divide and, therefore compartments are 

comprised of bigger cells. These data, taken together with data available in the 

literature (Neufeld 1998; Rulifson 2002; Zhang et al. 2009) further confirms that the 

mechanism by which the correct wing size is achieved depends on total cell mass 

rather than cell number.  

 

The fact that undergrowth is more common than overgrowth also suggests that 

there should be more positive than negative regulators of growth. In fact, the 

majority of genes important for cell metabolism, cell growth, cell division and cell 
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proliferation are critical to ensure that the cells are able increase in size. 

Furthermore, and because these are such fundamental processes one should 

expect very tight regulation and, to a certain extent, redundancy. This would 

explain the abundance of mild phenotypes observed and also the increased 

frequency of undergrowth relative to overgrowth.  

 

In summary, this screen was a qualitative rather than quantitative screen and, if on 

one hand it allowed for the identification of putative new regulators of wing 

development and/or morphogenesis, the fact that some genes were classified as 

not showing a phenotype should not exclude further analysis, as RNAi efficiency is 

not 100%. This was, therefore, a prospective screen that allowed the lab, including 

myself, to define the focus of future research. 

 

Bulbous regulates Dachs and Dachsous turnover 

 

Following the screen I focused my work on a novel gene, bulbous, now known to 

be involved in the regulation of planar polarity of the Ds-Ft-D pathway (Bosch et al. 

2014; Rodrigues-Campos & Thompson 2014). My results demonstrate that bul 

regulates the membrane levels of both Dachs and Dachsous in vivo and that it can 

ubiquitylate both of these proteins in cell culture experiments. I propose that, by 

degrading Dachs and Dachsous, Bul ensures that these proteins are restricted to 

the distal side of the cell. Furthermore, Bul localises to the apical membrane and 

this membrane localisation is lost both in the absence of Fat or in the absence of 

Fat phosphorylation. 

 

I propose a model by which Fat, a transmembrane cadherin, recruits Bul to the 

membrane upon phosphorylation by the casein kinase Dco. This recruitment will 

then lead to the ubiquitylation and subsequent degradation of Dachs and Dachsous. 

 

This proposed model implies a non-canonical system by which an ubiquitin ligase 

is recruited by one protein other than the target of ubiquitylation. This unusual 

mode of ubiquitylation, previously unreported in the literature, opens interesting 

new venues for the study of ubiquitylation regulation. On the other hand it also 

raises question of how is the specificity of the ubiquitylation achieved. I hypothesize 
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that novel, possibly previously unidentified proteins, could be the link between the 

E3 ligase Bul and the targets and, therefore, be responsible for the specificity. 

Further experiments would be needed in order to identify these novel proteins.  

 

Since Fat tends to be localised to the proximal side of the cell, this degradation 

would be constrained to this side of the cell. In the case of Dachs, a cytoplasmic 

protein, ubiquitylation would lead to proteasome degradation. In the case of 

Dachsous, a transmembrane protein, processing would possibly follow the 

endocytosis and lysosomal degradation path. Additional experiments could be 

done in order to address the nature of the ubiquitylation since different 

ubiquitylation types are associated with different protein fates: K48-linked 

polyubiquitylated chains usually target proteins for proteasomal degradation, while 

K63 is usually associated with kinase activation, signal transduction and 

endocytosis (Sadowski & Sarcevic 2010).   

 

 

 
Figure 7.1 – Model in which Bul ubiquitylates Dachs: A schematic representation 

Bul, an F-box protein part of an E3 ubiquitin ligase complex, is recruited to the 
membrane upon phosphorylation of Fat by Dco. Bul leads to the ubiquitylation of 
Dachs in the proximal side of the cell and targets this protein for subsequent 
proteasome degradation. This mechanism restricts Dachs to the distal side of the 
cell. 
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The fact that Bul is able to ubiquitylate Dachs and Ds in S2 cells, where fat is not 

expressed, suggests that Fat is important for the recruitment of Bul to the 

membrane rather than for its activation.  

 

My data show that Bul is not localised all around the circumference of the cell, as is 

the case for aPKC for instance, but that it is planar polarised along the proximal 

distal axis. Due to the lack of a Bul antibody and the problems associated with 

overexpression of Bul, we have not yet pinpointed if Bul is proximal, distal or both 

but, based on the model, Bul should localise proximally, co-localising with Fat. 

In our model, Bul is recruited by Fat; however, we do not have direct evidence for 

the binding between these two proteins. In vitro or in vivo analysis could help 

address if a direct binding occurs. Recent evidence suggests that this is the case: 

Bul can bind both Fat and Dco (Bosch et al. 2014). Mapping and mutating this 

binding site should therefore prevent Bul activity. If this binding is indeed necessary, 

as our Bul localisation data suggest, then expressing Bul in a fat background 

lacking this binding site should prevent degradation of both Dachs and Ds. 

 

Interestingly, tissue overexpressing Bul and, therefore with reduced levels of 

Dachsous and Dachs, shows a ‘boundary’ effect in which Dachs, most likely from 

the cells surrounding the clonal tissue, repolarises to face the clone (Fig 4.6 C and 

4.9 A’). A possible explanation for this is that, given that the clone has reduced Ds 

levels this leads to a repolarisation of the system, overriding the P-D Ds gradient.  

 

Nevertheless, even though some details could be added, we have strong evidence 

suggesting that Bul is a novel regulator of the Dachsous-Fat pathway and is 

important for the regulation of Dachs and Dachsous stability. 

 

Recently, Bosch and colleagues published work suggesting a role for Bul, referred 

to as Fbxl7 by these authors, in the Ds-Ft pathway (Bosch et al. 2014). Some of the 

data shown is in accordance with the work presented in this thesis. Similarly to 

what has been here described, Bosch and colleagues observe a round wing shape 

phenotype associated with a mild overgrowth and reduction of the cross vein 

distance using several different mutant alleles for Fbxl7. This further confirms that 

the phenotype described in this thesis is the effect of the mutation in Bul and not an 
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outcome of the additional mutation produced by the jumping of the P-element 

during the imprecise excision. 

 

Using an antibody they developed against Fbxl7, the authors show that Fbxl7 is 

enriched in puncta at the apical membrane at the proximal side of the cell, where it 

co-localises with Fat. Furthermore, this membrane localisation is dependent on Fat 

which they show binds to Fbxl7 via the ICD-leucine-rich repeats. Interestingly, and 

in accordance with what it was described in this thesis, membrane localisation is 

important for Fbxl7 function and, when not at the membrane, Fbxl7 function is lost, 

as seen in ft mutant clones.  

 

Contrary to what I observe, Bosch and colleagues suggest that binding and apical 

localisation is independent of the kinase Dco, as they fail to observe a change in 

Dachs levels/localisation in dco null mutants. This difference in results might be 

due to different alleles used: dco and dco3 have been shown to produce different 

phenotypes and dco3 has been proposed to be a neomorphic allele (Sopko et al. 

2009). Nevertheless, the authors show that Fbxl7 is able to bind Dco and, that 

FatmV, a form of Fat that can no longer be phosphorylated by Dco, is unable to bind 

Fbxl7 and results in a reduction of Fbxl7 apical localisation.  

 

Additionally, the authors show that Fbxl7 is able to autoubiquitylate but fail to 

observe any changes in Dachs ubiquitylation: no increase in ubiquitylation is 

observed upon overexpression of Fbxl7 or decrease upon knockdown of the 

protein. This is the main point of divergence between my data and the data 

published in this paper (Bosch et al. 2014). Given that the ubiquitylation assays 

were performed several times and ubiquitylation ladders for Dachs were 

reproducible, it is possible that the difference between experiments is due to the 

different cell lines used: S2 versus S2R+. Furthermore, it is unlikely that the ladder 

for Dachs ubiquitylation is solely the outcome of autoubiquitylation of Fbxl7 as no 

ubiquitin ladder is observed in the negative control, where cells have also been 

transfected with Fbxl7.  

 

Lastly, taking advantage of the antibody produced, the authors show that Fbxl7 can 

also be found in cytoplasmic puncta, possibly in vesicles. Analysis of these vesicles 
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suggests that Fbxl7 interacts with Cindr, a protein that links the membrane and 

actin cytoskeleton via the LRR domain of Fbxl7. The authors propose that Fbxl7 is 

important for the stabilisation of Fat in the membrane and that in its absence Fat is 

removed from the membrane, possibly in a mechanism dependent on the retromer 

and leading to the recycling of this transmembrane receptor from endosomes to the 

trans-Golgi network. This regulation is independent of the ability of Fbxl7 to 

ubiquitylate and the authors suggest that this protein might have further targets.  

 

 

 
Figure 7.2 – Model in which Bul ubiquitylates Dachs and Dachsous: A schematic 

representation 

Bul, an F-box protein part of an E3 ubiquitin ligase complex, is recruited to the 
membrane upon phosphorylation of Fat by Dco. Bul leads to the ubiquitylation of 
both Dachs and Ds in the proximal side of the cell and targets these proteins for 
subsequent proteasome degradation. This mechanism restricts Dachs and Ds to 
the distal side of the cell. 
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model, in bul mutant clones where stabilisation of Fat would no longer occur, this 

would lead to a loss of Fat function and, therefore, increased Dachs levels. 

Ubiquitylation, however, is usually associated with degradation or internalisation of 

a specific protein rather than its stabilisation so we favour the first model.  

 

 

Kul and Fat cleavage  

 

Regarding Kul, a metalloprotease, we observe that this protein is important for Fat 

cleavage, which results in the transmembrane portion of the cleaved protein no 

longer being stably retained at the membrane. This processing modulates Fat 

activity as seen by the polarisation of Dachs-V5.  

 

Our experiments show that Kul promotes Fat cleavage but we do not have data to 

directly show that Kul is the protein responsible for this cleavage. Knockdown of kul 

leads to a reduction of cleavage, suggesting this to be the case but, ideally, 

analysis should be done in a kul mutant background in which the cleavage should, 

in theory, be completely abolished. Alternatively, overexpression of Kul should lead 

to further cleavage of Fat and a complete loss of the Fat full-length form. Another 

possible approach would be to remove the RERRAV cleavage site in vivo by 

performing CRISPR/Talens mutagenesis and address the phenotype, which should 

result in a round wings phenotype. Alternatively, if mutant flies are not viable, 

analysis of Dachs staining in mutant clones should reveal a lack of Fat activity. 

 

Furthermore it is still unclear what happens downstream of this cleavage. Since the 

cleavage happens in the extracellular domain, in juxtaposition to the 

transmembrane portion of the protein, cleaved Fat should remain at the membrane. 

Similarly to what happens in the case of the Notch pathway, it is possible that this 

triggers endocytosis of the protein (Sapir 2004; Sotillos et al. 1997) and this TM-

ICD portion has a downstream function. Alternatively, the cleavage could lead to a 

conformational change in the remainder of the Fat protein. Given that the 

localisation of cleaved and uncleaved Fat varies, we favour a hypothesis in which 

cleavage of Fat would lead to an internalization of the cleaved part of protein. 
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Figure 7.3 – Model in which Kul cleaves Fat: A schematic representation 

Kul is a metalloprotease that cleaves Fat in the RERRAV domain in the vicinity of 
its transmembrane region.  
 

 

 

 

From gradients to planar polarisation: a model 
 

Based on our data, we propose a three-step mechanism for the generation of 

planar polarity in the Ds-Ft-Dachs system. Initially cells read the opposing ds and fj 
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the cadherins Ds and Ft. This asymmetry is amplified by a mechanism involving 

Bul and Kul in order to generate reliable and robust polarisation of Dachs. This 

anisotropy then affects the tensions within the system and the geometry of the cell, 

biases cell division and, ultimately, helps to define the final form of the fly wing.  

 

We propose that Bul and Kul are therefore responsible for the removal of Dachsous, 

Dachs and Fat from the membrane. In this way they guarantee enough turnover in 
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that this is an indirect mechanism via the regulation of Ds: in bul overexpressing 

clones Ds levels are downregulated, on the other hand, in ds mutant clones Fat 

levels are upregulated. We propose the existence of a negative feedback 

mechanism between Fat and Ds even though the exact dynamics of this process 

are not clear. It is possible that Ds-dependent Kul activity or an additional player 

could regulate the stability of Fat to mediate this process. Thus there appears to be 

mutual antagonism between Fat and Ds that helps drive their polarisation.  

 

Regarding Kul, this protein may be present in the system so that it can create the 

turnover of incorrectly positioned Fat and Ds bridges. The gradients of Ds and Fj 

generate a bias in the way bridges are formed so that proximal Fat from one cell 

will tend to bind to the distal Ds in the neighbouring cell. This bias could be 

amplified if Kul would be able to cleave the bridges that are positioned in the wrong 

orientation or remove unbound Fat from the membrane. One could speculate that 

unbound Fat is less stable than Fat bound to Ds. Fat cleavage can occur in S2 

cells, which do not express detectable levels of Ds, and processing happens in a 

truncated for of Fat unable to interact with Ds, it is suggested that cleavage of Fat 

happens independently of Ds regulation (Feng & Irvine 2009). To further address 

this it would be interesting to look at Fat cleavage in ds mutants: if Ds stabilises full 

length Fat than we should observed enhanced Fat cleavage in ds mutants. 

Alternatively, cis-clustering of Fat could lead to stabilisation and therefore cleavage 

would happen preferentially at non-clustered Fat.  

 

One of the open questions remaining is where does the Kul protein localise. Based 

on the structure of the protein and its homology with Kuz, one would expect Kul to 

show a plasma membrane localisation.  

 

Importantly, similarly to what has been observed for Dachs, we believe that Bul and 

Kul have no major effect in the planar polarisation of the core components of the 

PCP pathway. Accordingly we do not see major defects in the orientation of bristles 

in the fly. Further experiments could be done namely to address ommatidial 

orientation but we hypothesise that this would be normal. Polarization of both 

bristles and ommatidia is controlled by the PCP genes, mutants of which produce 

stereotypical, nonparallel polarity patterns. 
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Final remarks 

 

The fact that very few shape regulators were uncovered by our screen could be 

explained by two different mechanisms: either shape is a very tightly regulated 

process and therefore, knockdown of individual genes does not have much of a 

impact and is rather translated into very mild phenotypes or, on the other hand, it is 

possible that there are genes specific to insects that are important for the regulation 

of shape. Since we have only screened for a conserved subset, it is possible that 

we have not screened other important shape regulatory genes. It is also possible 

that mammals have found a way of regulating shape using non-conserved proteins. 

This does not exclude that the basic mechanisms such as polarisation of the Ds-Ft-

Dachs system that are described in this thesis will not be replicated in mammals. 

Indeed, Fat and Ds cadherins are highly conserved and knockout mice show 

phenotypes consistent with a role in organising tissue shape. In both Fat4 and 

Dchs1 mutant mice the sternum and the lumbar column are wider and shorter then 

in wild type, suggesting that, similarly to what happens in flies, this pathway is 

critical for the correct elongation of organs (Mao, Mulvaney, et al. 2011a). The Bul 

and Kul proteins identified in this thesis are also highly conserved. The Dachs 

myosin is less well conserved – although many related atypical myosins exist in 

mammals – which suggest that mammalian Fat-Ds signalling may employ 

alternative mechanisms to shape tissues. Nevertheless, the principles and 

mechanisms identified in Drosophila will be of great value in understanding how the 

mammalian proteins operate to shape tissues.    
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Figure 7.4 – From gradients to planar polarity: a working model 

dachsous (ds) and four-jointed (fj) are expressed in opposing gradients: Ds levels 
are higher proximally and lower distally and the opposite is observed for Fj. This 
information is translated into a gradient of Ds and Fat interactions that, ultimately, 
leads to a planar polarisation of Fat to the proximal side of the cell and Dachs and 
Dachsous to the distal side. Turnover of Fat by Kul and of Dachsous and Dachs by 
Bul are critical for this planar polarisation that will then be responsible for oriented 
cell division, clone and organ shape.  
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Appendix 
The following tables represent the categorization of the phenotypes in the screen. 
Confirmed phenotypes are depicted in green. ID number refers to the ID of the KK 
line used. Phenotypes are shown for the KK line driven with hedgehog driver (hh) 
and MS1096 driver.  
 

Table 3 – Genes showing an undergrowth phenotype.  

 
Table 4 – Genes showing an overgrowth phenotype  

 
Table 5 – Genes showing a vein phenotype  

 
Table 6 – Genes showing a nick phenotype  

 
Table 7 – Genes showing a blister phenotype  

 

Table 8 – Genes showing a shape phenotype  

 

Table 9 – Genes showing other phenotypes 

 

Table 10 – Genes showing a pupal lethal phenotype  
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Table 3 – Genes showing an undergrowth phenotype. 

 

CG number ID number Gene Phenotype KK - hh driver Phenotype KK - MS1096 
driver

Phenotype GD

1634 107991 Neuroglian hinge and undergrowth -
pupal lethal, some 

pharates, have deformed 
legs and maybe wings

1681 110559 CG1681 hinge and undergrowth undergrowth, more dense 
wing hairs -

1749 110395 CG1749 strong undergrowth, more 
dense wing hairs undergrowth

mild undergrowth;  wings 
curled up in female, down 

in male.

1771 109608 multiple edematous wings
mildly crumpled, 

undergrowth, pointy, more 
dense wing hairs

mildly crumpled, 
undergrowth in AP axis, 
necrotic, pointy, more 

dense wing hairs

NP

1773 110112 CG1773 mild undergrowth in P mild undergrowth -

1822 109722 bif
bifocal

undergrowth, nicks, 
crumpled P compartment curly, undergrowth -

1850 108806 CG1850 undergrowth P 
compartment, wavy undergrowth -

1886 108159 ATP7 no P compartment, 
crumpled AP undergrowth flimsy P

1989 108836 Yippee. Zinc Finger 
Transcription Factor.

mild undergrowth P 
compartment, curled down mild undergrowth undergrowth/ wings don’t 

extend in AP axis.

2006 109100 CG2006 undergrowth, curled down undergrowth, crumpled -

2025 110536 nardilysin undergrowth, ticker veins - mild undergrowth in 
posterior compartment.  

2746 108309 Ribosomal protein L19 - crumpled -

2899 110621 kinase suppressor of ras

undergrowth in P 
compartment, very dense 

wing hairs, missing or 
thinner veins

undergrowth in AP axis, 
strongly curled up in A and 
P, very dense wing hairs, 

vein patterning

undergrowth in posterior 
compartment, very dense 

hairs.  

2910 109436 spenito - crumpled, undergrowth, 
mostly veinless -

2970 110562 CG2970 mild undergrowth mild undergrowth undergrowth.  some vein 
patterning effects.

3016 110616 CG3016 strong undergrowth P 
compartment, very flimsy

borderline undergrowth, 
very flimsy NP (3 GD lines) 

3068 108446 aurora
mild undergrowth P 
compartment, hairy 

margins

mild undergrowth, hairy 
margins -

3164 108413 CG3164 undergrowth crumpled, undergrowth, 
blisters(?) -

3253 107964 CG3253 mild undergrowth, mild 
flimsy - -

3298 110285 Juvenile hormone-
inducible protein 1 undergrowth, flimsy - PL, mush

3350 110630 bigmax - mild undergrowth -

3365 109801  [drongo, GTPase 
activating protein] undergrowth

mild undergrowth AP, 
curled up along Anterior 

and posterior, flimsy, 
shape (?)

undergrowth in posterior 
compartment;

3430 108842 CG3430 undergrowth, spiky - NP

3479 110701 outspread mild undergrowth. more 
dense wing hairs mild undergrowth undergrowth. more dense 

hairs
3523 108339 Fatty acid synthetase borderline undergrowth borderline undergrowth NP

3696 109414 kismet - - undergrowth, notches, 
extra veins

3766 108854 scattered very mild undergrowth P -
mild undergrowth in 

posterior compartment / 
mild undergrowth

3790 108223 CG3790 mild undergrowth, mildly 
curled down - NP

3848 110276 trithorax-related undergrowth - PL
3941 109578 spotted dick ,  pita - undergrowth -
3954 108352 corkscrew mild undergrowth mild undergrowth NP (2 lines)
3959 108606 pelota mild undergrowth mild undergrowth undergrowth.  mild. / NP

4082 108598 Minichromosome 
maintenance 5 - undergrowth, thin AP -

4107 108943 [PCAF, Histone acetyl 
transferase] 

undergrowth, missing and 
extra bristles, nicks, ticker 

veins
mild undergrowth

Posterior compartment 
blistered/ bloated, thick 
veins proximally, legs 
bulging and crooked

4200 108593 small wing undergrowth, wavy - undergrowth (2 lines)

4206 108214 Minichromosome 
maintenance 3 (mcm3)

undergrowth;  furry.  spiky 
margin (missing margin 

bristles)

undergrowth;  furry.  spiky 
margin (missing margin 

bristles)

undergrowth;  furry.  spiky 
margin (missing margin 

bristles)
4261 108000 Helicase 89B mild undergrowth mild undergrowth mild undergrowth

4311 108245 HMG Coenzyme A 
synthase no P compartment - NP

4365 110513 CG4365 borderline undergrowth borderline undergrowth NP (2 lines)
4491 108422 no ocelli - shorter AP, blister -

4574 108395 Phospholipase C at 21C undergrowth, hinge, more 
dense wing hairs

undergrowth, crumpled 
and blistered NP
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Table 3 – Genes showing an undergrowth phenotype (continuation) 

4606 108043 alpha-Man-IIb
strong undergrowth, mild 
crumpled, extra/twining 

bristles
undergrowth AP NP

4666 109818 CG4666 No phenotype but 2 flies 
missing bristles/nicks - -

4720 110228 Pk92B - NP with 2 lines hinge

4758 108414 Translocation protein 1 nicks, undergrowth, mild 
crumpled

undergrowth, mild 
crumpled

undergrowth in posterior 
compartment, some nicks; 

some mildly crumpled / 
undergrowth in posterior 

compartment, some 
notches

4901 110483 spliceosome undergrowth, mild 
crumpled - -

4913 109659 ENL/AF9-related undergrowth - -

4931 108876 specifically Rac1-
associated protein 1 undergrowth, roundish(?) undergrowth, roundish(?) undergrowth, rounded/ 

rounded

4993 107836 PRL-1 undergrowth undergrowth undergrowth.  more dense 
hairs.

5163 108960 Transcription-factor-IIA-S undergrowth;  
notches/nicks mild undergrowth undergrowth;  

notches/nicks;
5166 108843 Ataxin-2 strong undergrowth - -

5214 108403 CG5214 undergrowth

Majority is completely 
crumpled and necrotic, 

some are mildly crumpled 
and flimsy

undergrowth; rounded 
shape/ NP

5222 110367 CG5222 - undergrowth, odd texture -

5313 108001 RfC3 [DNA replication 
factor] - Undergrowth, Nicks, thick 

veins, cell cycle

PL, big pupae / PL; mush/ 
Undergrowth, Nicks, thick 

veins, cell cycle / 
Undergrowth, Nicks, thick 

veins, cell cycle

5320 109499 Glutamate dehydrogenase undergrowth P undergrowth NP

5330 109299 Nucleosome assembly 
protein 1 mild undergrowth undergrowth

undergrowth in posterior 
compartment / mild 

undergrowth in posterior 
compartment

5429 110197 Autophagy-specific gene 6

mild undergrowth (?) 
curled down PCP (?); 

longer marginal bristles 
(?), mild delta vein

mild undergrowth (?) PCP 
(?); longer marginal 

bristles (?)
curled down / NP

5444 109640 TBP-associated factor 4: 
Taf4 -

undergrowth, missing 
veins (not completely 

penetrant), blister

PL, undergrowth in 
posterior compartment 

(with hh driver)
5446 108207 CG5446 borderline undergrowth borderline undergrowth NP
5510 109499 CG5510 mild undergrowth, PCP? mild undergrowth mild undergrowth

5589 108642 RNA helicase undergrowth, more dense 
wing hairs - PL.  mush.  

5861 108302 CG5861
funny shape, pointy wings, 

mild crumpled, 
undergrowth, curled down

undergrowth NP

5862 110238 CG5862
PL, escaper with 

undergrowth, PCP (?), 
lighter veins

strong undergrowth NP

5916 110561 CG5916 undergrowth P - -

5923 108579 DNA polymerase alpha 
73kD - undergrowth, crumpled -

5932 109706 CG5932 undergrowth P 
compartment undergrowth, curled up -

5969 108780
BcDNA:GM09417
BcDNA:RE53796

32426

undergrowth with more 
dense wing hairs, shape? more dense wing hairs? -

5991 109033 CG5991

undergrowth, posterior 
compartment mildly 

crumpled, more dense 
wing hairs

undergrowth NP

6098 108096 Leucine-rich repeat 47 spiky margin undergrowth 
less dense hairs

spiky margin undergrowth 
less dense hairs / very 

spiky margin (twinning?)  
hairs less dense

spiky margin undergrowth 
less dense hairs / very 

spiky margin (twinning?)  
hairs less dense

6127 108348 serrate - mild undergrowth early PL/PL/NP

6198 108858 CHORD containing 
protein,  CHORD crumpled, undergrowth AP - -

6202 108944 Surfeit 4 - curled up, undergrowth 
and flimsy -

6280 107876 CG6280 undergrowth, more dense 
wing hairs

undergrowth, more dense 
wing hairs -

6332 108472 CG6332 - undergrowth more evident 
in males -

6340 110114 CG6340 undergrowth P - -

6384 108694 Centrosomal protein 
190kD undergrowth undergrowth -

6525 108086 protein partner of snf crumpled P compartment - -
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Table 3 – Genes showing an undergrowth phenotype (continuation) 

6713 108433 Nitric oxide synthase undergrowth, mild delta 
vein, mild wavy

undergrowth, A and P 
margins curled up NP (2 lines)

6755 110387 Elongin A undergrowth, mild undergrowth, mild undergrowth;  more dense 
hairs?

6782 109169 scheggia mild undergrowth (?) - -
6806 109979 Larval serum protein 2 very mild undergrowth very mild undergrowth -
6866 108358 loquacious hinge undergrowth hinge NP

6906 108184 Carbonic anhydrase 2 - crumpled with undergrowth -

6946 110653 glorund undergrowth, nicks, mild 
extra veins

undergrowth, nick, extra 
vein (mild) NP

6972 108757 CG6972 mild undergrowth (?), 
curled down mild undergrowth NP

6998 109084 CG6998 - undergrowth, curled up -

7015 110345 UNR - undergrowth

wing nicks.  occasional, 
but clear in 3 flies / 

undergrowth. more dense 
hairs.   flimsy.

7099 110372 CG7099 very mild undergrowth undergrowth NP (2 lines)
7154 107992 CG7154 hinge and undergrowth hinge and undergrowth -
7241 108189 Cyp304a1 mild undergrowth mild undergrowth NP

7265 107990 CG7265
undergrowth in posterior 

compartment, more dense 
hairs, some nicks

mild undergrowth
undergrowth in posterior 

compartment, more dense 
hairs

7349 110007 CG7349 - hinge, undergrowth / 
crumpled -

7382 108931 CG7382 undergrowth P, more 
dense wing hairs - -

7407 108035 CG7407 mild undergrowth
mild undergrowth, curled 

up and anterior and 
posterior margins

NP (2 lines)

7519 110613 CG7519 mild undergrowth
mild undergrowth, mild 
hinge phenotype (flies 

were really late)
NP

7573 107984 CG7573 mild undergrowth mild undergrowth undergrowth.  more dense 
hairs

7611 108731 CG7611 undergrowth P 
compartment undergrowth PL

7638 109665 CG7638 undergrowth P, more 
dense wing hairs

undergrowth, some miss 
1st cross vein PL.  small.

7669 108918 CG7669
undergrowth, more dense 

wing hairs, mild hinge, 
curled down

undergrowth, more dense 
wing hairs, curled up, mild 

hinge
NP (2 lines)

7671 108595 Nucleoporin 43 undergrowth undergrowth NP (2 lines)
7675 107833 CG7675 mild undergrowth mild undergrowth -
7785 109307 CG7785 borderline undergrowth - NP
7829 110308 SP136 mild undergrowth mild undergrowth AP -

7842 108556 Acetyl transferase mild undergrowth, 
brownish

strong undergrowth/nick, 
more dense wing hairs -

7855 110715 timeout
undergrowth P, extra and 

missing bristles, some with 
nicks

undergrowth, missoriented 
bristles? -

7870 108621 [Glyco transferase 2] undergrowth, more dense 
wing hairs more dense wing hairs NP

8142 108452 ATPase; Replication 
Factor C

strong undergrowth, (or 
nick(?)) cell cycle 

phenotype, spiky margins

undergrowth, spiky 
margins

crumpled undergrowth cell 
cycle; pupal lethal; flies 
have deformed legs and 
wings, less dense hairs

8210 110160 Vacuolar Hand ATPase 
subunit 14-1

strong undergrowth (p 
compartment) more dense 

wing hairs

not fully extended, more 
dense wing hairs (probably 

morphogenesis)
-

8408 109302 ESBP6 mild undergrowth in P 
compartment mild undergrowth undergrowth in P 

compartment

8412 109667 CG8412 - strong undergrowth AP, 
pointy wings, ugly wings -

8445 107757 calypso

 undergrowth, 2 flies have 
epithelial lumps growing 

out of wing / strong 
undergrowth P 

undergrowth AP, curly rounded, curly

8457 109703 Cyp6t3 strong undergrowth - -

8475 110591 CG8475 undergrowth P 
compartment

undergrowth, some show 
vein patterning defects NP (2 lines)

8494 110250 CG8494 mild undergrowth mild undergrowth
mild undergrowth in 

posterior compartment, 
dub / NP

8571 108178 small minded - reduced AP axis, blistered -

8580 109671 bhringi - undergrowth, narrow, 
crumpled wings -

8614 108950 Neosin
undergrowth no P 

compartment, more dense 
wing hairs

undergrowth, curly, mildly 
crumpled NP

8615 108257 Ribosomal protein L18 - crumpled NP



Appendix 

135 

 
Table 3 – Genes showing an undergrowth phenotype (continuation) 

8632 108929 CG8632 -

hinge, undergrowth, more 
dense wing hairs, 

blistered, some are mildly 
crumpled

-

8637 107923 tricornered
undergrowth; less dense 
wing hairs (shorter wing 

hairs (?)), round(?) 

undergrowth; less dense 
wing hairs (shorter wing 

hairs (?)), round(?) 

stubbly P compartment. 
weird.  size effect?  

8666 107776 Tetraspanin 39D borderline undergrowth borderline undergrowth -

8909 108629 yolkless-like mild undergrowth, more 
dense wing hairs

more dense wing hairs, 
some with defects in vein 

patterning
NP (2 lines)

8988 109648 S2P -
undergrowth, mildly 

crumpled, defects in vein 
patterning

NP

9045 110672 Myb oncogene-like

semi lethal, escapers have 
very strong undergrowth or 
nicks with less dense wing 

hairs

strong undergrowth in AP 
axis , less dense wing 

hairs
NP (2 lines)

9056 107891 [pol II subunit] -
undergrowth, strong 

defects in vein patterning: 
mainly extra veins

-

9121 110251 CG9121
undergrowth, curled down, 

wings cross over when 
closed

curled up, look flimsy -

9286 110423 CG9286 mild curled down, not fully 
penetrant - -

9305 110179 CG9305 undergrowth, more dense 
wing hairs (?) - -

9493 108301 Pez borderline undergrowth borderline undergrowth NP

9591 110209 oocyte maintenance 
defects undergrowth, curled up undergrowth, missing 

veins PL.  pharates. 

9680 108310 Dead box protein 73D - Crumpled, undergrowth PL with hh driving GD line

9900 108844 mitotic 15 undergrowth P, more 
dense wing hairs

undergrowth, more dense 
wing hairs

mild undergrowth in 
posterior compartment;  

furry

10118 108879 pale mild undergrowth on P No phenotype, whitish 
wings (?) NP

10147 107867 CG10147
mild undergrowth, mild 
extra veins, mild curled 

down
very mild extra vein -

10153 110564 CG10153 undergrowth - NP with 2 GD lines

10226 108196 CG10226 -
crumpled and undergrowth 
and no 1st cross vein, also 

hinge
NP

10272 110264 grappa undergrowth, missing 
bristles, mildly crumpled pointy shape, rusty brown NP

10281 110225 Transcription factor 
IIFalpha

undergrowth P; ticker 
veins, delta veins; shorter 

bristles (?)
- -

10318 108381 NC2α, transcriptional 
repressor

undergrowth, more dense 
wing hairs

undergrowth, more dense 
wing hairs

mild undergrowth in 
posterior compartment

10324 110714 CG10324 -
undergrowth, more dense 

wing hairs, brownish, looks 
like PCP

-

10392 110717 O-glycosyltransferase strong undergrowth, no P 
compartment

strong undergrowth AP 
axis, narrow wings PL

10491 109437 vein undergrowth, missing 
veins - -

10535 109402 Elongator complex protein 
1 - undergrowth, mild curled 

up -

10701 110654 Moesin - undergrowth, flimsy, rusty 
brown -

10721 110731 CG10721
undergrowth P 

compartment, more dense 
wing hairs

undergrowth, brownish NP

10781 109143 nested,  new glue protein,  
new glue 1

undergrowth P 
compartment, more dense 

wing hairs, crumpled
- -

11137 108256 CG11137 borderline undergrowth or 
No phenotype

borderline undergrowth or 
No phenotype

undergrowth in posterior 
compartment / NP

11233 108194 lethal (1) 19Ec PL crumpled, undergrowth, 
fail to inflate -

11340 108337 CG11340 - blister, undergrowth, shape 
(?) -

11409 108058 CG11409 - crumpled P with very 
dense wing hairs (?) -

11593 108869 CG11593
PL, escaper with strong 
undergrowth, missing 

compartment (?) 
mild undergrowth PL.  Small (2 lines) 

11638 107790 CG11638 mild blister, very mild 
undergrowth

mild blister, mild 
undergrowth -

11678 108081 Actin-related protein 13E

undergrowth, planar cell 
polarity defects, extra 

veins, more dense wing 
hairs

- PL.  mush.
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Table 3 – Genes showing an undergrowth phenotype (continuation) 

 

11811 110740 CG11811 undergrowth: no P 
compartment - -

11861 109415 guftagu [ubiquitin ligase] -
undergrowth in AP axis 

(looks more like 
morphogenesis)

pupal lethal

12018 108565 DNA polymerase delta undergrowth, more dense 
wing hairs, bristle pattern undergrowth PL, big

12023 107768 GV1
mild undergrowth, more 
dense wing hairs (?): not 

fully penetrant
mild undergrowth -

12125 110737 CG12125 undergrowth, brownish undergrowth, curled up, 
extra veins NP

12220 109807 mitochondrial ribosomal 
protein L32 - undergrowth, crumpled -

12372 108459 spt4 undergrowth, crumpled, 
missing veins

PL, escapers have no P 
compartment -

12403 108701 Vha68-1 very strong undergrowth 
wing very dense wing hairs

undergrowth, not 
completely unfolded (looks 

like morphogenesis 
phenotype)

PL

12713 108946 CG12713
strong undergrowth, less 
dense wing hairs, vein 

patterning
- NP

12767 107803 Dorsal interacting protein 3 - undergrowth, blistered -

12879 109294 CG12879 hinge with undergrowth P 
compartment

curled up, hinge, 
undergrowth, flimsy NP

13022 108033 CG13022 - hinge, undergrowth -

13090 110326 [Mo enzyme] mild undergrowth P 
compartment mild undergrowth undergrowth in posterior 

compartment,

13097 110762 CG13097 mild undergrowth undergrowth, mildly 
crumpled PL / NP

13475 109732 HGTX undergrowth in posterior 
compartment, blistered

undergrowth and blistered, 
mildly crumpled

undergrowth in posterior 
compartment

13491 109029 Gustatory receptor 58c mild undergrowth - -

13623 110643 [novel gene]

undergrowth in P 
compartment, nicks, cell 
growth phenotype (more 

dense wing hairs)

mild undergrowth, curled 
up, mildly crumpled

undergrowth in posterior 
compartment,

13739 108493 CG13739 - undergrowth, crumpled -
14191 110300 CG14191 - undergrowth, round -

14239 109855 CG14239 undergrowth, held out

undergrowth, some show 
shape phenotype 

(roundish), some missing 
veins

-

14444 110729 Anaphase Promoting 
complex 7

undergrowth, more dense 
wing hairs (?) mild undergrowth NP

14511 107875 CG14511 undergrowth P and hinge - NP (2 lines)
14590 109719 CG14590 mild undergrowth - -
14906 107782 open reading frame 2 borderline undergrowth - NP (2 GD lines)
15027 110436 CG15027 borderline undergrowth borderline undergrowth NP
15056 107960 LRR mild undergrowth AP (?) mild undergrowth AP (?) -
15141 108728 CG15141 borderline undergrowth borderline undergrowth NP
15179 108322 sungrazer hinge and undergrowth crumpled -

15259 109679 no hitter undergrowth, darker, 
curled up

clear undergrowth, darker 
P compartment -

15378 108543 lectin-22C mild undergrowth on P mild undergrowth AP NP

15548 108182 CG15548 undergrowth, more dense 
wing hairs curled up, crumpled, flimsy -

15570 109890 CG15570 strong undergrowth, more 
dense wing hairs, wavy

undergrowth in AP axis, 
curled up -

15609 109413 CG15609 mildly crumpled, mild 
shape, blister

mildly crumpled, mild 
shape NP

15631 108986 CG15631 undergrowth P, curled 
down curly, flimsy, undergrowth -

15671 109915 crossveinless 2 undergrowth P, similar to 
hinge - NP

15701 107983 CG15701 mild undergrowth mild undergrowth, 
brownish wings

undergrowth in two starved 
females.

15797 109438 ric8a undergrowth;  more dense 
hairs. a bit folded and curly -

strong undergrowth in 
posterior compartment / 

undergrowth;  more dense 
hairs. a bit folded and 
curly.  looks more like 

morphology than growth / 
15888 110506 CG15888 - undergrowth, curled up -

16758 109496 CG16758 crumpled P, undergrowth 
(?) - -

16834 108412 lectin-33A - hinge, mild undergrowth -

16953 109873 CG16953

very mild undergrowth P, 
wavy P compartment (not 
sure if more dense wing 
hairs), some are swelled, 

mildly curled down

flimsy, some are swelled, 
very mild undergrowth -
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Table 3 – Genes showing an undergrowth phenotype (continuation) 

 

17090 108254 homeodomain interacting 
protein kinase - undergrowth, missing 

cross vein NP/necrotic

17397 109982 Mediator complex subunit 
21 - Crumpled, undergrowth -

17735 108546 CG17735 undergrowth AP, flimsy - undergrowth

18319 109638 bendless
mild undergrowth, more 

dense wing hairs (?), held 
out

wavy, more dense wing 
hairs (?) NP

18528 108671 GTPase
more dense wing hairs (?), 
mild undergrowth, curled 

out and down

mild undergrowth, mild 
round -

18740 110712 moira undergrowth, crumpled. 
extra bristles. weird veins

undergrowth, crumpled. 
extra bristles. weird veins NP

30263 110497 CG30263 mild undergrowth mild undergrowth -

30432 110066 CG30432 undergrowth AP, wavy undergrowth, wavy, more 
dense wing hairs -

30443 110045 Optix-binding protein
mild undergrowth, mild 
shape, mild extra/delta 

vein
undergrowth, mild shape -

30496 110548 CG30496 - undergrowth, flimsy, 
crumpled -

30498 108406 boca,  lethal(2)43Ea - crumpled, round up, 
undergrowth -

31000 110749 hephaestus - undergrowth curled up 
wing -

31120 109119 CG31120 - undergrowth, crumpled -

31206 108771 CG31206
undergrowth on P, 

undergrowth, notches, 
extra veins

undergrowth -

31224 107769 CG31224 mild undergrowth, mild 
defects in vein patterning

mild undergrowth, defects 
in vein patterning: no cross 

veins
-

31251 109292 CG31251 mild undergrowth mild undergrowth -

31391 110770 CG31391 undergrowth with more 
dense wing hairs, flimsy - NP (2 lines)

31415 109131 CG31415 undergrowth undergrowth -
31517 107944 CG31517 mild undergrowth mild undergrowth -
31634 109633 Oatp26F mild undergrowth mild undergrowth NP

31648 108651 CG31648 no P compartment, severe 
undergrowth - NP (2 lines)

31855 108090 CG31855 undergrowth P 
compartment undergrowth NP

32241 110001 CG32241

strong undergrowth, some 
are blistered, P mild wavy, 
ticker/extra veins, twining 

bristles

undergrowth AP axis, 
flimsy, mild crumpled, vein 

patterning
-

32435 108620 chromosome bows - undergrowth, less dense 
wing hairs, -

32466 110584 rotund hinge strong undergrowth hinge strong undergrowth -

32701 110344 CG32701 undergrowth P (?) , pointy 
shape (?) undergrowth -

32775 107840 GlcAT-I mild undergrowth mild undergrowth -

32988 109711 CG32988 undergrowth, completely 
crumpled and necrotic - -

33130 108927 lethal (2) k07433 blister - -
33139 110496 Ranbp11 mild undergrowth mild undergrowth -
33271 109258 CG33271 - undergrowth -
33810 109987 His1:33810 undergrowth / hinge undergrowth / hinge -

33837 109036 CG33837 -
undergrowth, mild vein 

phenotype, margins mildly 
crumpled / hinge

-

33990 110032 Immune induced molecule 
14 undergrowth - -

34046 109107 CG34046 mild undergrowth strong undergrowth AP, 
more dense wing hair -

34076 109153 URF3 - No phenotype (very mild 
undergrowth?) -

34211 109049 (novel gene) strong undergrowth P 
compartment, curled down strong undergrowth -

34364 108711 CG34364 P compartment wavy, 
more dense wing hairs? - -

34378 110248 PDGF- and VEGF-related 
factor 3 undergrowth, curled down mild undergrowth -

34389 109824 crossveinless-c undergrowth, more dense 
wing hairs

undergrowth, more dense 
wing hairs, roundish -

 7637 109187 CG7637 - undergrowth, blister, mild 
crumpled undergrowth
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Table 4 – Genes showing an overgrowth phenotype  

 
Table 5 – Genes showing a vein phenotype  

CG number ID number Gene Phenotype KK - hh driver Phenotype KK - MS1096 
driver

Phenotype GD

1977 110417 α-Spec overgrowth, incomplete 
cross veins

overgrowth, incomplete 
cross veins

overgrowth;  

2244 110632 MTA1-like - mild overgrowth (?), some 
cross veinless

NP / PL

4114 109281 expanded overgrowth overgrowth -

4221 108628
homologous to F-box and 
leucine-rich repeat protein 

7

overgrowth, doesn’t look 
like is affecting wing hair 

density
-

mild overgrowth in females 
(?)

5760 110473 tetracycline resistance - hinge with overgrowth NP/mild overgrowth. 
9320 108211 nucleostemin 4 overgrowth (?) blistered overgrowth in PD (?) NP

10440 110265 CG10440 - overgrowth but only one -

13852 108080 mob as tumor suppressor
overgrowth AP and P-D, 

funny shape

near lethal (only one flie 
recovered), overgrowth AP 

and P-D, funny shape
-

31196 108129 Suppressor of Ras85D 3-9 
,  14-3-3epsilon

! overgrowth -

CG number ID number Gene Phenotype KK - hh driver Phenotype KK - MS1096 
driver

Phenotype GD

3619 109491 delta ugly, very thick veins ugly, very thick 4 and 5 
vein -

3696 109414 kismet undergrowth, notches, 
extra veins -

undergrowth, a bit 
necrotic.  crooked legs / 
undergrowth; some extra 
vein / undergrowth, a bit 
necrotic.  crooked legs.

3874 107816 fringe connection blister, vein patterning (?)
vein patterning defects: 
ticker veins, some mild 

delta veins
NP

5460 110046 Hairless
PL: escaper with  loss of 
veins in P compartment 

(distal end)

loss of veins in P 
compartment (distal end) -

5905 108660 Neprilysin 1 mild delta vein - PL.
6525 108086 protein partner of sniff - extra veins -

6582 110664 Aac11 crossveinless, pointy 
shape crossveinless, crumpled -

8963 110576 CG8963
strong vein phenotype: 

extra veins. more dense 
wing hairs (?)

extra veins, overgrowth (?)

mildly crumpled, 
undergrowth in posterior 

compartment / some 
overgrowth, extra vein.  
some smaller with more 
dense hairs (failure to 
extend?) / overgrowth; 

some nicks. 
9218 108351 smooth - cross  vein less -

10197 109914
collier, Collier-Knot,  

knotted,  Collier,  Knot,  
knot

-
vein patterning, fused 

veins, ticker veins, shape 
(?)

-

11447 110677 CG11447 delta vein delta vein mild delta phenotype

11450 108791 net vein patterning, extra vein, 
vein 5 shifted, blister

vein patterning, extra 
veins, shifted veins, blister, 

flimsy, crumpled 

vein patterning;  vein 5 
shifted towards AP

11761 108456 translin

extra veins, missing 
marginal hairs, 
undergrowth P 
compartment

strong undergrowth in P 
compartment NP (2 lines)

17358 110628 TBP-associated factor 12 - ticker veins -

18787 109955 CG18787 ticker vein 3 and 5, 
undergrowth

ticker vein 3 and 5, 
undergrowth, mildly 

crumpled
-

30149 107777 rigor mortis less dense wing hairs, 
extra veins - NP

31462 109847 CG31462 undergrowth, delta vein undergrowth, delta vein -

32132 109928 CG32132  mild undergrowth, mild 
delta vein

undergrowth, curled up, 
ticker vein 3 and 5 -

32708 107827 CG32708 crumpled, absent veins - -
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Table 6 – Genes showing a nick phenotype  

 
Table 7 – Genes showing a blister phenotype  

 
Table 8 – Genes showing a shape phenotype  

CG number ID number Gene Phenotype KK - hh driver Phenotype KK - MS1096 
driver

Phenotype GD

3402 110191 CG3402 nicks in the more posterior-
distal part of the wing

- PL

4621 107951 YL-1 nick in P (along margin) - PL

4886 108734 cyclophilin-33 nicks in P compartment, 
extra veins, 

- -

4984 107854 CG4984 nicks, missing bristles, 
mild extra veins

mild pointy, mild extra 
veins

NP

5757 110460 CG5757
nick In P compartment 

along proximal, less dense 
wing hairs?

undergrowth, PCP (?)

proximal nicks (between 
vein 5 and margin).  

distally missing bristles or 
spiky margin / NP

7619 110659 Proteasome 54kD subunit nicks in P compartment - -
9412 109911 rasputin nicks only in females round (?) NP

10268 110640 (phosphomevalonate 
kinase activity)

nick, perfectly along P-D 
axis (in P compartment)

nick, perfectly along P-D 
axis (in P compartment)

-

CG number ID number Gene Phenotype KK - hh driver Phenotype KK - MS1096 
driver

Phenotype GD

2448 109432 6-fucosyltransferase blister in P compartment blistered -

4311 108245
HMG-CoA synthase ,  

HMG Coenzyme A 
synthase

! blister, missing vein NP (2 lines)

6019 109288 Nuclease-3,  mutagen-
sensitive 308 blister in P compartment blister in P compartment NP

7188 110358 CG7188 blistered P compartment undergrowth, blistered NP (2 lines)
7609 108562 CG7609 blister P compartment - -
8117 108367 CG8117 blistered P compartment - PL

8890 108306 GDP-mannose 4,6-
dehydratase

blisters, thick vein 5, nicks 
and tufts. 

blisters, thick vein 5, nicks 
and tufts. 

blisters, thick vein 5, nicks 
and tufts. 

9215 108507 CG9215 ! mild shape, pointy, 
overgrowth (?) -

11340 108337 CG11340 blister, undergrowth, shape 
(?) - -

11369 109778 CG11369 blister blister; mild shape ? 
(pointy?) -

12663 108171 Ionotropic receptor 7a blister in posterior-proximal blister -

13891 107968 CG13891 inflate P compartment inflated in distal, “blisters” -
14066 107986 La related protein blister / flimsy - undergrowth
15138 109015 - low D-V adhesion, blister - -

15288 108020 wing blister blistered blistered heavily blistered, plastic 
wrap phenotype

15525 109005 coiled-coil domain 
containing 12-like protein  blister P compartment

crumpled, blistered P 
compartment, more dense 

wing hairs (?)

blisters / bloated / 
crumpled.  semi-PL.

16959 109853 CG16959 blister in P compartment blister in P compartment -
18605 108507 CG18605 blister in P blister, undergrowth blisters. 
32498 107967 dunce blister (females only) - crumpled, black P.
32983 110493 CG32983 blister - -
41464 109989 CG41464 blistered - -

CG number ID number Gene Phenotype KK - hh driver Phenotype KK - MS1096 
driver

Phenotype GD

1817 110443 Protein tyrosine 
phosphatase 10D

roundish, very thin wing 
hairs, undergrowth P

very round, very thin wing 
hairs, undergrowth NP (4 lines)

2259 108022 Glutamate-cysteine ligase 
catalytic subunit - hairy? Roundish? -

6754 110366 Nibrin - round shape, maybe 
undergrowth

missing margin bristles 
(with hh driving)   

8484 109319 matotopetli - shape? brownish spots -

8665 108581 CG8665 -
curled up along proximo 

distal in females, round in 
males: shape

NP (2 GD lines)

8730 108026 drosha - shape

PL.  escapers have almost 
no P compartment/ 
undergrowth/ tiny P 

compartment, mostly PL. 

10037 110723 POU domain protein CF1A round, missing veins, 
overgrowth? - rounded, vein loss

12892 110461 Caf1-105 - round, extra veins, twining 
bristles (?) -

15629 102604 CG15629 - mild shape in females 
curled up along AP axis -
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Table 9 – Genes showing other phenotypes 

  

 
Table 10 – Genes showing a pupal lethal phenotype  

CG number ID number Gene Phenotype KK - hh driver Phenotype KK - MS1096 
driver

Phenotype GD

CG2671 109604 lethal (2) giant larvae - one black spot per wing, 
patterning -

CG33868 109988 His2B:CG33868 - highly crumpled, lumps of 
extra cells -

CG2845 107766 pole hole (D-Raf) no P compartment, hole, 
some missing veins undergrowth AP axis mostly vein less

CG9159 109910 Kruppel homolog ,  
Kruppel homolog 2

bumpy wing  odd 
phenotype, mild 

undergrowth

bumpy wing  odd 
phenotype, mild 

undergrowth, some are 
crumpled

bumpy wing.  odd 
phenotype.  different from 

flimsy or blistered.

CG31369 110101 CG31369 more dense wing hairs - -

CG34379 107966 Shroom -
mild curled down posterior 

end (more evident in 
females)

-

undergrowth;  furry.  less 
dense hairs (?), missing 

furry/ less dense hairs in 
posterior compartment;  -CG18013 110745 GINS protein PSF2

CG number ID number Gene Phenotype KK - hh driver Phenotype KK - MS1096 
driver

Phenotype GD

5249 108374 Blimp-1 -
1/2 pharate can’t eclode; 
1/2 severe undergrowth, 

crumpled, dark

PL.  pharates look ok. 
(with hh driving GD)

7791 109658 CG7791
PL, escapers have strong 

undergrowth in P and 
crumpled

- PL.  big mush.

8384 110546 groucho - PL, escapers have tick 
veins, undergrown wings

overgrowth in posterior 
compartment

9056 107891 [pol II subunit]
PL: escapers have pointy 
wings, undergrowth P and 

delta veins
- PL, pharates

9149 108623 CG9149 semi lethal, escapers lack 
P compartment

- -

12254 108249 Mediator complex subunit 
25

PL - -
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