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Abstract 

Alzheimer’s disease (AD) is one of the most significant social and scientific challenges nowadays, 

characterized by the progressive decline in remembering past recent events and recognize familiar 

objects. This condition is the result of the accumulation, in the brain, of amyloid-beta plaques (Aβ) 

extracellularly, and Tau protein intracellularly.   

Drosophila melanogaster can be used as an AD model to study the role of Cell Competition in this 

disease. In homeostatic conditions, cells can compare their fitness status by the expression of the flower 

fingerprints. Less fit cells express Flower lose isoforms that mark them as losers and, if the surrounding 

cells exhibit better fitness conditions, Azot – a cell fitness checkpoint - activates a cascade of events 

leading to their apoptosis. It was already studied the expression of Flower and Azot in AD flies 

overexpressing hAβ42. In this scenario, the elimination of unfit neurons, by Cell Competition, was proved 

to be beneficial [1]. 

In this study, I used the Aβ model as a scenario of Cell Competition to test a set of candidates known to 

interact with Flower. The genes CG6647 (Porin) and CG2252 (fs(1)h) reduced the apoptotic levels when 

silenced.  

Also, here, I studied another model of the AD, overexpressing hTau instead of hAβ42, during retina 

development. I showed that hTau overexpression, in the eye imaginal disc of larvae, is not sufficient to 

induce cell death by caspase activation, neither specifically by fingerprints-dependant Cell Competition.  

Keywords: Alzheimer’s Disease, Tau, Cell Competition, Azot, Porin, fs(1)h 
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Resumo 

A doença de Alzheimer (AD) é um dos maiores desafios socio-científicos da atualidade. Caracteriza-se 

pela progressiva incapacidade de recordar eventos de um passado recente, e reconhecer objetos 

comuns. Esta condição resulta da acumulação, no cérebro, das placas beta-amiloide (Aβ), no interior 

das células, e proteína Tau, no exterior.  

Drosophila melanogaster pode ser usada como modelo de AD para estudar a importância da 

Competição Celular nesta doença. Em homeostasia, as células têm a capacidade de comparar o seu 

estado, através da expressão de Flower - uma proteína transmembranar. As células menos aptas irão 

expressar as isoformas Lose e, se se as células envolventes forem mais aptas (winner), é ativada uma 

proteína checkpoint – Azot -, que subsequentemente ativa uma cascada de eventos, culminando na 

apoptose. A expressão de Flower e Azot, em moscas que expressam hAβ42 já foi estudada, 

comprovando que a eliminação de neurónios menos aptos é, de facto, benéfica [1].  

Neste estudo, usou-se o modelo de hAβ42, como cenário de Competição Celular, para testar um 

conjunto de proteínas que interagem com Flower. Descobriu-se que, quando silenciados os genes 

CG6647 (Porin) e CG2252 (fs(1)h), os níveis de apoptose são significativamente reduzidos. 

Foi também estudado outro modelo de AD, em que se sobre expressa hTau durante o desenvolvimento 

da retina. Mostrou-se que a sobre expressão desta proteína, nos discos imaginais do olho, não é 

suficiente para induzir morte celular dependente da ativação de caspases, nem especificamente por 

Competição Celular dependente dos Fitness-fingerprints.   

Palavras-chave: Doença de Alzheimer, Tau, Competição Celular, Azot, Porin, fs(1)h 
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1 – Introduction  

1.1 – Drosophila as a model organism 

The use of Drosophila melanogaster for research purposes is emerging due to several factors: they are 

easy and relatively inexpensive to culture, and maintain, in the laboratory; have a short lifecycle; females 

produce many eggs during their life and, they can be simply genetically modified [2], [3].  

There is evidence that Drosophila exists for about 15,000 years. The flies migrated from Sub-Saharan 

Africa to Europe and subsequently colonized the rest of the world mainly due to the trade of fruit [3].  

Historically, the first evidence of the use of this fly in the laboratory was by William Castle's group at 

Harvard in 1901, although Thomas Hunt Morgan is widely known as the "father" of Drosophila research. 

Morgan won the Nobel Prize in Physiology or Medicine in 1933 "for his discoveries concerning the role 

played by the chromosome in heredity" because he defined the concept of the Gene using Drosophila 

[2]. After Morgan, in 1946 Hermann Muller won the Nobel Prize in Physiology or Medicine for "the 

discovery of the production of mutations using X-ray irradiation”, in Drosophila [2]. Later in 1999, Craig 

Venter used Drosophila to prove that shot-gun sequencing could be applied to sequence the human 

genome, and then, in March 2000, the Drosophila melanogaster's genome was published in Science 

[2].  It is estimated that the fly has 14,000 genes, which more than a half show alternative splicing forms 

and 45% of the genome encode more than one protein isoform [3]. Interestingly, 75% of known human 

disease genes have a recognizable match in the genome of the fruit flies [2]. All Drosophila genes are 

cataloged by a "CG number”, and currently exists libraries of flies all around the world, from which 

scientists can deposit or obtain the desired lines [2].    

1.1.1 - Lifecycle  

Drosophila has a short life cycle. The females can lay up to approximately 100 eggs per day, up to 20 

days. It takes around ten days (at 25 °C and 60% relative humidity) for an embryo to develop into a 

fertile adult fly [4], and depending on diet and stress, the fly lives, in average, 120 days [5]. Drosophila 

passes through four different stages: egg, larva, pupa, and adult (Figure 1) [2]. The adult flies lay the 

eggs on the surface of the food, where embryogenesis is completed in 24 hours. Following three larva 

stages (first, second and third instar) take place. The first instar and the second develops in one day, 

and the third instar, in two [3]. The larva buries into the food to enhance its development. Subsequently, 

it starts climbing on the side of the container and in the following 5 days is for the pupa stage, in which 

the 19 imaginal discs of the larva will develop to generate an adult fly [3].  

The speed of Drosophila lifecycle can be regulated in the laboratory by placing the flies at different 

temperatures. The best condition is to maintain the flies at 25 °C with approximately 60% relative 

humidity, but if the experiments need a rapid or slower development, flies can be placed at 29 °C, or 18 

°C, respectively [2].  
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Figure 1 - (Left) Lifecycle of Drosophila flies. After mating, the eggs are laid on the surface of the food, day 1, where 
it starts to develop the larval stage. Larva burry into the food and go into three developmental stages (first, second 
and third instar), from day 2-5. Pupa develops on the side of the container, from day 6-10, until it becomes an adult 
fly. (Right) Morphological differences between adult males and females. Figures obtained from [3].  

Anatomically, there are clear differences between a male and a female fly. The males are smaller than 

females and have a darker rounder abdomen [4] (Figure 1). Virgin females of the desired genotype are 

required to perform crosses, since non-virgin females can store sperm after mating [4]. Virgins can be 

visual distinguished because are much bigger than older females and exhibit a dark spot on the 

underside of the abdomen – the meconium [3]. 

1.1.2 – Genetics of the fly 

Drosophila has a reduced number of chromosomes – only possesses four pairs. The first is the sex 

chromosome, and the remaining three pairs are autosomes. The fourth chromosome is sometimes not 

considered for experimental works, due to its small size (represents just 2% of the genome), but contains 

important genes such as eyeless (ey) [6].  

In some cases, after performing a cross, it is important to “keep tracking” of the gene of interest. For this 

reason, balancer chromosomes were generated and they include visible markers such as curly wings 

or shorter bristles, to allow the experiments to follow up the gene of interest.  

Balancer chromosomes are constructs that codify for different markers (Table 1), and have inverted 

sequences. These inversions avoid, for example, the homologous recombination, in females1, during 

meiosis. Using balancer chromosomes assures that is possible to have viable flies if the gene inserted 

is lethal in homozygosity. Also, the gene inserted is not lost because flies with homozygous balancers, 

are not viable [3], [7].   

                                                      
1 In Drosophila, the homologous recombination during meiosis, just occur in females. 
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Table 1 - Common visible genetic markers, their characteristics, localization throughout the genome and if it is a 
balancer chromosome or not. 

Genetic marker Characteristic Chromosome Balancer 

CyO Curved wings 2nd  � 

If Non-Crystalline structure of the eye 2nd  � 

MKRS Shorten and denser bristles2    3rd  � 

TM6B Smaller flies with darker bristles2  3rd � 

 

Drosophila is also widely used due to the diversity of genetic tools available. Depending on the 

approach, the gene expression can be manipulated over time, intensity and/or tissue/cell specificity. 

This gene expression can be downregulated, using RNAi, or overexpressed in which are introduced a 

single or multiple copies of a gene of interest. 

Downregulation or overexpression of genes can be achieved through the use of an inducible system 

like UAS-GAL4 [2]. In the UAS-GAL4 system, downstream of UAS (Upstream Activation Sequence) can 

be inserted a gene of interest that will be transcribed only when GAL4 binds to UAS. GAL4 expression 

is controlled by a specific tissue promotor/enhancer according to the tissue/cell type where the 

expression of the gene of interest is desired [8] (Figure 2).  

This system evolved to be controlled over time, so it was developed the TARGET system where GAL4 

is repressed by GAL80ts, which is active at low temperatures. When the flies are transferred to higher 

temperatures (25 °C), GAL80ts becomes inactive, and GAL4 will enable the expression of the gene of 

interest [8].  

Another inducible system is the LexA-lexAop, also a binary system, in which the LexA domain controls 

the expression of a construct downstream of the lexAop domain. It is also used to over or misexpression 

of genes, with the advantage that can be combined with the UAS-GAL4 for simultaneous gene 

manipulations [9].   

 

 

Figure 2 - (Left) Scheme of the UAS-GAL4 system. GAL4 expression is controlled by a tissue-specific 
promoter/enhancer. GAL4 then binds to UAS, which in turn activates the expression of the gene of interest or RNAi 
construct. (Right) The UAS-GAL4 system requires two types of flies: one with the UAS part, and the other with the 
GAL4 part. The descendants will express the entire system. Adapted from [3]. 

 

                                                      
2 Drosophila's hair that covers the body.  



4 
 

1.1.3 – Advantages and disadvantages of the use of Drosophila as a 

neurodegeneration model. 

The small size of the flies (≈ 500 μm), their short lifecycle, the ease of genetic manipulations and the 

lack of ethical approval render Drosophila an advantageous model organism. The general advantages 

and disadvantages of the use of Drosophila for research are listed in Table 2. 

Table 2 - Main advantages and disadvantages of the use of Drosophila for research. Adapted from [4]. 

Advantages Disadvantages 

No ethical restrictions according to animal 

protection laws. 

Brain anatomy is substantially different 

compared to humans. 

Easy and cheap to maintain in large quantities. Complex behaviors are not easily measured. 

Fast and inexpensive genetic manipulation. 
Sometimes poor conservation of protein's 

function. 

A wide range of genetic tools available. 
Less complex and adaptive immune system 

as in vertebrates. 

Short generation time and life-span. Effects of drugs might differ strongly. 

Fully sequenced and annotated genome.  

Conservation of signaling pathways and cellular 

processes. 
 

It has low redundancy of the genotype.   

More complicated than C.elegans and yeast.  

Balancer chromosomes allow the maintenance of 

mutations/transgenes without genotyping. 
 

 

Using Drosophila, scientists can express factors which, somehow, mimic some diseases like 

Alzheimer's, Parkinson's and Huntington's Disease [10], [11]. For instance, in the case of Alzheimer’s 

disease, expressing APP (Amyloid Precursor Protein) and BACE (β-site APP-cleaving enzyme) 

produces synaptic defects in the larval neuromuscular junction, leading to defective larval locomotor 

behavior and decreased presynaptic connections [12].  

Particularly in the case of neurodegenerative diseases, features like the complexity of the fly brain, and 

nervous system, and the ability to perform behavioral studies as complex as memory and learning, 

makes Drosophila a useful animal model to study these diseases [5].    

Neurodegenerative diseases and other disturbances, besides studied in the brain, are also studied in 

the eye of Drosophila. The retina is constituted by 800 ommatidia in which, each unit, contains eight 

photoreceptor neurons, four cone cells, and is surrounded by secondary and tertiary pigment cells. Its 

development starts in the eye imaginal discs of larvae. The maturing photoreceptors direct a wave of 

differentiation from the posterior to anterior part. The crest of this wave is denominated morphogenic 

furrow (MF) and defines the boundary between developing photoreceptors located posteriorly, and 

undifferentiated cells, located anteriorly [13]. 
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Figure 3 – Differentiation of ommatidia in the eye imaginal discs of third instar larvae. The morphogenic furrow (MF) 
is the crest of a differentiation wave which separates developing photoreceptors, posteriorly, from undifferentiated 
cells, anteriorly. Obtained from [14]. 

Further in the development, at the peripheral retina, incomplete ommatidia are eliminated during 

development, at the pupal stage [15].  

Small changes during development or adult homeostasis affect its regular hexagonal organization, and 

for this reason, the Drosophila eyes are used for screenings, particularly, in the case of neurogenerative 

diseases. This is due to the Rough eye phenotype (REP) characteristic of neurotoxicity (Figure 4) [16]. 

 

Figure 4 – Rough eye phenotype (REP) characteristic in neurodegenerative diseases. A, E – Control, B, F – Flies 
overexpressing hTau, C, G – Flies overexpressing hAβ42 and hTau, D, H -  Flies overexpressing hAβ42. Obtained 
from [17]. 

1.2 – Cell Competition 

1.2.1 – Basis  

The theory of natural selection proposed by Charles Darwin in "The Origin of Species" (1859) postulates 

that evolution occurs due to the survival of the fittest individuals. This same concept was suggested by 
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Wilhelm Roux in 1881, but applied to tissues and organs. In his view, cells compete for space and 

resources, and the ones which are more resistant survive and proliferate [18].  

Cell Competition is transversal to many species, including Drosophila, and is characterized by the 

elimination of viable cells due to the presence of neighboring cells with better fitness status. Ensuring, 

in this way, that viable but suboptimal cells do not accumulate during development or aging [19], [20].  

A relevant aspect to think about is what are the cells competing for [21]. So far, there are three types of 

Cell Competition already described:  

1) Competition for survival factors. When the first studies with Minute and myc appeared, it was 

shown that cells, in the wing discs, compete for the uptake of the Dpp (Decapentaplegic) 

morphogen [22]. Later, studies with Wg (Wingless) showed that cells also compete for multiple 

morphogens and growth factors [23]. 

2) Fitness comparison. The model can be described as an interaction between two distinct types 

of cells: winner cells and loser cells. Cells with different fitness status compare their fitness 

fingerprints, and the loser cells activate caspase-dependent mechanisms, resulting in their 

apoptosis. In this way, Cell Competition allows the expansion of winner cells instead of loser 

cells, and this seems to contribute to the maintenance of the total number of cells [22]. This 

process is vital to prevent tissue malformations and maintains tissue fitness in aging adults [24].  

3) Limited space and mechanical constraints [25]. The probability of elimination of loser cells is 

highly correlated with the surface of contact, and even the morphology of the interface, shared 

with winners [26]. When the surface of contact between neighbors, with different fitness status, 

is reduced about 50%, the probability of an unfit cell to die is reduced [26]. These results suggest 

that the recognition and killing processes are short range [21]. 

1.2.2 - Biochemical pathways in Cell Competition  

Figure 5 schematizes the relation among the different pathways involved in Cell Competition. A 

description of the different pathways will be presented in this chapter.  

Minute mutants 

Cell Competition was first discovered in Minute mutants, which have mutations in ribosomal proteins. 

Homozygote mutants are lethal, but Minute heterozygote are viable and can be used to study Cell 

Competition, although they grow slower due to a lack of a fully active ribosomal machinery [27], [28]. 

When Minute heterozygous clones and wild-type (WT) cells are generated in the same wing disc, the 

Minute clones are no longer viable and are eliminated from the Drosophila tissue [29].  

Elimination of Minute clones is due to a decrease in Dpp pathway activation, upregulation of Brinker, 

JNK pathway activation, and finally apoptosis. Thus, it was proposed that Minute mutants and WT cells 

compete for the uptake of Dpp [29].  
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Figure 5 – Pathways involved for the elimination of loser cells, in Cell Competition. In light purple are the fitness 
modulators that are mutations/pathways leading to a gain/loss of fitness. The bottleneck, in dark green, is the 
deficit/gain of some limiting factors that the cells compete for. In pale yellow are the fitness markers that decide the 
fate of the cell. Loser cell elimination is inducted by autonomous cell signaling (pale green) or signals emitted by 
winner cells (dark purple). Full lines represent confirmed interactions and broken lines the hypothetical ones. 
Obtained from [15].  

Super-competition 

Super-competition occurs when some cells outcompete the WT cells. An example of this is the 

oncogene dMyc, the homolog of the human c-Myc proto-oncogene. dMyc proteins act like transcription 

factors that regulate genes related to cellular metabolism and the stimulation of protein synthesis [22]. 

dMyc super-competition has been hypothesizing to be involved in initial stages of murine and human 

cancer formation.  

Cells with higher levels of dMyc behave like winner cells and can eliminate cells with lower levels of 

expression of this gene, through apoptosis. Super-competition is context dependent since cells, with 

two additional copies of dMyc, can behave as super-competitors or losers when compared, respectively, 

with WT cells or cells with four copies of dMyc [22].  

Activation of dMyc upstream pathways is sufficient to induce Cell Competition (Figure 5).  

Another critical player in this context is the Hippo pathway. Hippo signaling prevents the nuclear 

accumulation of the transcriptional co-factor Yorkie (Yki), which leads to an increase in cell proliferation 
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and downregulation of apoptosis. Increasing the Yki activation is also a way to obtain a supercompetitive 

phenotype [28]. 

Wg also induces the supercompetition phenomenon. This protein is the Drosophila homologous of Wnt 

and is a morphogen expressed in peripheral ommatidia, in the pupal retina, which can induce local death 

of neurons. It behaves like dMyc: down-regulation of Wg signaling leads to clone elimination, whereas 

local hyperactivation generated supercompetitors and apoptosis of neighboring WT cells [15].  

1.2.3 – Genomics of Cell Competition  

It was made a microarray to identify genes involved in the elimination of loser cells in a supercompetition 

context [30]. The authors found, among others, six genes that are upregulated early and specifically in 

the loser cells: CG9233, CG1084, CG4672, CG6151, CG2198 and CG3305 (Table 3) [30]. Five of them 

are genes encoding for cell membrane proteins, which suggests that Cell Competition probably initiates 

with cell-cell communication [31].  

Table 3 - Genes that were up-regulated in the loser cells. Adapted from [24]. 

Genes Function References 

CG9233 Zinc finger protein (unknown function) [32] 

CG1084 Membrane GPI-anchored protein Contactin [33] 

CG4672 Transmembrane protein TMS1 [32] 

CG2198 Amalgam [34] 

CG3305 Transmembrane protein Lamp [32] 

CG6151 Transmembrane protein Flower [31] 

Flower 

CG6151 is a gene encoding for Flower (Fwe). The name origin of this protein derives from the episode 

of the "Flower war" between the Aztecs and their neighbors, where losers were not killed immediately 

but rather captured, marked as "losers" and sacrificed [19]. Flower is a cell membrane protein that is 

conserved in multicellular animals and is predicted to be a Ca2+ channel [30]. The differential 

expression/splicing of Flower isoforms generates the epitopes required to modulate the interaction 

between winner/loser cells during competition.  

Structurally, Flower has three transmembrane domains and three isoforms differing only in their C-

terminal part - the portion exposed extracellularly [30]–[32]. The isoforms are then named Flower-ubi 

(Fweubi), Flower-lose-A (FweLose-A) and Flower-lose-B (FweLose-B) (Figure 6).  

 

Figure 6 – Schematic representation of the three known isoforms of Flower - Fweubi, FweLose-A and FweLose-B, with 
the three transmembrane domains, and differing in the C-terminal part. Obtained from [30]. 
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Fweubi is expressed ubiquitously (basal expression). The two remaining isoforms, FweLose-A and FweLose-

B, appear in loser cells. Expressing Flower does not mean that cells will die: if the neighbor cells express 

the same lose isoform, there is no competition, and consequently, no apoptosis. Under the scenario of 

Cell Competition, these lose isoforms are sufficient to mark cells as losers, in the presence of more fit 

cells, and trigger apoptosis [30] (Figure 7).  

Neurons are a particular subtype of cells in which it is only needed FweLose-B isoform to mark them as a 

loser and trigger apoptosis, because, in this cells, FweLose-A is ubiquitously expressed [15], [35]. In the 

specific case of neuronal death, when downregulating all Fwe isoforms, only 46,5% of the normal cell 

death still occurs [15]. These results could prove that the flower code may have an essential role in the 

brain by selecting optimal neurons and culling unwanted cells [15].  

Flower isoforms are also activated in cells after suffering some type of injury within the brain. Six days 

after injury, there is still death of the injured neurons in the "old tissue", and this delayed cell death is 

not caused by the injury, but rather associated with regenerative neurogenesis [35]. Interestingly, 

FweLose-B was not detected up to 14 hours after injuring, suggesting that mechanical cell death is FweLose-

B independent [35]. However, cell death three days after the injury is actively regulated through 

comparison of cell fitness [35].   

 

 

Wild-Type tissue: all survive 

 

General stress: all survive 

 

Fitness deficit: Lose dies, ubi survives 

 

Lack of fitness state: ubi survives 

 

Lost ability to determine fitness state: all survive 

Figure 7 - Different possible scenarios regarding the expression of Flower. Adapted from [24] 
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The presence of FweLose isoforms in the cell membrane is, then, an indicator that the cell is unfit and 

can be eliminated. However, this does not mean that the cells marked will undergo apoptosis. Other 

requirements may be considered, including: (1) The levels of FweLose of the neighboring cell: if the 

neighbors do have similar levels of FweLose, no cell will be killed; (2) The levels of SPARC which is a 

protein that counteracts the action of FweLose [36].   

SPARC (Secreted Protein Acidic and Rich in Cysteine) 

Fwe proteins are related to cell death, but a protein with protective effects – SPARC -, can counteract 

the action of FweLose. SPARC is a glycoprotein which modulates cell-cell and cell-matrix interactions, 

and its expression is induced during morphogenesis, development, tissue injury and tissue remodeling 

[19]. This protein seems to be implicated in cancer formation, although controversial evidence exists 

[19]. Some studies showed that SPARC is related to tumor development, while other research showed 

that it is involved in tumor suppression. In the specific case of Cell Competition, this protein appears to 

be upregulated in loser cells, inhibiting apoptosis [19]. 

The protective role of SPARC was already confirmed in the elimination of unwanted retinal neurons 

during development [15]. 

The next step is to understand at which point SPARC acts. It was already proved that SPARC is an 

early member of Cell Competition that functions upstream of caspase activation. On the other hand, it 

acts downstream of Dpp and independently of JNK signaling [19]. Its mechanism of action relies on 

setting a higher threshold for caspase activation in loser cells.  

Azot 

After determination of the levels of Flower and SPARC, the cells have another protein that acts as a 

"cell fitness checkpoint" - Azot (CG11165) -, detected in loser cells that are going to be eliminated. Azot 

is the abbreviation of Ahuizotl, which was named because of a multi-handed Aztec creature that 

selectively targets over fishing boats to protect lakes. azot consists only in one exon and encodes a 

cytoplasmic protein with four EF-hand domains [36]. These domains are characteristic of calcium-

binding proteins (Figure 8) [37]. 

 

Figure 8 - SMART representation of the domains of Azot. This protein has 148 aminoacids that, in the tertiary 
structure, origin four EF domains characteristic of calcium-binding proteins. Obtained from [38]. 

Azot is not repressed by the caspase inhibitor P35, neither inhibits JNK signaling pathway [36]. It was 

previously shown that Azot is not related to general apoptosis because its expression is not induced 

upon eiger, hid, or bax activation [36]. Even more, Azot is not expressed when Fwe is silenced, which 

means that variations in the levels of Fwe isoforms are required for azot to be activated [36]. 
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Regarding the elimination of the ommatidia progenitors, it was also seen that cells that are going to be 

eliminated, also express Azot [36]. 

In the field of brain degeneration, the lack of Azot induced a more accentuated formation and 

accumulation of degenerative vacuoles3 over time [8]. By this, it can be concluded that Azot is required 

to prevent tissue degeneration in the adult brain, and its absence could also affect the longevity of adult 

flies [36]. Azot KO flies live for, in average, 25 days, whereas flies with three copies of azot live, in 

average, 53 days. Additionally, Azot function is dose sensitive, as cell elimination is dependent on the 

absence of the gene (KO), one single copy, or additional copies are inserted in the genome [36].  

The loser cells that are going to be eliminated by Cell Competition express Azot and the elimination is 

not possible without its presence [36]. In this way, Cell Competition should start with marking the loser 

cells with FweLose, if the neighbors are not lose and the SPARC levels are not relevant, Azot is activated, 

and the cell dies [36]. The possible scenarios regarding the balance between Flower, SPARC and Azot, 

and in which cases occur neuronal death, are summarized in Figure 9.  

 

Figure 9 - Fate of cells expressing different levels of Flower, SPARC, and Azot. Obtained from [36]. 

All these studies suggest that cell death, in particular, neuronal death is not always negative for the 

organism. Sometimes, less fit cells need to die to propitiate the proliferation of more capable cells.  

1.2.4 – Flower-interacting candidates  

The microarray already mentioned in the section “1.2.3 – Genomics of Cell Competition” identified 

several potential players in Cell Competition [30]. Moreover, a protein-protein interaction study, in 

Drosophila S2R+ cells, using a coaffinity purification and mass spectrometry also identified proteins that 

interact with Flower [39]. Altogether, these studies were the base for a project in the Lab regarding 

Flower interacting proteins [40].  

                                                      
3 The presence of degenerative vacuoles is a sign of neurodegeneration in Drosophila, although it not occurs in the 
brain of humans in case of neural diseases.  
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In the pupal retinas, 42-44h APF (After Pupal Formation), some cells are eliminated from the periphery 

of the retina by the phenomenon of Neuronal culling (Cell Competition based) [15]. Under this 

competition scenario, Flower-interacting candidates were silenced and studied the apoptotic levels. 

CG10960 (SLC2), CG6647 (Porin), CG7047 (Vdup1) and CG2252 (fs(1)h)  showed less apoptosis when 

downregulated [40]. 

Female Sterile (1) Homeotic (fs(1)h) - (CG2252) 

Female Sterile (1) Homeotic (fs(1)h) is a key-protein in the fly development. The gene localized in the 

chromosome X encodes for a small (Fs(1)hS) and a large (Fs(1)hL) chromatin-binding transcription 

factors belonging to the BET (Double-bromo and extra-terminal) proteins group. This phenomenon 

occurs by the binding of the bromodomain to the acetylated lysines present on the histone tails of active 

chromatin [41]. 

Mutations in this protein originate different phenotypes depending on if it is zygote or maternal 

expression. If it is expressed in the zygote, the larva or pupa may not survive, or the females may be 

sterile. However, if it is from maternal expression, can lead to embryonic lethality, aberrant chromosome 

segmentation or segmentation defects – interfering with the Ultrabithorax4 (Ubx) function [41], [42].  

It is known that fs(1)h is required for the regulation of tailless (tll) and hückebein (hkb) in the early stages 

of development, because tll and hkb are responsible for the proper development of the anterior and 

posterior ends of the embryo [41].  

Regarding its domains (Figure 10), it has two bromodomains in the positions 32-142 and 477-586 known 

to be involved in protein-protein interactions. These interactions may help in the assembly, and the 

formation of complexes involved in transcriptional activity [43].  It has a BET domain, from the position 

951 to 1015, that exists in bromodomain proteins, and it is a transcriptional regulator domain [44]. Finally, 

the C-terminal, from the position 1996 to 2038, is a domain highly conserved in the bromodomain 

proteins (BRD4_CDT domain) [43]. It does not have transmembrane regions predicted by SMART, 

besides UniProt labels this protein as transmembrane (probably in the nucleus) [43], [45]. 

  

                                                      
4 Gene found in insects that is expressed in the third thoracic and first abdominal segments. It is a transcription 
factor that regulates the number of legs/wings that the insect will have [101].  
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Figure 10 – SMART representation of the domains of fs(1)h. Pink regions – low complexity region, green regions 
– coiled-coil region, black line – phase 0 intron, blue line – phase 1 intron, red line – phase 2 intron [43]. 

Solute Carrier Family 2 (SLC2) - (CG10960) 

This protein has transport activity – transporting sugars by facilitated diffusion -, and it is a positive 

regulator of JAK-STAT cascade [46].  

The gene that encodes for this protein is in the chromosome 3L, and the functional protein is localized 

in the plasma membrane (integral protein) [47].  

It has no reference in SMART, but according to Pfam [48] (Figure 11), from position 62 to 525 is a “sugar 

(and other) transport” domain. Part of the domain, from the position 84 to 510, is a transmembrane 

portion.     

 

Figure 11 – Domains of the SLC2 protein. Obtained from [48]. 
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Vitamin D3 up-regulated protein 1 (VDUP1) – (CG7047) 

The VDUP1 protein is poorly characterized in Drosophila, but its human homolog hVDUP is well 

characterized in humans. In Drosophila is just known that it is a negative regulator of gene expression, 

expressed throughout the nervous system, at all stages of development. However, in humans, it was 

characterized as a tumor suppressor, a key player in the differentiation of dendritic cells of the immune 

system, and development of natural killer cells [49]. The functional protein is localized in the nucleus 

[50]. 

VDUP1 has one functional domain – Arrestin C -, from the position 169 to 299 (Figure 12). In the signal 

transduction, GPCR (G protein-coupled receptors) activate G proteins which activate a cascade of 

events ending in a response to that signal. To turn off the response, the GPCRs are phosphorylated 

and, in this form, Arrestin domains bind to the receptors, blocking the G protein-mediated signaling and 

target GPCRs for internalization [51]. 

 

Figure 12 - SMART representation of the domains of VDUP1. Pink regions – low complexity region, black line – 
phase 0 intron [52]. 

Porin 1 (CG6647) 

This protein belongs to the group of the porins which are catalyzers of the transfer of substances less 

than 1000 Da through a membrane [53]. This protein is explicitly described as a Voltage-Dependent 

Anion-selective Channel (VDAC) and, according to UniProt [54] (by structural analysis), is predicted to 

form a channel through the cell membrane, allowing the diffusion of small hydrophobic molecules. This 

porin, in particular, is localized in the outer membrane of the mitochondria and it is ubiquitously and 

equally expressed in males and females. The codifying gene is localized in the chromosome 2L [54].  

Other GO Biological processes that may be interesting to explore are: its role in photoreceptor 

maintenance and phototransduction5 [55], [56], mitochondrial organization, and sperm individualization 

[57]. Lack of Porin results in defects in the mitochondrial morphology that macroscopically reflects in 

locomotive defects and male sterility in flies [57].  

Porin 1 has only one domain, from position 2 to 27, which is the porin domain already described [58].  

  

                                                      
5 Conversion of light into electric signals.  
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1.3 – Alzheimer's disease and Tauopathies 

Alzheimer's disease is a neurodegenerative disease in which a person loses the ability to remember 

past recent events and recognize familiar objects [10]. The disease has a lifetime risk of 1 in 7 men and 

1 in 5 women, affects more than 24 million people worldwide, and is most likely to happen to people 

with a first-degree relative with AD [5], [10]. Around 90% of the patients do not show distinct genetic 

lesions, whereas 10% carry mutations in known genes (Amyloid Precursor Protein, Presenilin 1, and 

Presenilin 2) [10]. Neurodegenerative diseases affect a subtype of neurons, which in the AD, are the 

cholinergic neurons [59]. 

Alzheimer's disease is characterized by the existence of amyloid-beta plaques, in the extracellular 

matrix, and intracellular neurofibrillary tangles (NFTs). Plaques are composed of amyloid-beta peptides 

resulted from the proteolytic cleavage of Amyloid Precursor Protein (APP). The cleaving agent is the 

enzyme BACE (β-site APP-cleaving enzyme) and γ-secretases like Presenilin 1 or 2, Nicastrin, APH-1 

and PEN-2 [5]. The cleavage products are Aβ40 and Aβ42. However, Aβ42 is the main form because it 

forms fibrils more easily [5]. Tau protein is a microtubule-binding protein: it binds to tubulin and, thereby, 

promotes its polymerization. Its binding depends on the phosphorylation of the serine/threonine residues 

of the protein, targeted by MARK or GSK-3 kinases [60]. In neurons, when it is phosphorylated (or 

hyperphosphorylated), tends to detach from the microtubules and aggregate, in the cytoplasm of the 

axons, forming structures known as neurofibrillary tangles (NFTs) [5]. The detachment from the 

microtubules does not mean that Tau becomes neurotoxic. In fact, the attachment/ detachment process 

is dynamic and explained by the “kiss-and-hopp” mechanism, which describes that, the interaction with 

microtubules lasts less than 40ms. But, in every time point, more than 80% of Tau is bound to 

microtubules [61]. Disease states are characterized by an increase in the ratio of Tau phosphorylated / 

Tau non-phosphorylated, rather than an increase in the number of residues phosphorylated in each 

protein [62]. It is not clear if Tau pathology acts downstream of Aβ42. In fact, there is some evidence 

that there is an interplay between Tau and Aβ in both directions [63].  

A single gene encodes Tau protein on chromosome 17. However, it is expressed in different isoforms 

due to alternative splicing. In the human brain, exons 2, 3 and 10 are alternatively spliced originating six 

different isoforms (Figure 13). Regarding the nomenclature of the isoforms, the exclusion or inclusion of 

a repeat region of exon ten is referred as 3-repeated (3R) or 4-repeat (4R), respectively [64]. The 

presence, or absence, of one or two 29 amino acid inserts in the amino-terminal part is referred as 0N, 

1N or 2N. In this way, the six known isoforms expressed in the central nervous system are 0N3R, 0N4R, 

1N3R, 1N4R, 2N3R, 2N4R, although there are some forms expressed in the peripheral nervous system. 

There is an imbalance between the expression of the isoforms: 3R and 4R are roughly equally 

expressed, but the 0N, 1N, and 2N Tau isoform comprise about 37%, 54%, and 9% respectively of total 

Tau [65]. 
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Figure 13 – Visual explanation of the Tau isoforms nomenclature. 2N, 1N or 0N represents two, one or absence of 
a 29 aminoacids insertion in the amino-terminal part. 3R or 4R represents the exclusion, or inclusion, of a repeated 
region in exon 10. Obtained from [66].  

Tau protein is highly soluble with a very low content of secondary structure [66]. Based on the amino-

acid composition, Tau has four different domains: N-terminal, the proline-rich region, the microtubule-

binding region and the C-Terminal region [66]. The proline-rich region is involved in cell signaling and 

usually, binds to kinases. The C-terminal region regulates the ability of Tau to induce microtubule 

polymerization and their interaction with the plasma membrane [67].         

It is important to highlight that Tau malfunction is not an exclusive phenomenon of Alzheimer’s disease. 

In fact, Tau malfunction can occur in other conditions, and this group of diseases is denominated by 

tauopathies. Tauopathies are a group of neurodegenerative disorders that are characterized by the 

accumulation of hyperphosphorylated Tau protein in neurons/glial cells. Tauopathies can be classified 

into primary and secondary depending on whether Tau hyperphosphorylation is the primary factor to the 

disease, or associated with other pathologies, respectively [66]. Examples of primary tauopathies are 

Progressive supranuclear palsy, Picks disease, Corticobasal degeneration, Frontotemporal dementia 

and Parkinsonism linked to chromosome 17; Alzheimer’s disease, Downs’s syndrome and Lewy body 

disorders are examples of secondary tauopathies [68].  

Around 70% of the human disease genes have a fly homolog, so it is expected to find a Tau homolog 

in the fly (dtau). The aminoacid sequence of this protein is 46% identical and 66% similar to the 

corresponding htau [8]. In Drosophila, dTau and hTau co-localize in microtubules when hTau is 

artificially expressed. However, dTau binds more strongly because it is less phosphorylated, contrary to 

the hTau which is more phosphorylated and tend to bind less to the microtubules [69]. Nevertheless, 

dTau and hTau interact in a phosphorylation-dependent context, which may mean that 

hyperphosphorylated hTau can sequester endogenous dTau [70]. Because of this phenomenon, 

microtubules can be unstable in a way that affects the axonal transport and the directionality of the 

vesicle motion in axons [60]. It was already studied the depletion of dtau from the fly genome. Survival, 

climbing ability, neuronal function, interactions with Aβ were not changed in the knock-out (KO), which 

means that absence of dtau has no significant functional impact on flies [71]. From now on, whenever 

is mentioned Tau protein/gene, it is always referred to hTau. Drosophila Tau will always be addressed 

as dTau.  
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Although most of the Drosophila models overexpress the wild-type hTau, there are also mutated forms 

of this protein. Some of these mutated forms have the predisposition to became neurotoxic, like the 

R406W, where a tryptophan replaces the arginine 406, in the C-terminal region. This R406W mutation 

is associated with Frontotemporal dementia and Parkinsonism linked to chromosome 17 [72]. Its higher 

toxicity is the result of conformational changes that lead to an increase in phosphorylation at the 

epitopes, and reduced capability of binding to the microtubules [69], compared to the WT [73]. 

It was already shown that flies overexpressing TauWT tend to have a shorter lifespan, but it is even 

shorter when it is overexpressed TauR406W [59]. Looking at the brain phenotype, the aged flies 

expressing Tau showed a progressive vacuolization and degeneration of the cells in the cortex, and the 

effects were even more pronounced with TauR406W, again [59]. With immunological essays, abnormally 

concentrated Tau was seen in areas of neurodegeneration, as expected [59]. It is also seen rough eye 

phenotype which is correlated with the loss of retinal cells, including photoreceptors [5]. 

An interesting observation made by Wittmann et al. (2001) is that, although degenerating cells were 

identified, no NFTs were seen within all the 359 neurons analyzed. This points to the direction that it is 

not needed to have NFTs to have degeneration, in Drosophila [59].  

Years later Huang et al. (2014) discovered that feeding the flies with food supplemented with 1 mM of 

zinc could enhance the tauopathy phenotype in two different ways: by increasing Tau phosphorylation 

through the activation of kinases and by binding directly to the residues of cysteine promoting the protein 

aggregation. By this, it was seen an increase in neurodegeneration by the more explicit vacuoles, 

reduced lifespan and the formation of aggregates that somehow mimic the NFTs [74]. The increase of 

zinc concentration in the flies’ brain is physiological since the recruitment of zinc-induced by Aβ were 

already seen in the brain of AD patients [75].  

1.4 – Objectives of the project 

This project occurs under the Alzheimer’s project, conducted by Dr. Dina Coelho supervised by Dr. 

Eduardo Moreno, in the Cell Fitness Lab, at the CCU (Champalimaud Center for the Unknown). Using 

a Drosophila model of Alzheimer’s disease, it was shown that Aβ42 deposition triggers cell death by the 

phenomena of Cell Competition dependent on Flower fingerprints. Previously, it was thought that all 

neuronal death in Alzheimer’s disease was prejudicial. However, this apoptosis promotes the selection 

of the fittest cells, and this may open the possibility to attenuate the disease [1].  

The group is also interested in studying other proteins that interact with Flower and may help in the 

understanding of the building blocks of Cell Competition.  

Also, the group is interested in studying Cell Competition in other neurodegeneration models. For that, 

also in the AD context, would be interesting to study if Tau protein overexpression can lead to a disease 

phenotype reliable to study Cell Competition.  

In this way, the project aims to solve two biological problems: 
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1) Test the Flower-Interacting candidates in the Aβ42 model. Test four genes, known by interacting 

with Flower [30], in the Amyloid-beta model of AD, using eye imaginal discs. 

2) Test if Azot is also activated in loser neurons in a Drosophila Tau model. Replicate the model 

obtained by Wittmann et al. (2001) [59] with flies expressing hTauWT and hTauR406W, and study 

if Cell Competition occurs in this context. 
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2 – Materials and Methods 

2.1 – Fly stocks and maintenance  

All the flies were kept in a chamber controlled at 25°C, 70% of relative humidity and a light cycle where 

the lights were ON between 09:00 – 21:00 and OFF in the remaining hours. The food was specifically 

made by the Platform technicians, following the Vienna Recipe (Figure 14). 

Vienna Recipe  

Quantities per liter of (Elix) H2O: 

Barley Malt Syrup (Próvida): 80g 

Beetroot Syrup (Grafschafter): 22g 

Agar (NZY Tech): 8g 

Biological Corn flour (Próvida): 80g 

Soya flour (A. Centazzi): 10g 

Instant Yeast (Saf-instant, Lesaffre): 18g 

Propionic acid (Argos): 8mL 

15% Niapagin (Tegosept, Dutscher UK) in 96% EtOH: 12mL 

  
 

Figure 14 - Vienna Recipe was kindly given by the Platform technicians. 

For the routine fly pushing it was necessary to use two types of microscopes (Table 4): the standard 

scope for the day-by-day work of collecting virgins or doing crosses, and the fluorescence microscope 

to select the flies that express fluorescent markers.  

Table 4 - Microscopes used on the regular fly pushing 

Microscopes  

Scope:  

Zeiss Stemi 508 Apochromatic Compact Stereo Microscope  

Fluorescence microscope: 

Zeiss SteREO Discovery V8 

 

Regarding the procedures to analyze the flies, they were anesthetized with carbon dioxide and analyzed 

with the help of a paintbrush.   

All the flies required for this project are listed in Table 5. 

. 
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Table 5 - Fly stocks used, for this project, that were obtained from the Lab collection. 

Flies 
Collection 

number 
Origin 

Drivers: 

. yw; ey-Gal4; 155 BL8228 

. ;GMRGal4;  Lab. stock  

. w; ElavGal4/CyO;   145 Lab. stock  

. ywF; elavG4/CyO; UAS-CD8-GFP/TM6B 394 Given by Y. Fernandez 

. w; Cha-Gal4;  Given by C. Ribeiro  

Tau: 

. w; ; UAS-TauWT/TM3,ss (0N4R isoform)  Given by M. Feany 

. w; ; UAS-TauR406W/TM3,ss (0N4R isoform)   Given by M. Feany 

Azot:  

. (ywF/w); azot {KO, LexA}/CyO; 26xLexAop-

CD8::GFP/TM6B 

804 Given by A. Gutiérrez 

. (ywF); azot {KO, LexA}/CyO; LexAop::6xmCherry/TM6B  Given by D. Coelho 

Flower:   

. ywF; If/CyO; UASfweloseA/B RNAi/TM6B 123 Given by C. Rhiner [15] 

Amyloid-Beta42 

. w; GMR-Gal4,UAS-ABeta/CyO 725 Given by B. Topfel [1] 

RNAi’s6:   

. ; ; UAS-RNAi CG10960  VDRC 8359 (GD) 

. ; UAS-RNAi CG6647;  VDRC 101336 (KK) 

. ; ; UAS-RNAi CG7047  VDRC 15203 (GD) 

. ; UAS-RNAi CG2252;   VDRC 108662 (KK) 

Others:   

. w; If/CyO; TM6B/MKRS – Double balancer (DB) 121 Lab. Stock  

. ; Bl/CyO; UAS-CD8-GFP/TM6B  Lab. Stock 

. ; UAS LacZ;   Lab. Stock 

 

2.2 – Procedures to obtain the flies of interest (Tau model) 

This section is going to be exclusive to explain the crosses done to test the Tau model. The first part of 

the project, testing the Flower-interacting candidates, results from simple crosses from flies already 

available in the Lab, without the need of establishing new stocks.  

The cross between the stocks represented in Table 5, will assure the expression of TauWT and TauR406W 

pan-neuronally (Elav), in early eye development (ey), CNS (Central Nervous system) differentiated cells 

                                                      
6 These RNAi’s are provided by VDRC which have them divided in different libraries. In the GD library 
the insertions are P-element based transgenes with random insertion sites. The KK library contains 
phiC31-based transgenes with a single and defined insertion site [102].  



21 
 

(GMR) and Cholinergic neurons (Cha), under the system of UAS-GAL4 previously described in the 

section “1.1 – Drosophila as a model organism”. 

However, none of the stocks available have balancer chromosomes. In this way, before the experiments, 

it is first needed to insert them.  

2.2.1 – Introducing the balancer chromosomes in the flies with the drivers  

The drivers were first tested. Thus, the stocks with the drivers were crossed with female flies expressing 

GFP tagged to the membrane ( ; Bl/CyO; uasCD8-GFP/TM6B). The GFP expression is controlled by a 

UAS-GAL4 system. When the flies are fluorescent means that the driver is functional (data not shown).  

All the stocks were GFP positives, except w; ElavGal4/CyO; (145), that was replaced by ywF; 

elavG4/CyO; UAS-CD8-GFP/TM6B (394). A scheme of balancing the flies with the drivers on the second 

chromosome is represented in Figure 15. 

           

Figure 15 - Scheme of the cross to balance flies with genes on the second chromosome (e.g. GMRGal4). The flies 
with the driver of interest are crossed with females DB. In the F1 generation are collected the flies CyO which are 
crossed with each other to obtain the flies finally balanced in the F2. 

In the generation F1, only are relevant the flies in which the 2nd chromosome has Driver/CyO since 

Driver/If do not have the balancer chromosome (CyO) and CyO/CyO is lethal. The flies with the drivers, 

balanced, need to have both TM6B and MKRS – only flies with characteristics of both phenotypes are 

selected for F2, to establish the line. 

After balancing all the flies with constructs on the second chromosome, the new lines generated are 

listed in Table 6. 
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Table 6 - New stocks obtained by balancing the flies with the drivers on the second chromosome 

Flies   

. w; ey-Gal4/CyO; TM6B/MKRS    

. w; GMR-Gal4/CyO; TM6B/MKRS   

. w; ElavGal4/CyO; TM6B/MKRS     

. w; Cha-Gal4/CyO; TM6B/MKRS   

 

2.2.2 – Introducing the balancer chromosomes in the flies with the disease genes 

To introduce the balancer chromosomes in the flies expressing Tau, it is needed to cross these flies 

with the DB. In Figure 16, there is a scheme of this process. 

           

Figure 16 - Scheme of the cross to balance flies with genes on the third chromosome (e.g. UAS TauWT). The flies 
with the transgene of interest are crossed with females DB. In the F1 generation are collected the flies TM6B, which 
are crossed with each other to obtain the flies finally balanced in the F2. 

In the generation F1, the flies of interest are the ones with UAS Tau on the 3rd chromosome and the 

balancer chromosome TM6B7. So, the F1 flies selected for the crosses to generate F2 need to be TM6B 

or Non-MKRS. In generation F2, the flies selected to form the new stocks need to be both If and CyO.  

After balancing all the flies with genes on the third chromosome, the new lines generated are listed in 

Table 7. 

                                                      
7 TM6B was chosen instead of MKRS since the flies with this genotype could be selected in the pupal 
stage.  
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Table 7 - Stock obtained with the flies with the phenotype of the disease also having the balancer chromosomes. 

Flies   

. w; If/CyO; UAS-TauWT/TM6B   

. w; If/CyO; UAS-TauR406W/TM6B   

2.2.3 – Expressing the phenotype of the disease in specific brain areas 

The final crosses will be the ones that activate the UAS-GAL4 system. By this time, the challenge would 

be the expression of TauWT and TauR406W under the control of Elav, GMR, ey and Cha drivers. An 

example of this is shown in Figure 17. 

        

Figure 17 - Scheme of the cross to obtain the flies expressing Tau protein in different loci (e.g. UAS TauWT in the 
CNS differentiated cells). Once the flies were already balanced, now is just necessary to perform the cross and 
select for CyO and TM6B, in the F1.  

After the parental cross, the flies of interest are the ones with the balancer chromosomes CyO and 

TM6B. The stocks obtained after all the crosses referred are presented in Table 8. 

Table 8 - Lines generated to express Tau under the control of the drivers Elav, GMR, and ey.  

Flies   

. w; GMRGal4/CyO; UAS-TauWT/TM6B 

. w; ey-Gal4/CyO; UAS-TauWT/TM6B  

. w; ElavGal4/CyO; UAS-TauWT/TM6B 

  

. w; GMRGal4/CyO; UAS-TauR406W/TM6B 

. w; ey-CyO; UAS-TauR406W/TM6B 

. w; Elav-Gal4/CyO; UAS-TauR406W/TM6B 

  

 

Case of the cholinergic neurons 

Cholinergic neurons are a specific subset of neural cells that are distributed among the others, in the 

brain. Contrary to the other drivers in which we are more interested in a general expression, here is 
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essential to discriminate where are these neurons. To do it, immunostaining techniques with antibodies 

for cholinergic neurons can be applied, or take advantage of the UAS-GAL4 system and express 

fluorescent proteins in these neurons. 

To solve this situation, is required to do a recombinant fly. Taking advantage of the homologous 

recombination on female flies, it is possible to have, in one chromatid of the progeny, two transgenes 

that were in different chromatid of the same chromosome in the parental generation.  

The scheme of this recombination phenomena is in Figure 18. Note that were not used flies Cha-Gal4 

for making the recombinant because it was seen that the w; GMRGal4/CyO; UAS-Tau/TM6B produces 

a degenerative and fluorescent phenotype in the eye and, in this way, it is easier to select the flies of 

interest.  

With the stock of the recombinant established, it was necessary to cross heterozygous flies with 

homozygous flies from the stock w; Cha-Gal4/CyO; TM6B/MKRS to replace the driver GMR-Gal4 for 

Cha-Gal4. The final flies obtained from this mechanism are listed in Table 9.  

Table 9 - Recombinant lines generated. 

Flies   

. w; Cha-Gal4/CyO; UAS-TauWT,UAS-CD8-GFP/TM6B   

. w; Cha-Gal4/CyO; UAS-TauR406W,UAS-CD8-GFP/TM6B   
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Figure 18 - Recombination scheme to obtain the recombinant flies. To do the recombinant, were used 
ywF; GMRGal4/CyO; UAS-TauWT/TM6B flies due to the existence of abnormal phenotype in the eye, to 
cross with females ; Bl/CyO; UAS-CD8-GFP homozygous flies. The females of the first generation were 
collected and crossed with males DB: here is important to use females to take advantage of the 
homologous recombination. In the progeny of this cross were selected males (to avoid another 
homologous recombination) and crossed again with DB to obtain the desired flies for the establishment of 
the new line.  
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2.3 – Dissections and Immunostainings 

The experiments performed for this project required the dissection of larvae, pupae or adults as will be 

described in the next sub-sections.  

2.3.1 – Eye imaginal discs 

Third instar larvae were selected and dissected in PBS (Phosphate-buffered saline) 1x. The larval brains 

were fixed with PFA 3.7%, with agitation, for 30 minutes. Then, the samples were washed 3x with PBT 

0,4% (PBS 1x with Triton-X 0,4%) for 15 minutes, with agitation. The primary antibody was incubated 

overnight at 4°C at the dilutions listed in Table 10. Then the samples were rewashed 3x for 15 minutes 

in PBT 0,4% and incubated overnight at 4°C with the secondary antibody (Table 10). Finally, the 

samples were rewashed 3x for 15 minutes in PBT 0,4%, the medium was replaced by PBS 1x, and the 

samples were mounted in Vectashield with DAPI. The localization of the eye imaginal discs in the larvae 

and its morphology is represented in Figure 19.  

           

Figure 19 – Highlight of the localization of the eye discs in the Drosophila’s brain (left). Detail of the morphology of 
the eye-discs. Adapted from [76]. 

TUNEL assay 

The TUNEL assay is a specific protocol to label fragmented DNA characteristic from the later stages of 

apoptosis. It uses the enzyme TdT (deoxynucleotidyl transferase) to attach Biotin-labelled dNTPs to the 

blunt ends of the fragmented DNA. The Biotin is later recognized by Streptavidin which has the 

fluorophore [77].  

In the eye imaginal disc’s dissection, the sample is equilibrated with 50 µL/sample of the Equilibration 

Buffer, Table 11, 1 hour, at room temperature (RT). Then the TUNNEL reaction starts by adding 50 

µL/sample of Reaction Buffer (Table 11), for 90 minutes at 37°C. To stop the reaction, 100 µL/sample 

of STOP citrate buffer are added, for 15 minutes at RT. Then the samples were rewashed 3x for 15 

minutes in PBT 0,4% and incubated with the primary antibody (Table 10) for one overnight at 4°C. The 
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subsequent steps are the same as described in the section “2.3.1 – Eye imaginal discs”, but also adding 

Streptavidin with a fluorophore (Table 10) at the time of the incubation of the secondary antibody. 

2.3.2 – Pupal retinas 

Zero-hour pupae8 were collected and maintained on a plate for 42-44 hours, at 25 °C. The pupae were 

dissected in PBT 1x and the brains collected were fixed. The remaining procedures were similar to the 

ones already described in the case of the eye imaginal discs.  

An example of the retinas attached to the pupal brain is in Figure 20. 

                                           

Figure 20 – Pupal brain of Drosophila, the red squares are highlighting the pupal retinas attached to the brain. 
Adapted from [78].  

2.3.3 – Adult Brains 

Flies 3 and 10 days old were collected and immobilized, by the wings, in Vaseline. The fly scalp was 

removed, and the brain cleaned by removing the retina and trachea attached. The brain was finally 

detached from the body and fixed in PFA 3.7%. The fixation in formaldehyde lasted one overnight at 

4°C and for the washes (and antibodies dilution), was used PBT 1% (PBS 1x with Triton-X 1%), due to 

the higher density of this tissue. The remaining procedures were similar to the ones already described 

in the case of the eye imaginal discs.  

A scheme of the morphology of the adult brain is in Figure 21. 

 

Figure 21 – Scheme of the adult brain of Drosophila. ALs – antennal lobes, OL – optic lobes, MBs – mushroom 
bodies, PI – pars intercerebralis, IPCs – Insulin-producing cells. Obtained from [79]. 

                                                      
8 When the pupation starts. Puparium is white, and the wriggling stops completely [76].   
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2.3.4 – Materials required for the dissections and immunostainings 

Table 10 - Antibodies required for the immunostaining protocols mentioned in the sections “2.3.1 – Eye imaginal 
discs”, “2.3.2 – Pupal retinas” and “2.3.3 – Adult Brains”. 

Antibodies Dilution Supplier 

Primary:  

. Rabbit anti-Dcp19  1:50 Cell Signaling Tech. (9578) 

Secondary: 

. Goat Anti-Rabbit Alexa-488  1:1000 Invitrogen (A-11008) 

. Streptavidin 647 1:1000 - 

   

Table 11 - Solutions required for the dissection and immunostaining protocols mentioned in the sections “2.3.1 – 
Eye imaginal discs”, “2.3.2 – Pupal retinas” and “2.3.3 – Adult Brains”. 

Solutions Supplier 

Equilibration Buffer (TUNEL assay) – Quantities for 1 mL 

. 240 µL TdT 5x Buffer with CoCl2 Invitrogen (16314015) 

. 760 µL PBS (1x) - 

PBS (10x) - Quantities per liter of (Elix) H2O: 

. 80 g NaCl 

Prepared by the Glass wash 

platform 

. 2 g KCl  

. 14,4 g Na2HPO4   

. 2.4 g KH2PO4 

Adjust to pH 7.4 (with NaOH or HCl)  

PBS TritonX (1%)  

. TritonX-100 diluted 1:100 in PBS 1x Sigma (X100-500ML) 

PFA (3,7%)  

. Formaldehyde (37%) diluted 1:10 in PBS 1x Sigma-Aldrich (252549) 

Reaction Buffer (TUNEL assay)  

. 1 mL Equilibration Buffer  (see above) 

. 3 µL TdT enzyme Roche (3333574001) 

. 2  µL Biotin-labeled dNTPs Roche (11 093 070 910) 

STOP citrate buffer (TUNEL assay)  

. 300 mM NaCl 
Prepared by the Glass wash 

platform 
. 30 mM Sodium Citrate 

Mix and dissolve in distilled water  

 

                                                      
9 Death caspase-1 (Dcp1) is a caspase that cleaves specific proteins during apoptosis.  
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2.5 – Confocal microscopy 

To analyze all the samples of this project, it was used confocal microscopy due to its advantages of 

high-resolution capturing sets of 2D planes in different Z sections, without the interference of elements 

of adjacent Z planes. The equipment used was the Zeiss LSM 880, and all the samples were analyzed 

with the objective Zeiss Plan-Apochromat 40x/1.4 Oil DIC M27 with a zoom of 0.6x, resolution of 

1024x1024, the maximum speed of acquisition, and Pixel time of 0.77 µs. 

The signal was measured by the laser scanning 2 times the sample (Number = 2), in the same line 

before passing to the next (Mode = line), taking the mean signal (Method = Mean), Bidirectionally, and 

with a Bit Depth of 12 Bit as a good compromise between space, resolution and light intake.     

In Table 12, are the approximated parameters10 used to obtain the images of section “3 – Results”. For 

this project, it was required to configure the channels to measure DAPI, Dcp1 (with Alexa 488), 

Streptavidin (with Alexa 647), GFP, and mCherry. 

Table 12 - Approximate confocal parameters used in the acquisition of the images. 

Characteristics Alexa 488 Alexa 647 DAPI GFP mCherry 

Laser wavelength(nm) 488 633 405 488 561 

Laser Power (%) 1.0 25 0.3 1.0 1.5 

Pinhole (µm) 63 72 48 53 58 

Detector Gain 750.0 750.0 600.0 700.0 800.0 

Digital offset -20.0 -40.0 -1.0 -50.0 -1 

 

In all the cases, to have the Z dimension, it was used the option Z-Stack with intervals of 1µm. The 

beginning and the end of the Z-stack were defined manually, although the brains should not be 

measured in more than 50 µm due to its thickness – the laser penetration is limited. 

For the scanning of the brains, the Z-stack was combined with the Tile Scan (2 or 3 horizontal and 1 

vertical), to acquire a bigger area to see the whole brain. 

The pictures were acquired and processed (using the Maximum Intensity Projection of the Z-stacks) in 

the software ZEN 2.3 (blue or black edition), a property of Zeiss.     

2.6 – Image Analysis  

Signal quantification was made using Fiji and the statistical analysis and graph representation performed 

by GraphPad Prism. 

                                                      
10 The parameters are just an approximation to the ones used because they can vary between images according 
to several factors: the quality of the staining, the time between mounting and scanning, etc. 
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2.6.1 – Fiji (ImageJ) 

The analysis in Fiji was made using a macro created by Dr. Romain Levayer, a former member of the 

Lab, and Andrés Gutiérrez, a Ph.D. student. In this macro, the main steps are the “Sharpen” of the 

particles to have the edges better defined, color manipulation to subtract the background and 

“watershed” to improve the individualization of the particles [80]. In the “Analyze Particles”, the size and 

circularity must be adjusted to each type of signal. In the end, the macro gives the total area analyzed, 

and the total number of particles per sample.  

2.6.2 – GraphPad Prism 

To evaluate the significance of the results, it is required to do a statistical analysis. The one that allows 

the comparison between a control and one or more independent groups, by comparing the means, is 

the ANOVA (Analysis of Variance) test, that was done using GraphPad Prism. This software also allows 

using post hoc corrections because ANOVA by itself does not provide detailed information on 

differences among the different groups or between the groups and the control [81]. In the Multiple 

comparisons test that GraphPad Prism offers, it was chosen the correction for multiple corrections and 

the Bonferroni test among Dunnett and Sidak (explanation at the end of this subsection). 

The significance of the different groups was compared by the different p-values (explanation at the end 

of this subsection). A result is significant if the p-value is lower or equal to 0.05, but the significance in 

GraphPad Prism can be defined in four levels: ‘*’ if p≤0.05, ‘**’ if p≤0.01, ‘***’ if p≤0.001 and ‘****’ if 

p≤0.0001. 

Explanation of the use of Bonferroni test and definition of p-value 

In statistics, an important parameter is Alpha (α) defined as the probability of rejecting the null hypothesis 

when the null hypothesis is correct. This α can be applied only for a specific test, α[PT] – alpha per test 

-, or for the whole family of tests, α[PF] – alpha per family. 

Sidak defines α as it is expressed in the equation 2.6.2.1 with C being the number of the independent 

tests.  

$	%!�& = 1 � "1 � $%! &#
)
* 	+,��-./0	2.6.2.1 

At the time this equation was derived, it was difficult to compute, and Bonferroni used the first term of 

the Taylor expansion of Sidak’s equation as an approximation (equation 2.6.2.2). 

$	%!�& ≈
$%! &


	+,��-./0	2.6.2.2 

Besides this approximation, the α[PT] by Sidak is going to be always higher than the one given by 

Bonferroni which makes this last one more pessimistic and so, more conservative [82].  

On the other hand, it is described that Dunnett test does not test differences among experimental 

groups. In the opposite, Bonferroni can do it, as well between experimental and control groups [81].  
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Increasing the number of tests to a certain limit, the α[PT] tends to the theoretical value of α=0.05. So, 

this value is the boundary between the acceptance or rejection of the null hypothesis. P-value is defined 

as the probability of getting the observed results, given that the null hypothesis is correct, and is given 

by the ANOVA test.  

In conclusion, the significance is the comparison between the p-value and α. If p-value ≤ α, the null 

hypothesis is rejected and the result is statistically significant. On the contrary, we fail to reject the null 

hypothesis, and the results are statistically nonsignificant. 

3 – Results 

This section is divided into two sub-chapters, describing the results that derive from the study 

investigating the Flower interacting candidates in the Aβ42 model, and exploring a Tau model to 

understand if cell death tauopathy-related is Azot dependent.  

3.1 – Flower interacting candidates in an Aβ Model      

Flies overexpressing Aβ42. in the differentiation domain (GMR), were used to study the effect of fs(1)h 

(CG2252), SLC2 (CG10960), VDUP1 (CG7047), and Porin (CG6647) blockage in the eye imaginal 

discs.  

The eye imaginal discs were stained with Dcp1 to evaluate the levels of apoptosis, and DAPI to show 

cell nuclei. Control genotypes are shown in Figure 22. The negative control, expressing Aβ42 alone, 

exhibited higher levels of apoptosis as visible from the Dcp1 presence, while, as expected, coexpression 

of Aβ42 with Flower silencing resulted in almost no apoptotic episodes (Figure 22A and Figure 22B).  

Similarly, when Aβ42 was coexpressed with UAS-RNAi CG2252 and UAS-RNAi CG6647, the apoptosis 

levels were very low (Figure 22C and Figure 22F) while silencing CG10960 and CG7047 resulted in 

higher expression of Dcp1 and thus apoptosis (Figure 22D and Figure 22E). Dcp1 levels were quantified 

in order to compare the apoptosis levels among genotypes (Figure 23). 
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Figure 22 –Test the Flower interacting candidates in the Aβ42 model. GMR-Gal4, UAS-Aβ42 and UAS LacZ (A), 
UAS fweloseA/B RNAi (B), UAS-RNAi CG2252 (C), UAS-RNAi CG 10960 (D), UAS-RNAi CG7047 (E) and UAS-
RNAi CG6647 (F). Maximum intensity projections of the Z-stacks of the eye imaginal discs of third instar larvae. 
Cell death is measured by Dcp1 staining (green) and DAPI (blue) highlights the nucleus. All these pictures were 
taken with the 40x/1.4 objective. The broken line represents the morphogenic furrow. Scale bar = 100 µm. 
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Figure 23 – Scatter plot (Mean with SD) representation of the quantification of the Dcp1 signal, in the eye imaginal 
discs of third instar larvae. All the larvae express Aβ42 as an inductor of neurodegeneration. In the statistical 
analysis, all the samples were compared against LacZ – the negative control. N-number of eye discs analyzed, ns-
non-significant, ‘*’ - p≤0.05, ‘**’ - p≤0.01, ‘***’ - p≤0.001 and ‘****’ p≤0.0001. 

In summary, this experiment showed that silencing CG2252 (fs(1)h) and CG6647 (Porin) results in a 

reduction of the number of Dcp1 positive cells suggesting that silencing these genes reduce the levels 

of apoptosis.  

3.2 – Tau model  

After being proved that Cell Competition occurs in neurogenerative scenarios, overexpressing Aβ42 [1], 

is now interesting to evaluate if this phenomenon also occurs in a Tau model.  

First, it is important to choose the driver that is going to determine in which cells Tau is going to be 

overexpressed. The best driver is going to be the one that leads to a higher number of apoptotic cells, 

assuming that Tau is going to be neurotoxic. The expression pattern of the Gal4-drivers ey and GMR11, 

in the eye imaginal discs, is expressed in Figure 24. 

ey-Gal4 GMRGal4 

 
 

Figure 24 - Expression profile of the ey-Gal4 driver (left) [83], and GMRGal4 driver (right) [84]. 

All the functional Gal4-drivers (Cha, ey, and GMR) homozygous flies were crossed with Tau 

homozygous flies and stained with Dcp1 and TUNEL to evaluate the levels of apoptosis and, in this way, 

choose the most robust driver. The images of the eye imaginal discs are in Figure 25.  

                                                      
11 It was not found, in the literature, the expression pattern of the Cha driver, in the eye imaginal discs. 
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Figure 25 – Selection of the optimal driver for Tau overexpression. Cha-Gal4 (A-C), ey-Gal4 (D-F) and GMRGal4 
(G-I). Maximum intensity projections of the Z-stacks of the eye imaginal discs of third instar larvae. Cell death is 
measured by Dcp1 staining (green) and TUNEL staining (red). DAPI (blue) highlights the nucleus. All these pictures 
were taken with the 40x/1.4 objective. The broken line represents the morphogenic furrow. Scale bar = 100 µm. 



35 
 

To prove that the Tau transgene insertion in the fly genome is not sufficient to induce apoptosis, it was 

also tested this scenario, with the same staining (Figure 26). There were no Dcp1 positive cells in the 

eye imaginal discs analyzed.  

In these experiments, TUNEL staining was not conclusive. For that reason, this channel was not 

considered in the overlapping of the channels represented by the last column of Figure 25 and Figure 

26.  

 

Figure 26 – Test if the insertion of Tau transgene in the genome of Drosophila is sufficient to trigger apoptosis. 
TauWT (A), TauR406W (B). Maximum intensity projections of the Z-stacks of the eye imaginal discs of third instar 
larvae. Cell death is measured by Dcp1 staining (green) and TUNEL staining (red). DAPI (blue) highlights the 
nucleus. All these pictures were taken with the 40x/1.4 objective. The broken line represents the morphogenic 
furrow. Scale bar = 100 µm. 

From these results, analyzing the Dcp1 channel, the driver that should be used is the GMRGal4 because 

is the only driver that shows clearly apoptotic cells in the expression domain (Figure 25G-I). The 

quantification of the Dcp1 signal when overexpressed TauWT and TauR406W is represented in Figure 27. 

Flies harboring GMR alone and GMR driving the expression of Aβ42 were used as a negative, and 

positive control, respectively (Figure 26G and Figure 22A). 

 

Figure 27 - Scatter plot (Mean with SD) representation of the quantification of the Dcp1 signal in the eye imaginal 
discs of third instar larvae overexpressing TauWT and TauR405W under the control of the GMR driver. In the 
statistical analysis, all the samples were compared against GMR> – the negative control. N-number of eye discs 
analyzed, ns-non-significant, ‘*’ - p≤0.05, ‘**’ - p≤0.01, ‘***’ - p≤0.001 and ‘****’ p≤0.0001. 
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Qualitative (Figure 26) and quantitative (Figure 27) analysis showed that there were no significant 

differences between overexpression of Tau (TauWT and TauR406W), in the eye imaginal discs, compared 

with the control, suggesting that overexpression of Tau is not necessary to trigger apoptosis. According 

to the literature [59], [74], it was expected to have higher apoptotic levels in flies overexpressing Tau, 

indeed, in flies overexpressing TauR406W. In order to elucidate this inconsistency, additional experiments 

were performed. 

Overexpressing Tau in pupal retinas and adult brain  

In order to clarify the inconsistent results described in the previous section, more experiments were 

designed by using flies at a different stage of their lifecycle. This decision was taken since it should be 

considered that neurodegenerative diseases are frequently dependent on the age of the individuals. So, 

advanced age flies were hypothesized to be a better model for such studies.  

This hypothesis was tested overexpressing Tau in the pupal retinas 42-44h After Pupal Formation (APF) 

- Figure 28 -, and adult brains (10 days old) - Figure 29.  

 

Figure 28 - Test if the overexpression of Tau controlled by GMR induces apoptosis, in the 42-44h APF retinas. 
GMR-Gal4 (A), GMR-Gal4; UAS-TauWT (B), GMR-Gal4; UAS-TauR406W (C). Maximum intensity projections of 
the Z-stacks of the pupal retinas 42-44h APF. Cell death is measured by Dcp1 staining (green) and DAPI (blue) 
highlights the nucleus. All these pictures were taken with the 40x/1.4 objective. Scale bar = 100 µm. 

In the case of the pupal retinas (Figure 28A-C), Dcp1 positive cells were detected at the edge of the 

retina, even in the negative control with GMR alone (Figure 28A). It is possible that these Dcp1 cells are 

the peripheral photoreceptors that are eliminated, through Cell Competition, in a process already 

described in [15], [36], rather than apoptosis induced by the overexpression of Tau.  
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Figure 29 – Test if the overexpression of Tau controlled by GMR induces apoptosis, in the adult brain of 10 days 
old flies. GMR-Gal4 (A), GMR-Gal4; UAS-TauWT (B), GMR-Gal4; UAS-TauR406W (C). Maximum intensity 
projections of the Z-stacks of the adult brains of flies 10 days old. Cell death is measured by Dcp1 staining (green) 
and DAPI (blue) highlights the nucleus. The red squares are delimitating the optic lobe, where we are interested in 
see Dcp1 positive cells. All these pictures were taken with the 40x/1.4 objective. Scale bar = 100 µm. 

Analysis of the optic lobe of adult brains revealed Dcp1 positive cells in flies overexpressing TauR406W 

(Figure 29C) while the absence of Dcp1 signal was observed in the control and in flies overexpressing 

TauWT (Figure 29A-B). However, this was a qualitative observation since the number of brains analyzed 

was not enough to perform relevant and robust statistical analysis.   
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Azot signal in the Tau model using the GMR driver 

Although Tau model has not shown an increase in cell death in the eye imaginal discs, it was also tested 

if there was some azot activation, using Azot reporters. The first reporter used was the 6xmCherry, 

taking advantage of the system LexA-lexAop. I used an azot KO line which has a LexA KI (Knock-in) 

(azot{KO,LexA}). In this way, cells that should activate azot will produce LexA instead. The LexA will 

combine with a lexAop::6xmCherry and allows following azot activation though mCherry signal. The 

pictures of the representative eye discs are in Figure 30 and the quantification of Azot signal, in Figure 

31.  

 

Figure 30 – Test of the Cell Competition scenario in the Tau model by Azot signal expression (6xmCherry). GMR-
Gal4 (A), GMR-Gal4; UAS-Aβ42 (B), GMR-Gal4; UAS-TauWT (C), GMR-Gal4; UAS-TauR406W (D). Maximum 
intensity projections of the Z-stacks of the eye imaginal discs of third instar larvae. Azot signal is measured by 
mCherry signal (red) and DAPI (blue) highlights the nucleus. All these pictures were taken with the 40x/1.4 objective. 
The broken line represents the morphogenic furrow. Scale bar = 100 µm. 
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Figure 31 - Scatter plot (Mean with SD) representation of the quantification of Azot signal (with mCherry), in the eye 
imaginal discs of third instar larvae, in flies overexpressing Tau under the control of the GMR driver and harboring 
an Azot reporter. In the statistical analysis, all the samples were compared against GMR> – the negative control. 
N-number of eye discs analyzed, ns-non-significant, ‘*’ - p≤0.05, ‘**’ - p≤0.01, ‘***’ - p≤0.001 and ‘****’ p≤0.0001. 

The images of the eye imaginal discs (Figure 30), or the quantification of the Azot signal (Figure 31), 

point in the direction that there is an activation of Azot when overexpressed TauR406W. Next, this was 

also tested in pupal retinas 42-44h APF (Figure 32) and adult brains dissected from 3 days old flies 

(Figure 33).   

 

Figure 32 - Test of the Cell Competition scenario in the Tau model by Azot signal expression (6xmCherry), in the 
42-44h APF retinas. GMR-Gal4 (A), GMR-Gal4; UAS-TauWT (B), GMR-Gal4; UAS-TauR406W (C). Maximum 
intensity projections of the Z-stacks of the pupal retinas 42-44h APF. Azot signal is measured by mCherry signal 
(red) and DAPI (blue) highlights the nucleus. All these pictures were taken with the 40x/1.4 objective. Scale bar = 
100 µm.  



40 
 

 

Figure 33 - Test of the Cell Competition scenario in the Tau model by Azot signal expression (6xmCherry), in adult 

brains of flies 3 days old. GMR-Gal4 (A), GMR-Gal4; UAS-TauWT (B), GMR-Gal4; UAS-TauR406W (C). Maximum 

intensity projections of the Z-stacks of the pupal retinas 42-44h APF. Azot signal is measured by mCherry signal 

(red) and DAPI (blue) highlights the nucleus. The red squares are delimitating the left optic lobe, where I am 

interested in see Azot positive cells. All these pictures were taken with the 40x/1.4 objective. Scale bar = 100 µm. 



41 
 

In the pupal retinas, similarly to the Figure 28, the Azot signal seen is probably not due to a neurotoxic 

environment, but the elimination of the peripheral photoreceptors. On the other hand, in the adult brains 

of 3 days old flies, Azot expression was observed, and this appeared to be increased in the flies 

overexpressing TauR406W (Figure 33C). Nevertheless, the number of samples is not enough to take 

statistically significant conclusions. 

Meanwhile these experiments were being done, Andrés Gutiérrez and Dr. Dina Coelho (Lab members), 

discovered that the (ywF); azot {KO, LexA}/CyO; LexAop::6xmCherry/TM6B line produces an 

unspecific signal in the adult brain. This means that some signal is, in part, Azot expression, but some 

other is not. This makes more difficult the interpretation of Figure 33, and maybe also the Figure 31 and 

Figure 3212. This line is now being replaced by (ywF/w); azot {KO, LexA}/CyO; 26xLexAop-

CD8::GFP/TM6B that showed no unspecific signal. The new stock was already tested in eye imaginal 

discs (Figure 34) and the quantification of Azot signal is represented in Figure 35. 

 

Figure 34 - Test of the Cell Competition scenario in the Tau model by Azot signal expression (GFP-Green 
Fluorescent Protein). GMR-Gal4 (A), GMR-Gal4; UAS-Aβ42 (B), GMR-Gal4; UAS-TauWT (C), GMR-Gal4; UAS-
TauR406W (D). Maximum intensity projections of the Z-stacks of the eye imaginal discs of third instar larvae. Azot 
signal is measured by GFP signal (green) and DAPI (blue) highlights the nucleus. All these pictures were taken with 
the 40x/1.4 objective. The broken line represents the morphogenic furrow. Scale bar = 100 µm. 

                                                      
12 So far, it was not proven yet if in the eye imaginal discs of larvae and pupal retinas there is also non-specific 
signal.   
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Figure 35 - Scatter plot (Mean with SD) representation of the quantification of Azot signal (with GFP), in the eye 
imaginal discs of third instar larvae, in flies overexpressing Tau under the control of the GMR driver and harboring 
an Azot reporter. In the statistical analysis, all the samples were compared against GMR> – the negative control. 
N-number of eye discs analyzed, ns-non-significant, ‘*’ - p≤0.05, ‘**’ - p≤0.01, ‘***’ - p≤0.001 and ‘****’ p≤0.0001. 

In the case of Figure 31, the expression is followed with 6xmCherry that, as discussed, can have an 

unspecific signal. Nevertheless, that results are close to the expected, in the way of having more Azot 

expression when overexpressed TauR406W protein. Contrary, the Figure 35 shows that overexpressing 

TauR406W protein, the cells express less levels of Azot, which would not be expected.  

The most important here is to evaluate the biological sense behind these results. In Figure 31 or Figure 

35, the numbers of Azot positive cells are so low that is more correct to consider that is no Azot being 

expressed. Thus, this validates the hypothesis that the Drosophila eye imaginal discs might be not a 

good model to test Tauopathies and/or Azot is not required for Tau-induced neurodegeneration.  
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4 – Discussion  

4.1 – Fly pushing  

Although the fly pushing is not a discussible result, it is important to dedicate a section explaining all the 

work behind the generation of the fly stocks used in this study. To establish a balanced stock, which 

allows keeping the transgenes of interest, specific steps are followed. First, the collection of virgin 

females, keeping in mind that a female fly is virgin for, approximately, 8 hours. Second, crossing the 

lines using the virgins and the males. Once the line is established, it can be used to perform experiments. 

This requires time to obtain larvae, pupae or adult flies according to the experimental setup. Then the 

flies are collected at specific timepoints and used for specific procedures including dissections, 

immunostaining and confocal imaging.  

Regarding this project using Drosophila, one of the biggest challenges was to learn techniques such as 

dissections, immunostainings, and confocal imaging. However, establishing stocks is, by far, the most 

time-consuming part. From expanding the stocks, and having the flies ready for the experiments, it took 

four months (having no previous experience in the field). Moreover, besides the Tau studies were 

performed using GMR driver, all the stocks with the other drivers mentioned (ey, Elav and the 

recombinant with Cha) were created. 

Another drawback of working with flies is that, depending on the genes inserted, and even the insertion 

locus, that flies are going to be stronger, or weaker, creating variability in the days of the lifecycle. 

Sometimes the stocks are weak and have few virgins, the cross does not work, or the desired gene 

combination is less viable and less flies hatch. This particular case happened with the w; ElavGal4/CyO; 

TM6B/MKRS stock, that is weak and died the first time when established. Consequently, w; 

ElavGal4/CyO; UAS-TauWT/TM6B and w; ElavGal4/CyO; UAS-TauR406W/TM6B were delayed, and 

harder to obtain because this genotype produces a phenotype in the eye (data not shown) and thus is 

difficult to distinguish the flies in the progeny to establish the stock. Another problematic stock was the 

; ; UAS-RNAi CG7047 that once died suddenly or, when crossed, the development of the fly exhibited 

a delay of 1-2 days, which interferes with the dissections and consequently with the confocal 

microscopy. On the other hand, crosses from (ywF/w); azot {KO, LexA}/CyO; 26xLexAop-

CD8::GFP/TM6B grew faster, and sometimes, when they were checked looking for larvae to dissect, it 

was already too late and there were all pupae.  

To summarize, the fly work is methodic, and time-consuming. For a project of six months, without 

previous experience, most of the time is applied to learn and establish stocks, rather than doing 

experiments.  

4.2 – Flower interacting candidates in an Aβ Model      

This project was conceived after proving that Cell Competition is a mechanism that induces apoptosis, 

in an Aβ42 model of AD [1]. So, the novelty of this experiment was the study of a set of four genes 

known to interact with Flower [40], in an Aβ model.  
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From this experiment, the results point in the direction that silencing fs(1)h and porin prove a reduction 

of apoptosis, in eye imaginal discs. The other proteins previously identified and studied in the Lab (SLC2 

and VDUP1) [40] showed non-significant results compared to the control, in this model. This does not 

mean that they are not important in Cell Competition but, that in the eye imaginal discs (contrary to the 

pupal retinas), their suppression is not sufficient to affect apoptosis in this model. It is important to 

highlight that the results obtained in this project, and in other studies [40], were obtained using different 

models and at different stages of the development (eye imaginal discs vs. pupal retinas). 

The literature available does not provide information about how fs(1)h and Porin interact with Flower, 

neither if they interact with Fweubi or the Lose isoforms (A, B or both) [30], [39]. 

Regarding the fs(1)h protein, it is challenging to understand what may be its role in Cell Competition or 

its interaction with Flower. According to the literature [41], [42], this gene is localized in the chromosome 

X and is required for the development of the fly (chromosome segmentation and fly segmentation – 

definition of the number of wings/legs). Up to this date, the link between fs(1)h and Flower is unknown 

and not even predicted.  

An interesting characteristic to explore is the fact that fs(1)h, expressed in early stages of the 

development (embryo/larva) and adults, maybe it is likely expressed and relevant for apoptosis in the 

larva/adult. Thus, evaluation of this candidate would just be relevant in specific stages of development. 

Also, SLC2 and VDUP1 silencing did not result in a decrease of apoptotic levels (Figure 23), and this 

may be due to the fact that these genes are not expressed in the larvae.   

To overcome this situation, the expression data of fs(1)h, SLC2 and VDUP1 should be consulted. 

Regarding fs(1)h, this protein is mainly expressed in embryos, larvae, and adult brains (Figure 36). To 

obtain more detailed information, Bgee database was also consulted [85], finding 36 entries for this 

gene. In this case, the expression data is inconclusive because it is still not known if fs(1)h is, or not, 

expressed in pupa13, for example. Regarding SLC2 and VDUP1 expression data, according to Bgee 

database, both proteins are expressed in the eye imaginal disc [86], [87]. Thus, in this case, the non-

reduction of apoptosis due to its blockage is not related to the expression profile of the SLC2 and 

VDUP1.  

On the other hand, it is also essential to explore the role of Porin as a Flower-interacting protein. An 

important idea to have in mind is that, in mammals, Porin has a key role in homeostasis. Together with 

adenine nucleotide translocase (ANT), in the inner membrane (IM), and cyclophilin D (CyD), in the 

matrix, it forms a complex denominated permeability transition pore (PTP) [88]. This complex is 

important because, under certain conditions – Ca2+ overload, or oxidative stress-, allow the release of 

cytochrome c to the cytoplasm, which then leads to caspase activation and apoptosis [57] - Figure 37. 

                                                      
13 The expression data just have the information of which states of development and loci, the gene was found to be 
expressed. Not being on the list, does not mean that the gene is not expressed in that loci, and in that state of 
development. Can be that the expression was not evaluated.  



45 
 

 

Figure 36 - Expression profile of fs(1)h obtained from [89]. Data obtained from the platform Affymetrix Drosophila 
Genome 2.0 array.  

 

Figure 37 - Representation of the mitochondrial membrane with emphasis on the PTP. The PTP is composed by 
VDAC, ANT, CyD as its main components, and also peripheral benzodiazepine receptor (PBR), Hexokinase (HK) 
and Creatine kinase (CK). Under stress conditions, the PTP opens, allowing the entry of water and solutes. As a 
response, the mitochondria releases Apoptosis initiating factor (AIF) and cytochrome c. OM – Outer membrane, 
IMS – Intermembrane space, IM – Inner membrane. Figure obtained from [90].  

From this information, is legit to extrapolate and suppose a connection between Flower and Porin. First, 

Flower is predicted to be a Ca2+ channel, which means that is going to transport this ion throughout the 

cell membrane. This Ca2+, when in excess in the mitochondria, can trigger the mitochondrial cell death 

by the release of cytochrome c. Cell Competition relies on caspase-dependent cell death, and through 

the PTP there is the release of AIF and cytochrome c, which triggers apoptosis. These two hypotheses 

make the Porin an interesting candidate to be explored as a player in Cell Competition. Besides, this 

protein does not have the problem of having its expression confined to a specific stage of development, 

being expressed ubiquitously and in all the stages of development [91].   
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However, this study needs to be made with caution because, the idea that Porin triggers apoptosis, and 

is why apoptosis is reduced when porin is blocked, is not necessarily true. The PTP previously described 

is for mammalians. Drosophila also has a PTP, but is less sophisticated, being an intermediate between 

yeast and mammalian mitochondria’s [88]. This means that there is less information about this system 

in Drosophila relying on its components and function. Moreover, silencing porin in Drosophila does not 

mean the blockage of the passage of cytochrome c. In fact, that was already proven that neither Porin, 

neither ANT, are essentials for this phenomenon, but CyD [57], [92]. This may mean that the relation 

Flower-Porin, may not be by the triggering of mitochondrial cell death.  

Another fact to consider is, how a membrane protein (Flower) can interact with a protein present in the 

outer membrane of the mitochondria (Porin). Although there is no evidence regarding how these two 

proteins interact, it is known that mitochondria can interact with the plasma membrane [93], [94]. In fact, 

it was already shown, in yeast, that mitochondria attach to the plasma membrane to assure that a portion 

of the organelles is retained in the mother cells during cell division [94]. Also, in mammalian cells, 

mitochondria are found close to the plasma membrane to participate in Ca2+ signaling, and/or ATP 

(Adenosine Triphosphate) supply [94]. For example, in the HeLa cells, 10% of the plasma membrane is 

covered by mitochondria [95]. 

On the other hand, even if it not by Flower or Porin, it was already proven that mitochondria are involved 

in Cell Competition. In a supercompetition context p53, a tumor suppressor, is induced to regulate 

mitochondria respiration [96]. In Myc overexpressing cells, p53 promotes an enhancement of metabolic 

flux and, the absence of p53, Myc overexpressing cells no longer kill WT cells, cannot expand as a 

population and have an increased genomic instability [96]. Another example is the metabolic changes 

that occur in the loser cells. The mitochondria of RasV1214-transformed cells, when surrounded by 

normal cells, exhibit lower membrane potential. This dysfunction is driven by upregulation of pyruvate 

dehydrogenase kinase 4 (PDK4) that inactivates pyruvate dehydrogenase and, in consequence, stops 

the conversion of pyruvate to acetyl-CoA, blocking the Krebs cycle. In this way, the upregulation of 

PDK4 is responsible for the decrease of the membrane potential [97]. 

However, it cannot also be excluded that the interaction Flower-Porin described in [39] is a false-positive. 

In that project, the protein expression was induced, the cells lysed, the lysate purified by immunoaffinity 

chromatography, and the peptides analyzed by mass spectrometry. It is likely that the proteins interacted 

when the cells were lysed, thus this would not be an interaction that occurs in vivo.    

To understand if fs(1)h and Porin are important players in Cell Competition, future studies need to be 

done. It would be important to use Flower and Azot reporters to understand if the blockage of fs(1)h and 

Porin interferes with Flower and Azot expression, and thus conclude if these genes are missing-pieces 

of the Cell Competition mechanism. For instance, Flower{KO;KI-FlowerLoseB::mCherry} can be used 

for this purpose, in which all the isoforms of Flower are KO, rescued with the KI of all the isoforms, but 

                                                      
14 RasV12 is an oncogenic protein that causes benign tumour growth in Drosophila [103]. 
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FlowerLoseB fused with mCherry to track its expression. Regarding Azot, flies harboring the LexA-lexAop 

system ca be used, in which Azot is KO and, a KI of LexA activates a sequence of 26xCD8-GFP.  

4.3 – Tau Model      

To evaluate if the overexpression of TauWT or TauR406W leads to a neurodegenerative phenotype, first it 

was tested the best condition where Tau overexpression could lead to a neurodegenerative phenotype 

as GMR > Aβ42. In the Figure 25 are the representative images of the eye imaginal discs of flies 

expressing Tau under the control of three different drivers: Cha, ey, and GMR.  

The Cha (Figure 25A-C) and ey (Figure 25D-F) drivers seem not to induce neurodegeneration, contrary 

to GMR (Figure 25G-I) that was the only driver showing clearly apoptotic cells when overexpressed Tau 

in the eye imaginal discs.  

There are few studies referring the use of the ey driver in the overexpression of Tau [98]. In the pupal 

retina, is claimed that the driver is weak [98]. Consistent with such observation, Dcp1 signal was not 

detected in ey > Tau eye imaginal discs (Figure 25E-F). 

Regarding the cholinergic neurons, there is literature proving that, in the adult brain, Cha > Tau induces 

neurodegeneration [59], but this study is not extended to eye imaginal discs. In fact, evidence regarding 

the expression of proteins driven by Cha in the eye imaginal discs were not found, even though 

cholinergic neurons exist since the embryonic stage [99]. Nevertheless, I could not find cholinergic cells 

in the eye imaginal discs when used a strong reporter (20xUAS-6xmCherry) to mark these cells (data 

not shown). The absence of Dcp1 positive cells in the Figure 25A-C is then because there were not 

cholinergic neurons in the eye imaginal discs. 

Then, the GMR driver was used, in eye imaginal discs, to control the overexpression of Tau (Figure 27). 

Surprisingly, no significant differences in apoptosis were found between the overexpression of TauWT or 

TauR406W, and the negative control. 

These results are showing that overexpressing TauWT or TauR406W do not increase the apoptotic levels, 

in the eye imaginal discs. Even though, it is still in contradiction with the data of the literature that claims 

that Tau can induce neurodegeneration [59], [74]. These results can be caused by some factors like, for 

example:  

1) Experimental problems. Wrong selection of the progeny, problems in the penetration of the 

primary/secondary antibodies, problems in the fixation. The list of the source of errors in an 

experiment is extense, but does not seem the case of this experiment. The larvae were selected 

against TM6B, and the parents picked were homozygous in the second chromosome, so the 

larvae had the correct genotype. Does not also seem a problem with the immunostaining, 

because the same protocols and antibody were used in section “3.1 – Flower interacting 

candidates in an Aβ Model”, where the results were consistent. Also, if it would be an 

experimental problem, the positive control (GMR>Aβ42) would not work properly.           

2) The human Tau transgene was not inserted in the genome of the flies. Seems an obvious 

observation because the flies with the drivers were tested, but the Tau flies no. This could have 
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been done with simple techniques like Western Blot, or a PCR. However, the insertion of genes 

in flies can be seen by the color/pattern of the eyes. The genetically modified flies have, typically, 

a white background, which means that without insertions, the eyes are white, and with 

insertions, there is a rescue of the phenotype and the eyes become red again. This is valid for 

almost every gene, so it just means that the flies have some insertion, not necessarily Tau. It 

was already reported that when GMR is driving the expression of Aβ42 or Tau, the eyes of the 

adults have a degeneration phenotype [59], [75], [98], and this was observed in the flies of this 

project (Figure 38). 

GMR  GMR > TauWT 

  

Figure 38 - Detail of the eyes of Drosophila when GMR is not driving the expression of a gene (A) (left) or is driving 
TauWT (B) (right). The phenotype of GMR > TauR406W is the same as shown in B, that is why it is not represented. 

3) Problems in the negative control. Since two different Tau proteins were tested and had close 

results, it seemed important to evaluate if there were problems in the negative control. Is true 

that the proper control, in this case, would be GMR > LacZ, because it activates the UAS-Gal4 

system which would be driving a gene that is not affecting the flies. However, this was not done, 

and the control GMR alone fits the purpose, even if just for a first approach.  

Nevertheless, the negative control seemed not to be the problem because, when compared to 

the positive control, showed less apoptosis, as expected. Even though, this does not solve the 

problem, since the number of Dcp1 positive cells is much lower in the case of overexpressing 

Tau, comparing to Aβ42. Since the Aβ42 model is expressing an evident degeneration, having 

a model where the degeneration is attenuated, would not be disruptive. 

4) Problems with the driver. It is starting to be from the general knowledge (Personal 

Communication) that the GMR driver is not overexpressing proteins uniformly in its expression 

domain. The possible mosaic expression of Tau can, maybe, explain part of the enormous 

standard deviations observed in Figure 23, but cannot explain the Tau results once the same 

driver generates a clear phenotype in the Aβ42 model. Also, if the driver was not working 

properly, it would not be possible to see the degeneration phenotype in the Figure 38B. 

The incapability of generating a neurodegeneration model by Tau protein overexpression does not seem 

to be a failure in the methods, but in the model itself. It would be relevant to understand the problems of 

generating a Tau model, and find possible solutions to make it functional.  

The Lab has been studying Cell Competition in an Aβ42 model. The Aβ42 model is functional, but cannot 

be compared directly to the Tau model, for two main reasons: 

B A 
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1) Aβ42 is extracellular. The Aβ42 plaques deposit in the extracellular space. In this way, the 

neurodegeneration is cell autonomous, but can also be non cell autonomous. This is different 

from Tau, which accumulates intracellularly, leading to a cell autonomous neurodegeneration.  

2)  Aβ42 is toxic in all stages of development.  Aβ42 is expressed, and neurotoxic, in larvae, pupae, 

and adult [1]. The neurotoxicity in larvae can even be seen in Figure 27, comparing the negative 

control (GMR) with GMR > Aβ42. However, Tau overexpression showed not to be neurotoxic 

in larvae (Figure 27), but it is neurotoxic in adults once it originates degeneration phenotype in 

the eye (Figure 38). 

The results of Figure 27, combined with the phenotype seen in adults (Figure 38) and the respective 

brains of Figure 29 suggest that Tau neurotoxicity is restricted to more aged flies. Note that the most 

important studies cited about Tau are done in adults [59], [74], [100]. This may mean that Tau toxicity is 

a result of gradual accumulation of Tau protein that just becomes neurotoxic above a certain 

concentration inside the cells. This threshold-for-neurotoxicity hypothesis can also be related to the fact 

that Tau’s effect is just cell autonomous, unlikely Aβ42 has non cell autonomous neurotoxicity effect. 

Figure 39 represents a western blot, showing that Tau is more expressed in the adult brains, than in 

larvae (comparing the ELAV columns).  

 

Figure 39 – Expression of TauWT in different neuronal populations. On the left is the expression in adult brains: 
c772- driver for mushroom bodies, GMR – driver for the eyes, ELAV – driver for pan-neural expression, D42 – driver 
for larval motor neurons. Adapted from [100].   

Figure 39 shows that the GMR driver, leads to more expression of TauWT than ELAV, in the adult brains 

of Drosophila. This confirms that TauWT is overexpressed in adult flies, and justifies the phenotype seen 

in Figure 38.  

To confirm that Tau toxicity is concentration dependent, some studies can be done to increase Tau 

concentration in the eye imaginal discs and, in this way, obtain the degeneration in that state of 

development. Regarding the tau gene, instead of one copy inserted in the construct, multiple-copy 

insertion can be generated to have several copies of the transgene in the flies. The driver regulates the 

levels of transcription so, a stronger driver can also be used. Stronger driver does not necessarily mean 

a different one, can just be the insertion of the driver gene in another chromosome. For this project, the 

GMRGal4 driver used is in the second chromosome, but there is also one in the Lab with this construct 

in the first chromosome, that can also be used. To increase the Tau toxicity, zinc can be added to the 

flies’ diet. It was already shown, that zinc can promote the aggregation of the hTau overexpressed 

protein, increasing its toxicity in the Drosophila model [74].    

The fly model should also be reviewed. Drosophila has endogenous Tau expression, dTau, that can be 

interfering with the experiments. The hTau and dTau interact in a way that the human protein can 



50 
 

sequester dTau [60] and it was already proved that the KO dTau flies are viable [71]. To avoid the 

interference of dTau, KO flies can be generated with the KI of the htau transgene.  

Cell competition 

Besides the Tau neurodegeneration model is not functional in the eye imaginal discs, Azot signal was 

quantified, in this model, using two different reporters: mCherry (Figure 31) and GFP (Figure 35). 

Despite showing different tendencies in the Azot positive cells, the overall conclusion is that these results 

are not biologically significant. Thus, this experiment is another indication that Tau is not toxic in the eye 

imaginal discs or azot is not required to eliminate these cells. 

Moreover, besides knowing that the 6xmCherry reporter has unspecific signal, the brains represented 

in the Figure 33 show, once more, indicators of apoptosis. In this case, Azot is more expressed, again, 

in the flies overexpressing TauR406W comparing to the ones overexpressing TauWT and the negative 

control. Even so, more brains need to be analyzed to confirm that the Tau model is functional in adults, 

and Cell Competition occurs in this disease model scenario.         
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5 – Conclusions and Future Work 

The overall conclusion of this work is that the Aβ42 model is robust and consistent. On the other hand, 

the Tau model did not work in eye imaginal discs of Drosophila but is early to exclude it as a potential 

neurodegeneration model.  

Regarding the studies on the Aβ42 model, only porin and fs(1)h proved to reduce apoptosis, when 

silenced. These experiments were done in an Aβ42 model, without the information if they are 

reproducible in other contexts like irradiation, or mechanical injury. Also, I have not studied if this only 

occurs in eye imaginal discs, or is transversal to all stages of development, whenever these proteins 

are required. Finally, it is not clear how Porin and fs(1)h are related to Cell Competition. The results 

emerged from staining anti-Dcp1, a general apoptotic indicator, and were compared to the apoptotic 

levels when Flower Lose A and B are silenced. 

For the future, it would be important to understand if the apoptotic levels are maintained in all stages of 

development when Porin and fs(1)h are expressed. So, the same approach needs to be applied to pupal 

retinas (to confirm the results obtained in previous studies [40]), and adult brains. It is also important to 

use other RNAi lines, because the conclusions should be robust, even when using different lines for the 

same gene. In the context of Cell Competition, is also essential to use reporter genes, in the same 

neurodegeneration scenario, to see if this decrease in apoptosis is also supported by a decrease in 

Flower and Azot expression.  

About the Tau model, the results show that when GMR drives Tau overexpression, there is no increase 

in apoptosis, in the eye imaginal discs. However, the few adult brains analyzed of the Tau model, and 

with Azot reporter, suggest an increase in apoptosis when overexpressed TauR406W, followed by TauWT. 

In other studies, adult brains were adopted to study Tau as, in humans these diseases occur mainly 

older people. Moreover, because Tau is accumulated intracellularly, it might require a threshold 

concentration to become neurotoxic, which is also physiological because these diseases are gradual, 

and not massively destructive like the Aβ42 model in Drosophila.  

To prove that the Tau model is functional in adult brains, more samples need to be analyzed. Also, it 

would be interesting to study different timepoints in adulthood to see the evolution of the disease.  Since 

the GMR is a broad driver for the brain, probably these studies are going to be performed using the Cha 

driver. In this way, instead of having regions of the brain expressing Tau, smaller groups of cells will be 

evaluated, better mimicking the canonical mosaic expression expected for the event of Cell Competition.      
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