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ABSTRACT

Fat is a cadherin that regulates planar polarity and acts as a tumor suppressor 

both in vertebrates and invertebrates. Drosophila fat recessive mutations have 

been shown to induce an excessive cell proliferation and a hyperplastic tissue 

overgrowth during larval development.

Fat has recently been described to be part of a signaling cascade, the Hippo 

tumor suppressor pathway, which regulates organ size and cell proliferation to
t

prevent tumorigenesis.

A further known interactor of Fat is the transcriptional co-factor Atrophin. This 

connection is highly relevant to neuronal homeostasis, because expansion of 

polyglutamine tracts in human Atrophins lead to a neurodegenerative disorder, the 

Dentatorubral-pallidoluysian Atrophy (DRPLA). Microarrays analysis in Drosophila 

models for DRPLA disorder has shown that fat transcription is downregulated by 

wt and polyQ mutant Atrophins.

We thus tested the hypothesis that Drosophila Fat is involved in neuronal 

homeostasis and cell survival. The phenotypic analysis of the Drosophila nervous 

system in fat mutant fly eyes showed that fat, when mutated, leads to a 

progressive neurodegenerative phenotype. Interestingly the Hippo Pathway is 

involved in retinal degeneration and it is partially required for the fat induced 

phenotype.

My morphologic and genetic studies suggest a deregulation of the autophagic 

signaling in mutants of both Fat and the Hippo pathway as the cell mechanism 

leading to cell degeneration.

In conclusion my data indicate that Fat cooperates with the Hippo Pathway to 

maintain cellular homeostasis and protect neuronal cells from degeneration.
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Chapter 1
INTRODUCTION

Homeostatic processes in biology are necessary to guarantee the 

maintenance of tissue architecture and functionality and consequently 

organism survival. Pathologic situations, like cancer and ageing, arise from 

the loss of the correct balance between intrinsic signals that normally 

regulate cellular differentiation, proliferation and protein turnover. The 

inbalance of the processes destined to preserve cellular homeostasis leads 

to nutrient deprivation, excessive cellular stress and tissue damage that, at 

a certain point, cannot be compensated and cause death at the cell and 

organismal level.

Here I describe how the Fat (Ft) cadherin and its associated pathways 

regulate neuronal homeostasis in the Drosophila eye.

1.1 FT IS AN ATYPICAL CADHERIN

Cadherins are transmembrane glycoproteins and represent one of the 

major families of adhesion molecules fundamental for the organization of 

cells into tissues and responsible for the achievement of multicellular 

architecture (Gallin et al, 1983; Yoshida & Takeichi, 1982). Their expression 

appears to be tightly regulated during development and each tissue or cell 

type shows a characteristic pattern of cadherin molecules (Yagi & Takeichi, 

2000). They are important in both simple and complex organisms, not only 

for their mechanical contribution but also as signaling molecules during 

multiple aspects of tissue morphogenesis (Yagi & Takeichi, 2000).

Cadherins form a superfamily with several subfamilies, which can be
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distinguished on the basis of protein domain composition, genomic structure 

and phylogenetic analysis of the protein sequences (Fig. 1.1). Classical 

cadherins, protocadherins, Fat, Dachsous, Flamingo and desmosomal 

cadherins are among the known vertebrate cadherin subfamilies

(Gumbiner, 2000; Tepass et al, 2000).

The classic cadherins are by far the best understood in terms of

both mechanism and function within the context of animal development 

(Anastasiadis & Reynolds, 2000; Daugherty & Gottardi, 2007; Scott & Yap,

2006). Classic cadherins are conserved from flies to mammals. Shotgun, or 

Drosophila E-cadherin, is the best known homolog of the classic vertebrate 

cadherins. The primary role of Shotgun is to preserve the Drosophila 

epithelium integrity and to recruit other proteins to the region of cell-cell 

contact, where adherens junctions are organized (Tepass et al, 1996).

Classical cadherin Ac 11 n

InfcniK'dialcDesmosomal cadherin
hlament

Fal

G X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X X D D C n iD C Z Z Z Z Z Z Z ]  *?

Dachsous
o c x ^ c x d c o c x d c x d c o o c x d o c x d c o o c x d c x d o -K

Flamingo
C X X X X X X X  J~TlCTHrTl-

Proiocadherin
o o o o o o -K

TC=] ?

3 ?

Figure 1.1 Schematic representation of the cadherins structure
All cadherins possess calcium-binding extra-cellular repeats of varying number 
(blue dots). Non-classical cadherins also have additional extracellular motifs 
including laminin A-G (green circles), EGF domains (yellow boxes) and flamingo 
box (red one). Cadherins are single membrane-spanning proteins with the 
exception of Flamingo, a seven-pass membrane protein. Classical cadherins are 
described to bind the actin cytoskeleton through the p and a-catenin complex (pink 
oval) whereas desmosomal subfamily associate with the intermediate filaments. 
Under debate is the linkage of non-classical cadherins to the cytoskeleton (Tanoue 
& Takeichi, 2005).
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The Ft-like or atypical cadherin subfamily is conserved across species 

(Tanoue & Takeichi, 2005). Ft was the first cadherin to be identified in 

Drosophila and it is one of the largest transmembrane proteins in the fruit fly 

(Bryant et al, 1988). Molecular studies revealed that the ft gene is localized 

on the left arm of the second chromosome (24D in the cytological map).

The sequence encodes an enormous protein of more than 5000 aminoacids 

with a predicted molecular weight of around 500 kDa (Mahoney et al, 1991). 

This was surprising since the sequence of the vertebrate cadherins typically 

codes for polypeptides of around 1000 aminoacids.

The protein is composed of 34 cadherin repeats at the N-terminal 

portion, all of which contain aminoacids highly conserved among cadherins. 

The extracellular region also includes five EGF-like repeats followed by a 

cysteine rich sequence. A hydrophobic putative transmembrane domain 

links the extracellular to the cytoplasmic portion. Interestingly, the 

intracellular region does not show any homology to the cytoplasmic domain 

of the vertebrate cadherins (Mahoney et al, 1991).

For many years, the way by which Ft was activated has remained 

obscure since it was not clear whether the entire Open Reading Frame 

(ORF) was translated into a single polypeptide and to what degree the 

protein was further processed. Very recently, the groups of Helen McNeill 

and Kenneth Irvine have nicely characterized post-translational 

modifications undergone by the Fat protein (Feng & Irvine, 2009; Sopko et 

al, 2009a). Biochemical in vivo assays on imaginal discs from Drosophila 

larvae demonstrated that Ft is synthesized as a transient, 560 kDa 

precursor which, after maturation, is proteolytically processed. The 

endogenous Ft exists as 450-470 kDa and 90-110 kDa forms. Additionally, 

both in vivo and in vitro studies demonstrated that Ft is phosphorylated in its



intracellular domain. The authors suggested that Dachsous (Ds), the Ft 

putative ligand, increases the local concentration of Ft at cell contacts 

inducing its c/'s-dimerization that, in its turn, promotes the trans- 

phosphorylation of Ft by Disc Overgrown (Deo), a kinase already shown to 

be part of the Ft signaling (Cho et al, 2006). However the functional 

activities of the two distinct Ft forms have not been clarified yet.

1.1.2 PCP signaling in Drosophila

The coordination of cellular polarization is an important feature of 

development and critical for organ function. In addition to the apical- 

basolateral polarity, many tissues, especially the epithelium, organize the 

cells in a plane that is orthogonal to the classic apical-basal axis. This form 

of polarity is referred to as planar cell polarity (PCP). Originally studied 

during genetic screens and functional analyses of Drosophila wings, eyes 

and sensory bristles (Adler, 2002; Lawrence et al, 2007; Mlodzik, 1999). 

PCP has been recently described as an evolutionary conserved process 

(Keller, 2002; Wallingford, 2004).

In Drosophila, the wings arrange their actin-rich extensions, called 

hairs. Each of them is part of a single cell, and each wing cell is polarized 

within the plane of the epithelium. A single developing hair extends from the 

distal portion of each cell in the wing (Fig. 1.2) and grow outward from the 

cell leading to distal hair polarity (Wong & Adler, 1993). In the fly eye, PCP 

provides for the organization of the main retinal structures, the ommatidia. 

Ommatidia are composed of eight photoreceptors and additional accessory 

cells, which, in section, form a trapezoidal shape. Normally, all ommatidia in 

the dorsal half of the eye point dorsally, and those in the ventral half point
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ventrally (Fig. 1.2). Mutations in PCP genes lead to a loss of planar 

organization in both the eye and the wing, leaving cell identity and apical- 

basal cell polarity unaffected (Fanto & McNeill, 2004; Simons & Mlodzik, 

2008).

Figure 1.2 PCP features in Drosophila.
PCP effects in the wing (a,b) and eye (c,d). In normal flies, wing hairs (a) and 
photoreceptors clusters (c), called ommatidia show a regular arrangements 
in the plane of the epithelium. In PCP mutants, the correct cell organization is 
lost. Mutant hair wings point in all directions (b) and ommatidia result 
randomly oriented (d). Black and red arrows represent the dorsal and ventral 
orientations of the ommatidia that are lost in the mutant scenario. Occasional 
symmetrical ommatida (green arrow) are also found in the mutants (Simons 
& Mlodzik, 2008).

Genetic studies described three major groups of PCP regulating 

genes, two of them considered to be canonical, the 

Frizzled(Fz)/Flamingo(Fmi) group and the Ft/Ds PCP system. The third 

one, the wingless related gene signaling (Wnt), has been described as a 

non-canonical PCP pathway, although none of the genetic experiments 

performed has revealed a direct role for Wnts in PCP signaling (Casal et al, 

2006; Chen et al, 2008a).
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1.1.3 The Ft/Ds PCP group

The Ft/Ds PCP group is composed of ft, ds, four-jointed (fj) and 

atrophin (atro) genes (Casal et al, 2002; Fanto et al, 2003; Rawls et al, 

2002).

Ft and Ds are gigantic atypical cadherins that bind each other. They 

are supposed to act as receptor and ligand, even though the nature of their 

relationship is still under debate (Casal et al, 2006; Matakatsu & Blair,

2006). The Ft cytoplasmic domain is thought to be responsible for its PCP 

activity and it has been shown to interact with the transcriptional co-factor 

Atro, suggesting a possible role in transcriptional regulation (Fanto et al,

2003). Ft is localized in the apico-lateral membrane, above adherens 

junctions (Ma et al, 2003), where it displays heterophilic binding with 

another atypical cadherin, Ds (Clark et al, 1995).

As previously described, Ft/ Ds intercellular signaling is implicated in 

the regulation of a specific form of polarity, the PCP (Fanto & McNeill,

2004). Loss of Ft or Ds leads to disorganization of the cells inside the 

mutant tissue. Interestingly, it has been shown that PCP defects by ft or ds 

are generally non-autonomous since wild-type cells adjacent to the mutant 

clones are altered in their PCP organization (Rawls et al, 2002; Yang et al, 

2002). Moreover, ft and ds mutants in the fly eye have opposite and non- 

autonomous effects, since loss of ft leads to disruptions of PCP in cells on 

the polar side of the mutant clone, while loss of ds disrupts PCP on cells on 

the equatorial side of the clone, suggesting that Ds binding may inhibit Ft 

activity in PCP (Matakatsu & Blair, 2004; Simon, 2004).

At the moment, the best known target of Ft/Ds required for PCP 

signaling is Fj (Zeidler et al, 1999). Fj is a Golgi transmembrane 

glycoprotein that, when mutated, induces mild PCP defects (Strutt et al,
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2004). Fj and Ds are expressed in opposing gradients in antero-posterior 

axis, both in eyes and wings, suggesting that their activity is reciprocal to 

each other (Casal et al, 2002). The heterodimeric bridges formed by Ds and 

Ft from cell to cell ensure that the amounts of Ft and Ds on the surface of 

one cell can affect the distribution of Ds and Ft on the neighbouring cells 

(Ma et al, 2003). Very recently, Fj has been demonstrated to modify Ft and 

Ds post-translationally by phosphorylating their cadherin repeats as they 

transit through the Golgi, potentially modulating their activity (Ishikawa et al, 

2008). The current model provides for the idea that Ft PCP activity is 

regulated by gradients of Ds and Fj expression (McNeill, 2009).

The functional relationship of the Fz/Fmi group versus the Ft/Ds 

group remains an open question. Initially Ft/Ds group has been suggested 

to work upstream of Fz/Fmi group, largely based on data in the fly eye (Ma 

et al, 2003; Yang et al, 2002). However, more recent studies strongly 

suggest that the two signalings act in parallel and that they regulate PCP 

independently one from the other, thus being sometimes redundant (Casal 

et al, 2006; Lawrence et al, 2007).

Although Drosophila has been the best genetic model to unravel the 

PCP signaling, recent results from vertebrates argue that the PCP 

mechanism is strongly conserved and possibly linked to human diseases. It 

has been shown that PCP plays a crucial role during kidney development, 

and defects in the mechanism induce a serious disease, the polycystic 

kidney disease (PKD) (Bisceglia et al, 2006). Although many of the genes 

that are mutated in PKDs have been identified, the pathogenetic 

mechanisms initiating cyst formation are still unclear. Recent work shows 

that cystic kidney disease associates with defective oriented cell divisions 

and proposes a model in which oriented cell division is essential for the
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normally thin elongated tubes that make up much of the nephron (Fischer et 

al, 2006). In this context, among the four homologs of Ft isolated in 

vertebrates, Fat4 is considered the most similar to Drosophila Ft (Katoh & 

Katoh, 2006; Rock et al, 2005; Tanoue & Takeichi, 2005) and loss of the 

protein has been shown to display many PCP defects, including dilation of 

renal tubules and formation of cysts in the kidney (Saburi et al, 2008).

1.1.4 Ft regulates proximal-distal patterning

Another important process regulated by Ft/Ds signaling is proximal- 

distal patterning (Cho & Irvine, 2004). The adult Drosophila wing, as the 

other appendages, is subdivided into anterior and posterior compartments 

that exhibit characteristic patterns. The patterning and growth of wing 

imaginal discs is governed by a series of regulatory interactions including 

components of the Hedgehog (Hh), Notch, Wnt and Decapentaplegic (Dpp) 

signaling pathways (Klein, 2001; Klein & Arias, 1998). Ft, Ds and Fj are all 

required to regulate the proximal-distal patterning of spacing crossveins in 

the wings and the segmentation of the leg (Cho & Irvine, 2004).

Interestingly, recent data argue for a link between the regulation of 

PCP signaling and proximal-distal patterning by Ft (Matakatsu & Blair,

2008). The Approximated (App) protein, a member of the DHHC family, 

responsible for palmitoylation of selected cytoplasmic proteins (Linder & 

Deschenes, 2007), was originally identified because of defects in proximal- 

distal patterning. However, it has been recently found that null alleles of app 

cause alterations also in PCP. Surprisingly, app null alleles partially rescue 

most of the ft phenotypes: viability, tissue patterning, overgrowth and PCP
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defects, suggesting that App is a novel negative regulator of Ft signalings 

(Matakatsu & Blair, 2008).

1.1.5 Ft is a tumor suppressor and prevents excessive tissue growth

The ft locus has its name from the phenotype observed in flies 

carrying recessive viable mutations: they cause minor defects in adult 

morphology such as changes in the body shape, increase in the dimensions 

of thorax and abdomen and wing vein pattern (Mohr, 1923).

Nevertheless many ft mutant alleles of different origins have been 

isolated and most of them are lethal at the pupal stage. Studies on some of 

these lethal mutations showed an excessive cell proliferation and a 

hyperplastic overgrowth of imaginal discs cells during larval development 

(Bryant et al, 1988). A delayed entry in pupation has been observed due to 

a great extension of the larval stage, during which an autonomous increase 

in the rate of cell division and a failure to properly arrest discs growth occur. 

It has been demonstrated that ft mutant cells fail to undergo the correct 

differentiation due to defects in cell adhesiveness and recognition, and 

these defects, together with the over-proliferative phenotype, lead ft mutant 

tissues to contain a higher number of mutant cells (Garoia et al, 2000). 

Therefore all these data make Ft one of the Drosophila tumor suppressor 

genes (Mahoney et al, 1991).

Among the signaling pathways required by Ft to regulate tissue 

growth, components of the EGFR pathway have been found to genetically 

interact with Ft (Garoia et al, 2005; Garoia et al, 2000). In Drosophila, the 

EGFR signaling plays a pivotal role in several processes such as 

differentiation, proliferation and during wing and eye imaginal discs growth
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(Baker & Yu, 2001; Schweitzer & Shilo, 1997; Shilo, 2003). Once EGFR 

signaling was raised, ft mutant eyes and wings were shown to display a 

much more severe phenotype concerning both the outgrowth number and 

the tissue size. In addition, the transcription of genes involved in EGFR 

signaling appeared to be regulated by ft, suggesting that ft controls also the 

imaginal discs morphogenesis (Garoia et al, 2005). However, the 

mechanism explaining this genetic interaction has not been clarified yet.

A further molecule described to be part of the Ft growth control 

signaling is the unconventional myosin Dachs (D) (Cho & Irvine, 2004; Mao 

et al, 2006). Hypomorphic mutations of d were shown to suppress the
r'

phenotype due to the loss of ft, both in imaginal discs overgrowth and in 

proximal-distal patterning. Furthermore, overexpression of Ft decreased D 

staining at the membrane, suggesting an antagonistic influence of Ft on D 

localization and stability (Mao et al, 2006). The model proposed puts D as a 

downstream negative regulator of the Ft growth signaling.

Finally, the very recent discovery of a novel signaling mechanism, 

the Hippo tumour suppressor pathway, links Ft tissue growth control to a 

new network (Cho et al, 2006).

1.2 FT IS CONNECTED TO THE HIPPO PATHWAY

The Hippo (Hpo) pathway was firstly described as a kinase cascade 

that negatively regulates cell growth (Edgar, 2006). The protein complex is 

composed of tumor suppressors that ultimately inactivate Yorkie (Yki), a 

transcriptional co-factor that in some tissues, like wings, interacts with the 

transcription factor Scalloped (Sd) to regulate the transcription of genes
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required for cell growth, survival and differentiation (Goulev et al, 2008; Wu 

et al, 2008; Zhang et al, 2008).

The activity of the Hpo signaling is coupled to organ size and cell 

differentiation through inhibition of cell proliferation and promotion of 

apoptosis (Pan, 2007; Yin & Pan, 2007). Adult tissues from flies mutants for 

components of the Hpo pathway have proportionately larger tissue size 

than respective wt tissues. This was linked to a faster proliferation of the 

mutant cells and has been well clarified by studying both larval imaginal 

discs and pupal retinal phenotypes (Harvey & Tapon, 2007; Harvey et al, 

2003; Tapon et al, 2002; Wu et al, 2003).

Retinae isolated from the mutant pupae exhibited an excessive 

higher number of interommatidial cells (lOCs), that has become a hallmark 

of the downregulation of the normal Hpo pathway function (Kango-Singh et 

al, 2002; Tapon et al, 2002). lOCs are the cells that during differentiation 

give rise to the pigment cells which surround the ommatidia. Systematic 

analyses have revealed that this phenotype was due to an excessive 

proliferation and a block of the pupal apoptosis that would normally induce 

the death of extra-IOCs. These effects were observed not only in the fly eye 

but in all the other structures derived from the larval imaginal discs, 

indicating an ubiquitous role of the Hpo network (Harvey & Tapon, 2007).

1.2,1 The central cassette of the Hpo pathway

Four molecules, Hpo,Salvador (Sav),Warts (Wts) and Mats (Mst) 

form a protein complex described as the central core of the Hpo kinase 

cascade (Fig. 1.3). Most of these genes were identified by genetic screens
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for Drosophila tumour suppressors, since mutants alleles limited tissue

growth during the fly development (Pan,

A Drosophila B Mammals

Warts

2007; Edgar, 2006).

Figure 1.3 The Hpo pathway core
Schematic view of the centrale kinase 
cascade in Drosophila(A) and 
vertebrates(B). Blue arrows point to the 
proteins phosphorylated by Hpo/Mst 
and green arrows those proteins 
phosphorylated by Wts/Lst (Reddy & 
Irvine, 2008).

Hpo and Wts are both Ser/Thr kinases. Hpo belongs to the nuclear 

Dbf2 related (NDR) family of protein kinases whereas Wts is a member of 

the Sterile-20 superfamily (Harvey et al, 2003; Wu et al, 2003). Hpo acts 

upstream of Wts and activates the kinase by direct phosphorylation without 

affecting the levels of Wts expression.

Wts post-translational modification, carried out by Hpo, is facilitated 

by Sav, described as a scaffold protein, since its main function is a direct 

binding of both Hpo and Wts (Pantalacci et al, 2003; Wu et al, 2003). Sav, 

also called shar-pei, encodes a WW domain-containing protein and its 

mutations give rise to an overgrowth phenotype similar to, although weaker 

than, wts mutant clones, suggesting that Sav belongs to the Hippo network 

(Kango-Singh et al, 2002; Tapon et al, 2002).

Interestingly, results from in vitro and in vivo studies have indicated 

the existence of an inhibitor of Hpo activation, the tumour suppressor 

dRASSF, a member of the Ras association family (Polesello et al, 2006). 

Hpo, Sav and dRASSF proteins are characterized by the presence of a 

common domain called SARAH ( Sav-RASSF-Hpo), that mediates the 

binding between Hpo and Sav on one hand, and Hpo and dRASSF on the
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other hand. dRASSF has been demonstrated to act as a negative regulator 

of the Hpo pathway, since it can antagonize Sav-mediated Hpo activation 

(Polesello et al, 2006).

One of the first tumor-suppressor genes identified by the above 

genetic screens was named large tumor suppressor (lats) by the Gerald 

Rubin’s group (Xu et al, 1995), and independently identified and named 

warts (wts) by the Peter Bryant’s group (Justice et al, 1995). Wts 

phosphorylation is facilitated by Sav that, in turn, needs to be 

phosphorylated by Hpo to become active. Complete activation of Wts 

requires interaction with Mst, a Drosophila Mob-1-related tumour 

suppressor protein, that potentiates Wts kinase activity (Lai et al, 2005).

The phosphorylation of Mst by Hpo contributes to Mst-Wts binding (Wei et 

al, 2007). Once activated, Wts can phosphorylate and block the activity of 

Yki, a transcriptional co-activator that is the final output of the Hpo signaling 

cascade (Huang et al, 2005).

1.2.2 Upstream modulators of the Hpo central cassette

Following the discovery of the molecules belonging to the Hpo core, 

the obvious next question was to find whether this pathway was regulated 

by extracellular signals, and several candidate genes were tested for their 

ability to induce Hpo target genes. These efforts led to the discovery of 

three related genes, expanded (ex), merlin (mer) and ft (Bennett & Harvey, 

2006; Cho et al, 2006; Hamaratoglu et al, 2006; Silva et al, 2006).

ex and mer both encode members of the Band 4.1 super family, a 

group of cytoplasmic proteins, characterized by the presence of a FERM 

(4.1, Ezrin, Radixin, Moesin) domain, that generally act as protein adaptors.
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They are localized at the adherens junctions where they are thought to 

transduce a signal from transmembrane receptors to the cytoskeleton or 

intracellular downstream molecules (LaJeunesse et al, 1998; McCartney et 

al, 2000; McClatchey, 2003). ex was firstly identified as a Drosophila tumour 

suppressor (Boedigheimer et al, 1993a). Later, mer was demonstrated to be 

the Drosophila ortholog of the human NF2, a tumour suppressor gene that, 

when mutated, causes a congenital neuronal disease with the formation of 

tumours in the central nervous system (McCartney et al, 2000).

Genetic epistasis experiments have suggested that mer and ex act 

upstream of hpo and are partially redundant in regulating cell proliferation 

and apoptosis through the Hpo pathway (Cho et al, 2006; Hamaratoglu et 

al, 2006). Altough mer;ex double mutants resulted in an impaired endocytic 

trafficking of transmembrane receptors, like EGFr, Ft and Notch (Maitra et 

al, 2006), later studies demonstrated the rescue of ex mutants by the over

expression of Wts, suggesting a model in which the reported effects on 

other pathways were likely mediated downstream of Wts (Feng & Irvine,

2007).

In parallel, distinct functional requirements of Drosophila Mer and Ex 

in the Hpo pathway were reported, supporting a different spatial and 

temporal expression and function of Ex with respect to Mer (Pellock et al,

2007).

Very recent experiments have introduced a new perspective on the 

Hpo regulation and raised the possibility of a more complex signaling 

involving different feedback loops (Badouel et al, 2009). The group of 

Hellen McNeill demonstrated that Ex directly binds and contribute to the 

inactivation of Yki, suggesting that Ex can regulate the Hpo pathway activity
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not only upstream but also downstream or even independently of Wts 

(Badouel et al, 2009).

Also very recently, a new gene, kibra, has been linked to the 

upstream modulation of the Hpo pathway (Baumgartner et al, 2010;

Genevet et al, 2010; Yu et al, 2010). Kibra has already been studied in 

vertebrates where it has been detected mainly in kidney and brain 

(Kremerskothen et al, 2003). Flies mutants for kibra displayed many 

features, such as tissue overgrowth and apoptotic block, similar to, although 

weaker, than the phenotype observed in mutants of the Hpo pathway. The 

Kibra protein was found to be faintly expressed in wing and eye imaginal 

discs but present at much higher levels in the ovarian follicle cells. Notch 

signaling, oocyte polarity and ectopic cell division resulted misregulated in 

the ovarian posterior follicle cells (PFCs) mutants for kibra, as already 

reported for other components of the Hippo signaling (Polesello, 2007; 

Meignin, 2007; Yu et al, 2008; Genevet et al, 2010; Yu et al, 2010; 

Baumgartner et al, 2010).

Genetic epistatic experiments placed kibra upstream of the hpo-sav- 

wts core to function in cooperation and in part redundantly with both ex and 

mer (Baumgartner et al, 2010; Genevet et al, 2010; Yu et al, 2010). In 

addition, it was demonstrated that kibra is a Yki transcriptional target gene 

like ex, diapl and cycE (Genevet et al, 2010).

1.2.3 The transmembrane protein Ft is connected to the Hpo pathway

The Hpo pathway has been linked to the tumour suppressor Ft since 

they regulate a common set of target genes (Bennett & Harvey, 2006; Cho 

et al, 2006; Willecke et al, 2006; Silva et al, 2006). Ft has actually been
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proposed to act upstream of the Hpo pathway as a potential cell surface 

receptor, but the molecules that link Ft to this network are still under debate 

(Bennett & Harvey, 2006; Cho et al, 2006; Willecke et al, 2006; Silva et al, 

2006).

ft has been shown to influence Yki phosphorylation and its 

subcellular localization (Oh & Irvine, 2008), and in addition to be partially 

rescued by the over-expression of Wts (Feng & Irvine, 2007). This was the 

first evidence that directly linked the Hpo signaling to a transmembrane

protein.
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Figure 1.4 Models of the Hpo signaling in Drosophila
In A, the Ft/Ex complex upstreamly regulates the Hpo core to finally 
inactivate the transcription of target genes by retaining the transcriptional co
factor Yki in the nucleus. Ex by itself can directly phosphorylate and 
inactivate Yki. In B, the Ft/D/Wts model proposes that Ft interacts with D to 
regulate the abundance of Wts and inactivate Yki in a parallel way to 
Hpo/Sav/Wts. In both the models Ds interaction with Ft seems to be required 
(rev. from Kango-Singh & Singh, 2009).

Two models have been proposed to explain how Ft controls this 

pathway (Fig. 1.4). The first has placed Ft and Ex in a linear pathway with 

the Hpo complex (Bennett & Harvey, 2006; Willecke et al, 2006; Silva et al,

2006). In contrast, the second model argued for a central role of the 

unconventional myosin D which, downstream of Ft, was supposed to control
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the abundance of another intermediate of the cascade, Wts, rather than Ex 

or Hpo (Cho et al, 2006; Feng & Irvine, 2007). Ft/D, on one hand, and Hpo, 

on the other hand, would regulate Wts in a parallel manner, the former 

affecting the quantity, the latter controlling its activity (Yin & Pan, 2007; 

Reddy & Irvine, 2008).

In addition to D, Ds and Fj have been linked to Ft in the Hpo pathway 

regulation, although the molecular mechanism by which Ds-Ft binding could 

regulate growth has not been elucidated (Cho et al, 2006; Rogulja et al, 

2008; Willecke et al, 2008). Subsequent relevant discoveries have 

demonstrated that Ds regulates Dco-dependent phosphorylation of Ft and 

Ft-associated proteins to control Ft signaling in growth and PCP, thus 

supporting the model in Which Ft/Ds and Ft/Hpo signalings cross-talk to 

monitor the intracellular events that regulate tissue growth (Feng & Irvine, 

2009; Sopko & McNeill, 2009b).

However, as Ft is not required to promote apoptosis through the Hpo 

pathway, other upstream regulators of this signaling probably exist.

1.2.4 Yki is the downstream target of the Hpo pathway

Yki, the Drosophila ortholog of the mammalian transcriptional 

coactivator Yes-Associated Protein (YAP), was described as the missing 

link between Wts and transcriptional regulation in the Hpo pathway (Huang 

et al, 2005). It was identified in a yeast two-hybrid screen using a domain of 

Wts as bait. Activation of Yki was shown to recapitulate all the phenotypes 

caused by mutants of the Hpo core, and genetic epistasis placed yki 

downstream of hpo, sav and wts. Biochemical studies actually 

demonstrated that Wts interacts with and inactivates Yki function by
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phosphorylating a specific W W  domain common to other components of the 

Hippo pathway (Huang et al, 2005). Once phosphorylated, Yki is 

sequestered from the nucleus to the cytoplasm, where the maintenance of 

its inactive form is guaranteed both by the interaction with the 14-3-3 

cytoplasmic protein (Dong et al, 2007; Oh & Irvine, 2008) but also by an 

independent mechanism that goes directly from Ex to Yki (Badouel et al, 

2009; Baumgartner et al, 2010; Ren et al, 2010).

Like other transcriptional coactivators, Yki does not bind to DNA 

directly but it interacts with several DNA-binding transcription factors. The 

identification of its direct DNA-binding partner has been a key issue for 

many years. Recent studies have identified Scalloped (Sd), the only 

transcription factor of the Drosophila TEAD/TEF family, as a cognate factor 

that binds with the N-terminal region of Yki to regulate Hpo target genes 

(Goulev, 2008; Wu, 2008; Zhang, 2008). Sd belongs to a family of 

evolutionary conserved proteins characterized by the presence of a 

TEA/ATTS DNA-binding domain (Campbell et al, 1992). Sd is known to 

physically interact with the product of the vestigial (vg) gene and has been 

extensively characterized for its role in wing development and formation 

(Haider et al, 1998; Simmonds et al, 1998). Genetic and biochemical 

studies have demonstrated that sd is required for the tissue overgrowth 

induced by hpo core mutants or Yki over-expression. However, the role of 

Sd in other tissues than wings has not been clarified yet and, the fact that 

Sd is not expressed in all imaginal discs like Yki suggests that Yki-Sd act in 

a tissue specific manner and others Yki partners should exist (Goulev et al, 

2008; Wu et al, 2008; Zhang et al, 2008).

This idea was supported by the discovery of new Yki DNA-binding 

partners, the trascription factors Homothorax (Hth), a TALE-homeodomain
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protein, and Teashirt (Tsh), a zinc finger transcription factor (Peng et al, 

2009). Hth and Tsh interact physically with each other and are involved in 

several developmental processes. In the fly eye, they function together to 

repress the later-acting retinal differentiation genes, such as eyes absent 

(eya) and sine oculis (so), thus maintaining anterior eye disc cells in an 

undifferentiated state (Bessa et al, 2002). In this context, recent genetic 

experiments indicated that Hth and Tsh work through the Hpo signaling to 

promote cell proliferation and survival in the anterior eye discs by directly 

up-regulating the bantam mi-RNA, one of the Hpo cascade target genes 

(Peng et al, 2009).

1.2.5 Transcriptional targets of Hippo signaling

Originally, the first transcriptional targets found to be regulated by the 

Hpo pathway were diapl, the Drosophila inhibitor of apoptosis, cycE, 

involved in cell-cycle progression (Harvey et al, 2003; Pantalacci et al,

2003; Tapon et al, 2002; Wu et al, 2003) and, more recently, the micro-RNA 

molecule bantam, a positive regulator of imaginal disc growth (Nolo et al, 

2006; Thompson & Cohen, 2006).

Another important class of Yki target genes are some upstream 

components of the Hippo network such as ex, mer, kibra and fj. Ex, Mer and 

also the new regulator Kibra are shown to be all upregulated in clones 

mutants for components of the Hpo pathway, suggesting a possible 

negative feedback loop regulating their expression (Cho et al, 2006; 

Genevet et al, 2010; Hamaratoglu et al, 2006). Fj is involved in the Ft/Ds 

PCP regulation and its expression was also found to increase after the 

inhibition of the Hpo signaling (Cho et al, 2006; Willecke et al, 2006). It was
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suggested that Fj is necessary to increase the ability of Ds to bind Ft and 

activate the downstream signaling and this model was supported by the 

discovery that Ds regulates Deo dependent phosphorylation of Ft (Feng & 

Irvine, 2009; Sopko & McNeill, 2009b).

The last class of target genes regulated by the Hpo pathway are 

involved in cell fate and patterning decisions, such as Wnt in the wing 

imaginal discs, Notch signaling in the leg discs (Cho et al, 2006; Cho & 

Irvine, 2004; Mao et al, 2006), and the proteoglycans Dally (division 

abnormally delayed) and Dally-like, required for the regulation of diffusible 

ligands such as Wnt, Dpp and Hh (Baena-Lopez et al, 2008).

1.2.6 Ft and Hpo network are conserved in vertebrates

Most of the known components of the Hpo network seem to be 

evolutionarily conserved and have more than one orthologue in vertebrates, 

most of them being implicated in mammalian tumorigenesis (Harvey & 

Tapon, 2007).

Lats1/2, the homologues of Drosophila Wts, have been described to 

cause sarcomas, ovarian and renal tumours and human Mats has been 

linked to skin melanoma and mammary gland carcinoma (Lai et al, 2005; St 

John et al, 1999; Tapon et al, 2002). The phosphorylation sites important for 

the activation of Hpo (whose vertebrate orthologue is called Mst) and 

Wts/Lst kinases, together with the inactivation of Yki/YAP, have been 

mapped both in flies and mammalian systems and are highly similar, not 

only for their structure, but also for their function {Dong, 2007; Zhao, 2007; 

Oh & Irvine, 2008; Zhang, 2008).
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D roso ph ila

m elanogaster Human orthologs Protein
Role in  Hippo Signaling 
Pathw ay

Role in  Hum an Cancer 
(Reference;

Fat. Fat4 Proto-Cadherin Hippo Pathw ay Receptor
(?)

M utated in breast cancer 
(Qi et aL, 2009)

Dnchsous DCHS1 Proto-Cadherin Ligand for the F a t 
receptor (?)

Unknown '

Expanded FMRD6 (Willin)/ EX2 4.1 Superfamily FERM 
domain protein

Upstream  regulators of 
the Hippo kinase 
cascade

Unknown

Merlin NF‘2 4.1 Super-family FERM 
domain protein

U pstream  regulators of 
the Hippo kinase 
cascade

M utated in familial and - 
sporadic schwanomas 
(Evans e t al., 2000)

Hippo MSTl/2 Ste-20 family Protein 
Kinase

Bind Salvador and Mats, 
and phosphorylate 
M ats and W arts in 
response to upstream  
signals

Hypennethylated in soft ' 
tissue sarcoma (Seidel 
e t al., 2007)

Salvador hWW45 WW domain Adaptor 
protein

Binds Hpo. th e  Sav-Hpo 
complex more 
efficiently regulates 
the activity of the 
W arts kinase

M utated in  cancer cell 
lines (Tapon e t al., 
2002)

Mats MOBK1B Mob superfamily 
coactivator o f protein 
kinases

Phosphorylated by Hpo 
and Wts, and binds 
Hpo, and Wts, to 
regulate Wts activity

M utated in  cancer cell 
lines (Lai e t  al., 2005)

W arts Latl/2 NDR family Protein 
Kinase

Phosphorylates Mats, 
Wts and Yki to  
regulate Hippo 
pathway activity

Silenced vin b reast 
tumors (Turenchalk e t  
al., 1999; Zeng and 
Hong, 2008)

Yorkie YAPTAZ Transcriptional
Coactivator

Unphosphorylated form 
binds Sd, and  
translocates to the 
nucleus to regulate 
expression of 
transcriptional targets 
of Hippo signaling

Amplified 
(overexpressed) in 
breast tumors, 
colorectal cancer and 
several other solid 
tumors (Overholtzer et 
al., 2008; Zender e t  al., 
2006)

Scalloped TEAD Transcription factor Binds w ith Yki to 
regulate target, gene 
expression.

Unknown

4RASSF1 RASSF1 RA domain containing 
RAS effector protein

Binds Hippo, complex 
may be disrupted by 
Sav in response to 
pathway activation

H ypennethylated in 
Lung and kidney 
cancers

Dachs Unknown Unconventional Myosin Binds w ith W arts Unknown

Tablel. Genes involved in Drosophila and mammalian Hpo pathway

Human orthologues of Sd, the TEAD/TEF transcription factors, had 

been discovered previously and described to be mediators of YAP functions 

in mammalian cells, although they interact with other transcription factors 

not isolated in Drosophila (Strano et al, 2005; Zhao et al, 2008).

Among the upstream regulators of the Hpo pathway, the mammalian 

othologue of Mer, the tumour suppressor Neurofibromin 2 (NF2), has been 

well described. By contrast for Ex and Ds the homology is more uncertain 

(Hamaratoglu et al, 2006). Examination of the mammalian genome has 

revealed the presence of four Ft homologues; the most similar to the fly 

protein seems to be Fat4 (Katoh & Katoh, 2006; Tanoue & Takeichi, 2005). 

The regulation of PCP signaling and cell division by Fat4 appears to be 

conserved, both in the function and in the molecules required for the 

signaling (Saburi et al, 2008). In addition, very recent studies linked loss of
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vertebrate Fat4 to breast cancer, like mutants for the Hpo pathway, 

suggesting Fat4 as a regulator of the Hpo network in mammals (Qi et al,

2009).

Altough information about the roles of the other vertebrate Fat proteins 

is relatively limited, Fat1 has been described to display no obvious effects 

on PCP but to be critically involved in vascular smooth muscle cells 

migration and growth (Hou et al, 2006). Intriguingly, recent studies have 

demonstrated that vertebrate transcriptional co-factors Atrophins, like Fat1, 

are induced after arterial injury and they regulate migration and orientation 

by physically interacting with Fat1, suggesting Atrophin as a potential 

interactor of vertebrate Fat (Hou & Sibinga, 2009).

1.3 ATROPHINS AS FT INTERACTORS

The above described results about a cooperation among mammalian 

Fat and Atrophin, strengthen previous models of a link between Drosophila 

Ft and Atro. As already mentioned, from yeast-two hybrid screens and 

studies on genetic interactions, Atro has been shown to bind Ft cytoplasmic 

domain and to be involved in the same Ft/Ds PCP signaling (Fanto et al,

2003). These findings suggest that Ft and Atro are part of a conserved 

signaling important for the regulation of PCP and perhaps also for other 

processes.

Atrophins are a widely expressed family of transcriptional co-factors, 

conserved across species. The main interest on Atrophin genes came first 

from the relationship between Atrophin 1 and the DRPLA neurodegenerative 

disease (Nagafuchi et al, 1994a; Yazawa et al, 1995). It has been actually
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demonstrated that the disorder is caused by the expansion of a highly 

polymorphic CAG repeat within the coding region of Atrophin-1 gene (Koide 

et al, 1994), which leads to neuronal death in the dentate nucleus of 

cerebellum, globus pallidus, caudate and putamen in the brain (Igarashi et 

al, 1998).

The Atrophinl gene was initially cloned while performing genetic 

screens for human genes containing CTG/CAG or CCG/CGG triplet repeats 

(Li et al, 1993). Subsequent studies assigned the Atrophinl gene to the 

short arm of chromosome 12, and further reports placed Atrophinl as the 

causative factor for the DRPLA disease (Koide et al, 1994; Nagafuchi et al, 

1994a). In search of potential Atrophinl homologues, one molecule was 

identified and called RERE, because of the presence of two arginine- 

glutamic acid dipeptide-like repeats (RE-repeats) at the C-terminus of the 

protein. Owing to its resemblance with Atrophinl, RERE has also been 

referred to as Atrophin2 (Yanagisawa et al, 2000).

In 2002, Drosophila Atrophin (Atro), the unique homolog of human 

Atrophins, was independently discovered by two groups: the group of Xu, in 

the USA, identified Atro during a search for lethal mutations that affect 

growth and patterning (Zhang et al, 2002), and the group of Kerridge, in 

France, isolated Atro (called also Grunge) through an EMS mutagenesis, 

during a screening for possible tsh interactors (Erkner et al, 2002). Both the 

groups have reported Atro as being involved in several developmental 

processes.

Atrophinl is a smaller protein (1191 amino acids), compared to 

Atrophin2 (1566 amino acids) and to Drosophila Atro (1966 aa) (Erkner et 

al, 2002; Koide et al, 1994; Nagafuchi et al, 1994a; Yanagisawa et al, 2000; 

Zhang et al, 2002). Unlike Atrophinl and Drosophila Atro, Atrophin2 does
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not contain any long glutamine-repeat tract. Atrophin2, on chromosome 1 p, 

encodes two isoforms, Atrophin2-L and Atrophin2-S (Shen et al, 2007; 

Zoltewicz et al, 2004). Studies on the Atrophin2-S isoform (990 amino 

acids) has revealed a domain structure that is co-linear with Atrophinl, with 

which it shares high similarity, although without any poly-glutamine repeat , 

(Yanagisawa et al, 2000). Differently from Atrophinl, the amino-terminal 

portion of Atrophin2-L isoform (1566 amino acids) has a significant 

homology to the MTA (Metastasis-associated Proteins) family of proteins. 

The domain structure of Atrophin2 was demonstrated to be conserved from 

Drosophila (Zhang et al, 2002) to humans (Zoltewicz et al, 2004), although 

Atrophinl can only be found in the genome of higher vertebrates. This 

suggests that the Atrophinl gene arose during evolution as a truncated 

duplication of a primordial Atrophin2 type gene.

Drosophila Atro, located on chromosome 3L, encodes a protein of 

1966 amino acids wich shares high levels of identity with the human 

proteins, being more similar to the human Atrophin2. Interestingly, Atro 

contains two different poly glutamine stretches, one more N-terminal and 

named Q11, and one more C-terminal named Q14 (Zhang et al, 2002).

1.3.1 Structure and expression pattern of Atrophins

The function of Atrophins has been related to the two distinct 

domains present in the full length Atrophin2: the MTA homologous N- 

terminal domain and the Atrophin-like C-terminal domain (Fig. 1.5). The 

Atrophin domain is bipartite, with conserved amino terminal (Atr-N) and 

carboxy terminal (Atr-C) portions, interrupted by a simple sequence. 

Atrophinl has been defined as the truncated version of Atrophin2, because
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it lacks the entire MTA homologous N-terminal domain but it contains two 

arginine-glutamic acid dipeptide (RE) repeats and one putative Nuclear 

Export Signal (NES) within the Atr-C segment, whereas the Atr-N segment 

carries a putative Nuclear Localisation Signal (NLS) (Nucifora et al, 2003). 

Unfortunately, the function of the Atr-N and Atr-C regions has not been well 

clarified yet.

The N-terminal region of Atrophin-2 contains several motifs such as 

BAH, involved in DNA methylation, replication, and transcription regulation 

(Callebaut et al, 1999), ELM2, that mediates association with histone 

deacetylase (Wang et al, 2006), SANT, which recruits histone methylation 

activity (Wang, 2008a; Rice, 2003), GATA, a DNA binding module 

(Sanchez-Garcia & Rabbitts, 1994) and two NLS. These motifs often 

appear in proteins that function as transcription co-repressors or that are 

predicted to directly interact with other transcription regulators that have 

DNA-binding activity. Northern blot analysis has revealed that Atrophinl 

transcripts are ubiquitously expressed in a variety of neuronal and non

neuronal tissues (Kanazawa, 1998; Knight etal, 1997).

The Atrophin2 gene codifies for two transcripts that give rise to the 

long and short form of the protein. Their expression varies considerably in 

different tissues, but they are predominantly detected in the nucleus (Shen
i

et al, 2007; Yanagisawa et al, 2000).

Studies performed to find the localization of Drosophila Atro have 

revealed an ubiquitous distribution during the early stages of 

embryogenesis, whereas at later stages it becomes more enriched at the 

ventral nerve cord region (Erkner et al, 2002; Zhang et al, 2002). 

Throughout larval development phase, Atro mainly localises to the nucleus
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of the cells maintaining an ubiquitous pattern in most of the imaginal discs 

observed.
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Figure 1.5 Structure and domains of human and Drosophila Atrophins
The Atrophin domain contains two conserved regions: an amino terminal 
(Atr-N) and a carboxy terminal (Atr-C) portion. Atr-N contains one NLS, Atr-C 
contains one putative NES and two RE repeats. Atr-N of Atrophinl also 
contains a glutamine repeat (14Q). The N-terminus of Atrophin2 contains 
BAH, ELM2, SANT and ZnF-GATA domains. It also carries two NLS and 
one more RE-repeat. Atro (Drosophila Atrophin) shares an overall 38% 
homology to human Atrophin2, carrying the ELM2 and SANT domains. Atro 
contains two different poly glutamine stretches, 11Q and 14Q, two putative 
NLS and a RE-repeat at the C-terminus of the protein. The mapped nuclear 
receptor interacting domains, at the C-terminus of each protein, are marked 
in dark blue. The ELM2 domain and SANT domain are docking sites where 
HDAC1/2 (Histone Deacetylase 1, 2) and G9a (H3-K9 histone 
methyltransferase) bind, respectively.

1.3.2 Atrophins functions

Atrophinl is not an essential gene during mouse development (Shen 

et al, 2007). By contrast, both Atrophin2 and Drosophila Atro genes are 

required for both mice and flies to develop and to survive (Plaster et al, 

2007; Zoltewicz et al, 2004; Zhang et al, 2002). One of the functions 

exerted by Atrophins during development is the regulation of the EGFR 

signalling. Mutation or reduced expression of Drosophila Atro resulted in

26



ectopic wing vein formation in the intervein regions (Charroux et al, 2006; 

Kankel et al, 2004). The possibility that Atro negatively regulates EGFR 

signalling has been further supported by genetic interactions with several 

key components of the EGFR signalling pathways, in both Drosophila wing 

and eye (Charroux et al, 2006).

Atrophins have a function in nuclear receptor signalling. They have 

been recently demonstrated to interact with transcriptional repressors such 

as Tlx, in vertebrates, and Tailless (Til) in Drosophila (Moran & Jimenez, 

2006; Pankratz et al, 1992; Yu et al, 1994) and also with nuclear proteins, 

such as Brakeless (Haecker et al, 2007).

Regarding their involvement in transcriptional repression, it has been 

demonstrated that Atrophins, especially Atrophin2, are involved in histone 

deacetylation and methylation. Chromatin, at regions where Atrophin2 

binds, has been shown to become compact and favour gene silencing 

(Wang, 2006; Chen, 2008a; Wang, 2008b). This evidence prompted 

reasearchers to view Atrophin proteins primarily as dedicated corepressors 

(Shen et al, 2007). However, considerable evidence suggested that Atro 

can regulate gene transcription in a positive manner as well (Kankel et al,

2004). A recent report has proposed that Atrophin2 can switch from a 

transcriptional repressive form to a transcriptional activating form (Wang et 

al, 2008b).

1.4 POLYGLUTAMINE NEURODEGENERATIVE DISORDERS

Polyglutamine expansion within human Atrophinl causes the DRPLA, 

one of the late-onset polyglutamine (polyQ) neurodegenerative diseases
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(Zoghbi & Orr, 2000), that represent a relevant cause of heritable 

neurodegeneration. These disorders are at least nine: Huntington disease 

(HD), spinocerebellar ataxia (SCA) 1, 2, 3, 6, 7, and 17, DRPLA and 

spinobulbar muscular atrophy (SBMA), the first to be reported in the 

literature (La Spada et al, 1991). They result from the expansion of a CAG 

repeat along the respective disease genes, encoding an abnormally long 

glutamine tract that confers toxic properties to the resident proteins (Gusella 

& MacDonald, 2000). This shared mutation suggests a common pathogenic 

mechanism, notwithstanding the fact that the pathogenic proteins are 

evolutionarily and functionally unrelated.

Among the factors leading to these diseases, an important component 

is the toxic gain of function caused by the disorder-causing proteins, even 

though in some cases it has been suggested that the loss of function of the 

normal gene might also contribute to the pathology (Cattaneo et al, 2005; 

Gatchel & Zoghbi, 2005; Zoghbi & Botas, 2002).

1.4.1 The DRPLA neurodegenerative disorder

The DRPLA exhibits clinical symptoms such as dementia, 

choreoathetosis, myoclonus epilepsy and cerebellar ataxia. The pathogenic 

mechanism is still not clear (Tsuji, 1999). It has been shown that the 

expansion of CAG tracts induces a significant loss of neurons in several 

brain regions such as globus pallidus, subthalamic nucleus, dentate nucleus 

and spinal cord (Nagafuchi et al, 1994a).

The polyQ expansion in Atrophinl had been suggested to 

compromise the function of the protein. However, recent findings on mutant 

mice indicated that atrophin1'A animals do not display any defect,
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neurological or of other phenotypes (Shen et al, 2007). Therefore, it is likely 

that the polyQ expansion along Atrophinl causes a dominant negative 

effect.

Several models have been proposed to explain the neurotoxicity 

caused by mutant Atrophinl, including protein cleavage of Atrophinl by 

caspases, (Ellerby et al, 1999; Nucifora et al, 2003; Schilling et al, 1999), 

the formation of aggregates or inclusions in the nucleus, a hallmark of 

polyglutamine diseases (Ross, 1995), and the phosphorylation of Atrophinl 

(Okamura-Oho et al, 2003). Unfortunately, the exact significance of these 

modifications in the pathogenesis of the DRPLA has not yet been 

established.

1.4.2 Factors causing polyglutamine disorders

Despite the shared nature of the genetic mutation causing the 

pathology, polyQ diseases differ clinically and neuropathologically. For 

example, a preferential loss of specific neuronal populations has been 

observed, although there is a considerable overlap in basal ganglia, 

brainstem nuclei, cerebellum and spinal motor nuclei degeneration 

(Fernandez-Funez et al, 2000; Ross, 1995). In addition, although the 

commonly accepted treshold for glutamine repeats is 37-40AA, there are 

three examples, SCA6, SCA3 and SCA17, whose CAG expansions are 

smaller, suggesting a different mechanism from the other disorders (Shao & 

Diamond, 2007).

Many hypotheses have been put forward to explain polyQ disease 

pathogenesis and all of them are not mutually exclusive. For any given
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polyQ disease, more than one mechanism likely contributes to neuronal 

dysfunction and eventual cell death.

A decade ago, a clue to pathogenesis has come from the discovery 

that expanded polyQ proteins accumulate within intraneuronal inclusions in 

selected brain regions, suggesting that polyQ protein aggregation mediated 

neurodegeneration by affecting gene expression or by disrupting nuclear 

organisation and function (Orr, 2001; Peters et al, 1999; Saudou et al, 1998; 

Zoghbi & Orr, 2000).

The role of nuclear inclusions in the pathogenesis has been a matter 

of debate. Although the original idea was that nuclear inclusions are 

pathogenic, later evidence has led to the alternative view that inclusions 

might be protective, by sequestering toxic oligomeric forms of the mutant 

protein (Gatchel & Zoghbi, 2005; Sisodia, 1998; Zoghbi & Botas, 2002). 

Additional evidence has suggested that neurotoxicity of the polyQ proteins 

is influenced not only by their altered function (Orr, 2001; Gatchel & Zoghbi, 

2005; Zoghbi & Botas, 2002), but also by a proteolytic cleavage and post- 

translational modifications of the mutant proteins (Muchowski, 2002; 

Pennuto et al, 2009).

Other mechanisms like mitochondrial dysfunction, impaired axonal 

transport and aberrant neuronal signaling, including excitotoxicity and 

cellular protein homeostasis impairment, have all been implicated in the 

pathogenesis of one or more polyQ disorders ( Bennett et al, 2007; Gatchel 

& Zoghbi, 2005; Li et al, 2008; Pandey et al, 2007; Riley & Orr, 2006).
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1.5 Drosophila AS A MODEL TO MIMIC NEURODEGENERATIVE

DISEASES

Neurodegenerative diseases represent a subgroup once considered 

among the most obscure and intractable of all human illnesses.

One of the powerful approaches for studying disease mechanisms is 

the establishment of animal models. The model organism Drosophila has 

been successfully used to study a wide range of human neurodegenerative 

diseases, contributing to the understanding of the molecular basis of these 

diseases ( Bonini & Fortini, 2003; Lu & Vogel, 2009; Muqit & Feany, 2002). 

Since around 75% of human genes implicated in genetic diseases have at 

least one ortholog in Drosophila (Reiter et al, 2001), flies allow excellent 

genetic manipulation and in vivo readouts of a studied pathology. In 

general, fundamental aspects of cell biology relevant to processes such as 

cell cycle, synaptogenesis, membrane trafficking and cell death, are similar 

in Drosophila and humans.

Four approaches have been employed successfully to study 

neurodegeneration in Drosophila. First, forward genetic screens have been 

carried out to identify genes that, when mutated, can cause degeneration of 

the brain (Kretzschmar et al, 1997; Rogina et al, 1997). Second, transgenic 

overexpression approach has been used to model disease caused by a 

toxic gain of function (GOF) mechanism, such as Alzheimer, Parkinson and 

polyQ diseases (Feany & Bender, 2000; Fernandez-Funez et al, 2000; 

Jackson et al, 1998). Third, a genetic inhibition of endogenous gene 

approach has been used to model the subset of familial diseases 

transmitted in a recessive fashion, which are likely caused by a loss of 

function (LOF) mechanism (Bilen & Bonini, 2005; Yang et al, 2003; Rong & 

Golic, 2000). Fourth, a pharmacological approach can be used to model
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neurodegenerative diseases and to test candidate therapeutics in animals 

(Chaudhuri et al, 2007; Coulom & Birman, 2004).

1.5.1 Approaches to model human diseases in flies

Reverse genetics can be used to target the fly homolog of a specific

gene implicated in a human disease. The phenotypes that resulted from the

altered gene expression are then studied. The most common mean of

expressing human neurodegenerative genes in Drosophila makes use of

the binary GAL4-dependent upstream activating sequence (UAS), the

Gal4/UAS system (Brand & Perrimon, 1993). In this system, a human

disease-related gene is subcloned into the UAS expression construct and

then microinjected into fly embryos to establish transgenic lines.

Figure 1.6 Schematic view of 
the GAL4/UAS system
Transgenic flies, expressing the 
yeast transcriptional activator 
GAL4 under a specific 
promoter, are crossed with 
transgenic flies carrying a 
human disease-related gene 
under the control of the UAS 
sequence. In the absence of 
ectopically expressed GAL4, 
the UAS-transgene is inactive. 
Once the protein GAL4 is 
expressed and recognizes the 
UAS sequence, the transgene 
trascription is activated and 
mutant flies express the 
transgene exclusively in the 
tissue where GAL4 is 
expressed (Muqit & Feany, 
2002).

The expression of the transgene is placed under the control of the 

yeast transcriptional activator GAL4. In the absence of GAL4, the transgene 

is inactive. When flies that carry the human transgene, under the control of 

the UAS sequence, are crossed to flies tfiat express GAL4 in a specific
Ml 1
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tissue or cell type, the human protein is made only in the tissues that have 

GAL4 (Fig. 1.6).

One of the most useful driver lines expresses GAL4 in all cells of the 

eye under the control of the glass transcription factor promoter, called GMR 

(glass multiple reporter). As a consequence, the study of neurodegenerative 

diseases, and in particular of polyglutamine ones, has found in the 

Drosophila compound eye a successful model of these pathologies. In 

almost all cases, expression of expanded polyQ containing protein has 

induced a phenomenon of retinal degeneration. Remarkably, studies in 

Drosophila have revealed that also the expression of expanded polyQ- 

containing proteins in glial cells confers toxicity, suggesting that 

degeneration or dysfunction of these cells may contribute to the disease 

process (Lievens et al, 2008; Tamura et al, 2009).

Figure 1.7 Wild-type eye structure
(A) Scanning electron micrograph of a Drosophila compound eye. Each facet 
represents a single ommatidium. Mechanosensory bristles project between 
ommatidia. (B) Tangential EM section through an ommatidium. The cells are 
arranged with crystal-like accuracy, as evidenced from the precision of the 
asymmetrical arrangement of the rhabdomeres. The rhabdomeres of the outer
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photoreceptors (R1-6) are arranged in an asymmetrical trapezoid surrounding the 
central rhabdomere. (C) A schematic ommatidium. The lens system consists of a 
fluid-filled pseudocone (C) bordered laterally by the primary pigment cells (PP), 
basally by the cone cells (CC), and apically by the corneal lens (CL). This unit 
collects and focuses light onto the underlying photoreceptors (RC). Each 
photoreceptor carries apically a rhabdomere (RH), that contains the photosensitive 
pigments. The rhabdomeres of R1-R6 extend the depth of the ommatidium and are 
arranged in an asymmetrical trapezoid pattern. R7 provides a central rhabdomere 
to this arrangement in the apical part of the ommatidium and R8 provides this 
function basally. The ommatidium has a hexagonal profile in cross section and, at 
alternate vertices, a mechanosensory bristle (B) projects to the exterior 
(Tomlinson, 1988).

The compound eye of Drosophila, the most accessible and life- 

dispensable system to study neuronal tissue, is a precisely organized 

structure composed of 800 repeated subunits called ommatidia (Fig. 1.7). 

Each ommatidium is made of eight light-capturing photoreceptor neurons, 

R1-R8, together with a number of accessory cells. Only seven of the eight 

photoreceptors are visible in tangential sections taken towards the external 

surface of the eye. Photoreceptors elaborate an apical membranous 

structure, the rhabdomere, which is fundamental for these neuronal cells to 

capture light stimuli and transmit the impulse to the brain. 

Neurodegeneration and neurotoxicity are monitored by measuring the loss 

of visible photoreceptor neurons in the eye; lethality of the organism, or 

behavioural phenotypes, although many other measures of degeneration 

can be used (Jackson et al, 1998).

1.5.2 Drosophila models for the DRPLA polyglutamine disease

Drosophila Atro encodes for a large ubiquitous protein, containing all 

functional domains of human Atrophins, including two polyQ stretches 

(Erkner et al, 2002; Zhang et al, 2002). In the laboratory, a model for the 

study of DRPLA in Drosophila has been established by generating three 

transgenes expressing Atro Wt, Atro75QN or Atro66QC proteins, the last
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two carrying the expansion of one of the two polyQ tracts. Over-expression 

of one of the three in the eye, including Atro Wt, causes the classical 

neurodegenerative phenotypes observed in other models of polyglutamine 

disorders: progressive retinal collapse and depigmentation, with Atro75QN 

being most severe (Nisoli et al., 2010). In addition to the typical polyQ 

toxicity, the results obtained have also suggested that protein-specific 

effects modulate the phenotypes, as observed for other polyQ models like 

Huntington disease.

PolyQ Atrophins promote neurodegeneration with autophagic 

hallmarks, both in neuronal photoreceptors and glial cells. So far, however, 

the contribution of autophagy to the pathogenesis of the DRPLA has not 

been fully understood (Nisoli et al., 2010). Although endogenous autophagy 

plays a crucial role in moderating polyQ Atrophin toxicity, further induction 

of autophagy does not rescue neurodegeneration of the DRPLA fly models, 

differently from what has been reported for other Drosophila 

neurodegenerative models (Ravikumar et al, 2004; Wang & Levine, 2010). 

Further evidence suggests that neurodegeneration induced in the DRPLA 

flies results from partial inhibition or delay of autophagic digestion, sharing 

many similarities with another group of human diseases, called lysosomal 

storage disorders (Settembre et al, 2008; Venkatachalam et al, 2008).

1.6 AUTOPHAGY

Autophagy is a general term that refers to a cellular degradative 

pathway involving the delivery of cellular components, like organelles or 

portion of cytosol, to the lysosomes, for final breakdown by resident
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hydrolases (Levine & Kroemer, 2008; Mizushima et al, 2008; Rubinsztein,

2006). Three types of autophagy have been described which share a 

common destiny of lysosomal degradation but are mechanistically different 

from one another: macroautophagy, the most extensively studied, 

microautophagy and chaperone-mediated autophagy (Klionsky, 2005; 

Massey et al, 2006). Microautophagy involves inward invagination of 

lysosomal membrane, which delivers a small portion of cytoplasm into the 

lysosomal lumen. Chaperone-mediated autophagy involves the direct 

translocation across the lysosomal membrane of cytosolic proteins, that 

require unfolding by chaperone proteins.

Macroautophagy (or autophagy) is conserved from yeast to mammals, 

and the molecular and cellular network mediating this process has been 

nicely described in the literature ( Klionsky, 2007). Upon induction, a small 

vesicular organelle, called the isolation membrane or phagophore, was 

shown to elongate and then enclose a portion of the cytoplasm. This results 

in the formation of a double-membrane structure, the autophagosome. 

Subsequently, the outer membrane of the autophagosome fuses with a 

lysosome to form an organelle called autophagolysosome, which leads to 

the degradation of the enclosed materials together with the inner 

autophagosomal membrane. Endosomes can also fuse with the 

autophagosome to form an organelle, called amphisome, that subsequently 

fuses with the lysosome. Amino acids and other small molecules, that are 

generated by autophagic degradation, are delivered back to the cytoplasm 

for recycling or energy production (Klionsky, 2007; Levine & Kroemer, 2008; 

Mizushima & Klionsky, 2007a).
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1.6.1 Molecular machinery of autophagy

Although autophagy was firstly identified by electron microscopy in 

mammalians by observing autophagosomes, the molecular understanding 

of autophagy began little more than a decade ago, starting primarily from 

genetic screens in the budding yeast Saccharomyces cerevisiae and then 

leading to the identification of 32 autophagy-related (Atg) genes (Klionsky,

2007).

The autophagy process is composed of mechanistically distinct steps 

starting with induction, which requires cargo recognition and packaging, 

vesicle formation and autophagosome-vacuole fusion, and finally 

breakdown of the content and subsequent release of the degraded products 

to the cytosol (Fig. 1.8). Different sets of Atg proteins are involved in these 

steps and orchestrate the vast majority of the process. Many Atg homologs 

have subsequently been identified and characterized in higher eukaryotes, 

suggesting that autophagy is a highly conserved pathway through the 

evolution (Xie & Klionsky, 2007).

1.6.2 Autophagosome formation and elongation

The nucleation and assembly of the initial phagophore membrane 

appears to start at the phagophore-assembly sites (PAS), where multiple 

proteins, besides Atg ones, are recruited (Cheong et al, 2008; Kawamata et 

al, 2008; Suzuki et al, 2007a). The source of the phagophore membrane 

has not been clarified yet, although recent data support a contribution from 

both mitochondria and also the endoplasmic reticulum and Golgi network 

(Axe et al, 2008; Juhasz & Neufeld, 2006; Reggiori et al, 2005; Yen et al,

2010).
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It has been demonstrated that the formation of the phagophore 

requires the activity of the class-ill phosphoinositide 3-kinase (PI3K) Vps34, 

whjch is part of a large macromolecular complex, specific for autophagy, 

that contains the proteins Atg6 (also called Beclin 1), Atg 14 and Vps15 

(Itakura et al, 2008; Kihara et al, 2001; Liang et al, 1999). This complex 

activates a series of Atg proteins, the most relevant of which is Atg1 (also 

called ULK1), a kinase described to exert a crucial and indispensable role in 

autophagy induction by binding Atg 13 and Atg 17 (Chan et al, 2009; Jung et 

al, 2009; Kamada et al, 2000).

Two other proteins have been discovered to be involved in the stage 

of autophagosome initiation, Atg5 and Atg12, that undergo the first of the 

two ubiquitylation-like reactions that control autophagy. Atg 12 is conjugated 

to Atg5 in a reaction that requires Atg7 [ubiquitin-activating-enzyme (E1 )- 

like] and Atg 10 [ubiquitin-conjugating-enzyme (E2)-like]. Atg5-Atg12 

conjugates are localized onto the PAS and dissociate when 

autophagosome formation is completed (Suzuki et al, 2001; Suzuki et al, 

2007a).

The second ubiquitylation-like reaction, described in literature in the 

context of autophagosome formation, is the conjugation of microtubule 

associated protein 1 light chain 3 (LC3 also known as Atg8 in yeast and 

Drosophila) to the lipid phosphatidyl ethanolamine (PE). LC3 has been 

extensively studied and found to be firstly processed by Atg4, to expose its 

C-terminus glycine residue and form the cytosolic LC3-I form, which is then 

covalently conjugated to PE to form the membrane associated LC3-II form. 

This process requires the activities of Atg7 (E1-like) and Atg3 (E2-like) and 

specifically targets LC3 to the Atg5-Atg12-associated membranes (Ohsumi 

& Mizushima, 2004).
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In physiological conditions, the basal level of autophagy is very low 

and the majority of Atg8/LC3 is cytosolic. Experiments performed to find 

factors that influence autophagy activation have shown that, upon 

autophagy induction, Atg8 increases in its lipid-conjugated form and is 

localized to both sides of the phagophore, where it controls the size of the 

autophagosomes. Interestingly, Atg8 levels correlate with autophagic 

vacuole numbers, which can be assessed by quantifying Atg8 positive 

vesicles inside the cells’ cytoplasm (Kabeya et al, 2000).

Phagophore

Autophagic cargos 1

Lysojome

Autophagosome

Degradation and 
vescicle breakdownAutolysosome

Figure 1.8 Schematic model of the autophagy machinery
A portion of the cytoplasm, including organelles, is enclosed by a phagophore or 
isolation membrane, to form an autophagosome. Pagophore nucleation is 
facilitated by the class III Ptdins3K that mediates enwrapping of cytosolic proteins 
and organelles like mitochondria. Atg12-Atg5-Atg16 and Atg8-PE are recruited to 
the phagophore to help for the phagophore expansion and the elongation of the 
double membrane. Upon autophagosome completion most of the Atgs are 
dissociated, allowing the fusion of the autophagosome with the lysosome. Finally
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the material inside the autolysosome is degraded by lysosomal proteases and 
released to the cytosol (from He & Klionsky, 2009).

1.6.3 Autophagosome maturation and fusion with the lysosome

Autophagosomes form randomly in the cytoplasm and, when their 

formation is completed, the Atg8 attached to the outer membrane is cleaved 

from PE by Atg4 and released back to the cytosol. Microtubules have been 

described as being crucial for driving the trafficking of autophagosomes to 

lysosomes, which are clustered around the microtubule-organising centre 

near the nucleus, and subsequently tether, dock and fuse together to form 

the so called autolysosome, where the contents of the two vesicles are 

mixed (Jahreiss et al, 2008).

One of the main methods discovered to measure autophagic flux is 

the monitoring of Atg8/LC3 turnover, since LC3-II is degraded when 

autolysosomes have been formed. In addition, as Atg8/LC3 is degraded by 

autophagy, the decrease or disapperance of total LC3 protein amount, or 

immunofluorescent staining, is paradoxically a second good indicator of 

autophagic flux (Kabeya et al, 2000; Mizushima & Klionsky, 2007a; Rusten 

et al, 2004).

Besides Atg8/LC3, levels of other autophagy substrates can be used to 

monitor the network. Classically, autophagy was considered to be a random 

degradation system, but recent studies have revealed that several specific 

substrates are preferentially degraded by autophagy, of which the best 

studied example is p62 (also known as SQSTMI/sequestome 1). p62 is 

selectively incorporated into autophagosomes through direct binding to LC3 

(Bjorkoy et al, 2005); thus, total cellular expression or immunofluorescent 

levels of p62 inversely correlate with autophagic activity. When autophagy
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is blocked or deregulated, p62 has been observed to accumulate 

(Mizushima & Klionsky, 2007a). P62 protein is not only a direct interactor of 

Atg8. Originally it had been described as a scaffolding protein commonly 

found in inclusion bodies containing polyubiquitinated aggregates, destined 

to be degraded by autophagy in several neurodegenerative disorders, such 

as Parkinson (Kuusisto et al, 2001; Nagaoka et al, 2004; Zatloukal et al, 

2002).

1.6.4 Vescicle breakdown and final degradation

After autophagosome fusion with the lysosome, degradation of the 

inner vesicle has been described to depend on a series of 

lysosomal/vacuolar acid hydrolases, including in yeast proteinases A, B and 

the lipase Atg15 (Teter et al, 2001) and in mammalian cells cathepsin B, D 

(a homolog of proteinase A) and L (Tanida et al, 2005).

One of the most traditional methods to evaluate the efficiency of this 

last step is the measurement of bulk degradation of long-lived proteins 

(Cuervo et al, 1997). In this assay, cells are cultured with isotope-labeled 

amino acids for a long time, to label long-lived proteins, followed by a short 

incubation period without isotope-labeled amino acids, to wash out 

radiolabeled short-lived proteins, which are primarily degraded by the 

proteasome. The cellular release of degraded proteins can be quantified 

after the treatment with an autophagy-inducing stimulus.

This has been considered an excellent quantitative assay, and the 

comparison of the degradation rates between samples cultured in the 

presence or absence of an autophagy inhibitor has been adopted as a
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standard to ensure that what was being measured correlated with the real 

contribution of autophagic degradation (Mizushima et al, 2010).

1.6.5 Regulation of autophagy activation

Under physiological conditions, autophagy has a number of vital 

roles such as maintenance of the amino acid pool during starvation, 

prevention of neurodegeneration, anti-aging, tumor suppression, 

preimplantation development, clearance of intracellular microbes, and 

regulation of innate and adaptive immunity (Cecconi & Levine, 2008;

Deretic & Levine, 2009; Levine & Kroemer, 2008; Rubinsztein, 2006).

One of the characteristic features of autophagy is its dynamic 

regulation; the activity is markedly upregulated by numerous stimuli. The 

best known inducer of autophagy is nutrient starvation, ranging from yeast 

to mammals (Kim et al, 2008; Igarashi et al, 1998). Besides starvation, 

autophagy can also be activated by several physiological stress stimuli such 

as hypoxia (Azad et al, 2008; Papandreou et al, 2008), energy depletion 

(Inoki et al, 2003), endoplasmic reticulum stress (Yorimitsu et al, 2006), 

high temperature, hormonal stimulation or pharmacological agents,such as 

rapamycin (Noda & Ohsumi, 1998; Lum et al, 2005a). The lysosomal 

degradative network is also stimulated by pathological circumstances such 

as bacterial or viral infections and protein aggregopathies (Xu et al, 2007).

Conversely, autophagy suppression is also often associated with 

certain diseases, including a subset of cancers, neurodegenerative 

disorders, infectious diseases. A decline in autophagy function is also a 

common feature of aging (Cuervo, 2004; Martinez-Vicente & Cuervo, 2007).
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1.6.6 Signaling pathways regulating autophagy

Nutrient starvation induces autophagy in eukaryotic cells through 

inhibition of TOR (target of rapamycin), an evolutionarily-conserved 

serine/threonine kinase. TOR, as a central sensor of cell growth, plays a 

key role at the interface of the pathways that coordinately regulate the 

balance between cell growth,cell division and autophagy in response to 

nutritional status, stress signals and energy status. The activation of TOR  

signaling provokes the inhibition of autophagy induction (Codogno et al.,

2005).

In Drosophila and mammalian cells, the pathways through which 

hormones regulate autophagy are different from those of nutrients, however 

both converge on TOR (Lum et al, 2005a). Insulin and insulin-like growth 

factors regulate TOR through the class I Ptdlns3K PKB/Akt pathway. Upon 

association with growth factors, receptor tyrosine kinases undergo 

autophosphorylation and become activated, increasing membrane 

recruitment of both PKB/Akt and its activator PKD1. PKB/Akt, in turn, 

inhibits a downstream protein complex, called the tuberous sclerosis 

complex 1/2 (TSC1/TSC2).

TSC1/TSC2 heterodimer is a stable complex which senses the 

upstream inputs from various kinases, not only PKB/Akt, but also ERK1/2 

(Ma et al, 2005; Inoki et al, 2002). Moreover, it acts as the GAP for Rheb ( 

the Ras homology enriched in brain protein), a small GTPase that binds and 

finally stimulates TOR activity. Besides TOR, Rheb homologues also play a 

role in autophagy regulation by growth factors, inducing the signaling via the 

Raf-1-MEK1/2-ERK1/2 pathway (Furuta et al, 2004; Pattingre et al, 2003).
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Figure 1.9 Signalings regulating the autophagy activation
(from He & Klionsky, 2009)

TOR has been described as belonging to two distinct complexes, 

TORC1 and TORC2. They are structurally and functionally distinct protein 

complexes that share the same catalytic subunit, TOR, which are both 

conserved from yeast to mammals. TORC1 has a primary function in 

regulating autophagy (Kamada et al, 2004; Lum et al, 2005a). Direct 

inhibition of the TORC1 complex with the rapamycin treatment stimulates 

autophagy, suggesting that TOR downregulates the lysosomal degradative 

pathway (Noda & Ohsumi, 1998; Yang & Klionsky, 2009). However, a 

recent report challenged this view by showing that rapamycin and siRNA 

knockdown of one of the key downstream effectors of the TORC1, S6 

kinase 1 (S6K1), inhibit autophagy in cancer cells (Zeng & Kinsella, 2008). 

In addition, a more recent finding shows that mTORCI regulates autophagy 

through an unknown mechanism that is insensitive to rapamycin (Thoreen 

et al, 2009).

During periods of intracellular metabolic stress, activation of 

autophagy has been descrided as a crucial process for cell viability. Both in
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Drosophila and in mammalian cells, a reduced cellular energy level is 

sensed by AMPK (5’-AMP-activated protein kinase), which is activated by a 

decreased ATP/AMP ratio. Active AMPK leads to phosphorylation and 

activation of the TSC1/TSC2 complex, which inhibits mTOR activity through 

Rheb (Inoki et al, 2003).

Autophagy, stimulated by mTOR down regulation, results in elevated 

ATP production via recycling of nutrients. In addition, the AMPK pathway 

phosphorylates and activates p27kip1, a cyclin-dependent kinase inhibitor, 

leading to cell cycle arrest. The latter is essential to prevent cells from 

undergoing apoptotic death and to induce autophagy for survival, in 

response to bioenergetic stress during growth factor withdrawal and nutrient 

deprivation (Liang et al, 2007).

1.6.7 Autophagy in neurodegenerative diseases

Growing evidence has recently linked autophagy to numerous 

intracellular functions such as development, differentiation, cell defense 

against pathogens, and cell death (Cuervo, 2004; Mizushima & Klionsky, 

2007a; Shintani & Klionsky, 2004). Connections have also been established 

between malfunctioning of autophagy and different human disorders (Fig. 

1.10) such as cancer, muscular and metabolic diseases, and 

neurodegenerative disorders (Cuervo, 2004; Martinez-Vicente & Cuervo,

2007).
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Figure 1.10 Autophagy in human diseases
Degradation is fundamental to maintain cellular homeostasis. Autophagy can act 
as a cytoprotective mechanism to prevent various diseases like cancer, 
neurodegeneration, myophaties, metabolic diseases and infections although in 
some cases it could also be deleterious (from Mizushima et al, 2008).

Several reports have demonstrated that autophagosomes 

accumulate in the brain of patients with diverse disorders such as 

Alzheimer’s, Parkinson’s and Huntington’s disease, leading to the 

hypothesis that, in addition to the ubiquitin-proteasome system, the 

degradation of disease-related mutant proteins is highly dependent on 

autophagy, (Rubinsztein, 2006; Rubinsztein et al, 2007; Williams et al, 

2006). Consistent with this idea, autophagy has been implicated in 

regulating the turnover of mutant polyglutamine forms of Huntingtin, that 

accumulate in affected neurons (DiFiglia et al, 1997) but although highly 

ubiquitinated are poor substrates for proteasome (Venkatraman et al, 

2004). The presence of many undegraded ubiquitinated polyQ-aggregates 

suggested that the proteasome is attempting at clearing the mutant proteins 

without any success (Ross & Poirier, 2004). The autophagic signaling has
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been found to compensate for the impairment in the proteasome system in 

a fly model of spinobulbar muscle atrophy (Pandey et al, 2007).

An age-related decline of nervous system function has been 

described in several Atg knockout mice, like Atg5 or Atg7, and also in 

Drosophila mutants, suggesting that the loss of autophagy induces a 

neurodegenerative phenotype (Hara et al, 2006; Juhasz et al, 2007; 

Komatsu et al, 2006).

Pharmacological activation of autophagy has been shown to alleviate 

the toxicity associated with aggregate-prone proteins, both in cultured cells 

and in mouse or Drosophila models (Ravikumar et al, 2004; Rubinsztein et 

al, 2007). Rapamycin, a pharmacologic inducer of autophagy, reduces the 

aggregation of expanded polyQ in transfected cells (Ravikumar et al, 2002), 

protects against neurodegeneration in a fly model of Huntington disease 

and improves performance on behavioral tests by decreasing aggregate 

formation, in a mouse model of Huntington disease (Ravikumar et al, 2004). 

In conclusion, it is reasonable to assume that proper functioning of 

autophagy is necessary for maintenance of neuronal homeostasis and for 

the removal of pathogenic proteins unsuitable for degradation through other 

proteolytic pathways.

However, as this system becomes overloaded during this 

compensatory stage, and other aggravating factors, such as aging and 

oxidative stress, contribute, autophagy failure becomes evident, leading to 

functional cellular decline and eventual cellular death. Decrease with age in 

the activity of both the lysosomal and the proteasome system, has been 

reported in almost every tissue in old organisms (Cuervo et al, 2005). 

Declining protein degradation could be responsible in part for the failure of 

the intracellular quality control systems observed in the neurodegenerative
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disorders with age. Poor degradation of autophagosome cargo, together 

with an impaired ability to upregulate autophagy, have also been described 

in aged organisms. The subsequent intracellular accumulation of protein 

aggregates and autophagic vacuoles containing undigested materials, have 

been proposed as mainly responsible for cellular failure and onset of 

symptoms, thus accelerating cellular death (Cuervo et al., 2010).
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2. AIM OF THE PROJECT

It has been suggested that polyQ diseases are transcriptionopathies, 

in which toxicity first arises from large scale alterations of transcription. In 

addition, because of the molecular function of Atrophins, DRPLA is a 

disease with a straightforward link to transcriptional activity.

Several Drosophila models for DRPLA have been generated in the 

lab, identifying both typical polyQ toxicity and atrophin-specific events that 

modulate cell and organism toxicity (Nisoli et al., 2010).

To understand how transcriptional alterations cause 

neurodegeneration and are linked to the normal functions of Atrophin, a 

genome wide transcription profiling has been performed in the lab on the 

DRPLA Drosophila models, focusing on primary events that precede 

neurodegeneration.

The most fascinating result that emerged from the microarray analysis 

was the repression of the ft tumour suppressor gene transcription, ft 

transcription is significantly dowregulated not only by the two polyQ 

Atrophin forms but also by the wt Atrophin, albeit at a much lower degree. 

This suggests that ft transcriptional regulation is an Atrophin specific 

function which is altered by the polyQ expansion. The analysis also denotes 

that polyQ Atrophins stimulate the transcription of genes regulating stress 

responses, cell cycle and homeostasis of the photoreceptors neurons, 

outcomes already observed for other polyQ proteins.

The functional significance of ft downregulation induced by Atrophins 

has been addressed through Drosophila genetics revealing a strong genetic 

interaction between atrophin and ft in neurodegeneration.

In light of these findings my PhD project focuses on the hypothesis 

that ft is required per se to prevent neuronal degeneration.
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I have thus designed a series of experiments to unravel the biological 

relevance of Ft and whether it affects neuronal homeostasis independently 

of any mutation in Atrophin.

Subsequently, to draw a more complete model of the ft biological 

function I have deemed it necessary to start to define the molecular 

signaling ft belongs to and finally the cellular mechanism through which this 

tumor suppressor and its signaling pathway control homeostasis and 

degeneration.
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Chapter 3 

METHODS

3.1 Drosophila strains

The following mutant fly stocks have been used for the analysis of the 

retinal phenotype in homozygous mitotic clones: 

yw, eyflp/w;^, FR T40/P[w*], FRT40 

yw, eyflp/w;f?d, FR T40/GFP, FRT40  

yw,eyflp/w;ff2, FRT40/P[w*], FRT40 

yw, eyftp/w;FRT40/P[w*], FRT40 

yw,eyflp/w;FRT82B,sav3/FRT82B,P[w*] 

yw, eyflpAv;hpoBF33, FR T42D/GFP, FR T42D 

yw, eyflp/w;hpo42~4T, FRT42D/GFP, FRT42D  

yw,eyf!p/w;FRT82B, wtsK1/FRT82B,P[w*] 

yw,eyflp/w;FRT82B, wtsMGH1/FRT82B,P[w*] 

yw, eyflp/w;exe1 ,FRT40/P[w*], FRT40  

yw,mer4,FRT19A/FRT19A, TubGal80,hsflp 

yw,eyfip/w;d3Cn, FRT40/P[w*], FRT40 

yw,eyflp/w;rfd,dGC13,FRT40/P[w*],FRT40 

yw,eyflp/w;tfd,FRT40, ykiB5/P[w*],FRT40 

yw,eyflp/w;ds3a, FRT40/P[w*], FRT40 

yw, eyflp/w;ds38, cPcn, FRT40/P[w*], FRT40 

yw,eyflp/w;ds3S, FRT40, ykPs/P[w*], FRT40 

yw, eyflp;atroe46'2, FRT2A/GFP,FRT2A 

yw,eyflp;atroe46~2,FRT80/P[w*],FRT80 

yw,eyflp;gug35,FRT2A/GFP,FRT2A

yw, eyflpigug35, FR T80 / P[w*], FR T80
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yw,eyflp/yw; TorAP, FRT40/P[w*l FRT40 

yw,eyflp/yw;rfd, Tor^, FRT40/P[w*], FRT40

yw,eyf!p/yw;ftd, FRT40/GFP, FRT40;atg1a3D, FRT80/FRT80, M, armLacZ 

The following stocks have been used for the phenotypic analysis of mutant 

retinae expressing exogenous transgenes that carry wt, mutant or RNAj 

constructs. Expression of transgenes have been driven taking advantage of 

the Gal4-dependent upstream activating sequence Gal4/UAS system 

(Brand & Perrimon, 1993).

- f(R (#9396 from VDRC): UASftR/GMRGal4;Ubi-Gal8C?s

- shotgunIR (#103962 from VDRC): UASshotgunIR/GMRGal4;Ubi-Gal8&s 

-yw,eyflp;GMR,FRT,P[w+],FRT,Gal4/+;UASYki/+

- yw,eyflp/yw;ftu,FRT40/armLacZ,FRT40;UAS-GFP::Atg8a/TubGal4

- yw.eyflp; t f 1lFRT40/TubGal80,FRT40;TubGal4/+

-yw.eyflp; rfd,UASTorrED,FRT40/TubGal80,FRT40;TubGal4/+

- yw.eyflp; ftfd,FRT40/TubGal80,FRT40;UASTsc1IR/TubGal4 

-yw.eyflp; f f ‘,FRT40/TubGal80,FRT40; UASAtg1GS10797/TubGal4 

Standard methods have been used for fly handling. Flies were raised at 

25°C or 29°C as specified in the text.

3.2 Generation of mitotic clones with Flp/FRT system

Mitotic clones have been generated by the flp/FRT technique either 

with ey-flp or hs-flp as recombination source (Xu & Rubin, 1993). The 

flippase recombinase gene (flp) is placed under the control of the eyeless 

(ey) enhancer, to drive the expression of the enzyme specifically in the eye- 

antennal imaginal discs during the larval stage. Alternatively, for hs-flp, two 

pulses of heat-shock at 37°C of 90 min at 24 and 36 hours after egg laying
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have been used to induce a FLP ubiquitous expression. The FLP 

recombinase recognises and mediates site-specific recombination between 

FRT (Flp recombinase target) sites placed at identical position on 

homologous chromosomes (Golic & Lindquist, 1989). If the site-specific 

recombination between homologues occurs after DNA replication, and the 

daughter chromatids segregate appropriately, the region of the 

chromosome arm that lies distal to the FRT site will be made homozygous 

and each daughter cell will inherit two copies of this region from one of the 

parental chromosomes (Fig. 3.1). We used this system to make a 

mutagenized chromosome arm homozygous in clones of cells in the eye of 

flies that are otherwise heterozygous for the mutation of our interest.
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Figure 3.1 The Flp-FRT mitotic recombination (adapted from Johnston et al., 

2002)
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3.3 The MARCM genetic system

The MARCM (Mosaic analysis with a repressive cell marker) system 

has been used to induce the expression of specific transgenes exclusively 

inside homozygous mutant clones in the fly eye (Lai & Lee, 2006; Lee &

Luo, 1999). The peculiarity is that the MARCM system combines the GAL80 

repressor protein with the Drosophila Gal4-UAS binary system and the 

Flp/FRT system, in order to genetically label clones (Lai & Lee, 2006; Lee & 

Luo, 1999) (Fig. 3.2). In parental cells, the activity of GAL4 is repressed by 

the GAL80 protein. After Flp/FRT-dependent mitotic recombination, 

homozygous mutant cells lack GAL80 and hence possess an active GAL4. 

GAL4 driver can activate the transcription of reporter genes, like GFP, 

placed under the crontrol of the UAS sequence (UAS-GFP), specifically 

inside homozygous mutant cells (Lee & Luo, 1999).
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Figure 3.2 Model of the MARCM genetic system (from (Lee & Luo, 1999))

3.4 Light microscopy

Adult eyes containing homozygous mutant clones were fixed in 0.1 M 

Na-phosphate buffer, 1% glutaraldehyde, 1% Os04 on ice for 30 min, then 

incubated with 2% Os04 in 0.1 M Sodium-phosphate buffer for 2 hrs on ice,
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dehydrated in ethanol washes (30%, 50%, 70%, 90% and 100%), washed 

twice in propylene oxide and incubated overnight in a 1:1 mix of propylene 

oxide and epoxy resin (Fluka). Finally eyes were embedded in pure epoxy 

resin and polymerized over-night at 80°C. The embedded heads were cut 

on a Leica UltraCut microtome using a diamond Diatome Histo knife.

Retinal sections (1pm) were analysed with a Zeiss Axioplanll microscope 

at the ALEMBIC facility at San Raffaele Institute.

3.5 Electron microscopy

For the electron microscopy, adult heads were dissected and fixed at 

room temperature (RT) in 4% Paraformaldehyde (PFA); 2% glutaraldehyde 

in 0.12M sodium cacodylate buffer at pH 7.4 for 1 hr. The heads were then 

washed 3 x 1 0  min in 0.12M sodium cacodylate buffer, post-fixed in 2% 

Os04 in 0.12M sodium cacodylate buffer for 1 hr and washed again 3 x 1 0  

min. Afterwards, samples were dehydrated in ethanol series and infiltrated 

with propylene oxide, infiltrated with increasing percentages of epoxy resin 

series (from 30% to 100%) and finally polymerized at 80°C.

The retinal sections for the electron microscopy (80 nm) were cut on a 

Leica UltraCut microtome using a diamond Diatome Histo knife. Ultrathin 

sections were post stained with 2% uranyl acetate, followed by Reynolds’ 

lead citrate, and stabilized for transmission electron microscopy by carbon 

coating. Finally sections were analysed with a Zeiss LE0912 microscope at 

100 kV. Images were captured with a Gatan 792 Bioscan camera using 

Digital Micrograph as software.
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3.6 Immunohistochemistry

Immunostainings of adult retina were performed with whole-mount 

preparation. Staged eyes were dissected and fixed in 4% formaldehyde in 

Phosphate Buffer Saline (PBS) for 1 hr. The brain was removed 

approximately 30 min into fixation. Fixed eyes were then given 3 x 1 0  min 

washes in PBS-T (PBS plus 0.3% Triton X-100). Washed eyes were 

incubated in primary antibody in PBS-T with 5% goat serum overnight at 

4°C. Eyes were given 3 x 1 0  min washes in PBS-T and incubated for 4 hrs 

at RT in secondary antibody followed by an overnight staining in 2 pg/ml 

rhodamine-conjugated phalloidin (Sigma). After incubation, eyes were given 

3 x 1 0  min PBS-T washes and mounted in Vectashield.

Antibodies used: mouse anti-p-galactosidase (1:1000, Promega), rabbit 

anti-GFP (1:500, Molecular Probe), rabbit anti-p62 (1:2000, a gift from 

Didier Contamine) Secondary fluorescence-conjugated antibodies from 

Molecular Probes or Jackson Laboratories were used at 1:200 dilutions. 

Samples were viewed with BioRad and Zeiss LSM confocal microscopes.
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Chapter 4-7 

RESULTS and DISCUSSIONS

Chapter 4
AN UNEXPECTED PHENOTYPE IN THE Drosophila ft 

MUTANT FLY EYE

The Drosophila Ft was first identified at the beginning of the last century 

because of the broad shape of weak ft mutants (Mohr, 1923). ft mutant 

imaginal discs, the organs that form during larval development and give rise 

to all the adult fly organs, could grow eight times larger than normal discs. 

Due to its role in cell proliferation and organ size, ft was considered to be a 

tumour suppressor gene (Bryant et al, 1988). Ft was also found to control 

PCP together with the cadherin Ds and the transcriptional co-factor Atro 

(Casal et al, 2002; Yang et al, 2002; Fanto et al, 2003).

Very recently, experiments performed in the lab demonstrated that ft 

gene transcription is downregulated by Drosophila Atro (F. Napoletano, 

unpublished), that in humans is linked to a polyQ neurodegenerative 

disorder (Nisoli et al, 2010). This new outcome led us to investigate the 

phenotype of ft mutants in the nervous system.

4.1 Mutations of the Drosophila ft gene give rise to a progressive 

degeneration of the adult retina

To test whether Drosophila Ft by itself plays a role in neuronal 

degeneration we started our investigation by studying age-related 

phenotypes in ft mutant neuronal tissue.
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We took advantage of the fly retina to analyse the phenotype induced 

by ft mutations, since the fly eye is the most accessible and life-dispensable 

system to explore any possible alteration in the physiology of the nervous 

system. The retina of flies heterozygous for the loss of function allele, ft*  is 

normal and all the neuronal cells that compose the fly eye, the 

photoreceptors, are preserved in their structure and correctly incorporated 

in an ommatidium (Fig. 4.1B, top left).

We crossed flies heterozygous for ft*  allele, localized on the right arm 

of the second chromosome near to a transgenic FRT  site, with flies whose 

homologous chromosome carries a FR T  site placed at identical position and 

is also marked by a mini-white transgene, commonly used as a selectable 

marker because its expression is necessary for eye pigmentation (Pirrotta, 

1988). Taking advantage of the flp/FRT genetic system, the site-specific 

recombination between homologues occurs after DNA-replication 

exclusively in the retinal tissue because of the eyeless specific promoter 

(Golic & Lindquist, 1989). Then, if the daughter chromatids segregate 

appropriately, the region of the chromosome arm that lies distal to the FRT  

site is made homozygous and each daughter cell inherits two copies of the 

same region. Thus, two groups of cells are generated: clones of cells 

homozygous for ft*  and wt twin-spot clones. The genotype results 

heterozygous for ft in those part of the retina where the recombination did 

not occur and in all the rest of the fly’s organism. Semithin sections of 

mosaic ft*  retinae dissected from adult flies visibly showed a difference 

between wt ommatidia (Fig. 4.1B.D, top left) and those belonging to the 

homozygous mutant clone (Fig. 4.1B.D, right side of the section). Both wt 

twin-spot clones and ft*  heterozygous cells carried the mini-white transgene
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thus expressing pigments cells that surround each ommatidium (Fig. 4.1B.D

top left).
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Figure 4.1 Retinal phenotype in wf and ft mutant clones of the adult fly eyes
All the flies were aged at 29°C. A,C- Tangential sections from one day (A) and one 
week old retinae (C) containing wt clones on a background heterozygous for a 
P(w+) inserted element. In both the cases the shape of the ommatidia and the 
number of photoreceptor cells per ommatidium is conserved and the tissue is 
correctly organized both in the background (presence of pigmented cells) and also 
inside the homozygous clone (absence of pigmented cells). B,D- Tangential 
sections of tfd mutant clones from retinae of flies aged one day (B) and one week 
(D) at 29°C. In both the cases retinal tissue is composed of homozygous f t6 mutant 
clones (bottom right) inside a wt tissue (top left). One day old homozygous ffd 
tissue (B) is normal and comparable to the organization of the ommatidia inside wt 
tissue (pigmented region). Semithin section of one week old retinae (D) display an 
altered organization of the photoreceptors specifically inside the f?d homozygous 
clone. Enlargement of a w t ommatidium (E, pink arrow in D) shows each of the 7 
photoreceptors carrying pigments at the base of the rhabdomere and the whole 
ommatidium surrounded by pigment cells. The majority of the ommatidia inside the 
clone are normal but occasionally one photoreceptor (at most) shows an abnormal 
conformation (F, orange arrow in D) or the total number of neuronal cells per 
ommatidium is reduced (G, yellow arrow in D).
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By contrast, f?d homozygous ommatidia were characterized by the absence 

of pigments (Fig. 4.1B.D, right side of the section). Furthermore, 

photoreceptor cells conventionally organized on the apical portion of their 

cytoplasm a structure dense in microvilli, called the rhabdomere, that 

contained the photosensitive pigments (Fig 4.1E). Mutant photoreceptors 

could be distinguished from the wt ones by the absence of pigments at the 

base of their rhabdomeres (Fig. 4.1F.G). Fly crosses were made at room 

temperature (18°-19°C) and, to exclude a contribution of mis-development 

on our analysis, the progeny was moved to higher temperatures only after 

flies eclosion. The developmental period for Drosophila melanogaster 

varies with temperature, as with many ectithermic species. The shortest 

development time (egg to adult), 7 days, is normally achieved at 28/29°C, 

when the fly lifespan is about 30 days at 29°C (Ashburner, 1978). The 

accepted range of temperatures among which Drosophila life-cycle correctly 

occurs without any developmental defect or problem with fertility, is from 

17°C to 29°C as maximum. We therefore decided to age flies at 29°C just to 

make our data analysis more rapid.

Although initially wf for morphology (Fig 4.1B), after one week at 29°C 

adult flies displayed an alteration in the morphology of some ft mutant 

ommatidia specifically inside the clone (Fig. 4.1D), whereas the wf tissue 

was entirely normal. The differences we detected inside ft homozygous 

tissue have been grouped in two main categories: modification in the shape 

and structure (Fig. 4.1 F) and decrease in the total number of 

photoreceptors per ommatidium (Fig. 4.1G).

Since the abnormalities observed in the one week old ft mutant 

ommatidia could be the manifestation of a gradual cellular process, we 

wondered whether ffd retinal phenotype could change with time. Several ftd
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mutant flies were thus collected, aged at 29°C for different time points and 

the phenotype of the fly eye was examined.

The progressiveness of the phenotype was scored through a blind test 

in which I did a quantitative analysis of the eye morphology in a number of 

f fd flies aged one week at 29°C compared with the same number of older 

siblings aged two weeks in the same conditions. The results were then 

checked by a second investigator just to confirm my analysis. The sections 

were classified in three distinct categories: low, medium and severe.

w t low  m edium  severe

Figure 4.2 Classification of the level of degeneration in ft?d/fd retinal tissue
Sections were classified in distinct categories, low, medium and severe depending 
on the level of mutant photoreceptors abnormalities with respect to the wt (A). Low, 
when the clone is almost totally normal and only occasionally one photoreceptor is 
lost or displays an altered morphology (B). Medium, when very few ommatidia are 
preserved and the majority of them have at least two photoreceptors reduced in 
size or altered in the conformation (C). Severe, when the tissue inside the 
homozygous clone presents large gaps and almost all photoreceptors are 
abnormal (D).

The abnormality was scored as low when the majority of the 

ommatidia inside the clone appeared normals (Fig. 4.2A) with only a few 

containing at most one abnormal or missing photoreceptor (Fig. 4.2B). In 

the medium category were included the sections in which, although the 

trapezoidal shape was still recognizable, very few mutant ommatidia were 

totally preserved whereas most of them showed at least two photoreceptors 

altered (Fig. 4.2C). Sections in which it was rare to find correctly structured 

photoreceptors inside the clone and where the mutant tissue was collapsed 

belonged to the severe category (Fig. 4.2D). In very rare cases, distinct
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clones within the same eye showed different levels of degeneration; for this 

reason their contribution has been split to different categories of 

neurodegeneration.
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Figure 4.3 Progressive retinal degeneration in tifd mutant clones from flies 
aged at 29°C
A,C- Semithin sections of wt homozygous clones isolated from adult flies aged two 
(A) and three weeks (C) at 29°C. In both the examples photoreceptors belonging 
to the homozygous tissue (absence of pigments) are preserved and comparable to 
the cells of the heterozygous tissue (presence of pigments). B- Semtihin section of 
f fd mutant clones from retinae aged two weeks at 29°C. Degeneration of the cells 
inside the f?d homozygous clone is evident and the majority of the mutant 
ommatidia contain at least two abnormal or lost photoreceptor cells. D- Semithin 
section from three weeks old ft?d mutant retina. The phenotype is extremely severe, 
the tissue is full of large gaps and it is very rare to distinguish ommatidial 
conformation or to find normal photoreceptors. E- Quantification of the level of 
degeneration in f t6 mutant clones aged at 29°C for different time points and 
analyzed in blind. After one week of age, half of the rfd homozygous clones display
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a low level of degeneration, 25% medium and 25% are severely degenerated 
(N=15 clones). After two weeks only 5% of the clones observed is still low 
degenerated whereas 60% belong to the severe category (N= 15 clones). After 
three weeks all the rfd homozygous clones analyzed are severely degenerated (N= 
8 clones).

About half of the semithin sections isolated from one week old ft* 

mutant clones were scored as low degeneration (Fig. 4.3B), since they 

contained few ommatidia with one photoreceptor missing or abnormal, the 

rest being totally normal (Fig. 4.1 B). After two weeks the mutant phenotype 

became more evident and more than half of the sections studied were 

classified as severely degenerated (Fig. 4.3A,B). The majority of the cells 

inside the clone were altered and exhibited abnormalities in the shape of 

both the cytoplasm and the rhabdomere (Fig. 4.3A). However, the 

trapezoidal form of the mutant ommatidia was mostly conserved.

Taken together, these data indicated that the phenotype of two weeks 

old ft mutant clones was more severely affected when compared with 

clones from younger flies of the same genotype (Fig. 4.3B).

Older ft*™clones, aged three weeks at 29°C, were also studied but 

not included in the blind test analysis because very few mutant flies 

survived until that age. The retinal phenotype was dramatic in almost all the 

ft™  clones (Fig. 4.3C); the mutant tissue was largely disrupted with a lot of 

gaps specifically located inside the clone. Mutant photoreceptors had lost 

their contacts with the neighboring cells. Recognition of the shape of the 

ommatidia was almost impossible.

In conclusion the experiment revealed a significant and progressive 

increase in the severity of Drosophila ft neuronal degeneration phenotype.
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4.2 ft™ retinal degeneration also occurs at lower temperatures
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When the study of retinal degeneration in ft mutants was set up, adult 

flies were aged at 29°C. Such a high temperature could lead to a stress 

condition. Consequently, the abnormalities detected in f fd mutant 

photoreceptors could be due to stress. To check this possibility, we 

investigated whether the progress in rfd neurodegeneration is influenced by 

the temperature.

Figure 4.4 Retinal degeneration in flfd mutant clones from flies aged at 25°C 
A- Semithin section of one week old fly retina displays a low level of photoreceptor 
degeneration specifically inside the t fd homozygous clone. The majority of the 
ommatidia inside the clone are normal but occasionally one photoreceptor (at 
most) shows an abnormal conformation (bottom yellow arrow) or the total number
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of neuronal cells per ommatidium is reduced (top yellow arrow). B- Semithin retinal 
section from flies aged two weeks at 25°C. Degeneration of the cells inside the ftd 
homozygous clone is evident but the majority of the mutant ommatidia contain at 
maximum two abnormal or lost photoreceptor cells. C- Semithin section from three 
weeks old ft* mutant retina. The phenotype inside the clone is extremely severe, 
the trapezoidal conformation of mutant ommatidia is not distinguishable and most 
of the photoreceptors have degenerated. D- Quantification of the level of 
degeneration in ftd mutant clones aged at 25°C for the same time points chosen 
for the previous study and analyzed in blind. After one week of age, all the ft* 
homozygous clones display a low level of degeneration (N=10 clones). After two 
weeks more than half of the clones are still low degenerated whereas only 10% 
belong to the severe category (N=15 clones). After three weeks the number of ft* 
clones with a low level of degeneration is strongly reduced (17%) and there is an 
increase in the number of clones belonging to the medium (25%) and to the severe 
category (58%) (ISM5 clones).

The phenotype of f(d mutant clones coming from adult flies with the 

same genetic background, but aged at 25°C, was analysed at the same 

time points. Almost all semithin sections dissected from one week old flies 

displayed a low level of degeneration inside the ft*  homozygous clone, with 

most mutant ommatidia being normal in shape and content (Fig. 4.4A,D). 

After two weeks at 25°C more than half of the ft*  mutant clones analyzed 

were still largely normal, although about 20% of the ft*  clones showed a 

medium level of degeneration (Fig. 4.4B,D) and fewer than 10% of ft* 

clones were severely affected. The majority of mutant retinae isolated from 

three weeks old ft*  flies were severely degenerated (Fig 4.4C).

In conclusion, the data obtained from ft retinal phenotype indicated 

that neurodegeneration was faster when flies were aged at 29°C if 

compared to ft flies aged at 25°C. This is consistent with the general 

metabolic rate, the duration of the life cycle and life span at these two 

temperatures.

Thus, the analysis confirmed that ft mutation leads to a progressive retinal 

degeneration which does not depend on the temperature except than for 

the rapidity through which the severity of ft phenotype increases. We can 

exclude that the 29°C phenotype and time-course are due to speed of
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development because the progeny was left at room temperature until the 

pupation and only adult flies were put at 29°C.

4.3 The retinal phenotype caused by a distinct mutation of the

Drosophila ft gene, ft*2, confirms the ft** neuronal degeneration

The histological studies previously shown were done by inducing the 

formation of clones homozygous for a strong loss of function allele against ft 

gene, the ffd allele. To exclude the possibility that the phenotype depends 

on that precise mutation or on a secondary mutation induced on the ffd 

chromosome arm, we designed a set of experiments using a distinct mutant 

allele of ft.

We decided to leave out ftGRV, the first loss of function ft allele to be 

isolated and characterized (Bryant et al, 1988; Mahoney et al, 1991) 

because the mutant ommatidia were extremely abnormal. The larger 

rhabdomeres appeared fused together and the inter-rhabdomeral space 

was no longer detectable, giving rise to a phenotype that was not time- 

dependent. Since the distinction of the single photoreceptor cells became 

impossible, a quantification of the degeneration could not be achieved. This 

alteration might be the result of an additional mutation present on the ftGRV 

chromosome.

For this reason, we decided to analyze clones for ft82 allele (gift from 
♦

P.Bryant), although the exact nature of the lesion in ft82 is unknown. 

Comparison of microscopic sections from ft82 mutant clones of flies aged 

one week (Fig. 4.5A) or three weeks at 29°C (Fig. 4.5B), confirmed the rfd 

progressive alteration of the neuronal phenotype observed with ffd. ft82 

homozygous clones from older flies ( 3 weeks), displayed a number of 

abnormal or missing photoreceptors, specifically inside the mutant tissue,
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that resulted increased if compared to younger mutants. However, the 

abnormalities we observed in the ft82 mutant photoreceptors were much 

fewer and weaker than in those of the f fd mutants at the same time points 

(Fig. 4.2, Fig. 4.3). No severely affected clones were ever found. This may 

imply also that the mutation giving rise to the ft82 allele is weaker than the 

f fd mutation.

However, these results indicate that ft induced neurodegeneration is 

not caused by the nature of the f fd mutation.
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Figure 4.5. Degenerative phenotype in ft82 mutant clones of the fly eye
A- Semithin section of ft82 mutant tissue from one week old retina. 
Degeneration is found very rarely and at low levels in few ommatidia (yellow 
arrows) specifically inside the homozygous clone. B- Older ft82 mutants, three 
weeks old, reveal an increase in the severity of retinal phenotype. The majority 
of ommatida inside the clone contain abnormal or lacking photoreceptors 
(yellow arrows) and only rarely mutant ommatidia contain the expected 
number of photoreceptors. C- Quantification of the level of degeneration in ft82 
mutant clones aged at 29°C for different time points and analyzed in blind. 
After one week of age, all the ft82 homozygous clones display a low level of 
degeneration (N=10 clones). The mutant retinal tissue of older ft82 mutant flies,
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aged three weeks in the same conditions, results in an increased degenerative 
phenotype. 60% of the homozygous clones observed are still low degenerated 
abd 40% of them display a medium level of degeneration (N=10 clones).

4.4 Inhibition of ft gene function, by a specific RNA-mediated gene 

interference, is sufficient to induce a progressive retinal 

degeneration in adult fly eyes

To confirm ft induced retinal degeneration by a different approach and 

exclude any influence of developmental effects and of the flp/FRT clonal 

system used so far, we took advantage of commercially available 

transgenic flies expressing a specific RNA interference (RNAi) against ft 

(ft*R). RNA silencing has proven to be a good alternative to the canonical 

forward genetics. Therefore, it can be used as a flexible tool to target gene 

inactivation to any desired cell type at any stage of the Drosophila’s lifespan 

(Dietzl et al.,2007).

To address whether the specific silencing of ft in adult post-mitotic 

cells was sufficient to drive neurodegeneration, the RNAi construct against 

ft, UASftiR, was expressed only in the adult photoreceptor neurons. This 

was possible thanks to the eye-specific GMR  (glass multiple repeats)-Gal4 

driver, combined with ubiquitous expression of a temperature-sensitive 

mutant of the Gal80 repressor that inhibits GAL4-driven transcription at the 

permissive (low) temperature. With this method, when the flies were raised 

at 18°C, UASftJR transgene was not expressed. Shifting the flies at 29°C, 

resulted in Gal80 inactivation and Ga/4-dependent transgene expression.

New-born ftR expressing flies moved from 18°C to 29°C for only one 

day, were all normal and the retinae contained the correct number of 

photoreceptors in each mutant ommatidium (Fig. 4.6B,C). They resembled
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the retinae of respective control flies (w118;GMR-Gal4;Gal80/+) (Fig. 4.6 

A,C).
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Figure 4.6 RNA interference against ft, expressed exclusively in the adult 
retinal tissue, induces a progressive degeneration 
A,B- Semithin sections from GMR-Gal4>UASfl!R;Ubi-Gal8C?s retina (B) and its 
control (A, w1118;GMR-Gal4;Ubi-Gal8tfs/+) coming from flies aged one day at 29°C. 
In both the cases the tissue is almost entirely normal and each ommatidium 
contains the correct number of photoreceptor cells. C- Histogram showing the 
number of photoreceptors (PR) in w1118;GMR-Gal4;Ubi-Gal8&s (grey) and GMR- 
Gal4>UASfl!R;Ubi-Gal8(fs (black) flies aged for 1 day at 29°C. Most of fl!R mutant 
ommatidia contain 7PR and a very low number of them (1%) have lost one 
photoreceptor cell. The chart represents blind counts of 611 ommatidia (10 flies) 
for the control and 530 ommatidia (10 flies) for GMR-Ga!4>UASft!R;Ubi-Gal8Cfs 
from three independent experiments. D,E- Semithin sections of GMR-
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Gal4>UASft!R;Ubi-Gal8(fs retina (D) and its control (C) coming from flies aged one 
week at 29°C. The downregulation of ft results in a significant loss of PR cells per 
ommatidium whereas the control retinae are still normal. F- The chart at 1week 
represents blind counts of 300 ommatidia (6 flies) for the control and 564 
ommatidia (12 flies) for GMR-Gal4>UAStf;Ubi-Gal8Cfs from three independent 
experiments. Chi-square 30.18; p<0.01 for six degrees of freedom. G,H- Semithin 
sections of GMR-Gal4>UASrtR;Ubi-Gal8C?s retina (H) and its control (G) coming 
from flies aged four weeks at 29°C. The ft!R mutant retinal tissue is increasingly 
disorganized and under collapse. The number of PR is reduced and. mutant cells 
are difficult to distinguish whereas the control tissue is almost entirely normal with 
few PR lost.

However, GMR-Gal4>UASffR flies underwent an age-dependent loss 

of photoreceptors. As a consequence, the number of ommatidia containing 

a full complement of neuronal cells significantly decreased when flies were 

aged one week at 29°C (Fig. 4.6 E,F).

Older ft!R mutants aged four weeks at 29°C displayed a more severe 

retinal phenotype, with most of the photoreceptors lost per ommatidium (Fig 

4.6H). Since at this latter time-point the shape of ommatidia in GMR- 

Gal4>UASfiR became very difficult to distinguish and the tissue was 

collapsing, the quantification was not performed. Control retinae were 

normal at all timepoints (Fig. 4.6 A,D,G).

To summarize, the data obtained by ft RNA silencing during the 

adulthood confirmed the progressive retinal degenerative phenotype 

observed in rfd and ft82 mutant fly eyes. These results excluded the 

possibility that the phenotype was a result of the flp/FRT clonal generation. 

Interestingly, this outcome also suggested that ft retinal degeneration could 

arise independently of developmental influences, although a contribution of 

developmental processes to degeneration could not be totally ruled out in 

the case of ft clones.
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4.5 Contribution of Ft canonical cell adhesion and planar polarity 

functions to the retinal degenerative phenotype

Ft is a heterophilic adhesion molecule involved not only in tissue 

growth but also in cell adhesion and in a specific form of polarity, called 

planar cell polarity (Yang et al., 2002; Casal et al., 2002). In order to 

understand the Ft-dependent mechanism that protects neurons from 

degenerating, the next question was whether the Ft role as a cell adhesion 

molecule or its regulation of PCP could have any impact on 

neurodegeneration.

4.5.1 Cadherin functions are not responsible for the neuronal 

alterations

Ft was the founding member of the Ft-like cadherins subfamily 

(Tanoue & Takeichi, 2005). To investigate whether ft neuronal degeneration 

could be due to the generic activity of Ft as a cadherin, we targeted one of 

the classical cadherins and assayed neuronal degeneration.

In Drosophila, six cadherin superfamily members have thus far been 

identified. Shotgun, or DE-cadherin is a homolog of classic vertebrate 

cadherins and, to date, the best characterized Drosophila cadherin.

Previous studies had shown Shotgun to be expressed predominantly in 

epithelial tissues where it was of fundamental importance in assembling the 

adherens junction (Tepass et al, 1996).

We induced the expression of a specific transgenic RNA interference 

against shotgun cadherin and asked whether it could lead to a phenotype 

comparable to ft degeneration. Because of its relevance during several 

steps of the fly development, we took advantage of the GMR-Gal4/Gal80
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inducible system and the RNAi transgene against shotgun, shotgunIR, was 

expressed exclusively in the adult fly retina.

One week old shotgunIR mutant fly eyes displayed, as expected, 

some defects due to the loss of the correct junctions among neighboring 

ommatidia, as shown by the random interruption of sorrounding pigmented 

cells (Fig. 4.7B).

w1118;Gal4;Gal80/+
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Figure 4.7 RNA interference against shotgun cadherin does not cause 
retinal neurodegeneration
A,B- Semithin sections of GMR-Gal4> UASshotgunIR;UbiGal80ts retina (B) and its 
control (A, w1118;GMR-Gal4;UbiGal80ts/+) coming from flies aged one week at 
29°C. In both the cases the tissue is almost entirely normal and each
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ommatidium contains the correct number of photoreceptor cells. The only defects 
observed in shotgunIR mutant retinae are due to the loss of the correct junctions 
among neighboring ommatidia, as shown by the random interruption of 
sorrounding pigmented cells (B). C,D- Semithin sections from GMR-Gal4> 
UASshotgunIR;UbiGal8Cfs retina (D) and its control (C) coming from flies aged 
four weeks at 29°C. In both the cases the tissue is still almost entirely normal and 
the number of photoreceptor cells per ommatidium is preserved.

Some mutant ommatidia were also misrotated but the number of 

photoreceptors per ommatidium was conserved both after one week (Fig. 

4.7B) and in older mutants aged four week at 29°C (Fig. 4.7D), indicating 

that down regulating shotgun RNA does not lead to a progressive retinal 

degeneration. Control retinae were normal at both time points (Fig. 4.7A,C).

These analyses suggested that generic cadherin functions are not 

required for protection against neuronal degeneration and consequently it is 

unlikely that Ft cadherin activity is responsible for neurodegeneration. 

However, I cannot exclude that the RNAi downregulation of shotgun is not 

sufficiently effective to unveil its role in adult neuronal protection.

4.5.2 ft retinal abnormalities are not initiated by alterations in cell 

adhesion

Like other cadherins, Ft is a transmembrane protein involved in 

organizing the adherens junctions, the cellular junctions localized at the 

apico-lateral boundary of epithelial cells. The role of Ft is thereby critical to 

maintain cell-cell contact and preserve the integrity of the Drosophila 

epithelium.

To analyze an eventual contribution of adherens junctions in 

degeneration, we checked whether their architecture was disrupted in ft 

mutant photoreceptors cells, marked by the absence of pigments at the 

basis of their rhabdomere. Electron microscopy study performed on eleven
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day old ft mutant retinae indicated that the morphology of adherens

junctions was preserved in degenerated photoreceptors (Fig. 4.8B). Their

architecture was totally comparable to the wt ones (Fig. 4.8A). Accordingly,

from the morphologic analysis of ft mutant ommatidia it is unlikely that the ft

degenerative phenotype initiates from the loss of cell-cell contacts.

Figure 4.8 Cell adhesion 
function is maintained in 

degenerated 
photoreceptors
A- EM scan of a wt 
photoreceptor cytoplasm in 
the surrounding pigmented 
tissue coming from the wt 
tissue of a f f 1 mutant fly 
eye aged 11 days at 29°C. 
White arrows indicate 
adherens junctions.
B- EM scan of a fC  
degenerated photoreceptor 
from f fd clone of flies aged 
11 days. Arrows point at 
intact adherens junctions 
that correctly maintain 
contacts with neighbouring 
cells. Scale bars 1pm.

4.5.3 The ft-induced neurodegeneration is a cell autonomous event, 

different from the ft-caused planar polarity defect

ft was demonstrated to regulate planar polarity in the eye, and 

distinct models have been proposed to explain how it could happen (Rawls 

et al, 2002; Yang et al, 2002). A peculiar feature of clones homozygous for 

ft was that disruption of PCP was restricted to polar regions of the clone. 

Moreover, genetically wt ommatidia located on the border side of the clone 

were frequently non-autonomously affected and displayed planar polarity 

defects (Rawls et al, 2002; Yang et al, 2002). By contrast, I could not detect 

any non autonomous spreading of neurodegeneration outside the ft clones.
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However it was still possible that ft mutant cells influence neighbouring wt 

cells in mixed mosaic ommatidia.

To clarify whether ft induced neuronal degeneration was a strictly 

cell-autonomous event, I analyzed photoreceptor cells from the border of f fd 

mutant clones. I examined more than one hundred ommatidia from ft

mutant fly eyes that resulted severely degenerated and classified as either

pigmented (that means derived to the wt tissue) or unpigmented ( 

homozygous for r fd).
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Figure 4.9 ft-induced retinal degeneration is a cell-autonomous 
phenomenon

A,B- Semithin sections of f fd mutant retinae from severely 
degenerated f?d fly eyes. Ommatidia on the border of wt tissue (top,
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characterized by the presence of pigmented cells) and rfd 
homozygous clone (bottom, absence of pigments) contain both 
normal (yellow arrows) and degenerated ffd photoreceptors (red 
arrows). C- Quantification of the number of normal cells (first two 
columns on the left) and degenerated cells (last two columns on the 
right) among wt pigmented cells (light grey columns) and f d 
homozygous non pigmented cells (dark grey columns). At this stage 
of degeneration approximately half of the non pigmented 
(genotypically mutant) PR cells displays a degenerative phenotype, 
whereas a very low number (3%) of pigmented cells (genotypically 
wt) were degenerated and most of them were normal in their 
conformation. The difference among these categories was 
statistically significant. Chi-square=82.38, p<0.001.(N=310 
pigmented and N= 317 non pigmented photoreceptors).

Among these two classes, photoreceptors were classified as 

normal or degenerated (Fig. 4.9C). Most of the ommatidia observed at the 

clone edge contained both normal rfd homozygous cells (Fig 4.9A,B yellow 

arrows) and fF  cells that have degenerated (Fig 4.9A,B red arrows). 

Interestingly it was found that almost all photoreceptors with an abnormal 

morphology lacked their pigment, whereas most of the adjacent contacting 

pigmented photoreceptors were normal (Fig 4.9A.B).

In conclusion this analysis demonstrated that retinal degeneration 

caused by ft mutations is a cell-autonomous event and that wt 

photoreceptors are not affected by adjacent degenerated cells.

4.6 DISCUSSION

In the first part of my work I have demonstrated that the Drosophila 

tumour suppressor Ft is required to repress retinal neurodegeneration.

Phenotypic analysis of ft homozygous mutant tissue revealed 

abnormalities in the morphology of neuronal cells specifically inside the 

clones of the fly eye. Strikingly, homozygous mutant clones for ft in the eye 

brought about progressive retinal degeneration. Although ft mutant tissue 

was normal after eclosion from the pupal case, photoreceptors started
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degenerating in aged flies and soon the whole ft mutant tissue had fallen 

apart. This phenotype was seen for two distinct ft mutant alleles, the 

stronger ffd (Fig. 4.1, 4.3, 4.4) and the weaker ft82 (Fig. 4.5) alleles, and also 

following RNAi knockdown of ft in the retina (Fig. 4.6).

Flies heterozygous for ft were normal and did not display any cellular 

defect. After inducing recombination inside the retina, we obtained loss of ft 

function in a group of neuronal cells that subsequently showed abnormal 

morphology of photoreceptors. After one week, fly adult retinae aged at 

29°C already show degeneration in a high number of ft mutant clones ( 

around 50%).

We currently do not know when this phenomenon starts, but there is 

evidence in the literature suggesting that cell specification occurs properly 

in ft mutant clones, during fly eye development, and that all cells destined to 

become photoreceptors differentiate correctly (Fanto et al, 2003). 

Immunofluorescence previously performed on larval eye imaginal discs of ft 

mutant clones to understand the requirement of Ft in photoreceptor 

specification revealed that Bar, a marker specific for the R1 and R6 outer 

photoreceptors, was correctly localized and expressed in ft mutant cells 

(Fanto et al, 2003; Yang et al, 2002). This led us to exclude a linkage 

between the phenotype we found in mature photoreceptors and defects in 

their cell fate.

RNAi knockdown of ft in the retina also gave rise to a progressive 

neurodegeneration (Fig. 4.6), showing that also with a distinct genetic 

approach we obtained a progressive and significant loss of photoreceptor 

cells lacking ft. Tangential sections from ft RNAi mutant retinae of one day 

old flies, showed a normal phenotype, thus supporting our idea that the
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main factor causing defects in mutant ommatidia was activated after the 

pupal stage.

These outcomes suggested an important role of Ft in the 

maintenance of neuronal homeostasis. We argue that Ft belongs to a 

signaling pathway that supports cell survival and prevents a progressive 

degeneration of the adult nervous system.

Ft is a multifunctional protein that was described to take part in 

several cellular processes. We thus assessed the process through which Ft 

might affect neuronal homeostasis. Our study on mosaic clonal phenotype 

revealed that genetically wt ommatidia were not susceptible to degeneration 

(Fig.4.9), demonstrating that degeneration by ft was strictly cell 

autonomous, similar to the effect of polyQ Atrophin and in contrast to the ft 

PCP phenotype (Fanto et al, 2003). Neuronal degeneration did not appear 

to be linked to the position of the ommatidia or the single cell inside the 

clone. It is likely to be an intrinsic pathway which starts from inside the cell 

and does not receive any input, at least initially, from the environment.

So, what might cause ft degeneration? Ft was discovered as one of 

the first Drosophila cadherins, for this reason linked to cell adhesion 

mechanisms (Bryant et al, 1988; Mahoney et al, 1991). It is localized at the 

apical membrane in the proximity of adherens junctions. Several proteins 

are required both for polarity and establishment of the photoreceptors’ 

architecture. Among them, Crumbs and DPATJ have been shown to be 

necessary in the maintenance of the microvilli organization and the stability 

of photoreceptors (Pellikka et al, 2002). Lack of one of the two proteins 

leads to a progressive neurodegeneration (Johnson et al, 2002; Richard et 

al, 2006).
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Ft could play a similar role. However, electron microscopic images of 

ft mutant eyes showed a preserved and well organized architecture of 

rhabdomeres belonging to mutant cells (Fig. 4.8). Even when degeneration 

was advanced, they continued to maintain contacts with adjacent cells 

without losing adherens junctions’ organization. This argues against a 

requirement of cell adhesion or planar polarity for ft degenerative 

phenotype, suggesting the hypothesis that the phenomenon arises inside 

the cellular cytoplasm.

Finally, we cannot exclude that retinal degeneration caused by ft 

mutations is the consequence of an alteration in the metabolism of light 

inside mutant photoreceptor cells, as we have been unable to assess the 

contribution of light to neurodegeneration by ft. Ft could be part of a protein 

complex that governs and preserves photoreceptor structure and function. It 

is however possible that ft induced retinal degeneration does not sense light 

but is due to mis-activation of photoreceptors as a consequence of 

misfolded rhodopsins.
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Chapter 5
INVOLVEMENT OF THE HIPPO TUMOR SUPPRESSOR PATHWAY IN 

RETINAL DEGENERATION

Drosophila Ft was described as a growth regulator required to restrict 

the rate of cell proliferation and the size of adult structures (Mahoney et al, 

1991). A number of genetic studies has recently revealed that Ft controls 

growth, at least in part, through the regulation of a new tumor suppressor 

pathway, the Hpo pathway (Bennett & Harvey, 2006; Cho et al, 2006; 

Willecke et al, 2006; Silva et al, 2006).

The Hpo pathway regulates the balance between cell proliferation 

and apoptosis (Harvey & Tapon, 2007). The core of the signaling cascade 

consists of a complex of tumor suppressors in which Hpo, facilitated by the 

scaffold protein Sav, phosphorylates and activates the kinase Wts. Cells 

with mutations in one of these genes sav, hpo or wts exhibited dramatic 

outgrowths in a variety of fly epithelial tissues but did not manifest changes 

in cell identity or the ability to differentiate (Harvey et al, 2003; Pantalacci et 

al, 2003; Tapon et al, 2002; Wu et al, 2003; Xu et al, 1995).

Ft was proposed to act upstream of the Hpo pathway as a potential 

cell surface receptor of this signaling cascade (Cho et al, 2006), although 

the phenotype of ft mutants does not entirely overlap with those of the other 

components of the pathway (Harvey & Tapon, 2007). Since one of our main 

goals was to check the molecular pathway that mediates fit-induced 

neurodegeneration, we decided to explore the relationship between Hpo 

signaling and fif-dependent retinal degeneration. Hence, we examined if 

ablating components of the Hpo pathway and interacting signaling 

molecules affect the maintenance of retinal neurons.
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5.1 Mutations of the core components of the Hpo pathway induce a

progressive degeneration of the fly eye

To check whether the Hpo cascade is required for the maintenance of 

the Drosophila neuronal homeostasis, we induced the formation of clones 

homozygous for sav, hpo or wts specifically in the eye and performed a 

time-point phenotypic analysis of the mutant retinal tissue from flies aged at 

29°C.

Mutations in the core components of the Hpo pathway have been 

reported to cause inappropriate proliferation and survival of non-neural 

lOCs just after differentiation (Udan et al, 2003). Normally, lOCs are 

produced in excess and most of them are culled in a wave of apoptosis 

during eye differentiation. In hpo, sav, or wts mutants, these cells fail to die. 

By contrast they divide several extra times, causing expansion and some 

disorganization of the eye. The presence of a large excess of lOCs, still 

present in adult tissues, made our analysis of retinal homozygous clones 

more difficult.

For Salvador mutants we used the sav3 loss of function allele that was 

described to behave as null allele (Tapon et al, 2002). The mutation causes 

a frameshift and generates a protein consisting of 406 sav amino acids (out 

of total 608) and an additional C-terminal portion of 84 amino acids derived 

from the use of an alternative ORF (Tapon et al, 2002). In new-born sav 

homozygous clones the organization of mutant ommatidia was normal and 

most of them contained the correct number of neuronal cells (Fig. 5.1 A).
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Figure 5.1 sav  mutant clones display progressive neurodegeneration in 
the Drosophila  eye
A,B>C- Semithin tangential sections of sav3 homozygous clones from mutant 
flies aged 1 day (A), 1 week (B) and 3 weeks (C) at 29°C. At each time point 
sav3 clones display a remarkable increase in interommatidial space as a 
consequence of failure in lattice programmed cell death. One day after eclosure 
almost all photoreceptors are intact (A), whereas after one week (B) some cells 
are lost or have degenerated as indicated by red arrows. After 3 weeks at 29°C 
(C) most sav3 homozygous photoreceptors have degenerated (red arrow) and 
the tissue is collapsed. D- Quantification of the level of degeneration in sav3 
mutant clones aged one week (light grey columns) or three weeks (dark grey 
columns) at 29°C and analyzed in blind. After one week of age, more than half 
of the sav3 homozygous clones display a low level of degeneration (53%) 
whereas all the other clones observed belong to the medium category (N=15 
clones). After three weeks there is an increase in the severity of the phenotype 
and only 8% of the clones observed is still low degenerated, whereas 67% 
belongs to the severe category (N= 15 clones).

Mutant ommatidia of flies aged one week at 29°C displayed some 

abnormal photoreceptors (Fig. 5.1B) but in more than half of the 

homozygous clones observed, the loss of neuronal cells was low (Fig. 

5.1D). At this age, some gaps between the mutant cells were already 

visible, especially inside the inter-ommatidial space, suggesting the 

beginning of the tissue collapse. In older mutant flies, aged three weeks at
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29°C, we could detect an increase in the number of degenerated and lost 

photoreceptors inside the homozygous clones (Fig. 5.1C,D). The mutant 

tissue was also extremely collapsed and mutant ommatidia lost their normal 

shape. Furthermore, it had been already shown that in sav clones the 

inhibition of the correct apoptotis during pupal step lead to an excessive 

number of lOCs (Udan et al, 2003), differently from what observed in ft 

mutants. This defect was likely to contribute to sav retinal phenotype.

Together this study indicated that there is a progressive worsening in 

the retinal phenotype of sav mutant clones even though it is slower and less 

specific than ft-induced neurodegeneration.

To confirm the sav results, we also examined the phenotype of flies 

mutant for its interactor, hpo. We induced the formation of hpo homozygous 

clones, exclusively in the retinal tissue, using two distinct hpo mutations, 

hpoBF33, whose mutation introduces a stop codon at aminoacid 174 (out of 

total 669) and is considered a loss of function allele (Jia et al, 2003), and 

hpo42'47, whose mutation removes 6 residues inside a kinase subdomain 

that is actively involved in ATP binding and for this reason described as a 

null allele (Wu et al, 2003). We performed the two phenotypic analysis in 

parallel, and, in both the cases young hpo homozygous clones displayed a 

normal organization of mutant ommatidia (Fig. 5.2A).

Unfortunately, the majority of the adult flies, carrying hpo mutant 

clones, did not survive when aged one week at 29°C and most of them died 

after four days. Presumably, the high mortality rate was due to the severity 

of the hpo alleles used. Overall, the hpo42-47 phenotypes were described to 

be more severe than those of sav null alleles (Kango-Singh et al, 2002; 

Tapon et al, 2002). This was also reflected by the different degrees of pupal 

lethality caused by removing hpo or sav function in the eye with the



eyeless-FLP technique, since nearly all eyeless-FLP-sav3 flies survived to 

adults whereas only 2% of eyeless-FLP-hpo42~47 flies survived to adults (Wu 

et al, 2003). In addition, it has been observed that the eyeless promoter is 

not expressed exclusively in the eye but also in the fly brain at lower levels 

(Camilla Larsen personal communication).

Although this factor prevented us from performing an exhaustive 

quantitative analysis of the retinal phenotype in hpo clones, the few hpo 

flies survived after one week showed a low level of degeneration inside the 

homozygous tissue, with some abnormal or missing photoreceptors (Fig. 

5.2B). As found in sav mutants, also in hpo fly eyes the retinal tissue 

contained a great number of gaps specifically inside the mutant clones. Our 

outcomes, although not supported by a quantitative analysis, suggest an 

involvement of hpo in retinal neurodegeneration.

Figure 5.2 Retinal phenotype o f the hpo mutant clones in the fly  eye
A- Semithin tangential section of hpoBF33 homozygous clones 
from mutant flies aged one day at 29°C. The ommatidia 
belonging to the homozygous clone are correctly shaped and 
each contains 7 normal photoreceptor cells. B- Semithin 
tangential section of hpoBF33 homozygous clones from mutant 
flies aged one week at 29°C. Some ommatidia inside the 
homozygous tissue display a decrease in the total number of 
photoreceptors (red arrows).
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The following experiment was performed to test the retinal phenotype 

of mutant flies for another component of the Hpo core, the downstream 

kinase Wts. We induced the formation of clones of cells homozygous for a 

strong amorph null allele, wts*1, exclusively in the fly eye (Xu et al, 1995). 

wts?1 mutant retinal tissue was normal in new-born flies, whereas littermates 

aged one week at 29°C displayed few degenerating photoreceptors and 

some ommatidia with a decreased number of neuronal cells inside the 

homozygous clones (Fig. 5.3A).
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Figure 5.3 wts mutant clones in the fly eye display neurodegeneration 
A,B- Tangential sections of wtsx1 homozygous clones from retinae of mutant flies 
aged 1 week (A) and 2 weeks (B) at 29°C. Most of the one week old wtsx1 clones 
observed (A) contain normal ommatidia and only few of them have lost some 
photoreceptors (red arrow). After three weeks (B) the mutant tissue is evidently 
disorganized and under collapse and most of the wts?1 homozygous cells have 
degenerated. C,D- Tangential sections of wtsMGH1 homozygous clones from retinae
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of mutant flies aged 1 week (C) and 3 weeks (D) at 29°C. After one week some 
abnormalities inside the clone are found but the mutant ommatidia have lost only 
few photoreceptors (red arrow). After 3 weeks at 29°C (D) the degeneration of 
wtsMGH1 homozygous photoreceptors become more evident (red arrow) and the 
tissue start to collapse. E- Quantification of the level of degeneration in wtsMGH1 
mutant clones aged one week (with columns) or three weeks (grey columns) at 
299C and analyzed in blind. After one week of age, most of the homozygous 
clones display a low level of degeneration (90%) whereas only few clones 
observed belong to the medium category (N=10 clones). After three weeks there is 
an increase in the severity of the phenotype and only 36% of the clones observed 
is still low degenerated, whereas half of the wtsMGH1 sections analyzed belong to 
the medium category and a low number of them (14%) were severely degenerated 
(ISM4 clones).

Both abnormalities increased in older wts*1 mutant ommatidia when flies 

were aged two weeks at the same temperature (Fig. 5.3B).

Because most of wts?1 flies died before reaching three weeks of age, 

we used another available wts allele, wtsMGH1, even though its exact 

molecular lesion is unknown (Tapon et al, 2002). wtsMGH1 homozygous 

clones, from one week old retinae, substantially displayed a low 

degenerated phenotype with few abnormal or missing neuronal cells (Fig 

5.3C.E). Adult flies, aged three weeks at 29°C, showed a more severely 

affected retina and the tissue inside the homozygous clone was evidently 

collapsed (Fig. 5.3D,E). Unexpectedly, the wtsMGH1 neuronal phenotype was 

less severe if compared to sav3 one at the same time points. This difference 

from sav phenotypes could possibly be explained by the different nature 

and severity of the alleles used, in particular, if wtsMGH1 retains some 

activity.

In conclusion, both sav and wts mutants originated retinal 

abnormalities inside the homozygous clones that became more severe with 

the flies’ age. However, it is likely that the overgrown interommatidial space 

and the extra-numerary lattice mutant cells mask the real outcome of wts 

and sav mutations in neuronal cells. In this context, the neurodegeneration 

observed in adult retinae, mutant for the components of the hpo core, could
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be compared only in part with the degeneration found in ft mutants, since 

excessive lOCs have not been observed in ft homozygous clones.

5.2 Over-expression of Yki, the Hpo network output, leads to retinal

degeneration in the fly eye

The downstream target of the Hpo cascade is the repression of the 

transcriptional co-activator Yki, which, together with DNA-binding factors, 

activates the transcription of the Hippo target genes, such as diapl and 

cyclinE (Goulev, 2008; Wu, 2008; Zhang, 2008; Peng, 2009). When the 

pathway is active, Wts phosphorylates and inactivates Yki by excluding it 

from the nucleus, preventing the transcription of the Hpo target genes 

(Huang et al, 2005).

It has been observed that the loss of one of the core components of 

the Hpo pathway, sav, hpo or wts, induced tissue overgrowth and inhibition 

of apoptosis, comparable to the modifications caused by the over

expression of Yki (Huang et al, 2005; Oh & Irvine, 2008).

We thus investigated whether the overexpression of Yki in the fly eye 

could provoke a neurodegenerative phenotype as observed for loss of the 

upstream regulators Hpo-Sav-Wts. We took advantage of both the Flp/FRT 

recombination and the Gal4/UAS genetic system to drive the expression of 

a UASYki transgene exclusively in specific regions inside the retinal tissue 

(Brogiolo et al, 2001). We thus crossed transgenic flies carrying a UASYki 

wt construct with flies expressing a complex transgenic sequence, the 

GMR-FRT-P(w+)-FRT-Gal4 cassette, in which a P(w+) insert blocks 

expression of GAL4 from the GMR promoter. Production of the Flippase 

enzyme, by heat-shocking an hs-FLP transgene, caused recombination
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between two FRT sites and deletion of the intervening P(w+) sequence. 

This activated the GMR-Gal4 driver and led to the overexpression of Yki 

specifically inside the “flipped-out” clones where mutant cells were marked 

by the absence of the pigment.
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Figure 5.4 Yki over-expression in the retinal tissue causes a slow but 
progressive neurodegeneration
A,B- Semithin sections from Yki over-expressing retinae of flies aged one 
(A) and five weeks (B) at 29°C. After one week (A) the phenotype of the 
mutant tissue, characterized by the absence of pigmented cells around 
ommatidia, is low degenerated and only few ommatidia have lost one 
photoreceptor (red arrows). There is a progressive increase in the 
degenerative phenotype, although slow, and after five weeks (B) most of 
the mutant ommatidia contain many degenerated photoreceptors and a 
strong loss of cells (red arrows). C- Quantification of the level of 
degeneration in Yki over-expressing mutants aged one week (white 
column) or five weeks (grey columns) at 29°C and analyzed in blind. After 
one week of age, all the mutant retinae observed display a low level of 
degeneration (N=16 clones). After five weeks there is an increase in the 
severity of the phenotype, 30% of the clones observed belong to the
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medium category, whereas most of them are severely degenerated (N=15 
clones).

Our analysis of one week old flies revealed the presence of 

degenerated or lacking photoreceptors, even though very few, specifically 

inside Yki-over-expressing clones in one week old flies (Fig. 5.4A,C). This 

phenotype slowly became worse with time and after five weeks most of the 

mutant cells in Yki over-expressing ommatidia have degenerated (Fig. 

5.4B,C). Thus, the expression of an exogenous form of Yki protein in the fly 

eye, that should be active and translocate to the nucleus for its 

transcriptional activity, was likely to mis-regulate the endogenous Hpo 

target genes. Yki expression gave rise to a retinal neurodegenerative 

phenotype comparable to the one observed in clones homozygous for sav 

or wts loss of function mutant alleles. However, the Yki phenotype was not 

as strong as sav or wts in terms of rapidity in the progression.

In conclusion, the data here shown demonstrated that both the core 

components of the Hpo Pathway and their downstream target Yki, are 

involved in a signalling that prevents neuronal cells from degenerating.

5.3 Mutations in ex, a regulator of the Hpo pathway, result in a

neurodegenerative phenotype of the fly retina

The membrane-associated FERM-domain protein Ex was initially 

proposed to function upstream of the Hpo pathway as a tumour suppressor 

(Hamaratoglu et al, 2006). Mutations of ex gene were demonstrated to 

influence not only growth and cell survival but also the same downstream 

target genes of the Hpo pathway (Cho et al, 2006; Hamaratoglu et al,

2006). Ex is normally localized at apical cell-junctions, like Ft. Mutations in
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Ft resulted in reduced Ex at apical cell-junctions, suggesting that Ft 

regulates growth in part through the regulation of Ex (Bennett & Harvey, 

2006; Hamaratoglu et al, 2006; Willecke et al, 2006).

In addition, very recent work has indicated that Ex directly binds and 

favours the inactivation of Yki, suggesting that Ex can regulate the Hippo 

pathway activity not only upstream but also downstream or even 

independently of Wts (Badouel et al, 2009).

We thus wondered whether ex mutations could mimic the retinal 

phenotype observed when ablating one of the core components of the 

Hippo signaling or over-expressing Yki.

We used a loss of function allele, ex01, classified as genetic null allele 

(Boedigheimer et al, 1993a). The mutation caused an imprecise excision 

that removed the 5’ end sequence and gave rise to a truncated Ex protein 

that lacked the first exon (Boedigheimer et al, 1993a). It is unknown 

whether there is a complete loss of protein expression. We thus induced the 

formation of exe1 mitotic mutant clones in the fly eye using the Flp/FRT 

system.

Light microscopic analysis of ex mutants revealed a preserved retinal 

tissue in young adult flies. Mutant ommatidia coming from flies aged one 

week at 29°C looked well structured without any abnormality in the 

morphology or number of photoreceptors (Fig. 5.5A). After three weeks the 

phenotype of exe1 mutant clones was still normal. However, semithin 

sections of four weeks-old exe1 mutant eyes revealed the presence of some 

abnormal or missing photoreceptors specifically inside the homozygous 

tissue (Fig. 5.5B). The phenotype of ex clones in the majority of the mutant 

retinae analyzed was still classifiable as low in our scale and only few 

mutant ommatidia have more degenerated (Fig. 5.5D).
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Figure 5.5 ex mutant clones display retinal neurodegeneration
A,B,C- Tangential sections of exe1 retinae from homozygous clones of mutant flies 
aged 1 week (A), 4 weeks (B) and 5 weeks (C) at 29°C. The entire number of one 
week old ex61 clones observed (A) contain normal ommatidia and only few of them 
have lost one photoreceptor. After four weeks (B) the mutant tissue is still with low 
degenerated photoreceptors and very few cells are lost (red arrows). Four weeks 
old (C) homozygous clones display an increased phenotype,the tissue is evidently 
collapsing and most of the ex61 homozygous cells have degenerated. D- 
Quantification of the level of degeneration in exe1 mutant clones aged one week 
(white column), four (grey columns) or five weeks (black columns) at 29°C and 
analyzed in blind. After one week of age, all the homozygous clones display a low 
level of degeneration (N=10 clones). After four weeks most of the mutant fly eyes 
are still low degenerated ( 70%) and only a minority belongs to the medium 
category (N=10 clones). After five weeks there is a strong increase in the severity 
of the phenotype and most of the clones observed are severely degenerated 
(92%) and the mutant retina is under collapse (N=14 clones).

The abnormalities became more dramatic after five weeks at 29°C (Fig. 

5.5C,D). At this time point exe1 homozygous clones were almost totally 

altered, with large gaps inside the mutant tissue and destroyed ommatidia. 

Inside the wt tissue, pigmented photoreceptors were normal at all time- 

points.
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The data obtained from this experiment demonstrate that ex 

mutations induce retinal neurodegeneration. The rapidity in the progression 

of the phenotype is slow and more comparable to the degeneration 

observed in clones over-expressing Yki than in sav or wts mutants. This 

difference could be due by the nature of ex mutation used on one hand, 

since, when a mutant protein is expressed, it could retain some function. On 

the other hand, Ex is not a canonical regulator of the Hippo pathway but 

was shown to exert a binary and more complex function, monitoring the 

signaling both upstream of the Hpo-Sav-Wts core and also downstream 

(Badouel et al, 2009).

5.4 Mutations of mer gene, an upstream modulator of the Hpo 

pathway, cause a weak retinal phenotype

Mer, together with Ex, is a membrane-associated FERM-domain 

protein, proposed to act upstream and activate the Hpo cascade 

(Hamaratoglu et al, 2006). Mutation of Drosophila mer on its own showed 

only minor effects on growth, but characterization of mer,ex double mutants 

suggested that they acted redundantly at least in part (McCartney et al, 

2000).

Related to the phenotype already published on mer mutations effect, 

we thus tested if the same applies during neurodegeneration. If this were 

the case, we would expect clones mutant for mer genes to show a 

phenotype either qualitatively similar to ex clones or weaker than ex based 

to the fact that Mer does not act downstream of the Hpo core as Ex.

In order to understand whether mer was involved in the degenerative 

signaling, we investigated the retinal phenotype in mer mutants clones. We
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performed a time-point phenotypic analysis of mer mutant clones in fly eyes 

by using a strong null allele, mer4, whose molecular basis is not known but 

leads to the expression of a truncated Mer protein (LaJeunesse et al, 1998). 

One week old mer4 mutant clones appeared normal (Fig. 5.6A). Adult flies 

aged three weeks at 29°C still displayed a correct organization of the 

mutant ommatidia inside the mer4 homozygous clone and only after five 

weeks the mutant tissue showed some abnormalities (Fig. 5.6B). Mutant 

clones contained many gaps, typical of a collapsed tissue, both in the 

interommatidial space and also inside the cytoplasm of degenerated 

photoreceptors. Remarkably, the ommatidia shape was conserved and the 

number of photoreceptors only marginally decreased, even though some of 

them appeared abnormal (Fig. 5.6B). These phenotypes are much milder 

than the one of ex mutants. This is not surprising since it has been reported 

that mer and ex act redundantly and that ex appeared to be more involved 

in the Hippo pathway than mer (Boedigheimer et al, 1993a; McCartney et 

al, 2000). Indeed, in developing imaginal tissues mer mutant larvae did not 

give rise to the hyperplastic discs characteristic of ex mutant larvae.

Figure 5.6 mer mutations induce only mild abnormalities in the fly eye 
A,B- Semithin sections of mer4 homozygous retinal clones coming from 
mutant flies aged one (A) and five weeks (B) at 29°C. In both the cases the
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number of photoreceptor cells per mutant ommatidium is preserved and only 
after five weeks the tissue is full of gaps and collapsing.

In conclusion, the neurodegenerative phenotypes observed by 

mutating the upstream modulators of the Hpo signaling were milder than 

those of the Hpo core mutants. Nevertheless, we cannot exclude the 

possibility that other upstream proteins, like the very recently discovered 

Kibra, participate in the suppression of neurodegeneration.

5.5 Mutations of </, a negative regulator of the Hpo pathway, does not 

induce abnormalities of the Drosophila eye

Genetic data has suggested that Wts activity is regulated also by an 

Ex independent pathway and implicated the unconventional myosin D in 

growth regulation (Cho et al, 2006). Before the detailed study of the Hpo 

pathway, D was the only molecule known to be associated with Ft for cell 

size control (Cho & Irvine, 2004; Mao et al, 2006).

To clarify the role of D in retinal degeneration, we examined semithin 

sections of d  mutants for a loss of function allele, cPC13. The ommatidia 

inside the clones did not display any alteration in the architecture or in the 

conformation of mutant photoreceptors. The morphology was preserved 

and comparable between clones aged one week (Fig. 5.7A) and three 

weeks (Fig. 5.7B) in the same conditions of temperature.

We could not extend our analysis to older flies because most of the 

mutant did not survive more than three weeks at 29°C. Nevertheless, our 

results demonstrate that removing d in specific neuronal cells does not 

induce a degenenerative phenotype. This was perhaps not surprising since
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D was described as a negative regulator of Wts abundance and D absence 

activates, rather than blocking, the Hpo pathway.

Figure 5.7 Retinal tissue in d homozygous mutants is preserved 
A,B- Semithin sections of clones homozygous for d3013 allele in a 
heterozygous background for the allele aged one (A) and three weeks (B) at 
29°C.The tissue inside the clones does not show any defect in the shape or 
photoreceptors’ organization. The phenotype in younger and older mutants is 
comparable.

5.6 Mutations of Ds, the Ft putative ligand, cause strong neuronal 

degeneration in the Drosophila eye

In addition to its effect on growth, the Drosophila Ft cadherin also 

regulates planar polarity in a cell-to-cell signaling process by interacting with 

Ds, another atypical cadherin, and Fj, a Golgi associated kinase (Lawrence 

et al, 2007; Strutt & Strutt, 2005). Ft and Ds bind each other and they have 

been proposed to act as receptor and ligand, respectively (Lawrence et al, 

2007; Matakatsu & Blair, 2006; Strutt & Strutt, 2005).

Recently, Ds activity has been linked to the Hpo pathway (Willecke et 

al, 2008). Loss of ds caused overgrowth of Drosophila imaginal discs during 

development and an increased expression of some Yki targets, 

demonstrating that the activity of the Hpo pathway was lost in the absence
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of Ds. On the contrary, Ds overexpression resulted in an increased function 

of the Hpo network (Rogulja et al, 2008; Willecke et al, 2008).

Since several models have described the involvement of Ds in 

regulating growth through the interaction with Ft (Rogulja et al, 2008; 

Willecke et al, 2008), we wondered whether Ds is involved in retinal 

neurodegeneration.

We therefore induced the formation of ds homozygous clones 

exclusively in the fly eye. We used the ds38 mutant allele, which is caused 

by a spontaneous mutation and is described as a not null allele, since ds38 

mutant flies eclosed with high efficiency (-40%) in homozygous or 

transheterozygous combinations, although the escapers were highly 

deformed and died within a few days after eclosion (Clark et al, 1995).

Figure 5.8 Strong retinal degeneration in ds homozygous tissue 
from adult flies aged at 29°
A,B- Semithin sections of ds38 mutant clones coming from adult 
flies aged one day (A) and one week (B) at 29°C. After eclosure 
ds homozygous clones are normal and mutant ommatidia are 
preserved in shape and content. By contrast, the phenotype in 
one week old mutant tissue was extremely severe and almost all 
the homozygous photoreceptors cells have degenerated (B).
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The time point phenotypic analysis revealed a very strong 

degeneration in cfs38 clones in the retinae of flies aged for one week at 

29°C. Photoreceptors were destroyed in all the mutant ommatidia (Fig. 

5.8B). By contrast, one day after eclosure, ds38 mutant retinae did not show 

any abnormality (Fig. 5.8A).

Because neurodegeneration proceeded so quickly in ds clones, we 

decided to perform a second analysis at 25°C, as we had already done for 

f fd mutants. Soon after eclosion, ds38 did not display any defect in 

ommatidial shape or photoreceptor morphology except some misrotated 

ommatidia due to the known involvement of Ds in PCP signaling (Fig. 5.9A).

Figure 5.9 Progressive retinal degeneration in ds clones from flies aged at 
25°
A,B,C- Tangential sections of ds38 homozygous clones from retinae of flies aged 1 
day (A), 1 week (B) and 2 weeks (C) at 25°C. One day old flies show a normal 
retinal phenotype whereas after one week (B) most of the mutant ommatidia 
contain some abnormal photoreceptors that also appeared decreased in size. Two 
weeks old homozygous tissue is severely degenerated and photoreceptors are 
hardly distinguished (C). D- Quantification of the level of degeneration in ds38 
mutant clones aged one week (white column), or two weeks (grey columns) at
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25°C and analyzed in blind. After one week of age, some clones show a low level 
of degeneration (20%) whereas most of them belong to the medium category 
(65%) and only few are severely degenerated (15%) (N=10 clones). After two 
weeks there is an increase in the severity of the phenotype and all ds38 clones 
observed are severely degenerated (N=10 clones).

One week-old mutant clones showed a decreased number of cells 

inside the clone and a strong decrease in the cell size of homozygous 

photoreceptors that sometimes made our interpretation more difficult (Fig. 

5.9B). However, our analysis revealed that more than half of the clones 

observed belong to the medium category of degeneration (65%) whereas 

only few were severely degenerated (15%) (Fig. 5.9D). After two weeks the 

degenerative phenotype became worse and almost all mutant ommatidia 

lost most of their photoreceptors (Fig. 5.9C).

Like for the ft phenotype, degeneration of ds mutant clones did not 

spread into wt tissue, suggesting a cell-autonomous phenomenon.

We can conclude from these data that Ds takes part in the regulation 

of neuronal degeneration. The phenotype detected in ds mutant fly eyes 

suggests a neurodegenerative phenomenon stronger than the one 

observed in ft clones or mutants for the Hpo pathway. We cannot exclude 

the possibility that Ds prevents neurodegeneration through a signaling 

independent and parallel to the Ft-Hpo cascade (See discussion).

5.7 Genetic interaction between Ft and the Hpo pathway in

preventing neurodegeneration

The transcriptional coactivator Yki is the major downstream effector of 

the Hpo-Wts kinase complex (Goulev, 2008; Wu, 2008; Zhang, 2008).

Since Ft has been described as the most upstream activator of the machine 

which ultimately blocks Yki activity, we asked whether ft induced 

degeneration could be modified by partially blocking Yki activity. We thus
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induced the formation of ffd homozygous clones, exclusively inside the

retina, in mutant flies carrying a heterozygous background for either ft and 

yki, using the ykP5 null allele.

ffdm

I ' j j

ASS*#; , * 'X  <
SsRfet.VvS?.

■ M*f > r

E
100%

80%

2  60%  
o

^  40%  

20% 

0%

low

1 wk

rk
medium

am
Q ftfd/fd.ykib5/+

ftfd/fd;ykiB 5/+

,W*
v *  •• • - n r > 4

V  > V ? ?  *  A ' -  W i -'W  ? ^ A

I S

|k [ ,
.. v > >  a -::-.

3r w ZJ* — A

* +
J  - / I

-  » * y V -
. - - • .. ..** '  5,1-  • 4 k . .* *

2wks

100%

80%

2 60%  
C
o
^  40%  

20% 

0%
J

low

2wks

ri
medium

□ ftfd/fd
■ ftfd /fd  ykiB 5/+

severe

Figure 5.10 ft retinal degeneration is ameliorated by the reduction of yki
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A,B- Tangential semithin sections of 1 week old ft™* (A) and tfd/fd;ykiB5/+ (B) clones 
from mutant flies aged at 29°C. In both the examples / r 8 homozygous ommatidia 
display a low level of degeneration with few abnormal or lost cells. C,D- Tangential 
semithin sections of 2 weeks old / ^ ( C )  and ft^ iykP 5*  (D) clones from mutant 
flies aged at 29°C. fF™ homozygous clones in a wt background for yki (C) are 
severely degenerated, the ommatidia architecture is lost and the tissue is 
collapsed. On the contrary removing one copy of yki (D) results in a slowdown of 
//^degenerative phenotype, the ommatidial shape is still recognizable and at 
least three photereceptors per ommatidium are normal. E- Quantification of the 
degeneration level in 1 week old white columns) and ff^ .yk i8^  (grey 
columns) mutants analyzed in blind. Half of the //^ c lo n es  observed are low 
degenerated whereas 35% of them belong to the medium category and only few 
are severely degenerated (15%) (N=14 clones). The majority of Z!®* homozygous 
clones in a heterozygous background for yki are low (73%), some of them belong 
to the medium category (21%) and we found only one example (6%) of strong 
degeneration (N=15 clones). F- Quantification of the degeneration level in 2 weeks 
old ff™  (white columns) and ffd/fd;yk^5/+(grey columns) mutants analyzed in blind. 
After two weeks there is a significant increase in the severity of the phenotype in 
/f®® homozygous clones that display few examples of low degeneration (10%) and 
more than half of the clones are severely degenerated (55%) (N=11 clones). On 
the contrary more than half of /Z^/y/c/ mutant retinae (58%) still belong to the 
lower category of degeneration whereas only few mutants (9%) are severely 
degenerated indicating a strong slowdown of tfd/fd phenotype when removing one 
copy of yki (N=12 clones).

Most of the one week-old flfd/fd,ykiB5/+ mutant flies (73%) showed some 

abnormalities in the photoreceptors inside the clone but the level of 

degeneration was on the whole low (Fig. 5.10B.E), similarly to tf™  flies at 

the same age, although the percentage of low degenerated clones (50%) 

was minor (Fig. 5.10A,E). More than half of the two week-old ff*™,ykiB5/+ 

mutant clones (58%) still displayed a low level of photoreceptors 

degeneration (Fig. 5.10D.F).

On the contrary, ft™  clones with a wt background for yki presented a 

stronger phenotype, as already shown, with respect to ftd/M,ykP5/* mutants; 

only 10% of ft™  clones were still low degenerated and more than half of 

the clones analyzed belonged to the severe category (55%) (Fig. 5.10C,F).

These results suggest that reduced dosage of yki slows down the ft 

degenerative phenotype consistent with their being an interaction between 

Ft signaling and the Hpo-Sav-Wts pathway.
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One of the two models proposed to explain how Ft regulates the Hpo 

pathway describes the unconventional myosin Dachs as a crucial controller 

of Wts abundance which blocks the activation of the core and is inhibited by 

Ft. It is known that Dachs can rescue the overgrowth but not the planar 

polarity phenotype in ft mutants. For this reason we asked whether Dachs 

was also able to rescue ft degeneration.

ftfd /fd  jGC13/dGC13

Figure 5.11 ft retinal degeneration is rescued by the lack of dachs
A,C- Semithin sections of f fd/Tdclones from mutant flies aged two (A) or three 
weeks (C) at 29°C. In both the examples mutant ommatidia are extremely 
degenerated and most of the c homozygous photoreceptors are abnormal. (N= 
10 clones each genotype). B,D- Semithin sections of double
homozygous clones from mutant flies aged two (B) or three weeks (D) at 29°C. 
After two weeks the majority of the double mutant ommatidia are preserved (B) 
both in shape and content differently from the degenerated f fd/fd single mutants 
(A). After three weeks double mutants are almost entirely normal
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and rarely one photoreceptor is lost (yellow arrow) or has degenerated (red 
arrow) suggesting a strong rescue of ft6 retinal degeneration by removing dachs.

We generated double mutant clones for both ft and dachs by using ft*  

and d°C13 null alleles. Comparison between ff/a*',dGC'3/GC'3 and 

phenotype showed strong rescue of the retinal abnormalities for all time 

points analyzed.

As expected, the ft*™ phenotype increased to a severe degeneration 

after two or three weeks of age (Fig. 5.11 A,C). On the contrary

^pcwGcn mutant retinae contained normal photoreceptors inside all 

the ommatidia belonging to the clone both after one and two weeks of age 

(Fig. 5.11B) and only in three weeks old double mutants very few 

photoreceptors degenerated (Fig. 5.11D).

Thus, loss of D results in a total rescue of the ft induced retinal 

degeneration, indicating that neurodegeneration in ft clones is indeed due to 

misregulation of the Hpo pathway, rather than a contribution of the Ft planar 

polarity signaling.

5.8 Genetic interaction between Ds and the Hpo pathway in 

preventing ft neurodegeneration

We have previously demonstrated that mutations of ds coding gene 

lead to a neurodegenerative phenotype comparable at least in part with the 

one observed in retinae mutant for ft and the components of the Hpo 

pathway. Since a link between Ds and Ft involvement in growth regulation 

via the Hpo cascade has been suggested (Rogulja et al, 2008; Willecke et 

al, 2008), we wondered whether ds interact genetically with the Hpo 

signaling to control retinal degeneration.

102



We thus induced the formation of clones homozygous for ds38 in a 

heteroygous background for yki85 null allele, on one hand, and clones 

double mutants for ds38 and P 013 on the other hand. If Ds is a suppressor 

of Yki activity, and behaves like Ft to monitor the Hpo central core signaling, 

we might expect that heterozygosity for yki would suppress degeneration in 

ds clones.

We compared the retinal phenotype of three distinct categories of 

mutant clones: ds38/38, ds38/38, y k ^  and ds38/38] P c13/(3013. One day after 

eclosion all the mutant flies showed apparently normal photoreceptors 

inside the clones. After ageing flies one week at 29°C, ds38/38 mutant clones 

were severely degenerated (Fig. 5.12A,D) and also in a heterozygous 

background for the yki null allele (Fig. 5.12B.D). If there was an interaction 

between yki and ds it was too weak to be detected in this experiment (Fig. 

3.21 B). By contrast, clones double mutants for ds and dachs, 

ds38/38 dGci3/Gci3  ̂ exhibited a weaker level of degeneration than ds38/38 

single clones when flies were aged one week at 29°C (Fig. 5.12C,D). In 

most mutant retinae isolated, the shape of the mutant ommatidia was 

recognizable and the photoreceptors cells became much more conserved 

both in aspect and number (Fig. 5.12C,D). Most of the double clones (70%) 

analyzed displayed only weak degeneration and none were severely 

affected.

The genetic analysis here presented demonstrates that ds retinal 

neurodegeneration is strongly rescued by the lack of D whereas partial 

block of Yki activity appears to not influence ds induced phenotype.

The rescue obtained from removing d in f f1 clones was much stronger 

than for ds38 homozygous tissue, perhaps because the level of
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degeneration of ds38 mutant photoreceptors was more severe than the f fd 

and thus more difficult to be ameliorated.

O d s3 8 /3 8  

□ d s38 /38 .yk iB 5 /+

■ ds38 /3 8 .d G C 1 3 /G C 1 3

tf§38/38 t f s 38/38.yfcjB5/+ ^ ^ 8 /3 8  .tfGC13/GC13

100%

8 0 %

|  6 0 %  
o

 ̂ 4 0 %
o'*

20%

0%

low medium severe

Figure 5.12 ds retinal degeneration is rescued by the lack o f d but not by the 
reduction o f yki
A,B,C- Semithin sections of ds38/38(A), ds38/38;yk iB5/+ (B) and ds38/38;d GC13/GC13 
clones from flies aged one week at 29°C. Mutant ommatidia inside ds38/38 
homozygous tissue are severely degenerated (A) and the level of degeneration is 
comparable to clones of ds in a heterozygous background for yki (B), although in 
this case the shape of mutant ommatidia is newly recognizable. On the contrary, 
ds38/38;d GC13/GC13 double mutant clones show a strong amelioration of the ds 
phenotype and most of the mutant ommatidia contain at least four photoreceptors 
cells that have not degenerated suggesting a strong rescue of ds degeneration by 
the lack of dachs. D- Quantification of the degeneration level in 1 week old ds38/38 
(white columns), ds38/38;yk iB5/+ (grey columns) and ds38/38;d GC13/GC13 mutants 
analyzed in blind. Both ds38/38 and ds38/38;yk iB5/+ clones show a severe level of 
retinal degeneration whereas ds38/38;d GC73/GC7'3 cause a strong rescue and more 
than half of the clones observed (70%) are low degenerated and only some of 
them belong to the medium category.

Similarly, it is likely that removing only one copy of yki in ds38 mutants 

is not enough to obtain an appreciable change of ds retinal phenotype. The 

scarce effect of yki heterozygosity on ds clones correlates with yki modest
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rescue of rfd degeneration. This outcome results much lower than the 

strong rescue observed in ds clones by completely ablating dachs. However 

we cannot exclude that Dachsous cooperates with Fat and Dachs in a way 

that is parallel to the Fat-Hippo cascade.

5.9 DISCUSSION

In the first part of this work I have analyzed the role of Ft in retinal 

cells homeostasis. The evidence I obtained led us to propose a model in 

which Ft modulates neurodegeneration through a pathway which appear to 

include a number of unknown players.

Several papers published over the past few years described the 

interaction among the Hpo tumour suppressor pathway and Ft in distinct 

tissues (Bennett & Harvey, 2006; Cho et al, 2006; Willecke et al, 2006; Silva 

et al, 2006). Therefore we investigated whether this interaction occurs also 

in the retina. We discovered that most of the components of the Hpo 

signalling are linked to neuronal degeneration per se.

By preventing the activation of the Hpo cascade at distinct steps 

along the pathway, we obtained, in the majority of the cases, a common 

phenotype of photoreceptors alteration or loss. Intriguingly, the level of 

degeneration was different, in terms of severity and rapidity in the 

progression, depending on the hierarchical position occupied in the cascade 

by the mutated protein.

Mutations of the central components of the Hpo-Sav-Wts pathway, 

sav and wts, resulted in a comparable cell-autonomous degenerative 

phenotype that resembled the retinal abnormalities of ft mutant clones. The 

sav/wts phenotypes did not totally overlap /if-induced neurodegeneration,
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especially in the rapidity of cell disappearance. Although our results about 

the number of degenerated photoreceptor cells were comparable, the 

number of mutant cells lost appeared higher in ffd clones than in sav3 or 

mghi homozygous tissues, as if sav or wts mutant cells were more 

resistant to death.

Exogenous hyper-activation of Yki, reported to mimic the removal of 

the main components of the central cassette (Bennett & Harvey, 2006; Cho 

et al, 2006; Willecke et al, 2006; Silva et al, 2006), also brought about a 

retinal degenerative event. However, the phenotype we observed by over

expressing Yki was weaker than in ft mutants.

A possible explanation for these distinct severity levels is linked to 

the difference in the modality by which Hpo-Sav-Wts and Ft pathways 

monitor organ size and tissue growth, the former restricting cell proliferation 

and promoting apoptosis, the latter being more involved in the regulation of 

cell proliferation but less or none in the Hpo-Sav-Wts induction of the 

apoptotic signaling. Another possibility is that the alleles we used carry 

mutations of different strengths, thus leading to different levels of 

degeneration. That is what in fact we observed for ffd compared to ft82 

mutants, or for wts?1 and wtsMGH1.

Concerning the slow phenotype induced by the hyper-activation of 

Yki, it is likely that the presence of an exogenous Yki protein was sensed as 

toxic by the cell and induced a major activation of the endogenous Hpo- 

Sav-Wts signaling, thus causing the phosphorylation and inactivation of the 

exogenous Yki. Alternatively, over-expression of Yki induced with the 

combination of Gal4/UAS and Flp/FRT systems, was not sufficiently robust 

to block Hpo-Sav-Wts signaling completely.
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Mer, Ex, Dachs and very recently Kibra molecules have been 

described as upstream direct regulators of the Hpo core (Baker & Yu, 2010; 

Baumgartner et al, 2010; Cho et al, 2006; Genevet et al, 2010; Hamaratoglu 

et al, 2006; McCartney et al, 2000). ex gene is considered to promote the 

activation of the cascade downstream of ft. Like ft, when mutated, it led to a 

retinal degenerative phenotype which progressed with age. The 

abnormalities appeared much later than in ft mutant fly eyes. This is not 

surprising and several explanation could justify the results we obtained from 

ex analysis.

First, exe1 has been described as a LOF allele whose not completely 

known mutation gives rise to a deletion of the 5’ UTR. It is not known 

whether Ex protein is affected at all (Boedigheimer et al, 1993a), suggesting 

the possibility that Ex function is retained. Second, it is likely that the 

down regulation of ex is partly compensated by its reported genetic 

redundancy with mer (Hamaratoglu et al, 2006; McCartney et al, 2000) or 

by the newly discovered mer-kibra complex (Baker & Yu, 2010;

Baumgartner et al, 2010; Genevet et al, 2010). Finally, recent experiments 

have introduced a new perspective on Hpo regulation and raised the 

possibility of a more complex signaling involving different feedback loops 

(Badouel et al, 2009). Ex has been demonstrated to directly bind and 

inactivate Yki, the final target of the Hpo-Sav-Wts network, suggesting that 

Ex can regulate Yki activity not only upstream but also downstream or even 

independently of Wts. If this is the case, the down-regulation of ex would 

correspond to a double block of Yki function. Therefore we would have 

expected a stronger phenotype. The moderate neurodegeneration we 

detected in ex mutant photoreceptors could suggest that in the retinal tissue
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Ex acts mainly upstream of the Hpo core and its absence is compensated 

by Mer or Kibra.

Mer, like Ex, is a membrane-associated FERM-domain protein, 

proposed to regulate the activation of the Hpo cascade (Hamaratoglu et al, 

2006). Mutation of Drosophila mer on its own showed only minor effects on 

growth (McCartney et al, 2000). Thus, the very low level of abnormalities we 

found in mer mutant ommatidia and photoreceptors are not unexpected and 

correlate with the idea that Mer is involved in the regulation of Hpo-Sav-Wts 

activation less than Ex, thus affecting neuronal homeostasis less. Actually, 

both Ex and Mer are each capable of restricting cell growth and cell cycle 

progression. However, they also exert distinct functions. Studies on 

developing eye imaginal tissues, performed both in larvae and pupae, 

demonstrated that Ex has a clear role in regulating cell cycle exit, while Mer 

is more directly involved in monitoring apoptosis (Pellock et al, 2007).

Our hypothesis is that Ex and Mer act differentially in the 

maintenance of neuronal homeostasis in the adult retina, since our 

phenotypic analysis indicated that mer was less involved in photoreceptors 

maintenance than ex. In addition, both kibra and ex activities could be 

redundant and counterbalance the absence of mer.

D has an opposite role in the modulation of the Hpo pathway, since it 

has been proposed to block the activation of the Hpo core molecules by 

restricting Wts abundance (Cho et al, 2006). D had been previously 

described to be functionally linked to Ft in te regulation of cell overgrowth 

and cell affinity. The d phenotype had been shown to be epistatic of ft, as 

the ft mutant disc overgrowth was completely suppressed in cells 

homozygous for d (Cho & Irvine, 2004). Thus, the opposite effect of Ft and 

D on growth control could explain the opposite effect on neuronal
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degeneration and why, within the first three weeks of adult life, d mutation 

did not cause neurodegeneration of the retinal tissue.

A second known interactor of Ft is the atypical cadherin Ds that was 

previously proposed to act as a ligand for Ft receptor in the regulation of the 

PCP signaling (Saburi & McNeill, 2005). Recent work has found Ds to be 

also involved in the Hpo-Sav-Wts signaling, although the molecular 

mechanism by which this binding can regulate tissue growth is complex and 

has not been well clarified (Rogulja et al, 2008; Willecke et al, 2008).

ds mutants singularly manifested strong neurodegeneration inside 

the homozygous mutant clones that was easily detectable starting from 

young fly ages. The phenomenon leading to ds abnormalities was not 

entirely comparable to the defects caused by ft or sav/wts mutants since it 

was much more rapid. Also, the results we obtained from our analysis are 

unexpected because they suggest a cell-autonomous phenomenon. This is 

against the proposed model of Ds binding in-trans the Ft protein present on 

the membrane of the neighbouring cell and supports instead a new model in 

which the two cadherins co-operate inside the same cell. Results present in 

the literature have indicated that both ds LOF and over-expression of Ds 

cause transcriptional induction of the Hpo-Sav-Wts target genes and that 

the effect is not restricted to the cells lacking or over-expressing Ds, 

indicating a complex way of regulating tissue growth (Willecke et al, 2008). 

Our data further stress the hypothesis of a more complex role of Ds in the 

pathway suggesting the possibility that Ds has another ligand, different from 

Ft, thus acting through a novel signaling. Alternatively, Ds could bind Ft 

within the same cell, in-cis, in a way similar to Delta-Notch ligand in-cis. In 

the literature, Delta and Notch have been described to encode cell surface 

proteins that function in a wide variety of cell fate specification events during



oogenesis, embryogenesis, and metamorphosis in Drosophila. The Delta 

ligand has been shown to have two activities: it transactivates Notch in 

neighbouring cells and c/s-inhibits Notch in its own cell (Muskavitch, 1994).

It is possible that Ds-Ft binding in-cis activates a signaling that regulates 

neuronal homeostasis differently from the PCP regulation monitored by their 

trans- interaction.

The link between Ft and Hpo-Sav-Wts signalings in preventing 

neurodegeneration is uncovered by the epistatic experiments we 

performed. The induction of the Hpo-Sav-Wts network by the reduced yki 

gene dosage on one hand, and the complete lack of dachs on the other 

hand, resulted sufficient to ameliorate ft induced phenotype, demonstrating 

a genetic interaction between Ft and the Hpo pathway. The fact that the 

rescue of ft retinal degeneration was obtained with both the two distinct 

genetic experiments, confirms the idea that Ft maintains the neuronal 

homeostasis both going through Yki but also through the D-Wts alternative 

way, independently of Yki. It is also not surprising that the rescue obtained 

by completely ablating dachs is stronger than the one arising from the 

reduction of only one of the two gene copies of yki.

Further epistatic experiments demonstrated that ds-induced retinal 

phenotype is ameliorated by inactivating d  but not by partially blocking yki. 

Two main explanations justify these results. On one hand, it is possible that 

Ds is part of the Ft-Wts signalling regulating neuronal homeostasis, and 

that removing only one copy of yki gene is not sufficient to provide 

detectable rescue of the strong phenotype found in one week-old ds38 

mutants. On the other hand, it is possible that Ds prevents neuronal 

degeneration collaborating with Ft and Dachs in a pathway that is parallel to 

the Hpo-Sav-Wts cascade.
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Components of the Hpo-Sav-Wts signaling have also been implicated 

in a variety of other growth-unrelated processes, including the regulation of 

neural fate during early eye development (Maitra et al, 2006; Feng & Irvine, 

2007; Pellock et al, 2007), photoreceptor cell type during later eye 

development (Mikeladze-Dvali et al, 2005), the correct Rhodopsin 

expression in R7/R8 photoreceptors cells and dendritic maintenance 

(Emoto et al, 2006).

Our results suggest that inactivation of the Hpo-Sav-Wts signalling 

also promotes the maintenance of neuronal integrity and support the 

existence of a mechanism in the adult retina that prevents activation of the 

transcritpion of the canonical Yki targets.

Interesting results from the group of Claude Desplan presented at the 

European Drosophila Research Conference ( 2009, Nice) come in support 

to our hypothesis of an involvement of the Hpo pathway in neuronal 

homeostasis. Although Wts was demonstrated to control the post-mitotic 

specification of R8 photoreceptor neuron subtypes, mutants for wts or over

expression of Yki in the fly eye were shown to activate the transcription of 

neither diapl nor cycE in the adult retina. In addition, Yki and Sd are 

required to activate Rhodopsin5 and repress Rhodopsin6 downstream of 

Wts, suggesting that they act in R8 as the transcriptional output of the Wts 

signaling, similar to their role in growth (Abstract #P121).

Neurodegeneration in Ft/Hpo mutants may arise as a consequence of 

inhibition of apoptosis, on one hand, and growth stimulation on the other 

hand. Both phenomena could put the cells under considerable metabolic 

stress because of an excessive need of energy and an inbalance of 

molecular components’ synthesis and degradation. This outcome appeared 

consistent with the results from microarrays performed in the lab
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(unpublished data) to check for genes regulated by Atro. These results 

identified ft as one of the main candidates and reported a repression of 

apoptosis and a stimulation of cell-cycle genes. However, the transcription 

of the canonical targets of the Hpo signalling cascade, such as diapl or 

cycE, identified during developmental growth control (Harvey et al, 2003; 

Pantalacci et al, 2003; Tapon et al, 2002; Wu et al, 2003), were not altered 

in the microarray analysis. The only Hpo target gene that resulted 

transcriptionally regulated in Atro microarrays was dally-like, that codifies for 

a proteoglycan required for the regulation of diffusible ligands, which is, like 

Wnt, involved in cell fate and patterning decisions (Baena-Lopez et al,

2008).

Further investigations will be required to test if some of the genes 

found transcriptionally altered in the microarray analysis may effectively 

represent targets of the Hpo-Sav-Wts pathway in this tissue, pushing 

neurons to re-enter the cell-cycle. To test whether transcription of genes 

involved in the cell-cycle and regulated by Atro, such as string, are really 

modified by the Hpo pathway, we could for example perform a microarray 

analysis or a quantitative RT-PCR in sav or wts mutant neuronal tissue. 

Alternatively, we can not exclude the possibility that the Ft/Hpo pathway 

regulates growth-independent events to maintain neuronal homeostasis.
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Chapter 6

INVOLVEMENT OF ATROPHIN IN ft RETINAL DEGENERATION

The Ft cadherin is involved in the regulation of PCP (Fanto & McNeill, 

2004; Saburi & McNeill, 2005). It has been initially proposed that Ft works 

upstream of the classical Frizzled signaling (Yang et al, 2002). Then, few 

years ago it was discovered that PCP control by Fat acts through a distinct 

way that includes both Atro (Fanto et al, 2003) and Ds (Casal et al, 2006).

Atrophins are transcriptional co-factors (Erkner et al, 2002; Zhang et 

al, 2002) and expansion of a CAG stretch in the human atrophin-1 gene 

causes a polyQ neurodegenerative disease, the DRPLA (Nagafuchi et al, 

1994a; Naito & Oyanagi, 1982).

To understand to what extent Atrophin transcriptional function was 

linked to neurodegeneration, a genome wide transcriptional profiling was 

performed in Drosophila models of the DRPLA generated in the lab (Nisoli 

et al., 2010). Intriguingly, the level of ft gene transcription was 

downregulated by the wt form of Drosophila Atro and expansion of polyQ 

stretches along Atrophin downregulated ft transcription even more.

Therefore, a twofold link between Ft and Atro functions emerges, both 

in transcriptional and PCP regulation.

6.1 atro*46'2 mutations in the fly eye cause a weak neurodegeneration

In 2002 Drosophila atro gene was isolated and studied by two distinct 

groups in parallel, the Kerridge lab in France and the Xu lab in the USA 

(Erkner et al, 2002; Zhang et al, 2002).
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Since it has been shown in the past that loss of atrophin/grunge (atro 

or gug) affected PCP both cell-autonomously and non-autonomously, in the 

same manner as ft (Fanto et al, 2003), we wondered whether the loss of 

atro function by itself could lead to develop any neuronal abnormality. For 

this reason, we induced the formation of clones homozygous for atro in the 

fly retina and compared the phenotype of four distinct atro mutant flies 

stocks based on two independent alleles, aged for different time points at 

29°C.

We took advantage of the atroe46~2 allele from the Xu lab and the gug35 

allele coming from the Kerridge lab, since both have been described as null 

alleles (Erkner et al, 2002; Zhang et al, 2002). The atroe46~2 allele is a 

deletion of around 3kb described to remove the first atrophin intron (Zhang 

et al, 2002). The original atroe46~2 mutation was located on the third 

chromosome together with the FRT2A cassette, a genomic sequence that is 

a substrate for the FLP-mediated mitotic recombination.

The FRT2A cassette also contains an inserted P element which 

carries a truncated version of the white gene sequence, called the mini

white gene, and commonly used as a selectable marker in transformation 

constructs (Pirrotta, 1988). white expression is necessary for eye 

pigmentation and transformants carrying the mini-white gene shows a range 

of eye coloration from pale yellow to red, depending on the position of the 

mini-white insertion into the genome (Hazelrigg et al, 1984; Pirrotta et al, 

1985). In the case of the FRT2A, the mini-white gene is expressed only 

weakly and homozygous clones generated in this genetic background are 

more difficult to be analyzed, since the weaker pigmentation makes it 

harder to distinguish between wt and mutant cells.
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Thus, in parallel, we recombined the atroe46~2 allele on a different 

chromosome carrying the FRT80 cassette, instead of the FRT2A, which 

does not contain any white gene but a genetic sequence that confers 

resistance to the neomycine antibiotic. Flies heterozygous for atroe46~2 were 

crossed with flies heterozygous for a P element carrying the mini-white gene 

sequence inserted upstream of another FRT80 cassette. After mitotic 

Flp/FRT recombination, we thus obtained atroe46~2 homozygous clones 

characterized by the absence of the red pigment.

Surprisingly we could not detect most of the abnormalities originally 

reported by the group of Xu (Zhang et al, 2002). We did not find any 

roughness in the mutant eyes, nor defects during the specification of 

photoreceptors, few PCP defects (Fig. 6.2B, white asterisks). Moreover, 

unlike the published data, most of the mutant ommatidia displayed a correct 

complement of the seven photoreceptors. Reasons for this discrepancy are 

discussed later in the section 6.4.

We thus compared the retinal phenotype of atroe46~2,FRT2A and 

atroe46~2,FRT80 aged either one or three weeks at 29°C. In both genotypes, 

after one week of age, most of the mutant retinae were normal or displayed 

a very low level of degeneration inside the clone (Fig. 6.1A.C). Ommatidia 

coming from both sets of atroe46~2 mutant clones were less disorganized in 

their aspect, if compared to mutant clones for ft or components of the Hpo 

pathway previously analyzed. Therefore, it was possible to perform a more 

detailed and quantitative analysis of the degenerative phenotype comparing 

the number of total photoreceptors per ommatidium in different mutant 

clones at distinct time points.
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Figure 6.1 Level o f degeneration and photoreceptor loss in atro646 mutant 
clones o f the fly  retina
A-Quantification of the level of degeneration in atroe46,FRT2A mutant clones aged 
one week (white columns) or three weeks (grey columns) at 29°C and analyzed in 
blind. After one week of age, the majority of the atro646 homozygous clones display 
a low level of degeneration (90%) whereas the other few clones belong to the 
medium category (N=10 clones). After three weeks there is a slow decrease of the 
low degenerated clones (82%) and a slow increase of the clones belonging to the 
medium category (N= 14 clones). B- Quantification of photoreceptors number in 
atroe46,FRT2A mutant clones aged one week (white columns) or three weeks (grey 
columns) at 29°C and analyzed in blind. After one week of age, the majority of the 
atro846 mutant ommatidia contain a preserved number of photoreceptor cells (67%) 
or have lost one cell (15%) whereas only few ommatidia contain five or less cells 
(N= 241 ommatidia). After three weeks there is a decrease of preserved mutant 
ommatidia (53%) and a significant increase of ommatidia containing six (30%) or 
five (11%) photoreceptors (N=392 ommatidia, three independent experiments). 
Chi-square 21.5, p<0.005 for 6 degrees of freedom. C- Quantification of the level 
of degeneration in a tro^fR T S O  mutant clones aged one week (white columns) or 
three weeks (grey columns) at 29°C and analyzed in blind. After one week of age, 
the majority of the atro846 homozygous clones display a low level of degeneration 
(90%) whereas the other few clones belong to the medium category (N=10 
clones). After three weeks the phenotype did not change and most of the clones 
still belong to the low category (89%) (N= 14 clones). D- Quantification of 
photoreceptor number in atro^.FRTQO mutant clones aged one week (white 
columns) or three weeks (grey columns) at 29°C and analyzed in blind. After one 
week of age, the majority of the atro846 mutant ommatidia contain a preserved 
number of photoreceptor cells (69%) or have lost one cell (21%) whereas only few 
ommatidia contain five or less cells (N= 309 ommatidia). After three weeks there is 
a slow decrease of preserved mutant ommatidia (66%) but a non significant 
increase of ommatidia containing six (25%) or five (6%) photoreceptors (N=283 
ommatidia, three independent experiments). Chi-square 1.41, p>0.05 for 6 
degrees of freedom.
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The quantification of the photoreceptor number in one week-old 

atroe4&'2 mutant tissues showed that most of the ommatidia contained the 

correct number of neuronal cells and only a few had lost one or two 

photoreceptors (Fig. 6.1B).

ja46!e46 atroe46/e46,80

3wks

Figure 6.2 Low level of retinal neurodegeneration in atro046 mutant clones
Semithin sections of atroe46,FRT2A (A,C) and atroe46,FRT80 (B,D) mutant 
clones aged one week (A,B) or three weeks (C,D) at 29°C. In both time 
points there is only a low level of degeneration but the number of ommatidia 
that have one photoreceptor lost or degenerated is higher in atroe46,FRT2A 
(red arrows in A,C) with respect to atroe46,FRT80 (yellow arrows in B,D).
White asterisks in B indicate PCP defects.
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After three weeks at 29°C, the level of abnormalities slowly 

progressed in atroe46~2,FRT2A mutants, although most of the clones 

observed still belonged to the low category (Fig. 6.1 A, 6.2A,B).

There was a faint but significant (p<0.005) increase in the number of mutant 

ommatidia with reduced number of photoreceptors (Fig. 6.1 B).

The quantification of the retinal phenotype in atro646'2,FRT80 clones 

from three week-old flies showed a progress, although not statistically 

significant, in the neurodegeneration and photoreceptor loss (Fig. 6.1 C,D).

In conclusion, the phenotypic analysis of atro646'2 mutant retinae 

indicates a weak neuronal degeneration more easily detectable in atro646' 

2,FRT2A mutants than in atroe46~2,FRT80 mutant clones.

To check that the atroe46~2 was still present in the FRT80, we checked 

whether the new generated chromosome, atro646'2,FRT80, was able to 

complement the lethality of atro646'2,FRT2A original stock. No atro646'

2,FRT80/atroe46~2,FRT2A flies were recovered confirming the presence of 

the same lethal mutation on both the FRT80 chromosome and on the 

starting FRT2A one. This implies that we had not lost the mutation.

However, we cannot be sure that this mutation is atro646'2.

6.2 gug35 mutations in the fly eye cause a strong retinal degeneration

The second allele used for our study was the gug35 allele, described 

as an excision of the P inserted element carrying the atro sequence, that 

resulted in an imprecise deletion of the genomic DNA at the site of the 

insertion (Erkner et al, 2002). We used both gug35,FRT2A  and gug35,FRT80 

flies (both from Kerridge lab) to compare their retinal phenotype with the 

one of atro646'2 mutants.
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After one week at 29°C, the phenotype of gug35,FRT2A mutant clones 

was comparable to the one of atroe46~2. Actually, the semithin sections were 

normal or displayed a low level of degeneration, with one photoreceptor 

abnormal or lacking per mutant ommatidium (Fig. 6.3A,B;Fig. 6.4A).
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Figure 6.3 Level o f degeneration and photoreceptor loss in gug35 mutant 
clones o f the fly  eye
A- Quantification of the level of degeneration in gug35,FRT2A mutant clones aged 
one week (white columns) or three weeks (grey columns) at 29°C. After one week 
of age, most of the gug35 homozygous clones display a low level of degeneration 
(89%) whereas the other few clones belong to the medium category (N=14 
clones). After three weeks there is a strong decrease of the low degenerated 
clones (20%) and most of the clones observed belong to the medium category 
(60%) and some of them are severely degenerated (N=10 clones). B- 
Quantification of photoreceptors number in gug35,FRT2A mutant clones aged one 
week (white columns) or three weeks (grey columns) at 29°C. After one week of 
age, the majority of the atro646 mutant ommatidia contain a preserved number of 
photoreceptor cells (74%) or have lost one cell (11%) whereas only few ommatidia 
contain five or less cells (N=357 ommatidia). After three weeks there is a highly 
significant decrease of preserved mutant ommatidia (30%) and a significant 
increase (p<0.001) of ommatidia containing six (20%), five (28%) or four (12%) 
photoreceptors (N=270 ommatidia, three independent experiments). Chi-square 
201 for 6 degrees of freedom. C-Quantification of the level of degeneration in 
gug^FRTSO mutant clones aged one week (white columns) or three weeks (grey 
columns) at 29°C. After one week of age, only 18% of the gug35 homozygous 
clones were ckassified as low, whereas more than half belong to the medium 
category (60%) (N=14 clones). However the classification is failing to take into
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account the strong developmental abnormalities at this stage. After three weeks 
there is an increase in the severity of the phenotype with a decrease of the low 
degenerated clones (6%) and most of the clones observed belong to the medium 
(47%) and severe category (50%) (N=16 clones). D- Quantification of 
photoreceptors number in gug35,FRT80 mutant clones aged one week (white 
columns) or three weeks (grey columns) at 29°C. After one week of age, a low 
number of gug35 mutant ommatidia contain a preserved number of photoreceptor 
cells (9.6%), many clones have lost at least one (20%), two (22%),three (19%) or 
four (13%) photoreceptors (N=293 ommatidia). After three weeks there is a 
significant increase of photoreceptor loss (p<0.001) especially ommatidia that have 
lost four (30%) or five (15%) photoreceptors (N=350 ommatidia, three independent 
experiments). Chi-square 31.5 for 6 degrees of freedom.

The outcome was different for gug35,FRT80 at the same time point, 

because very few mutant clones contained ommatidia with the correct 

number of neuronal cells. Importantly, this is the phenotype originally 

described for gug35 (Fanto et al, 2003). Most of the sections showed a 

medium level of degeneration, with two or more photoreceptors missing or 

degenerated inside the homozygous tissue (Fig. 6.3C,D;Fig. 6.4B).

Older gug35,FRT2A mutant clones from flies aged three weeks at the 

same environmental conditions manifested a highly significant decrease 

(p<0.001) of the mutant photoreceptors inside the clone (Fig. 6.3B; Fig. 

6.4C) and an increase in the level of degeneration (Fig. 6.3A; Fig. 6.4C).

The results obtained from same age gug35,FRT80 mutants matched 

the gug35,FRT2A  ones. After three weeks at 29°C actually most of 

gug35,FRT80  mutant clones belonged to the medium or severe category of 

degeneration (Fig. 6.3C; Fig. 6.4D), the tissue inside the clone was 

collapsed and most of the ommatidia had lost more than half of their 

photoreceptors (Fig. 6.3D; Fig. 6.4D).
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Figure 6.4 Progressive neurodegeneration in gug35 mutants o f the fly  retina 
A,B- Semithin sections of gug35,2A (A) and gug35,80 (B) mutant clones aged one 
weeks at 29°C. In gug35,2A there is only a low level of degeneration and very few 
ommatidia have lost one photoreceptor (red arrow) whereas the phenotype in 
gug35,80 homozygous clones is much more stronger and the degeneration is 
more evident (example belonging to the medium category). C,D- Semithin 
sections of gug35,2A (C) and gug35,80 (D) mutant clones aged three weeks at 
29°C. In both the genotypes the severity of the phenotype is increased. More 
than half of gug35,2A clones belong to the medium category like the semithin here 
shown (C) and half of the gug35,80 clones are severely degenerated like the 
example here shown (D).
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Therefore, differently from the results of the atroe46~2 analysis, both 

sets of gug35 mutant clones indicated a phenomenon of progressive 

neurodegeneration. The increase in the severity of gug35,FRT2A  retinal 

phenotype was much stronger with respect to gug35,FRT80. However it 

should be considered that the latter started also from a highly irregular 

photoreceptor recruitment.

Since both alleles have been previously described to affect the same 

signaling in a comparable manner (Erkner et al, 2002; Zhang et al, 2002), 

these outcomes were unexpected. Our results indicate that atro646'2 and 

gug35 mutations do not induce similar lesions as reported.

One possibility is that the gug35,FRT80 chromosome contains an 

additional mutation, which interacts with atrophin and gives rise to the 

strong loss of photoreceptors observed after one week of age, which is to 

be attributed to developmental defects (Fanto et al, 2003).

6.4 DISCUSSION

Our previous experiments demonstrated that Ft cooperates with the 

Hpo-Sav-Wts tumour suppressor signaling to prevent, at least in part, the 

neuronal degeneration. The Hpo cascade is not the only set of molecules 

functionally linked to Ft activity. Therefore, in order to better characterize 

the genetic signaling that links Ft to neurodegeneration, we have addressed 

our investigation towards the involvement of Atro, which had been shown to 

bind physically the Ft cytoplasmic domain and to collaborate in the 

regulation of the PCP signaling (Fanto et al, 2003).
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We took advantage of the atroe46~2 allele from the Xu lab and the gug35 

allele from the Kerridge lab, since they have been both described in the 

literature as null alleles (Erkner et al, 2002; Zhang et al, 2002).

Unexpectedly, we were unable to detect most of the retinal 

abnormalities previously reported for atroe46~2 homozygous clones in adult 

flies (Zhang et al, 2002). The only abnormality we could detect was the 

presence of a significant amount of misrotated ommatidia inside the mutant 

tissue. This resembled the PCP defects described in the paper of Zhang et 

al (2002).

Re-examinng the Zhang et al. paper (2002), we noticed that authors 

did not use the atroe46~2 allele to induce the formation of homozygous 

clones in the fly eye. Rather, they described the retinal phenotype in atro 

mutant clones derived from the insertion of two distinct P transposons (P3 

or P5) into the second atro intron, downstream of the site of atroe46~2 

mutation (Fig1F,G; Fig2Afrom (Zhang et al, 2002). In addition, the above 

alleles also carried a mutant allele of the knirps gene, the radius interruptus 

(ri) allele (Zhang et al, 2002), that was later discovered to be itself an atro 

target gene (Haecker et al, 2007). Actually, Drosophila Atro has been 

reported to interact with the transcriptional repressor Tailless (Moran & 

Jimenez, 2006; Pankratz et al, 1992; Yu et al, 1994) and to tether and 

repress the transcription of knirps, a segmentation gap gene known to be a 

direct target of Tailless (Zhang et al, 2006; Wang et al, 2006). A recent 

report has also revealed that Atro physically and genetically interacts with 

another nuclear protein, called Brakeless (Bks), to regulate knirps 

expression (Haecker et al, 2007).
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By contrast atroe46~2 was shown to be a mutant allele that derives from 

an imprecise excision of another P-element insertion (P1) inside atro first 

exon (Erkner et al, 2002).

Taken together, the different genetic backgrounds described above, 

indicate that it is reasonable that our analysis of atro phenotype results 

different from the one published.

We did not observe any significant retinal degeneration in the 

homozygous atro646'2 clones (Fig. 6.1;Fig. 6.2). Most of the clones aged 

three weeks, both for atroe46~2,FRT2A and for atroe46~2,FRT80, still displayed 

a low level of degeneration and more than 90% of the mutant ommatidia 

were preserved in their content or have lost one photoreceptor at most.

The simplest explanation for this faint retinal phenotype is that atroe46~2 

is a weak allele, differently from what has been described in the literature. 

Alternatively, it is possible that the mutation has been lost from our stock.

The second allele we used was gug35 loss of function allele from the 

Kerridge’ lab (Erkner et al, 2002). In terms of rapidity and level of 

degeneration reached, the retinal phenotype induced by gug35,FRT2A 

mutation was comparable to the one observed in atroe46,FRT2A  mutant 

clones. However, the increase in the severity of phenotype was much more 

significant in gug35,FRT2A clones with respect to atroe46,FRT2A, since more 

than half of the clones dissected acquired a medium level of degeneration 

and around half of the mutant ommatidia lost two or more photoreceptors. 

Homozygous clones derived from the mitotic recombination of the 

gucf5,FRT80  chromosome also gave rise to a progressive and significant 

retinal neurodegeneration. These findings failed to confirm that atroe46 and 

gug35 are atro alleles of equivalent strength, as reported in the literature 

(Erkner et al, 2002; Zhang et al, 2002).
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In addition, the gug35,FRT80 phenotype was not comparable to the 

one of atroe46 or gug35,FRT2A. Actually half of the older gug35,FRT80 

homozygous clones observed displayed a severely degenerated phenotype 

that resulted much stronger than in atroe46,FRT2A  or gug35,FRT2A  mutants 

of the same age. The difference is likely the consequence of a different 

initial phenotype of atro mutant retina. In the case of the gug35,FRT80 we 

actually found that young homozygous clones already displayed severe 

alterations inside the mutant tissue, very few ommatidia contained the 

conserved number of photoreceptor cells and, by contrast, many of them 

lost two or more cells.

The data obtained from this last analysis suggests that gug35,FRT80  

mutants gained some new features in their phenotype, that are likely to be 

independent of atro neurodegenerative phenomenon per se, but are 

probably responsible for the developmental defects. Our hypothesis is that 

the gug35)FRT80  chromosome contains an additional mutation that gives 

rise to the highly irregular photoreceptor recruitment observed.

To explain the discrepancy among the gug35,FRT2A and the 

gug35,FRT80 phenotype, I should perform a meiotic mapping of the 

gug35,FRT80  chromosome, to find and remove the genomic region 

containing the hypothetical mutation. Secondly, I should perform again the 

phenotypic analysis of gug35 homozygous retinal clones taking advantage of 

the cleaned chromosome. However this would not help the analysis of the 

neurodegeneration, which is the focus of this project.

In conclusion, the two atro/gug alleles examined gave inconsistent 

clonal phenotypes in the adult retinae: atroe46 mutants result in a weak 

degenerative phenotype whereas gug35 lead to a strong degeneration.
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The neuronal degeneration we observed with gug35 alleles was only 

partially comparable to the one observed in ft mutant retinae, especially for 

the rapidity in the appearance and progression of retinal abnormalities. This 

could be compatible with a model in which Atro is a non essential co-factor 

in this process.

As already demonstrated, the tumour suppressor Ft interacts 

physically with the transcriptional co-factor Atro (Fanto et al., 2003). It has 

been shown that some heteroallelic combinations of ft alleles were viable 

but, if one copy of atro was removed in this background, using the 

gug35,FRT2A chromosome, lifespan was severely compromised. In 

addition, the flies that eclosed displayed age-related reduced motility (Fanto 

et al, 2003). Since one of the possible factors linked to such motor defects 

could be neuronal degeneration we should establish whether Ft and Atro 

maintain neuronal homeostasis along the same genetic way or in parallel 

signalings. In other words, we could induce the fomation of clones 

homozygous for ft mutation in a heterozygous background for atroe46 or 

gug35 alleles, and then investigate if the level of/if-induced 

neurodegeneration gets worse or is ameliorated by removing one copy of 

atro. This would indicate that Ft and Atro interact genetically to preserve 

cellular homeostasis in the nervous system. It is also possible that Ft would 

be able to compensate for Atro’s absence through a different pathway, 

perhaps by regulating the Hpo pathway or that Atro-dependent 

degeneration kicks at a later stage, but further experiments would be 

necessary to reach a conclusion.
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Chapter 7

CELLULAR MECHANISM AFFECTED IN ft- AND fipo-DEGENERATED 

NEURONAL CELLS

7.1 Morphological analysis of ft degenerated neuronal cells

We have previously excluded loss of adhesion and of cell polarity as 

the mechanism that induced deterioration of photoreceptors mutant for ft or 

components of the Hpo pathway. To better characterize the morphology of 

ft abnormal neurons and gain more insight into this form of cellular 

degeneration, we performed an electron microscopic analysis of adult ft 

mutant eyes.

Figure 7.1 Altered morphology of fifd degenerated ommatidia
A- EM scan of a wt 2 weeks old ommatidium. All photoreceptors (R1-R7) position 
correctly to form the typical trapezoidal shape of the ommatidium. Pigments are
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present at the basis of each rhabdomere (yellow arrow) indicating the cell is wt. 
B,C- EM scan of two ftd mutant ommatidia from 2 weeks old mutant flies. The left 
mutant ommatidium displays a conserved number of cells although most of them 
appear abnormal with more electron-dense structures inside the cytoplasm. 
Interestingly the morphology of their rhabdomeres (red arrows) is preserved.ln the 
right mutant ommatidum, one photoreceptor is lost, three of the six remaining are 
degenerated with an altered morphology of both the cytoplasm and the 
rhabdomere (red arrows). Scale bars 1pm

Compared to ommatidia belonging to the wt tissue (Fig. 7.1 A), altered 

photoreceptors displayed more electron-dense structures inside the 

cytoplasm (Fig. 7.1 B) and were often decreased in size (Fig. 7.1C, arrows). 

Some abnormal photoreceptors exhibited rhabdomeres still correctly 

organized, with preserved microvilli architecture (Fig. 7.1 B, arrows).

Inside the cytoplasm of ft mutant photoreceptors we noticed the 

presence of uncommon organelles that resembled the structure of double 

membrane vacuoles like autophagolysosomes (Fig. 7.2B.C), and 

multilamellar bodies (MLBs), both composed of concentric membrane 

layers and often sorrounding an electron-dense core (Fig. 7.2D). 

Sporadically we also observed some mitochondria that appeared with

abnormal and less compact cristae (Fig. 7.2E).

Figure 7.2 Morphology and cytoplasmic content of degenerated ffd 
photoreceptors
A- EM scan of a f?d degenerated photoreceptor (one week old) which has lost 
the correct morphology of the apical rhabdomere ( on the top) and contains
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several electron-dense structures inside the cytoplasm. B-E High magnification 
panels display autophagosomes with undigested debris (B), forming 
phagophores (C, arrowheads), multilamellar body (D) and damaged 
mitochondria (E) found in rfd mutant cells. Scale bars 0.5pm for the 
photoreceptor panel (A) and 0.2pm for zoom-in panels (B-E).

These organelles are part of a fundamental and conserved catabolic 

process, autophagy, necessary for the maintenance of the cellular 

homeostasis and the cell viability. Autophagy is an important source of 

energy for the cell, especially when it is under starvation, because it is 

involved in the removal of long-lived proteins, organelles and bulk 

cytoplasm present in the cell (Hariri et al, 2000). It has been also shown to 

be implicated in some neurodegenerative diseases, cancer and aging 

(Levine & Kroemer, 2008).

In conclusion, the electron microscopy suggests a possible modulation 

of the autophagic signaling in ft-induced neurodegeneration.

7.2 Increase in the abundance of autophagic organelles inside ft

mutant photoreceptors

Autophagy is a highly conserved process from yeast to mammals 

described to begin with the formation of isolation membranes, called 

phagophores, at the phagophore assembly site. The phagophores then 

elongate and engulf a portion of the cytosol to form mature 

autophagosomes, which ultimately fuse with lysosomes to form the 

degradative autophagolysosomes (Xie & Klionsky, 2007).

My preliminary outcomes on the study of ft photoreceptors morphology 

have implicated autophagy in the regulation of/if-induced degeneration. To 

achieve a quantitation of autophagy in ft neuronal cells, we counted, at 

different time points, the autophagic organelles present inside the
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cytoplasm of ft mutant photoreceptors in comparison to the nearby wt cells. 

If compared to the wt neurons, we could detect an increase in the number 

of autophagic vacuoles, filled with unstructured partially degraded material, 

inside ft-degenerated photoreceptors. The accumulation of these vacuoles 

was visible at each time point studied, one week, eleven days and two 

weeks (Fig. 7.3A,B and C).

Figure 7.3 Accumulation of autophagic vacuoles in f td mutant 
photoreceptors
A-C Graphs of the quantification of autophagic vesicles (AV) per photoreceptor 
found in EM sections of 1week (A), 11 days (B) and 2weeks (C) old ft6 clones. 
Significant accumulation of AV is found in mutant cells (not pigmented) with 
respect to genotypically wt (pigmented) cells. *, p<0.05, **, p<0.01 and ***, 
p<0.001 in one tail t-test. N=12 pigmented cells vs. 20 not pigmented cells for the 1 
week graph, N=12 pigmented cells vs. 16 not pigmented cells for the 11 days graph 
and N=18 pigmented cells vs. 12 not pigmented cells for the 2 weeks graph.

The difference in the number of autophagic organelles between wt and 

ft** cells was statistically significant in all the three time points studied. 

Interestingly, the ratio deriving from the number of vacuoles in the two cells’ 

groups increased with the time. Actually, the morphologic analysis of ft** 

mutant clones from two week-old flies showed that in ft mutant 

photoreceptors the average number of autophagic vacuoles per cell was 

three folds more than in wt cells (Fig. 7.3C). The presence of autophagic 

organelles inside two week-old ft mutant cells (Fig. 7.3C) was also higher if 

compared to their abundance in younger one week-old ft mutant cells (Fig. 

7.3A).
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We conclude that neurodegeneration caused by Ft mutation induces a 

moderate accumulation of autophagic vacuoles, suggesting that Ft 

preserves neuronal homeostasis by controlling the autophagic process.

7.3 Presence of the Atg8 autophagic marker in f fd mutant cells

Several membrane proteins are considered particularly useful in the 

study of autophagic organelles morphology and distribution. The best 

known mammalian protein that specifically associates with the 

autophagosome membrane is LC3, the mammalian ortholog of yeast Atg8p, 

commonly used as a highly specific marker for autophagic vacuoles 

(Kabeya et al, 2000).

Since the data obtained by EM experiments indicated the involvement 

of autophagy in ft degenerative mechanism, we decided to confirm our 

morphologic results with Atg8 as a molecular marker. Taking advantage of 

a GFP::Atg8a chimera, we constitutively over-expressed the UAS- 

GFP::Atg8a transgene via the tubulinGal4 ubiquitous driver. We then 

induced the formation of fP™ homozygous clones exclusively in the retinal 

tissue. Finally, we performed an immunofluorescent staining against GFP, 

to monitor autophagy by the presence of Atg8 in ffd mutant clones of the fly 

eye.

Results from whole mount stainings of orie week old /? mutant retinae 

indicated the presence of some Atg8 positive dots both inside ft mutant 

photoreceptors cells but also nearby wt cells (Fig. 7.4A). In order to quantify 

whether there was a significant difference of green dots content among ft*™ 

and wt photoreceptors, we needed, first of all, to distinguish the ff&+ 

heterozygous tissue from the ft*™ homozygous clones. The flies we used
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for this experiment carried the ffd allele together with a FR T  recombining 

cassette on one of the two second chromatids, and an arm-LacZ transgenic 

sequence, located nearby the same FRT  cassette, on its homolog 

chromatid. After the Flp/FRT mitotic recombination, cells homozygous for 

ffd lost the arm-LacZ genomic sequence and resulted negative for the 

pgalactosidase expression. We tried to use an antibody against 

pgalactosidase (p-gal) to distinguish between the wt tissue and mutant 

clones. Unfortunately, our pgal staining was really weak and we could not 

use this criterion as the only way to select wt from non wt neuronal cells.

atg8 dots
□ wt

2 n  ftf d

*
1 T

o ------------------------

Figure 7.4 Abundance of Atg8 positive vacuoles in r fd mutant 
photoreceptors
A- Confocal picture of whole-mount retinae of a ffd clone aged one week at 
29°C and expressing GFP::Atg8a throughout the eye with Tub-Gal4 . Red is 
phalloidin marking rhabdomeres, green is GFP, the clone is marked by the 
absence of p-gal staining (blue). Small GFP::Atg8a dots accumulate 
specifically inside ffd mutant cells (arrow). A1- Schematic representation of the 
pseudo-equator (blue line) and orientation of affected ommatidia. Only 
ommatidia present in the p-gal absent region and adjacent to the pseudo-
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equator were considered as belonging to the homozygous clone and analyzed 
for the GFP::Atg8a presence B- Quantification of the number of green dots per 
photoreceptor in one week old tfd mutant clones indicates a modest increase 
of Atg8 presence in homozygous photoreceptor cells if compared to wt 
ones.*, p<0.05 in one tail t-test. ISM 75 wt photoreceptor cells vs. 154 mutant 
photoreceptor cells.

We thus decided to take advantage of the known PCP defects 

displayed by ft homozygous clones (Casal et al, 2002; Fanto et al, 2003; 

Rawls et al, 2002). Mosaic analysis of ft mutant clones have demonstrated 

that PCP defects are not randomly distributed within ft clones; on the 

contrary, at the polar border of ft clones the polarity is much more affected 

rather than at the equatorial side, where the photoreceptors orientation is 

preserved (Rawls et al, 2002).

As a consequence of the biased distribution of ft mutant and non

mutant ommatidia, the delineation of an additional and imaginary inverted 

equator, also called pseudo-equator, has been described within the mutant 

clone, where ommatidia are oppositely oriented and face each other (Rawls 

et al, 2002). Based on this notions, we classified as belonging to the ft™  

clone those ommatidia that result adjacent to this pseudo-equator. We 

quantified the number of Atg8 green positive dots in several one week old 

ft* mutant clones and we obtained an average number of 0.51 positive dots 

per mutant photoreceptor cell out of 0.27 dots per wt photoreceptor (Fig. 

7.4B). The result indicates a weak but significant increase ( p<0.05) of Atg8 

accumulation in homozygous clones when compared to the content of 

wt tissue (Fig. 7.4A,B).

Our data from the immunofluorescent analysis of Atg8 suggests a 

moderate accumulation of positive autophagic vacuoles in ft mutant 

photoreceptors, in agreement with the EM outcomes. However, in order to 

conclusively demonstrate that autophagy is really involved in /if-induced

133



neurodegeneration, Atg8 outcomes need to be supported with further 

experiments.

7.4 Accumulation of the p62 autophagic marker in ft degenerated 

cells

The autophagy is one of the main systems that a cell uses for 

degrading cytoplasmic macromolecules to avoid the accumulation of 

abnormal proteins, such as ubiquitinated aggregates, in several 

neurodegenerative diseases.

Our morphologic analysis has highlighted the presence of autophagic 

vacuoles inside /if-degenerated photoreceptors that appeared not to be 

empty but rather filled with partially degraded material.

The scaffolding protein p62 is detected in polyubiquitinated 

aggregates destined to autophagic degradation (Bjorkoy et al, 2005) and it 

has also been shown to bind directly to the autophagic marker Atg8 (Pankiv 

et al, 2007). Since p62 is required for the degradation of aggregates by 

autophagy and is a marker of such aggregates (Moscat & Diaz-Meco,

2009), we wondered whether the presence of Drosophila p62 ortholog, 

called Ref(2)P, was modulated inside ft mutant photoreceptors.

We thus isolated the retinal tissue from one week-old fF  mutant flies 

and we performed a whole-mount immunofluorescence against 

endogenous p62 protein. The staining revealed the presence of many p62 

positive aggregates (marked in blue) inside tfd null photoreceptors, marked 

by the absence of GFP antibody staining (Fig. 7.5 yellow arrows). As 

expected we also found some blue dots in completely wt tissue (Fig. 7.5 

white arrows). We thus performed a quantitative analysis of p62 positive
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dots comparable to the previous one carried for Atg8 marker, using the 

same phenotypic criteria to classify ommatidia as belonging to the wt tissue 

or the ffd homozygous clone. The number of p62 dots was calculated as an 

average of the number of blue spots per photoreceptor cell.

We observed a strong and significant increase in the abundance of 

p62 presence inside mutant ommatidia belonging to ffd/fd homozygous 

clones with respect to wt regions (Fig. 7.5D).
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Figure 7.5 Accumulation of p62 in flfd mutant photoreceptors 
A,B- Confocal pictures of whole-mount retinae of ft!d homozygous clones from 
mutant flies aged 1 week at 29°C. Red is phalloidin marking rhabdomeres, blue is 
p62, the clone is marked by the absence of GFP staining (green) and the presence 
of PCP defects. In the left panel there is an example of low degenerated clone 
where most of the ommatidia contain a correct number of photoreceptors and p62 
starts to gather in small dots specifically inside ft mutant cells (yellow arrow) but is 
observed also in wt tissue (white arrow). In the right panel an example of a more 
degenerated clone is shown where p62 is massively accumulated (yellow arrow) in 
the ft mutant clone, where many cells are degenerating. White arrow points to p62 
dots inside the wt region. C- Enlargement of a confocal picture showing the region 
of the pseudo-equator where we quantified the number of p62 dots in t fd mutant
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cells (yellow arrow). D- Quantification of the number of p62 blue dots per 
photoreceptor in one week old ffd mutant retinae indicates a significant increase of 
p62 in homozygous photoreceptor cells if compared to wt ones.***, p<0.001 in one 
tail t-test. N=350 wt photoreceptor cells vs. 406 mutant photoreceptor cells.

The average number of p62 presence, in neurons from flies aged 

one week at 29°C, was 2.1 blue dots per mutant photoreceptor cell versus 

0.48 positive dots per wt cell being much lower than in ft mutant cells. 

Interestingly the number of p62 positive regions increased accordingly to 

the progression in the severity of the degenerative phenotype (Fig. 7.5B).

In conclusion, these results suggest the existence of massive protein 

aggregates inside ft mutant neuronal cells. This could be due to a block of 

the degradative process that contribute to the persistence of the material 

incorporated, including p62 positive aggregates.

7.5 Increase in the abundance of autophagic organelles inside sav

mutant photoreceptors

Our previous genetic analysis revealed an interaction between Ft 

signaling and the Hpo-Sav-Wts pathway. Most of the components of the 

core, when mutated, induce a retinal degenerative phenotype (Fig. 5.2; Fig. 

5.3; Fig. 5.4).

In order to understand the mechanism of degeneration in neuronal 

cells lacking one of the Hpo-Sav-Wts cascade molecules, and to compare 

this degeneration with the ft one, we performed an electron microscopy 

analysis of sav3 mutant neuronal cells isolated from adult fly eyes.

Among the one week old sav3 fly retinae, some mutant ommatidia 

displayed a decreased number of cells. Other ommatidia resulted normal in 

their content, although some of the mutant photoreceptors looked more 

electrondense, with a morphology of the cell completely disorganized (Fig.
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7.6B) if compared to wt cells (Fig. 7.6A). It was hard to distinguish specific 

organelles inside the cytoplasm of these cells. However, less degenerated 

photoreceptors showed a cytoplasm dense in aberrant mitochondria and 

double membrane organelles very similar to the autophagic vacuoles 

detected in ft?d mutant cells (Fig. 7.6D).

Figure 7.6 Altered morphology of sav3 degenerated ommatidia
A- EM scan of a wt 1 week old ommatidium. Photoreceptors from R1 to R7 
photoreceptors position correctly to form the typical trapezoidal shape of 
the ommatidium. Pigments are present at the basis of each rhabdomere 
indicating the cell is wt. B- EM scan of a ftd mutant ommatidium from 1 
week old fly eye. The ommatidium displays a conserved number of cells 
although most of the cells appear highly degenerated (red arrows). C,D- 
Enlargement of a wt (C) and ft!d mutant photoreceptors (D). The mutant cell 
maintains the correct morphology of the apical rhabdomere but contains 
several electrondense double-membrane structures inside the cytoplasm
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(red arrows). Scale bars 1pm for the ommatidia, 0.5pm for the 
photoreceptors.

W e thus decided to analyse in more detail the cytoplasm of sav3 

mutant neuronal cells and to quantify the number of the autophagic 

vacuoles inside (Fig. 7.7A.B). Interestingly, sav mutant clones from flies 

aged one week at 29°C showed an accumulation of autophagic vacuoles 

different from the number of the same organelles inside wt cells (Fig. 7.6C). 

The average number of autophagic organelles in one week old sav mutant 

tissue was 2.1 per photoreceptor cell and the increase was statistically 

significant if compared to the average number in wt photoreceptors (0.8 per 

cell) (Fig. 7.7B).

In conclusion, morphologic analysis of neuronal cells mutants for 

one of the component of the Hpo-Sav-Wts pathway suggests that 

autophagy is deregulated when cells undergo neurodegeneration, very

similarly to what we found in ft mutant clones.

Figure 7.7 Accumulation of autophagic vacuoles in sav3 mutant 
photoreceptors
A- High magnification panel of a cell cytoplasm from a sav degenerated 1 week old 
photoreceptor cell where the presence of three distinct double membrane 
vescicles is evident. B- Graph of the quantification of autophagic vesicles (AV) per 
photoreceptor found in EM sections of 1 week old sav3 clones. Significant 
accumulation of AV is found in mutant cells (not pigmented) with respect to 
genotypically wt (pigmented) cells. ***, p<0.001 in one tail t-test. N=43 pigmented 
cells vs. 44 not pigmented cells. Scale bar is 0.2 pm.
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7.6 Blocking autophagy enhances ft neurodegeneration

The process of autophagosome formation is driven by the 

activity of the autophagy-related (Atg) genes, which were identified through 

genetic screens in yeast and in several cases have been shown to promote 

autophagy in higher eukaryotes as well (Suzuki et al, 2007a). In 

Saccharomyces cerevisiae, the Ser/Thr kinase Atg1 appeared to play a role 

in initiating autophagosome formation in response to nutrient- and TOR- 

dependent signals (Matsuura et al, 1997). In Drosophila, a single Atg1 gene 

was found and shown to act downstream of Tor to promote autophagy

(Scott et al, 2007; Scott et al, 2004).

□ 2ds
□ 4ds 
■ iwk

low medium severe

Figure 7.8 Enhancement o f f t  neuronal degeneration by blocking a tg l in 
the fly  eye
A,B,C- Semithin tangential sections of t fd/fd; atg1A3D/A3D double mutant clones 
from adult flies aged 2 days (A), 4 days (B) and 1 week (C) at 29°C. Two days 
after eclosure (A) almost all photoreceptors are intact and only few ommatidia 
displays one photoreceptor abnormal (red arrow) or missing (yellow arrow). After 
4 days (B) many cells are lost or have degenerated and most of the clones 
observed belong to the medium category. After 1 week at 29°C all the double 
mutants dissected are severely degenerated an the structure of the ommatidia is 
completely lost. D- Quantification of the level of degeneration in tim t; atg1A3Q/A3D 
double mutant clones aged two days (white columns), four days (grey columns) 
and 1 week (black column) at 29°C. After two days of age, most of the clones
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display a low level of degeneration (85%) whereas all the other clones observed 
belong to the medium category (N=10 clones). After four days there is an 
increase in the severity of the phenotype and only 10% of the clones observed is 
still low degenerated, whereas 75% belongs to the medium category (N= 12 
clones). One week old double mutant clones are all severely affected and most of 
the photoreceptors have died (N=8 clones).

To investigate the function of autophagy in determining the ft 

phenotype, we examined the genetic signaling that regulates the pathway, 

we blocked its activation by using a mutant allele for atgl, one of the main 

regulators of the autophagy induction, and we generated clones 

homozygous for both f fd and atg1A3D loss of function alleles.

f fd atg1A3D ftfd;atg1A3D

Figure 7.9 Stronger retinal degeneration in clones double mutants fo r f t  
and a tg l compared to the single mutants
A,B,C- Semithin tangential sections of rfd/fd (A), a t g i u3QA23D (B) single mutants 
and atg1n3QAl3D double mutant clones (C) from adult flies aged 1 week at 
29°C. Both single mutants display a low level of degeneration inside not 
pigmented regions, whereas the strong increase of retinal abnormalities in the 
double mutant clones is evident and the mutant tissue (right part of the 
section) is almost completely degenerated.

Soon after eclosion, we fixed the retinal tissue of double mutant flies. 

After ageing adult flies two days at 29°C, f fd; atg1A3D retinal double mutant 

clones already showed some mutant ommatidia with few abnormal or 

missing photoreceptors (Fig. 7.8A.D). The phenotype became more severe 

after four days at the same temperature and most of the double clones
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isolated appeared with a medium level of degeneration (Fig. 7.8B,D). One 

week old ffd; atg l*30 double mutants displayed unequivocally a strong and 

severe phenotype and it was very hard to distinguish photoreceptors cells 

inside the clone (Fig. 7.8C,D).

Thus, comparing double mutant clones from flies aged one week at 

29°C with and atg1A3D/A3Dsingle mutants at the same time point (Fig. 

7.9) we could show that blocking autophagy, with atg1A3D allele, leads to a 

strong enhancement of ft retinal neurodegeneration.

In conclusion, these data support the idea that ft could be part of a 

signalling which cooperates with atgl to maintain the homeostasis of 

neuronal cells.

7.7 Blocking or activating Tor activity do not influence ft retinal 

degeneration

One of the key upstream regulators of autophagy is the TOR kinase ( 

the target of rapamycin) which mediates inhibition of autophagic signalling 

by the presence of abundant nutrients or growth factors. The TOR kinase is 

conserved across species and it has been studied for a long time since it is 

a central effector of cell growth, involved in the control of several metabolic 

processes such as mRNA transcription, protein translation, cytoskeletal 

organization, autophagy and cell death (Wullschleger et al, 2006).

The induction of autophagy, that occurs when TOR activity is 

suppressed, has been suggested to benefit several neurodegenerative 

disorders like Huntington disease, both in mammals (Mizushima et al, 2008; 

Rubinsztein et al, 2007) and recently also in Drosophila (Wang & Levine,

2010).
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Since our preliminary data suggested a modulation of autophagy by ft 

induced degeneration, we wondered whether the hyper-activation of 

autophagy, by blocking TOR activity, could influence the ft phenotype.

We blocked the TOR activity by using a mutant allele for tor, tor*9, 

described as a deletion resulting from an imprecise excision of the TorEP2353 

P-element which removes the Tor translation start site (Zhang, 2000). We 

then induced the formation of clones in the fly eye which were double 

mutants for ft*  and tor*9 in a heterozygous background for both alleles.

As expected we obtained a strong inhibition of cell growth as a result 

of the TOR blockage (Fig. 7.10, arrows). Interestingly, we found also a 

decrease of the ft overgrowth phenotype. The size of the double mutant 

clones was actually very small and they basically corresponded with 

sporadic and isolated cells inside pigmented ommatidia (Fig. 7.10, arrows).

This kind of phenotype was comparable to the one of tor*9 single 

mutant clones (Fig. 7.10) and in contrast with the enormous size of ft* 

homozygous clone (Fig. 7.10). This result suggests a block of the cellular 

proliferation stimulated when ft tumor suppressor is mutated. We can infer 

that Fat requires Tor in the control of cell proliferation. However, our main 

purpose was the analysis of ft degenerative phenotype in a Tor mutant 

tissue. Unfortunately, the very small size of the mutant cells, together with 

the decrease dimension of the clone, prevented us from studying a possible 

modulation of ft neurodegenerative phenotype by Tor.

To overcome the problems faced by blocking Tor with tor*9 mutant 

allele, we used a dominant negative form of Tor, TorTED, described as a 

strong inducer of autophagy (Scott et al, 2004).
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ftld; Tor'p

TorAP

Figure 7.10 Tor is required to  prevent f t  
overgrowth in the fly  retina
Tangential sections of f?d\toi^p double mutants 
and tor*p or ffd single mutants aged 1 week at 
29°C. Double mutants’ section displays a strong 
decrease of the clone overgrowth size and only 
few cells are double mutants (yellow arrows, 
absence of pigment at the base of the 
rhabdomere) similarly to the phenotype of tor*9 
single mutant clones (middle panel) and in 
contrast to the overgrowth of f?d homozygous 
tissue (lower panel).

In parallel, we also decided to perform the opposite experiment, that is 

stimulating the TOR kinase by downregulating the activity of TSC2/TSC1 

complex specifically in ft mutant clones. The protein complex consisting of 

TSC1 (or hamartin) and TSC2 (or tuberin) has emerged to be a
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fundamental negative regulator of the TOR kinase (Huang & Manning, 

2008). Studies of Drosophila Tsc1 and Tsc2 homologs have identified a 

specific function for TSC1-TSC2 complex in the control of cell growth, with 

loss of Tsc1-Tsc2 resulting in increased cell size (Tapon et al, 2001). 

Further studies suggest that Tsc1-Tsc2 inhibits the amino-acid-TOR 

signalling pathway, which normally couples amino-acid availability to 

translation initiation and cell growth (Zhang et al, 2003; Potter et al, 2001).

For our mosaic analysis, we took advantage of a genetic system, the 

mosaic analysis with a repressible cell marker (MARCM), that positively 

marks mutant cells (See Section 3.3). This genetic system combines the 

GAL80 repressor protein with the Drosophila Gal4-UAS binary system and 

the Flp/FRT system in order to genetically label clones (Lai & Lee, 2006; 

Lee & Luo, 1999).

We perfomed two distinct crosses in parallel, to understand whether 

blocking or activating Tor activity could modify ft retinal degeneration. 

Thanks to the MARCM strategy, after mitotic recombination, we obtained 

from the first cross clones of cells homozygous for ffd that also expressed 

the UAS-TorJED transgene, because they were GAL80 negative. From a 

parallel cross, we obtained clones of cells homozygous for fP  that 

expressed another transgene, the UAS-Tsc1IR, which codifies for a RNAi 

sequence against Tsc1.

We compared the retinal phenotype of one week old /^homozygous 

photoreceptors cells expressing the Tsc1IR (Fig. 7.11 A) with cells mutant for 

ffdan6 expressing TorTED (Fig. 7.11C) and ^hom ozygous photoreceptors 

cells that lacked the UAS transgene but were in the same Gal80/Gal4 

genetic background (Fig. 7 .11E). After one week at 29°C, the level of 

degeneration we observed was comparable among the three distinct
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genotypes and most of the mutant retinal tissues belonged to the medium

1wk ~  100% 2wks
O ftfd /fd ;Tsc1IR  O ftfd /fd ;Tsc1 IR

80% D ftfd/fd. Tor TED  80% a  ftfd/fd. TorTED

■  ftfd /fd  m ftfd /fd

5 60% 2  60%

40%

low medium severe |ow medium severe

category of degeneration (Fig. 7.11G).

TorTED

Figure 7.11 Blocking or activating Tor activ ity does not influence ft retinal 
degeneration
A-F Tangential section of f fd,Tsc1IR mutants (A,B), t fd,TorTED mutants (C,D) and 
f?d single mutants (E,F) aged 1 week (A,C,E) or two weeks (B,D,F) at 29°C. 
After 1 week the expression of R NAi against Tsc1 in ft homozygous clones (A, 
top of the panel) gives rise to a retinal phenotype with many examples of 
abnormal photoreceptors (yellow arrow) and comparable to the phenotype of ft 
clones expressing TorTED(C, top of the panel) where also photoreceptor loss is

145



present. The phenotype is comparable to the one of ft homozygous clones 
without the expression of any transgene (E, top of the panel) where most of the 
mutant ommatidia display both degenerated photoreceptors and a decrease in 
their number (yellow arrow). After 2 weeks in both ft clones expressing Tsc1IR 
(B, top of the panel) or TorTED (D, top of the panel) and ft homozygous tissue per 
se (F, top of the panel) the majority of photoreceptors cells are severely 
degenerated or dead whereas the wf tissue is preserved. G,H- Quantification of 
the level of degeneration in ft!d,Tsc1,R{white columns) mutants, ffd, TorTED mutant 
clones (grey columns) and /^hom ozygous clones (black columns) aged one 
week (G) and two weeks (H) at 29°C and analyzed in blind. After one week of 
age, very few ft clones expressing Tsc1IR or TorTED inside ft homozygous clones 
display a low level of degeneration (5% for both) whereas half of the mutant 
retinae dissected belong to the medium category (50% for Tsc1IRexpressing 
mutants and 53% for TorTED expressing mutants) and the other clones observed 
are severely degenerated (N=10 clones for Tsc1IRand 11 clones for TorTED). At 
the same age ft homozygous clones dissected do not show any example of low 
degeneration whereas more than half have a medium level of degeneration 
(55%) and the other are severely degenerated (N=10 clones). After two weeks 
the phenotype increases and most of all the ft clones analysed are severely 
degenerated ( 80% for Tsc1IR and also TorTED and 82% for ft clones without any 
transgenic expression) and only a minority belongs to the medium category of 
degeneration (N=10 clones for both Tsc1IR and also TorTED clones and 11 
clones for //clones).

Regions within the clone were characterized by a general disorganization of 

the mutant ommatidia and a decrease of the cell size (Fig. 7.11A,C,E). At 

this time point, we could already detect several degenerated mutant 

photoreceptors, even though the number of cells per ommatidium was 

almost conserved.

From a blind test analysis of the retinal phenotype, we noticed that 

there was a medium level of degeneration and f t™clones over-expressing 

TorTED or Tsc1IR displayed a phenotype comparable to ft™*clones without 

any transgene’ expression (Fig. 7 .11G). After two weeks the retinal 

abnormalities became worse and most of the mutant photoreceptors were 

severely degenerated (Fig. 7 .11H), both in ^hom ozygous clones 

expressing TorTED or Tsc1IR (Fig 7 .11B,D) and also inside the tissue mutant 

for ft but wild-type for T o r or Tsc1 (Fig. 7 .11F).

In conclusion, these outcomes do not give us any evidence that Tor 

kinase signaling modifies the retinal phenotype of ft mutant fly eyes.

146



Unexpectedly, we found that the level of degeneration of ft*™ 

mutant clones, induced in the MARCM genetic background, was 

excessively increased and much stronger with respect to the ff*™ 

phenotype previously analyzed in Flp/FRT mitotic clones at the same time 

points (Fig. 4.3). This effect could be a consequence of the different genetic 

background used, since in the first experiments was totally wild-type 

differently from the MARCM that was heterozygous for the Gal80-Gal4 

drivers. This hypothesis appears unlikely because other people in the lab 

are using the MARCM technique without finding such background effects on 

degeneration. More likely, the unexpected higher level of degeneration of ft 

clones was due to the instability and uncontrollable changes in the 

temperature of the incubator where we left flies to age. This could have 

masked the real outcome of our experiments.

In conclusion, our data suggest that Tor activity does not influence 

advanced degeneration by ft. However we cannot rule out that blocking or 

activating Tor activity does not modulate ft retinal condition at an earlier 

stage of degeneration.

7.8 Stimulation of autophagy by Atgl expression does not modify ft 

retinal degeneration

Our previous results had shown that ft induced neurodegeneration 

could not be rescued by modulating the upstream regulators of autophagy. 

One possibility is that blocking Tor activity is too strong and aspecific 

because it indirectly modulates several signalings such as transcription, 

translation and cell-cycle that could mask the real outcome of the analysis.
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We then decided to test a more direct stimulation of autophagy 

downstream of Tor, by overexpressing the Atgl wt protein. A weak UAS- 

Atg1 construct, Atg1GS, whose expression does not affect perse  retinal 

consumption, has been shown to demonstrate that, by inducing autophagy, 

Atgl inhibits cell growth and causes apoptotic cell death (Scott et al, 2007). 

As for the last set of experiments, we induced the formation of clones 

homozygous for f f i  taking advantage of the MARCM system to express 

Atg1GS exclusively in the homozygous clone.

We observed that in one week old /^m utant retinae, the expression 

of Atgl (Fig. 7.12A) brought about a level of retinal degeneration that was 

faintly slower than rfd mutation alone (Fig. 7.12B), because we observed 

few clones with a low level of degeneration in the former case but not in the 

latter case (Fig. 7.12E). However we could not detect any significant rescue 

of the ft phenotype by Atgl expression (Fig. 7.12E).

Older mutants aged two weeks at 29°C showed a more severe level 

of retinal abnormalities both in /^m utants expressing the Atgl transgene 

(Fig. 7.12C) and also in /^homozygous clones with a wild-type background 

for Atgl (Fig. 7.12D). Interestingly, we observed that both the organization 

and shape of ommatidia mutant for ff6 and expressing Atgl appeared much 

more normal (Fig. 7.12C) if compared to the ommatidia inside ffd 

homozygous clones without the transgene (Fig. 7.12D) giving the 

impression of a slowdown in the phenotype, although in both the cases 

most of the photoreceptors were degenerated.

In conclusion, results from the genetic analysis of the autophagic 

signaling suggests that the progressive degeneration caused by the lacking 

of ft can be rescued neither by autophagy activation nor by expressing 

A tgl, one of the main components of the machinery.
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Figure 7.12 Stimulating autophagy with Atgl faintly ameliorates ft 
retinal degeneration
A-D Tangential section of ftfd\Atg1GS mutants (A,B), and single mutants 
(C,D) aged 1 week (A,C) or two weeks (B,D) at 29°C. After 1 week the 
expression of A tgl in ft homozygous clones (A, bottom of the panel) gives 
rise to a retinal phenotype with some examples of abnormal photoreceptors 
(yellow arrow) that are overall comparable to the phenotype of ft clones per 
se (C) where also photoreceptor degeneration or loss is present (yellow 
arrow). After 2 weeks in ft clones expressing Atg1GS (B, top of the panel) we 
observe an increase in the level of degeneration since most of the cells are 
degenerated as in ft homozygous clones without Atg1GS (D, top of the 
panel). Interestingly mutant ommatidia of ft clones expressing Atg l are still 
distinguishable in their shape and content and the tissue in its complex 
appears less disorganized if compared to ft homozygous tissue perse.
G,H- Quantification of the level of degeneration in f^d;Atg1GS (white 
columns) mutants and ftfdhomozygous clones (black columns) aged one 
week (E) and two weeks (F) at 29°C and analyzed in blind. After one week 
of age, few ft clones expressing Atg l display a low level of degeneration 
(10%) whereas half of the mutant retinae dissected belong to the medium 
category and the other clones observed are severely degenerated (N=10 
clones). At the same age ft homozygous clones dissected do not show any
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example of low degeneration whereas more than half (55%) have a 
medium level of degeneration and the others are severely degenerated 
(N=10 clones). After two weeks the number of ft homozygous clones 
expressing Atg1GS with a medium level of degeneration decreases (30%) 
and all the other clones analysed are severely degenerated (N=11 clones).
The phenotype in ft clones, without any transgenic expression, was 
comparable (20% belong to the medium category and 80% to the severe 
one) to the clones expressing Atg1GS (N=10 clones).

These outcomes raise the possibility that the loss of ft leads to an 

alteration of the endogenous autophagic process downstream to the 

formation of the autophagosomes. It is thus likely that our exogenous 

induction of autophagy and the observed formation of more 

autophagosomes is not sufficient to solve this type of endogenous block 

because it is upstream of the defective step.

However because in the later experiments we experienced a 

markedly increased level of degeneration in control f f i  clones, it remains to 

be established what would the outcome be in a condition in which the 

baseline of degeneration detected in /^clones would be milder and more 

comparable to what we observed in the past experiments (Fig. 4.1).

7.9 DISCUSSION

Our knowledge of the cell death of ft mutant neurons was limited. We 

therefore investigated the cellular mechanism affected in ft mutant 

photoreceptor cells.

Autophagy is a physiologic catabolic process that occurs at basal 

levels in most tissues, contributes to the turnover of cytoplasmic 

components and maintains the cell homeostasis (Cecconi & Levine, 2008; 

Yang & Klionsky, 2009). It is also implicated in several disorders including 

many neurodegenerative diseases (Mizushima et al, 2008; Martinez- 

Vicente & Cuervo, 2007).
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Previous work performed in the lab has reported that Atro and polyQ 

Atros cause neurodegeneration by blocking the autophagic flux (Nisoli et 

al., 2010). Both Hpo pathway and Atrophin have been described as critical 

molecules involved in autophagic digestion of salivary glands (Berry & 

Baehrecke, 2007; Dutta & Baehrecke, 2008; Martin et al, 2007).

Since autophagy is characterized by the formation of typical organelles 

such as the vacuoles that we observed in ft and sav mutant cells, we 

suspected a link between Ft-Hpo neurodegeneration and autophagy. From 

our morphologic analysis of ft and sav mutant clones, it appears that 

cytoplasmic membrane inclusions accumulate more in ft and sav 

degenerated photoreceptors than in wt cells. These organelles display the 

morphological hallmarks of autophagosomes, with membranous 

compartments containing undigested material. Impaired autophagy can lead 

either to an accumulation of autophagosomes, which contain material that is 

normally degraded after fusion with lysosomes, or to an accumulation of 

autophagolysosomes, if the fusion is correct but lysosomal proteolysis is 

disrupted (Klionsky, 2007).

Several neurodegenerative diseases have been described to strongly 

induce autophagy as a mechanism of defense against toxicity and death 

(Ravikumar et al, 2004). However, our morphologic outcome may result as 

well from a block in clearance, making it difficult to explain the reason why ft 

and sav accumulate autophagosomes in the cytoplasm, as it could be the 

consequence of both activating and blocking autophagy.

To gain more information about autophagy functioning in our Ft-Hpo 

model, we stained ft mutant retinae for the typical autophagic markers and 

we found that GFP-Atg8 increases, although moderately, in ft homozygous 

cells over wt photoreceptors, confirming the presence of autophagic
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vacuoles in ft mutant cells. Interestingly, the immunofluorescence against 

another autophagic marker, Ref(2)P/p62, shows a strong accumulation of 

p62 dots, especially in more degenerated ft clones. Autophagy has been 

described as a pivotal process to avoid the accumulation of abnormal 

proteins, such as ubiquitinated aggregates, in several neurodegenerative 

diseases (Ross & Poirier, 2004). Since p62 is not only a direct interactor of 

Atg8, but it was originally described as a scaffolding protein required for the 

degradation of polyubiquitinated aggregates by autophagy (Bjorkoy et al, 

2005), the result of p62 staining could indicate an abnormal accumulation of 

polyubiquitinated and potentially toxic proteins destined to be degraded by 

the lysosomal degradative system.

The presence of undigested material may suggest that 

autophagosomes are not able to fuse with lysosomes. Alternatively, the 

problem in ^f-degenerated photoreceptors could be related to an impairment 

of early steps and not to a non correct or lacking fusion between 

autophagosomes and lysosomes. To establish whether a possible blockage 

of the autophagic flux is subsequent to the formation of 

autophagolysosomes and does not occur during their formation, we would 

first need to isolate ft mutant retinae and look for the co-localization of an 

autophagosomal marker, such as Atg8, and a lysosomal marker, such as 

Lysotracker staining. In addition, it would be desirable to measure the 

lysosomal degradation, although our in vivo system present many 

limitations to the study of the lysosomes functionality.

Our hypothesis does not exclude an initial stimulation of endogenous 

autophagy as a consequence of the fact that degenerated photoreceptors 

sense the cellular stressed condition and try to restore the physiological 

situation. It is likely that, at a later time, a block of the autophagic process
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occurs and, since the cell cannot degrade toxic material, it is destined to 

die. This would explain the accumulation of autophagosomes both in ft and 

sav mutant cells as well the massive increase of p62 dots several fold more 

dramatic than the Atg8 accumulation, a pattern often correlated with a block 

in autophagic digestion. However, further experiments are required to 

understand the step(s) along the autophagic process that is(are) blocked or 

impaired in ft and sav degenerated neurons.

To better clarify the functional relevance of autophagy in the 

maintenance of Ft neuronal homeostasis, we attempted to rescue ft retinal 

degeneration by genetically modulating Atg signaling either by blocking or 

by stimulating the activation of autophagy. Autophagy has been indicated, 

by several authors, to exert a protective function in more and distinct 

neurodegenerative disorders (Mizushima et al, 2008; Martinez-Vicente & 

Cuervo, 2007; Sarkar et al, 2008). Consistent with these outcomes, we 

have observed that the induction of clones double mutant for ft and atgl, an 

inducer of autophagy initiation, with ensuring autophagy blockade in ft 

mutant retinae, strongly enhances the tf-caused 

neurodegeneration.Therefore, also in our model autophagy acts as a 

protective mechanism for the cell against death.

It is known from the literature that the TOR kinase, the target of 

rapamycin, is one of the key upstream regulators of autophagy, which 

inhibits the activation of the signalling in the presence of abundant nutrients 

or growth factors. We thus tested whether blocking TOR activity, with 

indirect stimulation of autophagy, could affect ft retinal phenotype. 

Conversely, we carried out the opposite genetic test by studying whether 

activating TOR activity, with indirect blocking of autophagy, could modulate 

ft neurodegeneration. Completely blocking TOR, with tor**3 mutant allele, led
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to the inhibition of cell overgrowth (Fig. 7.10), but the very small size of the 

mutant cells, together with the decreased dimension of the clone, prevented 

us from studying a possible influence of Tor on ft neurodegenerative 

phenotype. So we tested partial loss of TOR activity, by expressing a 

dominant negative form of Tor, TorJED, and by hyperactivating the pathway 

by knocking down Tsc1 RNA. What we observed was that neither blocking 

nor overactivating TOR, by blocking the TSC1/2 complex activity (Fig. 7.11), 

had significant effect on ft retinal degeneration.

These results contrast with previous work showing that induction of 

autophagy, by suppressing TOR activity, benefits several 

neurodegenerative disorders such as the Huntington disease, both in 

mammals (Mizushima et al, 2008; Rubinsztein et al, 2007) and recently also 

in Drosophila (Wang & Levine, 2010). However, Tor is not only involved in 

autophagy, it is a master regulator that, in addition to many other secondary 

catabolic and anabolic cellular processes, such as protein translation and 

cell-cycle progression, integrates the signals from nutrient and energy 

sensors to correctly coordinate cell growth and proliferation (Codogno & 

Meijer, 2005). Therefore although the absence of interaction could mean 

that Tor is not involved in ft neurodegeneration, an alternative hypothesis is 

that altered Tor activity could affect not only autophagy but also other 

processes, thus interfering with our analysis.

Another possibility is that the ft mutant blocks a stage that occurs after 

the initiation of autophagy and for this reason would not be affected by 

Tsc1/Tsc2 complex or Tor. For this reason we took advantage of a 

downstream and more direct stimulator of autophagy, Atgl (Scott et al, 

2007). Exogenous expression of Atgl wt form, exclusively in the ft
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homozygous retinal tissue, gave rise to a progressive neurodegeneration 

that was again comparable, although a bit slower, to /if-induced phenotype.

Although we did not obtain any significant rescue of the ft-induced 

degeneration with Atgl over-expression, our results from the phenotypic 

analysis of double mutant clones for ft and atgl loss of function alleles 

suggest that Atgl is necessary but not sufficient to modulate ft retinal 

degeneration.lt is possible that the transgene we used is too weak to give a 

significant amelioration of the retinal condition. There is another transgene 

of A tg l, A tg l68, but we did not use it because we observed that its 

expression in the retina causes retinal abnormalities per se.

Another reason why it is hard to reach a definitive conclusion from 

these experiments is that the level and timing of degeneration we detected 

in ft single mutants became irreproducible in later experiments. The retinal 

phenotype of ft mutants became much more severe probably because the 

29°C incubator, where we left flies to age, uderwent uncontrollable changes 

of the temperature and the environmental conditions. They could be 

responsible for the excessive degeneration found in ft mutants aged for only 

a short period at 29°C, thus counterfeiting the real outcome. Unfortunately 

the high variability in the results prevented us to draw a model of the 

molecular autophagic machinery that contributes to prevent the Ft-Hpo 

neurodegeneration.

In conclusion, from our investigation of the cellular mechanisms 

affected in ft degenerated neuronal cells, we definitely found effects of 

autophagy on ft-induced neurodegeneration, although technical problems 

prevented us from following them up much further. The increased 

accumulation of organelles and typical autophagic markers detected by EM 

and immunofluorescence assays, together with the phenotypic analysis of
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double mutant ft,atg1 clones, support the protective nature of endogenous 

levels of autophagy for ft-induced degeneration. However, additional 

experiments are required to understand better the relationship between 

autophagy and the Ft-Hpo maintenance of the neuronal homeostasis. We 

need to clarify what happens inside the cell when they degenerate and what 

does not work correctly during autophagy degradation in ft neuronal cells. It 

would be also interesting to investigate whether mitochondria and their 

energy synthesis is altered in degenerated photoreceptors. On the other 

hand, we should expand the genetic epistasis to find whether and how 

autophagic signaling cascade interacts with the Ft-Hpo network.
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Chapter 8

FINAL DISCUSSION

An overview of the evidence presented here indicates that the tumour 

suppressor Ft, together with the Hpo pathway, contributes to the signaling 

that partially protects retinal neurons from neurodegeneration.

Fat has also been demonstrated to be involved in the regulation of 

PCP together with the transcriptional co-factor Atro (Fanto et al, 2003). Both 

human and Drosophila Atrophins are linked to neurodegeneration (Nisoli et 

al, 2010). Experiments aimed at investigating the influence of Drosophila 

Atro transcriptional function on neurodegeneration have shown that the 

down regulation of transcription, a modulatory event specifically due to 

Atro itself, is enhanced by the expansion of polyglutamine regions along 

Atro sequence ( unpublished, F. Napoletano).

It has also been demonstrated in the lab that Drosophila Atro and 

polyQ Atros cause neurodegeneration by blocking the autophagic flux 

(Nisoli et al, 2010). My data suggest that degeneration by ft is due to 

autophagic stress and phenocopies many, but not all, aspects of polyQ 

Atros toxicity. The effect of ft mutations is particularly similar to the 

overexpression of wt Atro. In both cases, at the ultrastructural level there is 

accumulation of autophagosomes but not of massive undigested 

autophagolysosomes (Nisoli et al, 2010). In addition, overexpression of the 

wt form of Atro, as for the loss of ft, leads to a great accumulation of the p62 

with little increase in Atg8 punctae, whereas polyQ versions of Atrophins 

induce a much greater accumulation of the Atg8. This is consistent with a 

model in which Ft mediates an Atro-specific part of the toxicity, distinct from
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the mere polyQ toxicity and yet significantly affected by polyQ expansion in 

Atro sequence.

An important difference between ff-induced degeneration and the wt 

Atro-caused phenotype is however the lack of lysotracker accumulation in ft 

mutant cells (data not shown) compared to photoreceptors overexpressing 

Atro wt (Nisoli et al, 2010). Lysotracker is a marker of correct acidification of 

autophagolysosomes and, an increase of its presence in degenerated cells, 

would imply a lysosomal storage effect, as observed by the expression of all 

Atro forms (Nisoli et al, 2010). This opposite outcome could be due to the 

difference between an overexpression phenotype (Atro wt), which loads the 

cell of unfolded proteins to be degraded in lysosomes, and a phenotype due 

to a loss of function as in ft, wts and sav mutants where autophagy needs to 

degrade endogenous components. Alternatively, there may be a real 

mechanistic difference between the two phenotypes, whose meaning and 

importance remains to be addressed.

The outcome of atro loss-of-function alleles in this system has also to 

be established, as the analysis of the different alleles and the interaction 

with ft was not conclusive. It is possible that some of the effects of polyQ 

Atro gain of function would be mimicked by atro loss-of-function, as already 

shown for other polyglutamine disorders, such as SCA1 or Huntington 

disease (Lim et al, 2008). Indeed, it has been reported that in Huntington 

disease, loss of mouse Huntingtin function worsen the neurodegeneration 

induced in transgenic models carrying the polyQ expanded protein 

(Auerbach et al, 2001; Van Raamsdonk et al, 2005), suggesting that 

polyglutamine expansion can cause both toxic gain of function and 

simultaneously loss-of-function of the disease-causing protein.
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Furthermore, the Hpo pathway and Atro have both been described as 

critical molecules involved in autophagic digestion of salivary glands (Berry 

& Baehrecke, 2007; Dutta & Baehrecke, 2008; Martin et al, 2007). 

Drosophila salivary glands are an outstanding system for studying 

autophagic cell death during development (Berry & Baehrecke, 2007). Both 

caspases and autophagic network are highly active in dying salivary glands 

that occurs during the puparium step (Jiang et al, 1997; Lee & Baehrecke, 

2001). wts mutants in salivary glands display an overgrowth phenotype with 

a decrease in apoptotic activity and a deregulation of the autophagy (Dutta 

& Baehrecke, 2008). In contrast, Yki over-expression, that should mimic wts 

LOF results, fails to inhibit salivary glands degradation (Dutta & Baehrecke, 

2008). The opposite results suggest that the Hpo-Sav-Wts pathway here 

behaves differently from what previously described in developing fly tissues, 

such as eyes and wings imaginal discs (Cho et al, 2006; Huang et al, 2005).

Our data suggest that the retinal degeneration induced by ft and hpo 

mutants cause a modification of the autophagic process which phenocopies 

only in part the results from salivary glands and DRPLA fly model. Indeed, 

our morphologic study of autophagy involvement in ft and sav mutants gives 

an unequivocal and statistically significant accumulation of 

autophagosomes in ft and sav mutant cells. This suggests that the block in 

affected adult neurones is in clearance, rather than in induction, of 

autophagic vacuoles as it is in the salivary glands (Dutta & Baehrecke, 

2008). This discrepancy is likely to reflect the different role and basal level 

of autophagy in the two tissues. Whereas in the salivary glands autophagy 

is massively induced as a cell killing mechanism, in post-mitotic neurons 

expressing polyQ Atrophins, autophagy is a rescue attempt which fails as 

suggested by the double ft;atg1 mutant clones.
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A model of how precisely each component of the canonical Hpo 

signalling cascade contributes to /if-induced retinal abnormalities remains to 

be developed. W e have observed that over-expression of the final output 

Yki, which is shown in the literature to mimic the loss of the core 

components of the signalling in developmental growth control. This occurs 

in mutant developing larvae, leading to comparable heavy overgrowth 

phenotypes of both wing and eye imaginal discs. However, Yki 

overexpression leads to degeneration of photoreceptor neurons that is 

much milder than the phenotype obtained by mutations of wts, sav or hpo 

molecules. In addition, the weak rescue of the ft-induced retinal 

degeneration by the partial removal of yki, compared to the strong benefits 

on ft mutant photoreceptors by the removal of dachs, suggests a model that 

does entirely overlap neither with the one described for salivary glands, nor 

with the canonical signalling drawn studying developing imaginal discs.

Our outcomes of the Hpo pathway in the adult retina let us to 

hypothesize a model in which Ft, in order to preserve neuronal 

homeostasis, certainly requires the downstream Hpo-Sav-Wts core 

activation, which, in its turn, is mediated by Dachs. By contrast, the 

downstream effectors of this signalling remain unknown. Experiments done 

to unravel the genetic interation between Ft and Yki favour a model in which 

autophagy is regulated by Ft-Hpo-Sav-Wts signalling independently of Yki. 

However, Yki contributes, although weakly, to /if-wfc-induced 

neurodegeneration. This, however, is likely not the exclusive or even the 

major final output of this cascade in photoreceptor neurones. The effect of 

Yki could reflect a contribution of the Hpo canonical pathway and the 

attempt to the cell-cycle re-entry. We cannot exclude that other unknown
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factors may also modulate ft degenerative signalling downstream of Hpo- 

Sav-Wts core.

It remains also to be understood whether neurodegeneration in 

mutants of ft and components of the Hpo network is the consequence of an 

inappropriate stimulation of cell proliferation and tissue growth that would 

lead to a condition of deleterious cellular stress and autophagic dysfunction. 

Originally, the first transcriptional targets found to be regulated by the Hpo 

pathway in wings and eye imaginal discs were diapl, the Drosophila 

inhibitor of apoptosis, cycE, involved in cell-cycle progression (Harvey et al, 

2003; Pantalacci et al, 2003; Tapon et al, 2002; Wu et al, 2003) and the 

micro-RNA molecule bantam , a positive regulator of imaginal discs growth 

(Nolo et al, 2006; Thompson & Cohen, 2006). We don’t know whether the 

same applies for adult neurones. Further investigation on the genes 

transcripts modulated in mutants of ft and components of the Hpo core will 

help to better explain our model on neurodegeneration.

It is likely that any effect on autophagy by the Ft pathway would be of 

crucial importance also for its role in tumour suppression. Some evidence, 

such as the interaction among the oncogene BCL2 and Beclinl (or Atg6), a 

PI3 kinase, that acts as an upstream regulator of autophagy (Liang et al, 

1999), prompted researchers to link autophagy to cancer. These results 

suggested a more general idea of a block of autophagy by oncogenes and 

a stimulation of the process by tumour suppressors (Finkel et al.,2007). 

Hence, the precise role of autophagy during cancer progression and 

treatment is both tissue and context dependent (Chen & Debnath, 2010; 

Wang & Levine, 2010).

Increasing evidence also highlights the relevance of autophagy as a 

common mechanism shared by cancer and ageing (Finkel et al, 2007).
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Scientists have long observed that the majority of cancers occur in older 

adults and that both cancer and ageing come from the accumulation of 

cellular damage. Aging is associated with a number of events at the 

molecular, cellular, and physiologic levels that influence carcinogenesis and 

subsequent cancer growth (Balducci & Ershler, 2005). The tumor 

suppressor gene, p53, in particular, has been proposed to influence both 

cancer development and the onset of aging (Tyner et al, 2002). Thus, our 

outcomes on ft neurodegeneration support a functional relationship 

between Ft-Hpo tumor suppressor cascade, neurodegeneration and ageing.

Finally, at least four Ft orthologues have been identified in mammals 

and are widely expressed throughout the mouse nervous system (Tanoue & 

Takeichi, 2005) and Fat-1 has recently been shown to interact with mouse 

Atrophins (Hou & Sibinga, 2009), indicating an evolutionarily conserved 

relation. It is thus possible that the regulation of Ft-like molecules and of the 

Hpo tumour suppressor cascade in mammals is important for 

neuroprotection and plays a key role in DRPLA in humans.
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