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Abstract  

 

Primary glioblastoma (GB), the most common and aggressive adult brain tumour, is refractory to 

conventional therapies and characterised by poor prognosis. GB displays striking cellular 

heterogeneity, with a sub-population, called Glioblastoma Stem Cells (GSCs), intrinsically resistant 

to therapy, hence the high rate of recurrence. Alterations of the tumour suppressor gene PTEN are 

prevalent in primary GBM, resulting in the inhibition of the polarity protein Lgl1 due to aPKC 

hyperactivation. Dysregulation of this molecular axis is one of the mechanisms involved in GSC 

maintenance.  

After demonstrating that the PTEN/aPKC/Lgl axis is conserved in Drosophila, I deregulated it in 

different cells populations of the nervous system in order to individuate the cells at the root of 

neurogenic brain cancers. This analysis identified the type II neuroblasts (NBs) as the most 

sensitive to alterations of this molecular axis. Type II NBs are a sub-population of Drosophila stem 

cells displaying a lineage similar to that of the mammalian neural stem cells. Following aPKC 

activation in these stem cells, I obtained an adult brain cancer model in Drosophila that summarises 

many phenotypic traits of human brain tumours. Fly tumours are indeed characterised by 

accumulation of highly proliferative immature cells and keep growing in the adult leading the 

affected animals to premature death.  

With the aim to understand the role of cell polarity disruption in this tumorigenic process I carried 

out a molecular characterisation and transcriptome analysis of brain cancers from our fly model.  

In summary, the model I built and partially characterised in this thesis work may help deepen our 

knowledge on human brain cancers by investigating many different aspects of this complicate 

disease. 
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INTRODUCTION 

 

1. Brain cancer 

 

Brain tumours are a wide range of heterogeneous cancers which develop in the central 

nervous system (CNS). They can be primary, originated in the brain, or metastatic which 

instead grow in the brain but originate elsewhere. Primary brain tumours are classified based 

on the cell type of the onset area. According to this criterion, in 2016 World Health 

Organization (WHO) identified about 200 types of different cancers divided into subgroups. 

Among these, gliomas have an important biological relevance. 

Gliomas are a group of heterogeneous brain tumours deriving from different neural 

precursors, and represent around 30 % of all brain tumours, with glioblastoma (GB) being the 

most frequent and malignant form, also named glioblastoma multiforme after its peculiar 

morphological heterogeneity1. For this reason, the most part of brain cancer research is 

focussed on GB, and I dwelt my attention on this in carrying out my thesis. 

 

1.1. Glioblastoma: an overview 

As previously mentioned, GB is the most common and aggressive among adult brain tumours, 

classified as grade IV according to the WHO classification2. 

From the clinical point of view, GB can be divided into two different types: primary and 

secondary GBs. Primary GB originates de novo as an extremely aggressive lesion that grows 

rapidly in elderly patients (over 65). Secondary GB develops from low-grade tumours instead, 

it typically arises in younger patients (around 45 years) and shows a slower course. 90% of all 

GBs are primary and show a poor prognosis3. 

 

1.1.1. Genetic alterations 

 

Histologically, primary and secondary GBs are indistinguishable, and clinical distinction is 

based on the status of the IDH1/2 genes, which encode different isoforms of Isocitrate 

Dehydrogenase. In this sense, GBs are classified as IDH1/2 wild-type (IDH1/2+/+), IDH1/2-

mutated (IDH1/2-/-), and NOS (no full IDH evaluation available). 
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IDH1/2+/+ GBs (approximately 90% of cases) correspond to primary forms, while the IDH1/2-

/- GBs (about 10% of cases) coincide with secondary forms3. GB has a complex pathogenesis 

that involves alterations of several key cellular pathways associated with proliferation, 

survival, migration and angiogenesis, with primary and secondary GBs showing different 

molecular signatures. 

Secondary GB is unequivocally characterised by mutations in IDH1/2 but also by mutations 

in the PDGFR (Plateled-Derived Growth Factor Receptor) gene and in the Tumour Protein 

53 (TP53) gene. Primary GB shows instead amplification of the Epidermal Growth Factor 

Receptor (EGFR), inactivation of the tumour suppressor Phosphatase and TENsin homolog 

(PTEN) and mutations in the promoter of the TElomerase Reverse Transcriptase (TERT) 

gene. In addition to these mutations specific to the different subtypes, there are others shared 

by both: mutations in the pRB signalling pathway and MDM2 amplification4. This canonical 

classification, summarised in Table 1, represents the WHO standard reference1; however, 

especially in the light of the data collected using innovative “omic” methods, this rigid 

classification seems slightly simplistic. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

              

 

From: Louis et al. 20161 

 

Table 1: Key characteristics of primary and secondary glioblastomas. 
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The characterisation of GB genome, epigenome, proteome and transcriptome offered a high-

resolution and complex image of the molecular alterations underlying this tumour5,6. This 

integrated analysis led, for example, to an alternative molecular classification of GBs into 

neural, proneural, classical and mesenchimal subtypes7. 

 

Furthermore, single-cell RNAseq analysis demonstrated the co-presence of multiple subtypes 

in a single tumour, underlining the remarkable inter-tumour (tumour by tumour) but also 

intra-tumour heterogeneity, typical of  this pathology8. The term “intra-tumoral 

heterogeneity” refers to the co-existence within the same tumour of sub-clones with different 

transcriptional, morphological, genomic and epigenomic characteristics. It is possible to 

distinguish a “spatial heterogeneity” but also a “temporal heterogeneity” whereby the sub-

clonal structure varies over time in relation to inter-clonal dynamics and mutual 

communication with the microenvironment9. 

 

1.1.2. Biological behaviour  

 

GB is characterised by an infiltrating growth that makes the tumour highly malignant. Despite 

its highly invasive growth, extra-cranial metastases of GB are infrequent, probably due to its 

rapid growth resulting in a short life expectancy10.   

This high invasiveness depends on a distinct migration strategy adopted by tumour cells, 

called “Guerrilla war”11: invasion occurs through the movement of single cells that spread 

sporadically into different brain regions. GB cells do not use lymphatic or blood circulation to 

migrate, like other solid tumours, but “walk” actively along brain structures as vessels, white 

matter traits and brain parenchyma12. These migratory “tracks” are frequently called 

“Scherer’s structures”, from the neuropathologist who first described them13 (Fig. INT.1). To 

carry out this type of invasion, GB cells undergo several biological changes. First, cells 

become morphologically polarised and develop membrane protrusions called “pseudopodia” 

which interact directly with the Extra Cellular Matrix (ECM) thanks to Integrin 

overexpression. Subsequently, by contracting, changing shape and volume, assembling and 

disassembling the focal contacts, cells are able to move even in very small spaces14. These 

cells are further favoured in their invasive behaviour by ECM remodelling, mainly 

upregulating secreted and membrane-bound proteases, in particular Matrix Metallo-Proteases 

(MMPs)15. 
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From Cuddapah et al. 2014 12 

 

 

Another characteristic that makes GB such a malignant tumour is its phenotypic 

heterogeneity, given by the co-presence of tumour cells at different stages of differentiation 

(see Chapter 1.2). Among these, Glioblastoma Stem Cells (GSC) have been identified as the 

putative population responsible for invasion16, endowed with stem-like properties that can 

initiate and maintain the tumour17. Stemness, but also proliferation, angiogenesis and 

invasion, do not only depend on their intrinsic characteristics but are also influenced by the 

surrounding microenvironment18 and influence it in turn19. 

Recently, alongside the definition of cancer as a genetic disease, the fundamental importance 

of the inter-relationships between the tumour and its microenvironment has emerged. The 

microenvironment (also known as Tumour MicroEnvironment, TME) is a dynamic, complex 

and highly heterogeneous system characterised by an intricate network that includes blood 

vessels, ECM, soluble factors (for example chemokines and cytokines) and highly diversified 

cellular components (Fig. INT.2). In addition to cancer cells, we find resident cells such as 

neurons, microglia and astrocytes, immune system cells such as monocytes, macrophages, T 

cells and mast cells, and stromal cells20. 

Figure INT. 1: Preferential routes of GB cells’ migration. 
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TME contains other stem cells besides GSCs, such as mesenchymal stem cells and glioma-

associated stem cells21,22. They play a key role not only in gliomagenesis but also in tumour 

growth/progression and resistance to therapy through various mechanisms, as deeply 

described in 20. 

 

   

 

Figure INT. 2: Brain microenvironment.  

Schematic representation of all the different components that form the brain microenvironment. 

From: Broekman et al.  201820 

 

Glioma microenvironment is composed of this large variety of elements but is also 

compartmentalised into anatomically distinct regions, called “tumour niches”. Similarly to 

what happens in development, where normal stem cells are kept inside niches that regulate 

stemness and differentiation, tumour niches support cancer stem cells, but not only23. GB 

heterogeneity is also supported by the evidence that a single tumour can show 

morphologically and functionally distinct niches: perivascular (PVN), hypoxic (PNN), and 

invasive niches (IN)24 (Fig. INT. 3). In the first one, GSCs and tumour cells nest around pre-
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existing vessels and are in close contact with the endothelial cells. When tumour growth is 

faster than neo-vascularisation, we see the formation of hypoxic niches instead. Hypoxia 

allows stabilisation of the transcription factor HIF1(Hypoxia Inducible Factor 1) which 

regulates the expression of genes involved in angiogenesis but also in GSC stemness and 

invasion. In the invasive niche, on the other hand, tumour cells co-opt the blood vessels, thus 

managing to migrate across the cerebral parenchyma24. 

 

      

Figure INT. 3: Schematics of the different GB niches. 

Illustration of the Perivascular (PVN) (a), hypoxic (PNN) (b), and invasive (c) niches. 

From: Hambardzumyan, and Bergers 201524 

 

1.1.3. Diagnosis, treatment and prognosis 

 

The symptoms of GB are non-specific and depend on the tumour size, localisation and rate of 

growth. They may include headache, nausea, motor weakness, personality changes and 

cognitive impairment and usually occur in patients with advanced cancer25. When symptoms 
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appear, the patient undergoes neurological assessment, but diagnosis is based on a Magnetic 

Resonance Imaging (MRI) and confirmed by histological and molecular assays. The standard 

care for GB indeed involves surgical removal. Given the extremely invasive nature of GB, it 

is difficult to establish its margins and to remove it completely; for this reason, surgical 

resection is followed by radio- and chemotherapy. The combined use of surgery, radio and 

chemotherapy offers a minimal survival advantage; furthermore, radiotherapy is poorly 

efficient as it promotes high oxidative stress, and hypoxic cells are consistently resistant. The 

“gold standard” treatment is the administration of Temozolomide (TMZ), an alkylating agent 

which, among all chemotherapeutic agents, offers the best effectiveness and tolerability26. 

Post-surgical treatments are necessary to prevent relapses, however this strategy is not 

sufficient and remains essentially palliative: relapses occur and the prognosis remains poor. 

The median survival of GB patients treated with conventional therapy is 12-15 months, with 

only 5% survivors at 5 years after diagnosis27.  

These disappointing results can be explained by different characteristics of GB such as 

genetic and epigenetic variability, cellular heterogeneity, interactions with the 

microenvironment and, at least in part, also by the inability of therapeutics to cross the blood-

brain barrier (BBB) and reach the desired target zone.  

 

1.2. Glioblastoma cellular heterogeneity 

 

As previously mentioned, one of the characteristics that makes GB a malignant tumour is its 

intrinsic phenotypic heterogeneity, due to the presence of glioblastoma cells displaying 

distinct differentiation stages and growth dynamics.  

 

 

1.2.1. Cancer stem cell hypothesis and Glioblastoma stem cells (GSCs) 

 

Two different models have been developed to explain how this heterogeneity is achieved 

starting from a single cancer-initiating cell (CIC): the stochastic (or clonal evolution) and 

hierarchical (or cancer stem cell) models. 

In the stochastic model, all cancer cells have the same ability to generate a phenotypically 

heterogeneous tumour. On the other hand, according to the cancer stem cells hypothesis, 

cancer cells are organised hierarchically, as the cells of a normal tissue. In this model only a 

subclass of cancer cells, called Cancer Stem Cells, are capable to propagate the tumour. These 
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cells behave like normal stem cells, except that they have lost the normal homeostatic balance 

between self-renewal and differentiation, and consequently are re-defined as cancer stem 

cells. 

 

 

 

 

 

 

 

 

 

 

 

 

CSC are capable of self-renewal, they give rise to phenotypically different cells and generate 

a tumour identical to that of the donor when transplanted into immune-compromised animals. 

Referring to this ability, these cells are also called Tumour-Initiating Cells (T-IC) or Tumour 

Propagating Cells (TPCs)28 (Fig. INT. 3). 

The cancer stem cell hypothesis was first demonstrated in late 1990s from studies on acute 

myeloid leukaemia (AML) in which only 1% of the tumour cells could induce leukaemia 

when transplanted into immunodeficient mice29,30. Later, T-IC have also been identified in 

tumours from breast31, ovary32, colon33, bone34, liver35 and brain36,37. Gradually, different 

works observed that GB is organised hierarchically and contains Glioblastoma Stem Cells 

(GSC), also known as GBM Tumor-Initiating Cells” (GTICs)17,38. 

GSCs, in accordance with the concept of CSCs, are capable of self-renewal, persistent 

proliferation and tumour initiation. They represent an extremely low percentage of the tumour 

mass, can differentiate into multiple lineages and express a number of stemness markers such 

as SOX2, NANOG, MYC, MUSASHI1, NESTIN and CD13339. Their state can be influenced 

by numerous cell-autonomous and external factors39 (Fig. INT. 4). GSCs are, moreover, 

resistant to standard therapies: they are deemed responsible for relapses40. They express stem 

cell antigens and are functionally identified for their ability to form neurospheres. 

 

 

Figure  INT. 3: Models of tumour evolution. Schematic illustration of Stochastic and Hierarchical model. 

Adapted from: Vessoni, A.T at al. 202028 
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In A are schematised all the essential (top) and common (bottom) characteristics of GSCs. B represents an illustration of 

intrinsic or extraneous factors that regulate the state of GSCs. Adapted from Lathia et al. 201539 

 

 

In addition to the above features, GSCs share common aspects with normal Neural Stem Cells 

(NSCs): they indeed use analogous pathways for maintenance41 and are organised within 

specialised niches, which provide growth factors that regulate self-renewal, tumorigenesis and 

survival. In fact, they are mainly found close to vessels and communicate with a number of 

microenvironment components42.  

 

1.2.2. Where do GSCs come from? What are they? Where are they going? 

It seems evident that, despite all the information we have to date, in trying to make GB a 

treatable disease we still have a long way to run as to understand its origin, its evolutionary 

processes and its hierarchical organisation. Given that GSCs are responsible for its origin and 

relapses, the interest of scientific research in GB has largely focussed on them. Paraphrasing 

the title of Gauguin’s famous painting “Where Do We Come From? What Are We? Where 

Are We Going?", we have to figure out where GSCs originate from, which properties define 

them and whether and how these traits change over time in relation to the surrounding 

microenvironment. 

What is the origin of GSCs? For years, the “no new neuron” dogma, under which 

neurogenesis is a negligible event in adult mammals, has greatly influenced understanding of 

the origin and development of brain cancers. This belief has imposed the differentiated cells 

Figure INT. 4: Features and regulation of GSCs. 
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as the only candidates for the origin of adult brain tumours. This scenario changed with the 

discovery of adult neurogenesis: in other words, the possibility that new neurons and new 

glial cells be produced throughout life by neural stem cells, especially following injury and/or 

disease. At that time, the question has been raised whether GSCs could originate from NSCs 

which, following additional mutations, may lose the ability to differentiate and maintain the 

characteristics of stem cells43. 

Whether GB arises from mature cells that regain the capacity to proliferate or from normal 

stem cells is still an unresolved issue (FIG. INT.5). Some studies argue that terminally 

differentiated cells, such as neurons, as a result of specific genetic alterations undergo a 

process of de-differentiation, thus reaching a stem/progenitor state capable of initiating and 

maintaining the tumour44. It has long been presumed that astrocytes were the only 

proliferating cells in the adult brain and therefore  considered as the hypothetical cells of 

origin. They must de-differentiate and become tumourigenic, which is possible but 

unlikely45,46. Other lines of research affirm GSCs may originate from committed precursor 

cells instead, like Oligodendrocyte Progenitor Cells (OPCs) or Astrocyte Precursor Cells 

(APC)47,48. On the other hand, neural stem cells, given their important proliferation and self-

renewal, may also be a preferred substrate for tumourigenesis. 

 

 

 

 

 

 

 

 

 

 

 

Figure INT. 5: Hypothesis on the origin of GSCs. 
Stem cells, progenitors and differentiated cell can give rise to GSCs. From: Bjerkvig et al., 2005235 
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The presence of NSCs in the adult brain was observed for the first time in 199249. NSCs are 

multipotent cells, located in stereotyped niches, which do self-renewal and differentiate 

neurons and glia. There are two neurogenic niches in the adult mammalian brain: the 

subventricular zone (SVZ) of lateral ventricles50 and the subgranular zone (SGZ), part of the 

dentate gyrus of the hippocampus51. Adult neurogenesis roughly summarises the complete 

process of neuronal development at the embryonic stages. In the niche, we can find the 

astrocyte-like adult neural stem cells, also called type B cells, capable of replicating through a 

cell-cycle time up to 28 days52. These adult neural stem cells generate the fast-cycling Trans-

Amplifying Precursors (TAPs)53. These precursors, which are called type C cells, are 

multipotent and generate migrating NBs called type A cells (Fig. INT. 6). In rodents, these 

cells migrate along the Rostral Migratory Stream (RMS) towards the olfactory bulb (OB), 

where they terminally differentiate into inter-neurons, mainly GABAergic glomerular 

neurons54. In humans, these migrating NBs seem to leave the periventricular region as single 

cells with a still unclarified destination55.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure INT. 6: Neurogenesis of SVZ in the mature CNS. 

a) and b) show the neural lineage in the adult sub-ventricular zone. c) Schematic representation of SVZ structure showing 

how these precursors fit and are organised. Adapted from: Vescovi et al. 200643 
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This lineage is strictly controlled by the signals of the microenvironment, and these transient 

precursors are used to amplify the progenitor pool when needed. The ability of these cells to 

divide constantly over time, combined with their ability to migrate, makes them a likely 

source of GSCs. 

Among the various works that indicate the NSCs of SVZ as the origin of GSCs, a recent work 

by Lee and colleagues has given a first and unique demonstration in patients. In patients with 

IDH1+/+ GB and uncompromised SVZ, 56% of tumour-free SVZ tissue contained mutations 

in GB-driver genes such as TP53, PTEN and EGFR. Additionally, 42.3% showed mutations 

in the TERT promoter both in the SVZ and the tumour. Moreover, they utilised murine models 

to prove that astrocyte-like NSCs carrying driver mutations were able to migrate from SVZ to 

different brain regions and originate the tumour. On the other hand, half of the patients with 

IDH1+/+ GB (about 44%) did not harbour mutations in SVZ-derived NSCs, as well as all the 

patients with IDH1-/- GB56. This means that other cell types have to be contemplated as 

possible tumour origin. 

Moreover, a very recent work by Parada has shown how adult neural populations at various 

stages of lineage progression show a different neurogenic potential, with a susceptibility to 

GB which decreases along with differentiation57. 

Given the complexity and chaotic nature of cancer, it is likely that the underlying mechanisms 

are copious and disparate and that all the hypotheses developed are true. Nevertheless, even 

just reasoning about “probability”, since oncogenic mutations are rare and stochastic events, 

these are more likely to be fixed in proliferating stem cells than in mature cells. Based on this 

vision, GB was classified as a “bad luck cancer”, which fully reflects the positive correlation 

between the average number of cell divisions of each organ’s stem cells and the risk of 

cancer58.  

 

1.2.3. Pathways involved in maintaining GSCs 
 

Numerous pathways are involved in the maintenance of this population, many of which, as 

previously mentioned, shared with the NSCs. 

Notch pathway. Notch pathway is an important regulator involved in the development and 

the maintenance of adult stem cells, promoting self-renewal and repressing differentiation. 
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This way is involved also in tumourigenesis in different organs, including brain59. Notch 

receptor, its ligand and downstream molecules are overexpressed in GB and are associated 

with the expression of stemness markers such as Nestin60. The inhibition of Notch signalling 

results in a reduced expression of stemness markers and neurosphere formation, reduced 

tumour growth and increased differentiation61. Alterations of the Notch pathway are also 

associated with therapy resistance62. 

Hedgehog pathway. Hedgehog (HH) pathway is involved in neural development and in the 

maintenance of normal NSCs63. There are three isoforms of Hedgehog and the most studied is 

Sonic Hedgehog (SHH), the ligand activating the pathway. In brief, when SHH is absent, its 

receptor Patched (PTCH) inhibits a membrane protein named Smoothened (SMO). When 

SHH binds PTCH, SMO is activated and in turn activates several downstream targets such as 

the transcription factors GLI, discovered for the first time in gliomas. SSH-GLI signalling 

regulates self-renewal and tumorigenic potential64.  Recent publications have shown that the 

stemness-associated NANOG protein, positively regulated by GLI, is essential for GB growth 

in vivo65.  

STAT3 pathway. Signal Transducer and Activator of Transcription 3 (STAT3) is implicated 

in nervous system development, in the immune response, in the maintenance of stem cells and 

in tumourigenesis. The link between STAT3 activation and gliomas has become evident in 

recent years: STAT3 has a central role in modelling tumour immune microenvironment66 and 

is required for GSC proliferation and maintenance 67.  

 

PTEN/aPKC/Lgl pathway. PTEN, as well as the other previously mentioned genes, regulate 

the self-renewal of healthy stem cells. PTEN inactivation is a common event in IDH1+/+ GBs, 

it is in fact considered a driver lesion. Some works have shown how PTEN inactivation can 

lead to alteration of cell polarity, which seems to play a role in the maintenance of GSCs. I 

focussed my attention on this molecular axis during my thesis work, so I dedicated to this 

pathway a specific paragraph of the Introduction (see Chapter 2). 

 



14 
 

2. PTEN/aPKC/Hugl-1axis and its role in GSC maintenance 

 

2.1.  The Tumour Suppressor PTEN 

 

PTEN (Phosphatase and TENsin homolog deleted on chromosome 10) is a tumour suppressor 

gene (TSG) that works as key regulator of a plethora of cellular processes, important in 

development and cancer. The protein was initially classified as Protein Tyrosine Phosphatase 

(PTP), but it was successively observed that it dephosphorylates target proteins also in 

threonine and serine residues. PTEN is a dual-activity phosphatase, targeting both proteins 

and lipids68.  

PTEN localisation is mainly cytoplasmic and membrane-bound, although it can also carry out 

some functions at the nuclear level69. Recent work proved the existence of a translational 

variant, PTEN-Long (PTEN-L) characterised by the N-terminal addition of 173aa working as 

secretion signal. This isoform is secreted and uptaken by other cells in a paracrine manner70. 

Furthermore, an extended cytoplasmic variant has been identified, named PTEN-α, regulating 

mithocondrial activity71.  Finally, a novel variant named PTEN-β was recently identified in 

the nucleolus, where it regulates pre-rRNA synthesis and cell proliferation 72 

 

2.1.1. PTEN functions 

Several in vivo studies allowed identifying the essential role of PTEN as a TSG; in vitro 

assays, on the other hand, suggested additional roles. These combined approaches have 

highlighted how this multifunctional molecule is central in a multitude of cellular processes. 

PTEN as phosphatase. Most of PTEN’s TSG functions are mediated by its activity as lipid 

phosphatase; the main substrate is the membrane lipid phosphoinositide-3,4,5-triphosphate 

(PIP3), the principal second messenger of the PI3K/AKT pathway. PTEN dephosphorylates 

PIP3 to phosphatidylinositol-4,5-bisphosphate (PIP2)73, whereas the converse reaction is ruled 

out by the Phosphoinositide 3 Kinase (PI3K). Following stimulation by various growth 

factors such as EGF, PDGF or other nutrient-dependent molecules such as Insulin or IGF 

(Insulin-like Growth Factor), PI3K is indeed activated and can catalyse the conversion of 

PIP2 to PIP3, which  is in turn required for the membrane recruitment of 3-phosphoinositide-
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dependent kinase 1 (PDK-1) and AKT (also known as Protein kinase B/PKB). Co-localisation 

of these two proteins allows PDK-1-mediated phosphorylation of AKT. Once activated, AKT 

can phosphorylate and regulate the function of many proteins involved in numerous cellular 

processes. AKT activation promotes survival, proliferation, growth, invasion, migration, self-

renewal, angiogenesis and metabolism through the phosphorylation of different substrates74. 

PTEN exercises its role as TSG by dephosphorylating PIP3 to PIP2, thus antagonising the 

PI3K pathway (Fig. INT.7). 

 

 

Figure INT. 7: PTEN antagonises the PIK3/Akt signalling pathway 

From: Phin et al. 201175 

 

Among the numerous substrates of this signalling cascade there are different target proteins as 

GSK3, Caspase 9, focal adhesion kinase 1, CREB1, BAD, proto-oncogene tyrosine-protein 

kinase SRC and Insulin Receptor Substrate 1 (IRS1) which regulation modulates important 

biological processes including cell migration, invasion, cell cycle arrest and survival76. 
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AKT- and phosphatase-independent roles. Most of the phenotypes associated with PTEN 

LOF can be explained by the activation of the PI3K/AKT pathway, although this is not 

always the case. Recently, new routes regulated by PTEN have been identified. JNK (Jun-N-

terminal kinase) pathway is activated when PTEN is lost but in an AKT-independent way77.  

PTEN also performs diverse functions directly in the nucleus, such as: regulation of genomic 

stability,  p53 acetylation, cell cycle progression, senescence, induction of apoptosis and the 

response to DNA damage through the regulation of RAD5169. These nuclear activities are 

mainly lipid-phosphatase-independent. Interestingly, PTEN plays also a non-enzymatic role 

as a scaffold protein both in the nucleus and the cytoplasm68. 

 

2.1.2. PTEN in tumourigenesis 

The classic definition of TSG refers to a gene that negatively regulates the cell cycle, whose 

function is lost following disruption of both alleles, in respect of the “two hits hypothesis”. 

However, there are many exceptions to the rule, and PTEN is one of these. Its mutation is 

present in different tumours in a heterozygous condition and, moreover, mouse models 

suggest that loss of a single copy of PTEN can promote initiation and cancer progression. 

Moreover, even a small reduction of its expression may increase tumour incidence, suggesting 

a dose-dependent effect78.  

PTEN is among the most frequently mutated TSGs in tumours, with mutations and deletions 

at its locus associated with a wide range of sporadic and hereditary human cancers (Table 2). 

Germline mutations cause a group of pathologies, collectively defined as PTEN Hamartoma 

Tumor Syndrome (PHTS), characterised by an increased risk of developing specific cancers 

(thyroid, breast and endometrium), and neurodevelopmental disorders.  

In addition to genetic alterations, PTEN expression is altered through a series of different 

mechanisms: transcriptional, post-transcriptional and post-translational modifications, 

epigenetic inhibition, gene regulation by transcription factors and microRNAs79.   

Severe PTEN deficiency is associated with advanced tumor stage (ex. 70% in GB) and 

resistance to therapy, in fact it is used as a prognostic and predictive marker for drug response 

in several tumours80.  



17 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

PTEN is involved in tumourigenesis because, as explained above, it is a key regulator of 

disparate cell processes, but, in addition to this intrinsic function, several studies indicate a 

role in the modulation of the tumor microenvironment, impacting on cancer cells, stromal 

components and immune response81. As explained previously, several pathways playing 

central roles in the control of stem cell self-renewal and differentiation are altered in CSCs. 

PTEN doesn’t just regulate these pathways, but also other pathways controlling stem cell 

maintenance, the balance between self-renewal and differentiation, and migration, as well as 

the relationship with the microenvironment. For all these reasons, PTEN is strictly involved in 

CSC biology. PTEN indeed regulates several CSC hallmarks such as self-renewal, quiescence 

and cell cycle, survival, EMT/metastasis and resistance to therapy79 (Fig. INT.8). 

Table 2: Incidence of PTEN alterations in cancers. From Luongo et al. 201979 
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Figure INT. 8: Mechanisms of PTEN-mediated control of cancer stem cells (CSCs). From Luongo et al. 201979 

 

Despite the function of PTEN as TSG in most cancers, in some specific contexts PTEN can 

play an oncogenic role. In particular, in acute lymphoblastic leukemia (ALL), PTEN deletion 

prevents malignant transformation82.  According to these data, the tumour-promoting function 

of PTEN is achieved by stabilising gain-of-function (GOF) p53 mutants in glioma cells83. 

Finally, a GOF PTEN mutation was also observed in GB84.  
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2.2. atypical Protein Kinase C (aPKC)  

 

2.2.1. PKC family 

Protein kinase C (PKC)  is an isoenzyme family that include three subfamilies: the 

conventional (cPKCs: PKCα, PKCβ, and PKCγ), the atypical (aPKCs: PKCζ and PKCλ/ι) and 

the novel (nPKCs; PKCδ, PKCɛ, PKCη, and PKCθ), based on second messenger used. PKCs 

are all serine/threonine protein kinases expressed in a ubiquitous manner and implicated in a 

wide range of cellular functions. All PKCs are highly controlled kinases, whose activity 

depends on the state of phosphorylation, on the conformation and sub-cellular localisation, 

finely regulated. Even if they are constitutively phosphorylated following synthesis, they have 

an autoinhibitory pseudosubstrate (PS) segment that masks the kinase domain, maintaining 

the enzyme in an autoinhibited conformation. cPKCs and nPKCs are responsive to Ca2+ and 

diacylglycerol (DAG), while the atypical PKC (aPKC) isoforms not, lacking the C1 “DAG 

binding” and C2 “CA2+ sensor” domains. For PKCs regulated by DAG or Ca2+, binding of 

the second messengers result in the release of the pseudosubstrate and activation. In contrast, 

aPKCs are activated by different lipid co-factors including phosphatidylinositols, arachidonic 

acid and ceramides, but, also the binding to the scaffold proteins also favors the release of the 

atypical pseudosubstrate. aPKCs are also activated and regulated by protein-protein 

interactions; they present a PB1 domain that allows binding to other proteins possessing it, 

such us the polarity regulator PAR6 or the signalling adaptor p62. Binding to these proteins 

promotes the open conformation and activation of the aPKCs. This open and activated 

conformation of the aPKC allows it to localise in plasma membrane (PM), near to most of its 

targets85. 

 

2.2.2. Role of atypical Protein Kinase C 

Given the high level of homology between the aPKC isoforms (72% identity at the aminoacid 

level), in the rest of the text I will use the term aPKC uniquely without distinguishing the 

isoform, also because both aPKCs have been shown to play essential roles in cell polarity and 

signalling, mostly mediated by the interactions whit PAR6 and p6286. 
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More than 20 years ago, in a screening study for aPKC interactors, it was identified a protein 

called ASIP (aPKC-specific interacting protein), that showed high sequence homology with 

the Caenorhabditis elegans polarity protein Par-3. This study suggested a role for aPKC in 

cell polarity, then confirmed by numerous other works. Polarity proteins are regulators of the 

organisation and maintenance of cell polarity. aPKC carries out this function forming, 

together with PAR6 and PAR3, the sub-apical polarity complex. PAR3-PAR6-aPKC is an 

evolutionarily conserved complex, involved not only in the maintenance of cell polarity, but 

also in other processes that depend on it, such as the stabilisation of epithelial junctions, the 

segregation of cell-fate determinants and asymmetric cell division87. The role of the PAR3-

PAR6-aPKC complex is well characterised in Drosophila melanogaster and Caenorhabditis 

elegans, in which a single isoform of aPKC is present. In mammals, aPKC is important in 

controlling the oriented cell division of the epidermal stem cells88. Other evidence shows that 

it is implicated in the establishment of T-cell polarity and in the control of spindle orientation 

and cell fate decision in radial glial cells and in the mammary gland87. On the other hand, it 

has been demonstrated that the PAR3-PAR6-aPKC complex is dispensable for the 

maintenance of adult hematopoietic stem cells89 and for the oriented cell division in the 

neuroepithelium90, suggesting a role in cell polarity that is strictly context-dependent.  

The role of aPKC is also essential in cell signalling: several works have shown that it is 

involved in the control of cell survival through the activation of the NF-κB pathway, but also 

regulating other pathways such as the JAK1/STAT6 cascade, and finally it is essential for 

glucose and Insulin metabolism in different tissues91.  

 

2.2.3. Dual role of aPKC in cancer  

The first evidence of aPKC involvement in cancer comes from a study on UV-induced 

carcinogenesis92; since then, despite the very high number of works trying to clarify the role 

of aPKC, the result was an unclear overall picture, mainly due to its pleiotropic roles and  

context-dependent functions. aPKC has been defined as a “versatile tumour suppressor” 

because, despite plenty of evidence support a pro-oncogenic role, recent studies seem to 

unveil tumour-suppressing functions.  

Following the first evidence, cited above, the demonstration of a pro-oncogenic role of aPKC 

was observed in a leukemia cell line expressing BCR-ABL. BRC-ABL is an oncogene, 
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product of the notorious t(9; 22) chromosomal translocation, which drives different forms of 

leukemia. It has been shown that, in vitro, BRC-ABL determines aPKC overexpression that 

prevents drug-induced apoptosis through the NF-κB pathway93, and the inducible knockout 

(KO) of aPKC completely abolished transformation and growth of BCR-ABL-expressing 

cells 94. 

The pro-oncogenic role of aPKC seems to be most noticeable when its overexpression, 

induced by oncogene activation or drugs, arrests differentiation and boosts survival and 

carcinogenesis, as observed in non-small cell lung carcinoma (NSCLC), prostate carcinoma95 

and glioblastoma96. In the lung, the pro-tumorigenic role of aPKC is more relevant in NSCLC, 

where it is required for KRAS-transforming activity. In this model, aPKC regulates 

transformation through the RAC1-MEK-ERK signalling cascade. 

The role of PKC seems to be essential especially in the initial stages of tumorigenesis, in fact 

it plays an important role in TICs. It is essential for LUAD (Lung ADenocarcinoma) TIC 

growth: aPKC downregulation results in reduced cell growth in vitro and in a failure of 

tumour development in xenografted nude mice. aPKC is involved in the maintenance of 

LUAD TIC through a signalling mechanism involving NOTCH3, probably by adjusting the 

balance between symmetrical and asymmetrical cell division97. aPKC plays a similar role in 

the maintenance of TICs also in lung squamous cell carcinoma (LSCC) but, in this case, 

through the SHH signalling, also implicated in stemness98.  

Summarising, aPKC plays an oncogenic role in different contexts: it has indeed been found 

over-expressed in almost all human solid tumours99. It seems to be more important in the 

initial stages of tumourigenesis, in fact it is involved in the maintenance of TICs and in the 

survival of cancer cells transformed by KRAS or BRC-ABL, regulating pro-survival 

pathways as RAC1- MEK-ERK, NF-κB, NOTCH and SHH. 

On the other hand, recent works support a tumour-suppressor role for aPKC,  suggesting that, 

as widely discussed in 100, aPKC loss may be a late event in tumour evolution.  

 

2.3. HUGL-1 

Human Giant Larvae-1 (HUGL-1) (also known as Mlgl1 or LLGL1) is the human counterpart 

of the well-characterised Drosophila TSG lethal giant larvae (lgl). Mammals have two lgl 
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homologues, HUGL-1and HUGL-2101, both showing a function in cell polarity. Lgl1 and Lgl2 

interact directly with the PAR3-PAR6-aPKC polarity complex and are phosphorylated by 

aPKC102. In mammals, as well as in Drosophila, Lgl phosphorylation by PKC results in a 

conformational change with the consequent release into the cytoplasm in an auto-inhibited 

form103. 

Given the structural and functional conservation between Hugl-1 and Lgl, and the common 

regulation by aPKC, it can be hypothesised for HUGL-1 a role as TSG, as it is in the fly. In 

fact, the loss of its transcript appears to be associated with tumourigenesis; the levels of 

HUGL-1 transcripts are decreased or absent in different human epithelial cancers such as 

breast, lung, prostate, ovarian cancer and melanoma104, 105. Hugl-1 gradual cytoplasmic 

release due to aPKC activity strictly correlates to cancer progression in ovarian carcinomas106. 

In hepatocellular carcinoma (HCC), HUGL-1 transcript undergoes aberrant splicing with 

cancer progression107. In esophageal carcinoma, Hugl-1 inhibits cell proliferation and 

promotes apoptosis both in vitro and in vivo108. HUGL-1 seems to be involved in self-renewal 

and fitness of hematopoietic stem cells (HSCs), and in patients with acute myeloid leukemia 

(AML) Hugl-1 downregulation is considered a marker of poor prognosis109. 

Lgl1 knockout mice show loss of cell polarity, failure of asymmetric localisation of cell fate 

determinants and subsequent loss of asymmetric cell divisions in neural progenitor cells, 

suggesting a functional role of mammalian Lgl in brain development. The result is an 

accumulation of neural progenitors unable to exit cell cycle and differentiate, which translates 

into severe brain dysplasia110. The loss of HUGL-1 was also implicated in the progression of 

colorectal carcinoma111 and is correlated with reduced survival in glioblastoma112 where its 

inactivation is responsible for GTIC maintenance113. 

HUGL-2 is also associated with cancer progression and tumour suppression, as summarised in 

Table3. In particular, loss of HUGL-2 is associated with the Epithelial-Mesenchymal 

Transition (EMT)114.Almost all information on the physiological role of this protein comes 

from a plenty of model organisms, such as D. melanogaster and C. elegans. However, little is 

known about HUGL-1/2 role in the determination and maintenance of cell polarity and in cell 

division in humans. Although numerous studies have shown their obvious involvement in 

cancer, lot of work is still needed to clarify the mechanisms underlying tumourigenesis 

induced by the loss of HUGL1/2. 
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             Table 3: HUGL-1/2 alterations in different tumour types. From: Cao et al. (2015)115 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



24 
 

2.4. PTEN/aPKC/LGL axis in the maintenance of GSCs 

 

Partial or complete loss of PTEN is a frequent event in GB, indicating an important role in 

gliomagenesis. aPKC expression and activity are increased in human in GBs116. Activated 

aPKC promotes GB cell motility by dissociating Hugl-1 from non-muscle myosin II117. 

It is known that Hugl-1 is involved in brain development, and it was observed that its 

expression inhibits glioma cell growth in xenografted mice118. 

A work by Gont and colleagues has highlighted a role of these molecules in GSCs. They have 

shown that, in GB cells, Hugl-1 is present in a phosphorylated state, excluded from the 

plasma membrane and, therefore, inactivated. The key discovery of this work is the link 

between Hugl-1 and PTEN. Hugl-1 inactivation in GB does not occur due to a mutation, 

rather by a constitutive phosphorylation, an indirect consequence of PTEN loss119. This 

phenomenon can be explained by a link between PTEN function as antagonist of the PI3K 

pathway and Hugl-1 inactivation. As already explained above, Hugl-1 is phosphorylated by 

aPKC, which in turn is activated by PDK-1, whose activation depends on PI3K. When PTEN 

is lost, the PI3K pathway is constitutively activated, PDK-1 is constantly activated and 

activates aPKC continuously. In turn, aPKC phosphorylates Hugl-1, inactivating it (Fig. 

INT.9). 

 

 

 

 

 

 

 

Adapted From: Phin et al. 201175 

This work suggests a new mechanism of gliomagenesis in which PTEN alteration leads to the 

inactivation of a second oncosuppressor protein, Hugl-1, promoting invasion and repressing 

differentiation, demonstrating that Hugl-1 is a key substrate mediating the effects of PKC on 

GTIC113. 

Figure INT. 9: Model of PTEN/aPKC/Lgl axis in maintenance of  GTICs/GSCs  
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3. “Faraway, so close”: modelling cancer in Drosophila 

 

3.1. Drosophila melanogaster 

 

Drosophila melanogaster is a model organism historically used for genetic studies, we owe to 

the fruit fly the establishment of links between genes, chromosomes and phenotypes and the 

realisation of the first genetic map120,121. More recently, it is being used successfully for the 

genetic analysis of several human pathologies. Thanks to the simple genomic structure, the 

short life cycle, the abundant progeny and the huge amount of molecular techniques and 

genetic tools available, Drosophila is considered an excellent model in biological research. 

Figure INT. 10 describes its life cycle at 25°C. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure INT.10: The Drosophila life cycle. 

Drosophila is a holometabolous dipterous (egg, larva, pupa, adult). The duration of the life cycle depends 

on the breeding temperature; in the laboratory the range is 18-32 °C but the most used experimental 

temperature is 25° C. At 25°C the cycle is completed in 10 days.  

From: Genetics: analysis and principles, McGraw-Hill Companies. 
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3.2. The fruit fly as a model for cancer 

 

One hundred years ago, in 1918, Mary Stark first described the presence of tumours in the 

fruit fly Drosophila melanogaster. In this pioneering work, based on the observation of the 

“famous” lethal(1)7 strain, she described for the first time the tumours in larvae, she tried and 

prolongue animal survival by surgically removing the masses and to perform the first graft 

onto healthy animals, introducing the concept of tumour inheritance122. In 1967, the first 

tumour-related mutation has been found in Drosophila, mapped in a sub-telomeric locus on 

the II chromosome123, subsequently associated with the lethal giant larvae (lgl) tumour 

suppressor gene124. Later, other TSGs functionally conserved in mammals have been 

identified. 

 

 

Figure INT. 11: Timeline of the history of Drosophila cancer research. 

From: Villegas (2019)125 

 

Today, with the awareness that the 70% of genes implicated in human diseases has functional 

orthologues in the fly126 and that fundamental developmental processes are highly conserved, 

Drosophila is an invaluable organism for modelling and understanding tumorigenesis (Fig. 

INT.11) and it allowed the characterisation of essential mechanisms governing tumour 

biology127.  
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3.2.1. Drosophila as a model for brain cancer 

 

As mentioned previously, many of the genes associated with disease are conserved between 

humans and flies, among these there are pathways involved in neural development and cancer, 

including EGFR/RTK-Ras, PI3K, Notch, Wnt, JAK-STAT, Hedgehog, and TGF-β. Despite 

the evident anatomic divergence between humans and flies, the nervous system development 

and its cellular lineages show many similarities. The multiple analogies with the human 

Central Nervous System (CNS) make the fruit fly an attractive model to study both 

neurodegenerative pathologies (such as Alzheimer, Parkinson and SLA) and brain tumours. 

The fly model, so versatile and sustainable, allows overcoming some limits of in vitro and 

mouse models. In vitro models cannot reproduce the complex microenvironment of the CNS 

and its crosstalk with the expanding tumour that, as we have seen above, is important for the 

proliferation, migration and survival of GB tumour cells. The murine models, on the other 

hand, mainly built through xenografts or by oncogenic viruses, are characterised by an 

artificial tumourigenesis, are time-wasting, very expensive and their use is submitted to severe 

legal restrictions. 

With regard to brain cancer, a fly model of glioma has been proposed that recapitulates some 

aspects of mammalian brain tumours. In this model, cancer was induced by activating the 

EGFR/PDGFR and PI3K pathways in glial cells, leading to 50-100-fold increase of glial cells 

respect to a normal brain and a consistent morphological distortion. The proliferative and 

oncogenic potential of this mutated glia was evaluated with an abdominal transplantation 

assay128. Flies transplanted with normal tissue fragments survived up to 6 weeks, while the 

mutated glia continued to proliferate, leading to the formation of invasive tumours that filled 

the abdomens of flies causing premature death129. The authors also found that neural cell 

types were not prone to neoplastic transformation, underlining the relevance of the cell of 

origin. Neoplastic growth was also obtained through the co-overexpression of other 

components of these two pathways, such as dRas1 and dAkt activation or dPTEN knockdown. 

These results suggest that Drosophila is a robust model system to study the genetic and 

cellular origins of human GB and that it can be useful for the modelling of different genetic 

subtypes of GB.  
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3.2.2. Structure and cellular organisation of the Drosophila Nervous System 

 

The Drosophila CNS arises from neural stem cells and progenitor cells. The developing 

Drosophila CNS is composed of two cerebral hemispheres connected by a ventral ganglion 

(VG) also called ventral nerve cord (VNC), subdivided into 3 thoracic and 9 abdominal 

neuromeres. Each hemisphere is divided into two regions: a medial region, contiguous to the 

VNC, termed central brain (CB), which contains the mushroom bodies, responsible for 

olfactory learning and memory130, and a lateral region, called the optic lobe (OL), which 

develops into the adult visual system. The same regions can be found in the adult brain, where 

the central brain and optic lobes are located in the head, while the ventral nerve cord is 

located in the thorax (Fig. INT. 12). 

 

 

 

 

 

 

 

The optic lobe derives from the invagination of a small group of dorso-lateral ectodermal 

cells, in the embryonic region that will develop the head. After larval hatching, neural 

progenitor cells of OL, the neuroepithelial cells, begin to expand and form two populations: 

the Outer Proliferation Center (OPC) and the Inner Proliferation Center (IPC). OPC originate 

the lamina and the outer medulla, while the inner medulla and the lobula complex derive from 

the IPC. In a first phase, both territories expand due to symmetrical division and reach their 

maximum expansion at the beginning of the third larval instar. The NE cells give rise to a 

large neuroblast pool, also called medulla neuroblasts (Fig. INT. 13)131. 

Figure INT. 12: Drosophila brain: larval brain (left) and adult brain (right). 

 CB: central brain; OL: optic lobe; VNC: ventral nerve cord. 
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Figure INT. 13: Schematic representation of Drosophila larval CNS. 

A) Drosophila larval brain. B) Lateral view of the OL (plane section I in A) showing the medulla (me), the lamina (la) and 

the lobula complex (lo). The eye disc is connected to the brain via the optic stalk (OS). C) Frontal view of a brain lobe (plane 

section II in A).  From: Wang et al. 2011132 

 

Another important region present in the OL is the area containing the Glial Precursor Cells 

(GPC)133. GPCs originate three different glial populations: neuropil-associated glia, cortex 

glia and surface-associated glia134. The surface glia is subdivided into two populations: 

perineurial and sub-perineurial glia which together make up the BBB135.  

The Drosophila neural stem cells, called neuroblasts (NBs), are similar to the neural stem 

cells of vertebrates in their ability to self-renew and to produce many different types of 

neurons and glial cells. Each brain hemisphere contains about 100 NBs and the VNC 300 

pairs of NBs. The Drosophila larval brain shows different types of NBs that are 

distinguishable by number, position, expression of specific transcription factors and cell 

lineage. The VNC contains only type I NBs, the best-characterised population, which also 

accounts for the majority of the NBs in the central brain136. Type I NBs express the 

transcription factors Deadpan (Dpn) and Asense (Ase) and show cytoplasmic Prospero (Pros). 

They divide asymmetrically and give rise to: one NB, which replenishes the stem pool, and 

one Ganglion Mother Cell (GMC) (Dpn-, Ase+). GMC divides symmetrically into two 

neurons or two glial cells136. In contrast, type II NBs are only 8/hemisphere (by comparison to 

95 type I NBs), they do not express Ase but express another transcription factor: Pointed P1, 

in addition to Dpn137. Type II NBs also self-renew but, unlike type I NBs, they generate one 

NB and a self-renewing immature intermediate neural progenitor (INP), which then 

differentiates into a mature INP. Mature INPs express Dpn and Ase but not PntP1138; they 

undergo asymmetrical division and generate a GMC that divides symmetrically giving two 

neurons or glia136. Besides type I and type II NBs, there are the Mushroom Body (MB) NBs, 
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only 4 per hemisphere, located in the CB (Fig. INT. 14). Type II NBs are classified, based on 

their localisation in: Dorso-Medial DM1-6 and Dorso-Lateral DL1-2. The DM type II NBs 

are in turn subdivided into two groups: the DM1-3 anterior cluster and the DM4-6 middle 

cluster, while DL 1-2 are also defined DL1-2 posterior cluster. Type II NBs and INPs give 

rise to neurons with contralateral projections of the adult central complex (CX). CX is 

composed of the Protocerebral Bridge (PB), the Fan-shape Body (FB), the Ellipsoid Body 

(EB) and the Noduli (NO). The set of these neuropils are implicated in light vision, 

orientation and directional control of movements138. 

 

Figure INT. 14: Type I and Type II neuroblast lineages. 

a) A dorsal view of the larval CNS. The CB containing type I (purple) and type II (red) NBs.  

b) divergence between Type I and Type II lineage. From: Carmena 2020139. 

 

Even if these NBs are only 8 per hemisphere, they generate much more neurons than type I 

NBs, thanks to the presence of intermediate and transient progenitors that allow amplifying 

the pool of progenitors140.  The asymmetric cell division of Drosophila type II NBs is very 

similar to that of mammalian neuronal stem cells141: for this reasons, even if less characterised 

and recently discovered, they are capturing the interest of researchers. As their lineage makes 

them more susceptible to tumourigenesis, they are used as a model for the study of stem cell 

dynamics  and tumour formation.  

The molecular mechanism underlying asymmetric cell division involves asymmetric 

localisation of cell fate determinants. NBs are highly polarised cells where fate determinants 

are organised in a basal and an apical complex, located specifically at the cortex, forming 

basal and apical crescents136. It is important that this localisation be maintained because it 
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determines the fate of daughter cells: the apical complex will be inherited by the daughter NB, 

the basal complex is partitioned into the GMC142. The apical complex is composed of the Par 

complex, including aPKC/PAR3/PAR6142, and recruits Inscuteable (Insc), which is linked to 

Pins (Partner of Inscuteable)/Mud/Gαi (G-iα65A), to the apical cell cortex143. The interactions 

between these protein complexes at the cell cortex determine the localisation of other 

determinants at the basal cell cortex so regulating mitotic spindle orientation. The basal 

complex consists of Numb, Miranda (Mira), and Mira cargo proteins Pros, Brat and Staufen144 

that segregate in the GMC. While the apical complex promotes self-renew, the basal complex 

promotes neural differentiation145 (Fig. INT.15).  

 

 

Figure INT. 15: NB asymmetric cell division.  

The apical crescent (aPKC/Par3/Par6; blue) is inherited by the NB and promotes self-renew, 

 the basal complex (Numb, Mira, Pros, Brat; red) segregates in the smaller cell, the GMC and promote neural differentiation.  

From: Homem and Knoblich 2012136 

 

In this way, the balance between self-renewal and differentiating progeny is continuously 

regulated. When the determinants of cell fate are not accurately located, we observe a loss of 

cell polarity. The wrong segregation of cell fate determinants leads to a shift from asymmetric 

to symmetric cell division, resulting in an accumulation of NBs that can initiate tumours146. 

 

3.3. PTEN in Drosophila 

 

After the identification of PTEN as one of the TSGs mutated in a wide range of tumours, to 

understand its contribution to tumorigenesis, many studies were carried out aimed at 

understanding its physiological role in development. Lots of these were performed in vivo, 

using Drosophila as a model organism. In 1999 Huang and colleagues isolated and 
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characterised the PTEN gene in the fruit fly (dPTEN) and, studying its role in eye 

development, they demonstrated the evolutionary conservation of both structure and 

function147. This and other following studies have shed light on the complex role of PTEN, 

placing it at the centre of numerous regulatory processes also in Drosophila. Through genetic 

analysis, it turned out PTEN role in the control of cell growth as a negative regulator of the 

insulin pathway. Insulin and insulin-like signals activate PI3K signalling, and PTEN regulates 

growth thanks to its lipid phosphatase activity: also in Drosophila, PTEN reduces PIP3 

cellular levels, antagonising the PI3K pathway148. 

PTEN not only regulates cell growth, but also plays important roles in cell cycle progression, 

through multiple PI3K-dependent and -independent mechanisms. G1/S phase transition is 

inhibited through the down-regulation of PI3K,while inhibition of the G2/M transition occurs 

through an alternative mechanism involving the regulation of cellular architecture149. A 

potential PI3K-independent mechanism maybe due to PTEN’s ability to bind and 

dephosphorylate FAK (Focal Adhesion Kinase), thereby impairing focal adhesion 

formation150. Focal adhesion are contact points with a fundamental role in proliferation 

control in Drosophila151. 

In Drosophila, the role of PTEN in cell survival is also conserved. This mechanism is context-

dependent in the fly: PTEN can regulate cell survival by inducing apoptosis in differentiating 

cells, but it is not able to perform this function in proliferating cells147.   

PTEN mutant cells show increased growth, proliferation and survival, however, these cells are 

also characterised by an increased resistance to starvation. Stocker and colleagues 

investigated by clonal analysis the behaviour of PTEN-/- cells, providing clarification on this 

process.  When nutrient supply is limiting, PTEN mutant cells convey resources from growth 

to replication. The mutant cells respond to nutrient restriction by reducing their size, but this 

is compensated by an increase in proliferation. This tolerance to restrictive conditions leads to 

hyperplastic growth, and may favour the selection of additional mutations and tumour 

progression. 

It has also been shown that the Hippo pathway, also called MST20 in mammals (Mammalian 

STerile 20-like kinases) is regulated, among others, by pAKT and, therefore, by PTEN 

mutation. Given the role of lgl in the regulation of the Hippo pathway in Drosophila (see 

paragraph 3.4.2), it is conceivable that deregulation of the Hippo pathway is a point of 

convergence between the two lesions in GB152. Finally, Drosophila PTEN is known to 
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colocalise with the PAR/aPKC complex at the apical cortex of different cell types, where it 

serves multiple critical functions by helping maintain the correct actin organisation153,154.  

 

3.4. aPKC and Lgl in Drosophila: antagonists governing polarity 

 

3.4.1. aPKC in Drosophila 

 

Six protein kinase C (PKC) genes are present in Drosophila, comprising one atypical PKC 

(aPKC)155. Also in this case, the lack of genetic redundancy in the fly helps understand 

complicated biological processes, in fact most of the information on aPKC comes from 

Drosophila.  

In Drosophila, as well as in C. elegans and in mammals, aPKC is involved in the 

establishment of cell polarity as an element of thePar3/Par6/aPKC complex. Each element of 

the complex has been shown to bind the others in vitro, and the correct localisation of each 

element is essential for the correct assembly of the whole complex in C. elegans blastomeres, 

mammalian epithelia and Drosophila epithelia and NBs156. 

 

3.4.2. lgl in Drosophila  

 

As already described above, the gene lethal giant larvae (lgl) was the first TSG identified; it 

was discovered in Drosophila, where it is well characterised, and its deletion leads to 

neoplastic transformation. lgl is the only orthologue present in Drosophila of the mammalian 

HUGL-1/2. Grifoni and colleagues have proved function conservation between lgl and 

HUGL-1104. The homozygous mutant embryos proceed throughout larval development thanks 

to the strong maternal contribution of the wild-type protein: the animal continues to grow as a 

larva, showing a giant phenotype and pre-pupal lethality, characteristics to which the gene 

owes its name157. Lethality is due to extreme proliferation of the ectodermal derivatives 

resulting in tumour overgrowth of imaginal organs124 which, when transplanted into a wild-

type fly, become highly metastatic128. This is accompanied by brain aberrant growth resulting 
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from excessive NB proliferation due to the shift from asymmetrical to symmetrical 

division124. At the cellular level, the Lgl protein performs different functions involved in cell 

polarity: it is implicated in the maintenance of apical-basal polarity of epithelial tissues, in 

asymmetric cell division of NBs, in polarised exocytosis and cell motility124,158,159. 

 

 

In the epithelial tissues, 

maintaining polarity is an 

extremely important issue. This 

is guaranteed by the presence of 

apical, sub-apical and lateral 

complexes. Lgl is part of the 

“basal-lateral” polarity 

complex, along with the 

products of two TSGs: Scribble 

(Scrib) and Discs large (Dlg).  

 

 

                                          From: Cao et. al. 2015115 

 

This complex works together with the Crumbs/Stardust/PATJ “apical” complex and the 

Bazooka/Par6/aPKC “sub-apical” complex. Lgl co-localises with Scrib and Dlg at the septate 

junctions (SJs), the functional analogues of mammalian tight junctions (TJs) (Fig. INT.16)115. 

aPKC is part of the sub-apical complex instead, and is enriched at the adherent junctions. Lgl 

can also be found in the cytoplasm in an inactivated form160; its localisation, and consequently 

its activation, depends on its phosphorylation state. Also in Drosophila, as well as in 

mammals, Lgl is phosphorylated by aPKC. Where aPKC is present at the membrane, it 

phosphorylates Lgl, causing its release into the cytoplasm in an auto-inhibited form161. It is 

also known that Lgl inhibits in turn the recruitment of aPKC at the basal-lateral domain: Lgl 

competes for Par3 in binding to Par6-aPKC and, by combining with the Par complex, Lgl can 

inhibit aPKC activity162. These two proteins, therefore, are mutually exclusive in their 

respective domains, so maintaining the correct apical-basal polarity in the epithelia. Another 

cellular context in which aPKC and Lgl functions are well characterised is the process of 

Figure INT. 16: Representation of the complexes necessary for 

the maintenance of epithelial cell polarity. 
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asymmetric cell division of NBs. As already explained in detail in paragraph 3.2, NBs divide 

asymmetrically along their apical/basal axis thanks to the asymmetrical localisation of cell 

fate determinants (Fig. INT.17).  

 

The Par3/Par6/aPKC complex localises at 

the apical cortex, aided by Insc. Lgl, as a 

component of the Dlg/Scrib/Lgl complex, 

regulates mitotic spindle asymmetry. 

Moreover, it is required for Numb  

localization at the basal cortex (see Fig. 

INT. 15). Polarity alterations lead to the 

inability of neural precursors to divide 

asymmetrically, so favouring an 

accumulation of highly proliferative NBs163.  

 

 

 

 

                                From: Daynac at al. 2017164 

 

Numerous TSGs, such as lgl, are involved in the maintenance of a correct apical-basal cell 

polarity, suggesting a link between polarity loss and cell proliferation control, identified for 

the first time in Drosophila160. This link is mainly due to the de-regulation, induced by loss of 

cell polarity, of the Hippo (Hpo) pathway, a highly conserved cascade involved in the 

regulation of organ size165. In Drosophila, the central core of the Hippo pathway is composed 

of two kinases, Hpo and Warts (Wts), the two cofactors Salvador and “Mob as a tumour 

suppressor” (Mats) and the downstream effector, the transcriptional co-activator Yorkie (Yki), 

modulated by numerous upstream factors including Merlin (Mer) and the proto-cadherins Fat 

(Ft) and Dachsous (Ds). A functional Hpo signalling leads to Wts phosphorylation and 

activation. The Wts/Mats complex phosphorylates Yki, stimulating its cytoplasmic retention 

and degradation.  

 

 

Figure INT. 17: NB cell polarity and asymmetric cell division. 
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Figure INT. 18: Hippo pathway components in Drosophila melanogaster (left) and mammals (right). 

From: https://faculty.sites.uci.edu/wenqiw6/research/ 

 

When, on the other hand, Yki phosphorylation does not occur following mutation of upstream 

components or other, Yki may enter the nucleus and carry out its canonical role of 

transcriptional co-activator. Yki requires tissue-specific binding partners which directly bind 

DNA. In this way, Yki can activate the transcription of different genes involved in cell 

growth, proliferation and resistance to apoptosis, such as cyclin E, myc, dIAP1 (Drosophila 

Inhibitor of Apoptosis 1)166.Yki is a growth promoter, while all the upstream components act 

in an antagonistic manner as TSGs (Fig. INT. 18). 

The control of cell proliferation in the epithelial tissues by the Hpo cascade is well 

characterised167; moreover, Hpo signalling governs NB behaviour in many different ways: it 

regulates their reactivation from quiescence, their proliferation rate and terminal 

differentiation168. In addition, Hpo pathway plays an important role in the control of glial 

proliferation. In fact, it has been shown that Yki, when activated, is sufficient to drive glial 

proliferation. The characterization of Yki downstream effectors involved in this mechanism 

demonstrated that Hpo regulates glial proliferation through the expression of the microRNA 

bantam, which in turn promotes Myc upregulation169. 

 

https://faculty.sites.uci.edu/wenqiw6/research/
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THESIS AIM 

 

 

One characteristic that makes glioblastoma (GB) the least curable among human brain cancers 

is its phenotypic heterogeneity. GB shows a complex cellular hierarchy, with a subpopulation 

able to generate and “maintain” the tumour, called “Glioma Stem Cells” (GSC). 

 

Mislocalisation of the Hugl-1 polarity protein (Lgl in Drosophila) was recently associated 

with the maintenance of GSCs. Hugl-1 inactivation is attributed to aPKC hyperactivation, a 

direct consequence of PTEN loss of function, a common alteration of primary GB. 

 

One of the major questions in GB, which still remains unaddressed, is about the cell of origin 

of this brain tumour. Historically classified as a glial tumour, recent evidence shows that it 

may also originate from Neural Stem Cells (NSC), present in specific neurogenic areas of the 

adult brain.  

 

After demonstrating that the PTEN/aPKC/Lgl axis is also conserved in Drosophila, I altered it 

in different neural progenitors to understand which was the most sensitive to the deregulation 

of this axis. 

 

Successively, once the neurogenic model of brain cancer was established, I used it to 

investigate the contribution of polarity disruption to brain tumourigenesis, with the aim to 

shed some light on the mechanisms associated with human brain cancer diseases.  
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RESULTS AND DISCUSSION 

 

 

1. Results preliminary to this thesis 

 

1.1. Hugl-1 locatisation in normal brain and glioblastoma 

Before starting the analysis in Drosophila, I first studied Hugl-1 localisation, as a direct 

indicator of its state of activation, in normal human brain and GB samples.  

I observed Hugl-1 localisation by IHC in hippocampal dentate gyrus area that contains a 

neurogenic niche in the sub-granular zone (SGZ). Hugl-1 (brown) accumulates at the cell 

cortex (SGZ) (Fig. PRES1, insert bordered in black), which suggests a role of this protein in 

asymmetric division and in the expansion of stem cells contained in this area. On the contrary, 

the differentiated neurons are negative for Hugl-1 staining (Fig. PRES.1, insert bordered in 

white). 

 

 
 

Figure PRES. 1: Immunohistochemical expression of HUGL1 in normal human brain. 
On the left, Ammon's horn (top) with pyramidal neurons, and dentate gyrus (bottom) with SGZ containing stem cells. At higher 

magnification, we can see that mature neurons are negative (top box), while stem cells of the dentate gyrus show protein accumulation at the 

membrane (bottom box, brown). 
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The analysis of Hugl-1 localisation in GB samples, on the other hand, showed that the protein 

is mainly dispersed in the cytoplasm (Fig. PRES.2), supporting the hypothesis of its 

inactivation in cancer cells. 

 

1.2. The PTEN/aPKC/Lgl axis is conserved in the Drosophila brain 

 

With the aim to build a genetic model of brain tumour in Drosophila based on the alteration 

of the PTEN/aPKC/Lgl axis, I first verified its putative activity in the Drosophila brain. 

The phosphatase PTEN plays its role as TSG by negatively regulating growth and 

proliferation through the PI3K/AKT pathway (see paragraph 2.1.1), with a comparable 

mechanism between mammals and flies. 

I first investigated the impact of PTEN LOF on the PI3K/AKT pathway in the brain, verifying 

PTEN117 null mutation’s ability to activate AKT, the major downstream effector of the 

signalling cascade. I carried out a clonal analysis assay using the MARCM system (see 

Materials and Methods). Figure PRES.3 shows a larval brain in which we can observe as in 

 

Figure PRES. 2: Immunohistochemical expression of Hugl-1 in glioblastoma sample. 

The aberrant cells show cytoplasmic localisation of Hugl-1 protein (brown). 



43 
 

most PTEN mutant clones (GFP+) AKT is activated (pAKT, red). PTEN-/- clones show 

activation of the PI3K/AKT pathway mainly in the region of the optic lobe, dashed 

(arrowhead), and in the dorso-medial (DM) region of the central brain, where type II NBs are 

located (arrow), while clones in other areas of the central brain do not show pathway 

activation (asterisk). 

 

 

 

 

 

 

Figure PRES. 3:  Immunostaining for pAKT in the larval brain. 

PTEN -/- (GFP+) clones stained  for pAKT (red). AKT is activated in most clones (arrows).  

The dotted line indicates the contour of the brain lobes. Scale bar is 50𝜇m. 

 

Since there are no data in the literature on the alleged interaction between PTEN and Lgl in 

Drosophila, I investigated the effects of PTEN LOF on Lgl localisation. Figure PRES4 shows 

a larval brain region in which it can be observed that PTEN117clones (GFP-) show aPKC 

membrane enrichment (Fig. PRES. 4 C) and a consistent reduction of Lgl abundance at the 

cell cortex (Fig. PRES. 4 D). Therefore, PTEN mutation causes, also in Drosophila, a partial 

delocalisation/inactivation of the Lgl protein, possibly via aPKC.  

 

 

Figure PRES. 4: Immunostaining for aPKC and Lgl in PTEN117 mutant clones. Flp / FRT PTEN117clones in the optic lobe show 

membrane accumulation of aPKC (C, white) and a decrease of Lgl(D, white). The reference bar is 50μm. 
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This was clear demonstration that the PTEN/aPKC/Lglaxis, identified as responsible for 

maintaining the GB Stem Cells in mammals, is also active in the Drosophila brain. 

 

1.3. Stem cells are susceptible to alterations of the PTEN/aPKC/Lgl axis.  

 

As already extensively discussed in the introduction, one of the main debates in GB research 

is around the origin of this tumour. PTEN mutation is considered a driver mutation of primary 

GB, and it has been observed that this determines the hyperactivation of the aPKC kinase 

which phosphorylates, among other targets, Lgl, inactivating it and disrupting apical-basal 

cell polarity and asymmetric cell division119 

In order to obtain some information about the putative cell of origin of this tumour, I induced 

alterations in the PTEN/aPKC/Lgl axis in several cell populations at different stages of 

differentiation.  

Although I have previously shown that the PTEN mutation is capable to reduce Lgl 

abundance at the membrane, inactivating it as happens in mammals, it does not seem to shut it 

completely off. It is known that the Drosophila Lgl protein has a very long half-life and, even 

when present in small quantities, it is able to maintain the correct cell polarity if localised at 

the membrane157. For this reason, I decided to use the mutant forms of both PTEN and lgl, 

singularly and simultaneously, to observe the effect of individual mutations and the result of 

the cooperation between these two TSG’s mutations. 

I used a clonal system that allowed inducing PTEN and lgl mutations in sporadic cells 

belonging to specific territories, through the use of specific promoters. In this way, I 

mimicked tumour onset in mammals. The clones were followed and characterised for 

morphology, proliferation and, possibly, tumour initiation and expansion. This system 

allowed me to map the origin of the mutant cells and to evaluate, based on the phenotypes 

obtained, which cell population was more susceptible to PTEN and lgl mutations. I have used 

three different promoters to guide the formation of mutant clones in specific cell populations 

of the brain:  

- decapentaplegic (dpp), active in Glial Precursors Cells (GPC); 
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- reverse polarity (repo), active in all differentiated glial cells; 

- c855a, active in the neuroepithelial stem cells. NE cells differentiate into NBs that undergo 

asymmetric division to generate neurons and glial cells of lamina and medulla. 

For each experiment, I performed an analysis of the experimental progeny: when it arised in 

the expected proportions, I carried out morphological and IHC analyses only on adult brains; 

otherwise, if the number of the experimental progeny deviated significantly from the expected 

one, I analysed larval, pupal and adult brains. 

The clonal mutation of lgl and PTEN in glial precursors cells (dpp) and in mature glia (repo) 

did not cause any morphological alterations in the area of origin or even in the rest of the 

CNS.  

The same mutations behaved as follows when induced in the NE cells (c855a): while single 

lgl or PTEN LOF was not sufficient as to cause lethality or morphological changes in the 

territory of origin or in other areas of the brain (not shown), their combined mutation 

provoked a consistent deviation of the adult progeny from the expected segregation (10% 

observed vs 50% expected, n = 258), so I tried and figure out at what stage lethality occurred.  

I found a huge number of pharates (adults dead inside the puparium), pupae in histolysis and 

dead larvae at different stages. I focussed my attention on late L3 larvae which maintained the 

larval shape up to 10-11 days, compared to the control 4.5 days. 

I dissected those larvae and observed a massive overgrowth of the CNS and annexed discs, 

combined with morphological changes and fusion of adjacent organs. The figure PRES.5A 

represents a CNS with a deformed brain lobe (arrow). It is possible to observe an enlargement 

of the entire structure compared to the cartoon of a control CNS (Fig. PRES.5B, at the same 

scale) and a considerable increase in glial cell density (Fig. PRES.5C). 

Figure PRES.6B shows a portion of a giant brain, also enriched in glial cells compared to the 

control (Fig. PRES.6A). The total number of glial cells per cerebral hemisphere goes from 60 

at the beginning of the larval life to about 360 at the end of L3; the proliferation rate of these 

cells is very low (2-5%) and accounts on both sporadic mitosis of mature cells and the 

presence of  bipotent precursors such as GMC which, by dividing, give rise to neurons and 

glial cells170. I then checked whether the glial cells of the brains under analysis were in 

surplus, and whether their mitotic rate was altered compared to the control. 
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As you can see in Figure PRES.6, while in a section of a control brain (A) mitotic glial cells 

(Repo = red, PH3 = green, colocalisation = yellow) represent a small fraction of the glial 

population (arrows), in the aberrant brain shown in B they reach a percentage of about 50%, 

(67 out of 127 cells counted) proving that in this model the combined loss of lgl and PTEN is 

able to considerably increase the proliferative rate of the glial population. 

 

Figure PRES. 5: Immunostaining for Repo on larval brains. 
lgl-/-, PTEN -/-clones (GFP-) stained for Repo, a marker of mature glia (white in A and red in C). 

The arrow in A indicates a deformed brain lobe. Panel B represents a scaled L3 larval brain. 
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Figure PRES. 6: Immunostaining for Repo and PH3 on larval brains.  

Repo (red) stains glial cells, PH3 (green) stains mitotic cells. Colocalitasion (yellow) indicates dividing glial cells. A) shows 

a wild-type brain with a small number of glial cells in mitosis (arrows), while B) shows a section of the lobe of Figure 

PRIS5C in which the glial cells in mitosis are about 50%. 

 

In summary, my preliminary work had the intention to assess the susceptibility of different 

cell populations of the developing brain to the LOF of the genes of interest. Furthermore, 

through the use of a clonal system, which means inducing mutations in single cells within the 

different areas, I guided the formation of mutant clones which, during growth, have been in 

close contact with a wild-type microenvironment, so mimicking what happens in human 

cancers. 
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lgl or PTEN mutations, both single and combined, did not originate aberrant progeny when 

induced in the region containing the direct precursors of glial cells (GPC) or in the mature 

glia, nor did I observe any tumour phenotype. Failure to obtain tumour phenotypes in these 

territories suggests that lgl and PTEN mutations have no effect on late progenitors or mature 

glial cells. The same clonal analysis in the neuroepithelial area which, as in mammals, gives 

rise to NBs, has given different results. While single mutations of lgl and PTEN did not yield 

defective progeny, the combined mutation of the two resulted in segregation defects, with an 

experimental progeny lower than expected and lethality at different stages of differentiation. I 

analysed the late larvae which appeared extremely enlarged and I observed CNS overgrowth 

accompanied by severe morphological alterations. The structures were barely analysable due 

to the severe fusion of the brain with the adjacent epithelial tissues. The IHC analysis has 

demonstrated that overgrowth of the brain was associated with a considerable accumulation of 

glial cells due to an increase of their mitotic rate, indicating a susceptibility of the 

neuroepithelial area to dysfunctions of the PTEN/aPKC/Lgl axis.  

However, the results obtained were variable, partly due to intrinsic features of the genetic 

system used (see Materials and Methods). Flippase activity has an event-specific efficiency, 

with the consequent formation of different clonal areas among individuals. Probably, I 

observed tumour formation only in cases where the Flippase activity was high and the 

resulting clonal area was large enough to affect the “cells of origin”, or be able to accumulate 

further mutations required for tumour progression. Therefore, I managed to find a suitable 

genetic system to better characterise the mechanisms underlying gliomagenesis. 
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2.  Results of this thesis 

 

The results preliminary to this thesis allowed me demonstrating that the function of the 

PTEN/aPKC/Lgl axis, responsible for the maintenance of GSCs, is conserved in the 

Drosophila brain. They also showed that alterations in this axis, while triggering 

tumourigenesis in neural stem cells, fail to do so in late glial precursors and differentiated 

glia. 

As already discussed, Drosophila Lgl protein has a very long half-life, and a small fraction of 

the protein, about 5% of the wild-type dosage, is sufficient as to maintain a correct cell 

polarity, provided it is correctly localised. The PTEN mutation lowers Lgl protein level but 

does not cut it completely off. To avoid this problem, I overexpressed the active forms of 

PTEN and lgl antagonist kinases, PI3K and aPKC. Both kinases used are wild-type forms, but 

constitutively activated and anchored to the membrane due to the presence of a CAAX 

prenylated motif. The kinases may be more effective in inhibiting Lgl, and thus reproduce 

more accurately what happens in the GB models developed in mammals1,3,118. 

Following the experimental design shown in the preliminary data, I expressed the activated 

PI3K and aPKC separately and together in mature glia, glial precursors and stem cells. For 

mature glia and their direct precursors, I used the same promoters as those used for the 

preliminary experiments, respectively repo and dpp, while for immature cells I chose the 

Optix promoter, which is active in the optic lobe and the dorso-medial region of the CB172,173 

(Fig. RES.1) where PTEN mutation was shown to activate the PI3K/AKT pathway (Fig. 

PRES. 3) 

The progeny of the different crosses was counted and macroscopic phenotypes, such as the 

morphology/size of the eyes and head, were also analysed. In figure RES.2, the table shows 

the number of adults (or pharates) for each experiment and the graph summarises them. For 

this set of experiments at 25°C, I performed a -square test that did not detect significant 

differences between expected and observed progeny for the dpp and repo groups, whose 

brains did not show any macroscopic alterations.  
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Figure RES. 1: Optix expression pattern in the larval brain. 

Optix is expressed in a well-defined compartment of the OPC neuroepithelium, in one type I NB 

and in four of the eight type II NBs (DM1, 2, 3, and 6), as well as in most of the INPs, GMCs 

and neurons from these lineages 172. 

 

Figure RES. 2: Counted progeny for each experimental group. 

 

The table shows the number of expected and observed flies for each experimental group. The activated forms of 

PI3K and aPKC have been expressed separately and combined, using optix, ddp and repo promoters.  

The graph on the right summarises the numbers of the table.  
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Therefore, I focussed on the analysis of adults in which the kinases were expressed in the 

Optix territory. Also in this case, the differences between expected and observed progeny was 

not statistically significant and I proceeded with the macroscopic analysis. I observed some 

alterations in head dimensions and eye morphology, which did not appear perfectly spherical 

as in the control. In order to quantify the increase in head size I measured the head width 

(IOD, Inter Ocular Distance). Figure RES. 3 (A) shows the mean phenotypes of the three 

groups, Optix-PI3KCAAX, Optix-aPKCCAAX-wt and Optix-PI3KCAAXaPKCCAAX-wt, compared to the 

respective control siblings. The graph in (B) shows the mean IOD, normalised to the control. 

The IODs of all three groups are higher than those of the controls, with the Optix-aPKCCAAX-

wt group presenting the greatest values. I analysed the heads of these three classes under a 

fluorescence stereoscope and observed that, while Optix-PI3K appeared negative, both Optix-

aPKCCAAX-wt and Optix-PI3KCAAXaPKCCAAX-wt heads showed GFP-positive areas in about 

30% of individuals. The presence of these areas indicates a persistence of the promoter's 

activity in adulthood, when it should be inactive. Therefore, IOD may be, with a good 

approximation, a measure of the overgrowth of the central brain. 

Figure RES. 3: aPKC activation induces an increase of adult IOD. 

A) Representative photos of heads for each group plotted in (B). Each individual (on the right) represents the 

phenotype of its class, compared to the control born from the same cross (on the left). Scale bars are 50μm. The 

region used for IOD analysis is indicated with a black line. B) The graph shows the IOD of the experimental 

progeny of each group, normalised to that of the respective control. Each triangle represents an individual, and the 

black line the average ratio. The differences are all statistically significant, p≤0.001. 
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2.1  aPKC activation induces hyperplastic growth of the larval 

neuroepithelium 

 

I continued the analysis with the observation of the larval central nervous system and I first 

verified the effect of aPKCCAAX-wt overexpression of in the neuroepithelium (NE). As can be 

seen in the surface section shown in Figure RES.4A, the expression of the transgene 

determines a conspicuous enrichment of the aPKC protein at the membrane (compare the 

expression in the central GFP- region and in the lateral GFP+ region, where the promoter is 

active). Larval OL appeared normal but in the cross-section of a brain hemisphere (Fig. 

RES.4B) I noticed a structural change of the OPC which, normally formed by a monolayer of 

columnar cells, became multi-layered in the GFP+ zones (white arrows), while the untargeted 

GFP- NE (yellow arrows) remained monolayered. This phenotype is greatly worsened by the 

combined overexpression of the two kinases (Fig. RES.5C). Figure RES. 4C shows a larval 

brain lobe in which I performed an immunostaining for Lgl. As expected, I observed a 

decrease in membrane Lgl levels in targeted NE regions (GFP+). 

 

In summary, the constitutive activation of aPKC in the NE causes the exclusion of Lgl from 

the membrane and moderate hyperplasia. There is no evidence of malignant transformation. 

Overgrowth of NE following Hippo pathway deregulation has also been observed173. Hippo 

pathway controls proliferation and differentiation of NE cells 174 and, as explained in the 

Introduction, both aPKC and Lgl regulate proliferation via Hippo signalling. Also in this case, 

NE overgrowth could be due to a deregulation of the Hippo pathway following aPKC 

overexpression and, in order to confirm this, I performed an immunostaining for dIAP1 and 

MYC, which are known targets of this pathway. As we can observed in the lower panel of 

Figure RES. 4, the Optix regions of the NE accumulate both targets (compare the expression 

in the central GFP- region and in the lateral GFP+ region: the borders are marked with yellow 

arrowheads). 
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2.2 aPKC activation induces neoplastic growth in the CB NBs 

As already explained, the Optix promoter is active also in some type II NBs of the CB. After 

proving that NE undergoes hyperplastic growth following aPKC activation, I focussed on the 

fate of type II NBs. Figure RES5 compares representative images of Optix-PI3KCAAX, Optix-

aPKCCAAX-wt and Optix-PI3KCAAXaPKCCAAX-wt larval brains stained for Miranda (Mira, cyan), 

a NB-specific marker, and for Repo (red), which marks the mature glia. As can be seen, the 

expression of the activated form of aPKC induces a neurogenic wave in type II NBs (B, 

arrowhead), which expands considerably when the two kinases are simultaneously activated 

Figure RES. 4:aPKC constitutive activation induces hyperplastic growth in the larval neuroepithelium.  

(A-C) Brain hemispheres from Optix-aPKCCAAX-wt larvae. In A and B we can observe, from the upper to the lower 

panel, the Optix NE region, aPKC and dIAP1 staining. In C we can observe from the upper to lower panel, the Optix 

NE region, Lgl and MYC staining.  
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(C, arrowhead). This effect is completely absent when PI3K is expressed alone (Mira staining 

is negative in the CB: Figure RES.5A, arrowhead). In summary, I can affirm that the 

neurogenic potential is given by the activation of aPKC, while PI3K cooperates by favouring 

tissue/organ overgrowth. In order to verify whether PI3K alone was capable to modify 

neurogenesis and brain size, I repeated the same experiments at 29°C in order to exacerbate 

the phenotypic traits observed. Again, Optix-PI3KCAAX brains did not show any aberrant 

phenotype, as we can see in Figure RES.5D, where neurons and mature glia are labeled by 

Elav and Repo (red) and NBs are stained by Mira (cyan). 

The phenotypes obtained from the Optix-aPKCCAAX-wt samples at 29°C were comparable to 

those observed at lower temperatures, even if exacerbated: in fact, brain hemispheres were 

colonized by GFP+ cells (Fig. RES. 5E). Moreover, I observed GFP+ areas in the ventral 

ganglion in 72% (13 out of 18) of the samples (Fig. RES.5E, squared region). The invasive 

cells are undifferentiated precursors, as we can deduce from the evidence that they express 

Miranda (Fig. RES.5E,arrowhead) and do not express any marker of mature neural cells (Fig. 

RES.5E, upper panel, inset). Furthermore, also at 29°C we noticed a cooperation between 

aPKC and PI3K regarding the final dimensions of the organ, which resulted severely 

overgrown (Fig. RES.5F). 

 

In order to correlate the neurogenic potential to the average size of the brain lobes, I 

performed a statistical analysis of the measurement of the anterior-posterior (A-P) diameter of 

the lobes, in both samples raised at 25°C and at 29°C. As we can see in the graphs presented 

in Figure RES.6, in both cases the differences between the three groups of samples are 

statistically significant (p≤0.001) and the means summarises the qualitative data of 

immunofluorescence (IF) experiments. The A-P optic lobe diameter can thus be used as an 

index of neurogenic growth.  As we observed in previous experiments (see FIG. RES. 5), 

expression of the activated form of PI3K alone does not cause any alteration, so we assume 

that the phenotype of Optix-PI3K individuals is totally similar to the control (Optix-GFP). For 

this reason, in this graph, only genotypes Optix -PI3KCAAX aPKCCAAX-wt , Optix-aPKCCAAX-wt  

and Optix-PI3KCAAX are compared and shown, with the last one actually functioning as a 

control. 
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Figure RES. 5: Central brain neuroblasts expand upon expression of aPKCCAAX-wt. 

 

(A-C) Brains from Optix-PI3KCAAX (A),Optix-aPKCCAAX-wt(B) and  Optix -PI3KCAAX aPKCCAAX-wt(C) larvae grown at 25°. 

GFP shows Optix territory, in cyan we can observe immunostaining for Mira which stains NBs, in red Repo marks the glial 

cells.(D-F) Brains fromOptix-PI3KCAAX (A), Optix-aPKCCAAX-wt(B) and Optix-PI3KCAAX aPKCCAAX-wt(C) larvae grown at 

29°. GFP shows Optix territory, in red we can observe immunostaining for Elav and Repo which mark mature neural cells. 

The lower panel show immunostaining for Mira (cyan). Scale bars are 50μm. 
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Figure RES. 6: A-P lobe diameter is a measure of neurogenic growth. 

The graphs show the measurements of the anterior-posterior (A-P) diameter of each experimental group at 25°C (A) and at 

29°C (B). Each triangle represents an individual and the black line indicates the average ratio. n is indicated for each group. 

The differences are all statistically significant, p≤0.001. 

 

The neurogenic wave seems to originate from the CB and, being Optix active in 4 out of 8 

type II NBs, I performed an immunostaining for PointedP1 (PntP1), a specific marker of this 

subgroup of stem cells. Figure RES.7 shows that most immature cells that colonise the brain 

hemisphere are PntP1-positive (cyan), representing type II NBs and immature INPs137. In 

addition, these masses are also characterised by a high percentage of double strand breaks, a 

common index of defective DNA repair, a typical trait of cancers175 and, interestingly, of GB 

stem cells176.  

 

 

Figure RES. 7: aPKC activated form induces the formation of neurogenic masses composed of type II NBs/INPs.  

Representative brain hemispheres from Optix-aPKCCAAX-WT larvae grown at 29°C. GFP stains tumour masses, PntP1 (cyan) 

marks Type II NBs and immature INPs, γ -H2AX (red) marks double strand breaks. Scale bar is 50μm. 
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In the above described set of experiments, the Optix-aPKCCAAX-WT and Optix-

PI3KCAAXaPKCCAAX-WT progenies (p≤0.001) did not reach the adult stage (Table in Fig. 

RES.3), as presumable from the severity of the larval phenotypes. I then proceeded with the 

analysis of pharates and pupae: the difference in phenotype severity between Optix-

aPKCCAAX-WT and Optix-PI3KCAAXaPKCCAAX-WT was also reflected at this level. As the table 

in Figure RES.2 indicates, some Optix-aPKCCAAX-WT individuals reached the pharate stage but 

failed to complete the differentiation and to flicker; these individuals showed severe 

alterations of the head and important eye aberrations (Fig. RES.8, upper panel), probably due 

to the involvement of the optic lobe that is known to differentiate into the adult eye.  In Optix-

PI3KCAAXaPKCCAAX-WT individuals the phenotype is aggravated; they do not reach the pharate 

stage and development stops at the pre-pupal stage with the beginning of eye differentiation 

(Fig. RES.8, lower panel). 

Altogether, these data obtained mainly from analysis of the larval brain suggest that the 

alteration of the PTEN/aPKC/Lgl molecular axis can trigger hyperplastic growth of the 

neuroepithelial cells, while inducing an accumulation of neural stem cells in the CB forming 

masses which colonise the whole brain and display different cancer traits. This is mainly due 

to aPKC activation, and PI3K, although not sufficient to initiate the tumourigenic process, 

cooperates with aPKC by increasing tissue and organ growth. 

 

 

 

 

 

Figure RES. 8: The aberrant growth induced by aPKC activated form lead the animals to premature death at 29°.  

Upper panel show representative pupae and pharates Optix-aPKCCAAX-WTgrown  at 29°.  

The lower panel show representative pupae Optix-PI3KCAAXaPKCCAAX-WTgrown  at 29°. 

Both genotypes fail to reach the adult stage. 
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2.3  aPKC activation induces the formation of tumour masses in adult 

brains 

 

Being GB an adult brain tumour, my goal was to build up a model of brain cancer in the adult 

fly. The development of an adult model of cancer in Drosophila is difficult, especially 

because most of the promoters available are active during the whole development. Adult brain 

cancer in Drosophila has been obtained following downregulation of the transcriptional factor 

Brain Tumour (Brat) and the inactivation of the transcription factor Earmuff177, both involved 

in the maintenance of stem cell balance. I then continued the analysis by focussing on the 

adult brains. Since individuals raised at 29°C did not reach the adult stage, all the successive 

experiments were carried out at 25°C. 

Figure RES.9A shows an Optix-GFP adult brain as a control, in which it can be observed a 

small GFP+ region in the CB, a ghost promoter activity due to GFP stability. It is known from 

the literature that adult neurogenesis occurs even in Drosophila, as well as in mammals, 

mainly following acute injury178. As it happens in mammals, stem cells responsible for adult 

neurogenesis are few and, for this reason, not detectable by IF. As can be observed in Figure 

RES.9A, in fact, the Optix-GFP adult brain is negative to Mira staining (cyan). Even the 

brains from Optix-PI3KCAAX flies do not show the presence of cells positive to Mira, although 

the central portion of the brain is larger than the control (Fig. RES.9B). Contrariwise, Figure 

RES. 9C shows an adult brain from Optix-aPKCCAAX-wt flies in which a large neurogenic 

region is evident (Mira, cyan) and fills the entire central brain, which appears completely 

deformed. Staining for Repo, which also marks the glial cells of the BBB, highlights its 

disruption (insert in C), suggesting this model may be also suitable for drug delivery trials. 
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The combined expression of the two kinases also caused, as expected, the formation of 

enlarged brains rich in immature cells (Fig. RES. 9D). A statistical analysis of the neurogenic 

regions in the Optix-aPKCCAAXwt and Optix-PI3KCAAXaPKCCAAX-wt flies revealed that the two 

groups show no significant differences (Fig. RES.10A). Given the size of the larval brains, 

much larger in the Optix-PI3KCAAXaPKCCAAX-wtindividuals than in the aPKCCAAX-wt ones, it 

can be assumed that the most compromised individuals of both genotypes do not reach the 

adult stage. As we have seen in the table in Figure RES.2 at 25 ° C, in fact, in the Optix-

aPKCCAAX-wt group we observed only 80% of the adult progeny compared to the expected 

one, and in the Optix-PI3KCAAXaPKCCAAX-wt group only 50%. Since the two phenotypes 

observed are superimposable, and the neurogenic phenotype depends mostly on aPKC 

activation, I decided to continue with the characterisation of Optix-aPKCCAAX-wt individuals. 

 

Figure RES.9: aPKC activation in CB NBs leads to the formation of adult brain cancer. 

Adult brains from Optix-GFP (A), Optix-PI3KCAAX (B), Optix-aPKCCAAX-wt (C) and Optix-PI3KCAAXaPKCCAAX-wt(D) 

flies.GFP shows Optix territory, in cyan we can observe IF for Mira which stains NBs, in red Elav and Repo mark neural 

mature cells. Scale bars are 50 μm. 
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Figure RES. 10: Neurogenic areas in adult brains from Optix-PI3KCAAXaPKCCAAX-wt individuals are comparable to 

those of Optix-aPKCCAAX-wtindividuals, which continue to expand during adult life.  

A) The graph represents the GFP+ area of adult brains of the genotypes indicated, normalised on the total area of each 

sample. Each triangle represents a brain, the black line indicates the average ratio. n is indicated for each group. The 

differences are not statistically significant, 𝑃 = 0.1968.  B) The graph represents the GFP+ area of adult brains of the indicated 

genotype, taken at day 1 and day 11 after birth, normalised on the total area of each sample. Each triangle represents a brain, 

the black line indicates the average ratio. n is indicated for each group. The difference is statistically significant, p≤0.05 

 

 

2.4  Adult brain cancers induced by aPKC activation continue to 

proliferate in the adult, leading the animals to untimely death 

 

Later I wondered if these tumors, being characterised mainly by stem cells, continued to grow 

during adulthood and, to answer this question, I measured the neurogenic areas of brains from 

flies sacrificed just after birth and 10 days after. As can be seen in Figure RES.10B, 

individuals sacrificed 11 days after birth showed a 50% increase of GFP-positive areas 

compared to those sacrificed at birth. 

This means that these tumours continue to grow throughout animal life, and this was 

confirmed by immunostaining for the Phospho-Histone H3 (PH3), a mitotic marker. Figure 

RES.11 shows how the neurogenic area is characterised by the presence of many cells 

positive to PH3. These tumours are composed of stem cells that continue to proliferate in the 

adult, leading the animal to premature death as we can see in the Kaplan-Meier survival curve 
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(Fig. RES.12). The curve compares the survival rate of the experimental progeny, in orange, 

with that of the control, in black. 

 

Figure RES. 11: The neurogenic tumours continue to proliferate in the adult.  

Representative brain from Optix-aPKCCAAX-wt individuals. In cyan we can see PH3 staining, a specific marker of mitosis. 

Scale bar is 50 𝜇m. 

 

 

 

 

 

 

 

 

  

 

 

 

At 30 days from birth, 83% of the control flies were alive and healthy, compared to only 20% 

of the experimental flies, which showed in addition poor motility and inability to feed and 

mate, suggesting an important impairment of CNS. 

Figure RES. 12: Kaplan-Meier survival curve of Optix-aPKCCAAX-wt individuals. 

The graph shows the survival percentages of Optix-GFP (black) and Optix-

aPKCCAAXwt (orange) individuals reared at 25°C. The difference is statistically 

significant, p≤0.0001. 
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Previously we saw that in larval brains these tumor masses were mainly formed by type II 

NBs and INPs (Fig. RES. 7). I confirmed that the GFP-positive areas are composed of type II 

NBs and immature INPs also in adult brains, as the staining for PntP1 shows in Figure RES. 

13.  

 

 

 

2.5 aPKC activation induces NB expansion in the CB via MYC 

deregulation 

 

The MYC proto-oncogene family is commonly deregulated, in disparate ways, in a broad 

range of human cancers179. Among others, it has been demonstrated that c-MYC plays an 

important role in initiation, maintenance and progression of brain cancers180 including 

GB181,182. MYC is required for correct brain development and it regulates neural stem cell 

quiescence and commitment, in fact it is necessary for the correct proliferation of neural 

progenitor cells183. Drosophila genome contains a single MYC  orthologue, named diminutive 

or dmyc184, highly expressed in NBs185. MYC and the Tip60 chromatin remodelling complex 

regulate NB maintenance, with the loss of this complex resulting in cell polarity disruption, 

symmetric division and premature differentiation186. MYC levels are finely controlled by 

different mechanisms to ensure control of the asymmetric NB division187. Given its important 

role in the regulation of the balance between self-renewal and differentiation, and since I 

Figure RES. 13: The adult cancers are composed mainly of type II NBs/immature INPs. 
Representative brains from Optix-aPKCCAAX-wt individuals, in cyan the staining for PntP1, a specific marker of type II NBs 

and immature INPs.  

Scale bar is 50 𝜇m. 
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observed MYC upregulation following aPKC activation in NE cells (Fig. RES.4C, bottom 

panel), I focussed on the analysis of the role of MYC protein in the neurogenic wave induced 

by aPKC activation. Figure RES.14A shows a brain hemisphere from an Optix-aPKCCAAX-wt 

larva with the regions where aPKC is activated outlined. These regions are indicated in the 

inset as II and OL, indicating type II and OL NBs respectively. As we can see, aPKC 

activation results in coherently lowered Lgl levels (lower panel) and aberrant MYC 

expression (upper panel). As observed previously (Fig. RES. 4C), MYC is upregulated in OL 

NBs and in the NE (Fig. RES.14.A, arrowhead), but the higher levels of this protein are seen 

as a consequence of aPKC activation in the CB (Fig. RES.14.A, arrow). Once proven MYC 

involvement, in order to understand if aberrant growth is dependent on MYC activity, I 

carried out simultaneous aPKC activation and MYC knockdown. MYC downregulation 

drastically impaired tumour growth (compare GFP+ regions of Figure RES.14.B and C) and 

result in a normal sized organ (compare GFP+ regions of figure RES.14C and figure RES.1), 

suggesting the process leading to the formation of neurogenic tumours and oversized organs is 

MYC-dependent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure RES. 14: aPKC activation induces overgrowth via MYC deregulation. 

(A-B) Brains from Optix-aPKCCAAX-wt larvae. In the inset, OL and II indicate OL NBs and type II 

NBs. MYC and Lgl staining are shown in red and white, respectively. (C) Brains from Optix-

aPKCCAAX-wtMYCKD larvae. In (B) and (C) NE and type II NBs are indicated with an arrow and 

an arrowhead respectively. Scale bars are 50 𝜇m. 
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Figure RES. 15: PI3K cooperates with aPKC in MYC deregulation.  

Brains from Optix-PI3KCAAXaPKCCAAX-wt larvae. In the inset, the CB region is indicated as II. MYC and Lgl staining are 

shown in red and white respectively. Scale bar is 50 𝜇m. 

 

As previously explained, PI3K boosts the overgrowth induced by aPKC activation, impacting 

on organ size. To understand if the two kinases also cooperate in MYC deregulation, I carried 

out an immunostaining for MYC on brains from Optix-PI3KCAAXaPKCCAAX-wt larvae. As can 

be appreciated in Figure RES.15, PI3K and aPKC cooperate also in MYC downregulation: the 

brain hemispheres are completely filled with cells expressing high levels of MYC protein. 

The inset indicates the expanded type II NB region. 

Lastly, I investigated MYC expression in adult brains from Optix-aPKCCAAX-wt flies and I 

noticed that MYC is upregulated in some tumour areas. In Figure RES.16 we can observe that 

MYC protein levels (red) are increased in some regions of the GFP-positive tumour masses. 

One of the best characterised pathways through which the alterations in cell polarity impact 

on cell proliferation is the Hippo signalling cascade, whose downstream effector is the 

transcriptional coactivator Yki. My laboratory previously identified MYC as a Yki target188. 

I wondered if, also in this case, MYC deregulation was due to its increased transcription by 

Yki and, therefore, to an activation of the Hippo pathway. In order to verify this hypothesis I 

performed an immunostaining for Yki and, as we can see in Figure RES.16, MYC 

upregulation is associated with Yki accumulation (arrows). This co-localisation suggests that 

the Hippo pathway could be one of the mediators of the tumourigenesis process induced by 

aPKC activation in type II NBs/INPs. 
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2.6. aPKC activation in type II NBs is sufficient to reproduce the 

malignant phenotype  

 

The evidence that aPKC cortical loading in the Optix territory results in the onset of PntP1-

positive tumours originating from the central brain suggests that type II NBs may represent 

the cells of origin of these malignant masses. To confirm this, I have induced aPKC activation 

in different stem sub-populations by combining different elements of the UAS/Gal4 binary 

system. I obtained three different drivers that allowed me altering the PTEN/aPKC/Lgl axis in 

different stem populations.  

The drivers used were: 

1) Optix-Gal4; ase-GAL80 

2) pntP1-Gal4 

3) insc-Gal4; ase-Gal80 

 

All the experiments were carried out at 29°C with the aim to strengthen Gal4 activity. At least 

100 adult flies were analysed for each cross; when the experimental progeny reached the adult 

stage, I analysed the brain and performed IF analyses. Moreover, I carried out lifespan tests to 

investigate how each genotype impacted fly health.  

Figure RES. 16: Adult brain tumours induced by aPKC activation show MYC upregulation.  

Representative adult brain from Optix-aPKCCAAX-wt individuals. GFP marks tumour masses, MYC and Yki staining are 

shown in red and white, respectively. Arrows indicate tumour areas where MYC and Yki colocalise. Scale bar is 50 𝜇m. 
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1) Optix-Gal4; ase-Gal80 

 

Following the above results, I started my analysis with the Optix promoter, trying to restrict 

its expression area. As already explained, Optix is expressed in the NE cells, one type I NB 

and four type II NBs. The first driver analysed was Optix-Gal4 combined with the ase-Gal80 

element. As explained in detail in Materials and Methods, Gal80 is the Gal4 inhibitor and ase 

is expressed only in type I NBs, then combining these two elements I can guide the expression 

of the activated form of aPKCCAAX-WT only in NE cells and in type II NBs, excluding the 

contribution of the type I NBs. The resulting expression pattern can be seen in Figure 

RES.17A. Upon aPKCCAAX-wt expression, I observed an important expansion of NBs, 

comparable to that obtained with the use of Optix-Gal4 alone at 29°C (compare Fig. RES.17B 

and Fig. RES.5E) and, as with Optix alone, the progeny did not reach the adult stage. The 

graph in Figure RES.17C confirms the differences in brain lobe diameter between the two 

groups are not statistically significant.  

The evidence that the observed phenotype is superimposable with that obtained using the 

Optix promoter alone confirms that type I NBs do not contribute to this tumour process.  

  

 

 

 

As this combined system did not help me exclude the NE as a possible source of aberrant 

cells, nor did it allow obtaining adult animals, I proceeded by the use of another promoter. 

Figure RES. 17: The contribution of type I NBs is dispensable for tumour growth. 

A) Brains from Optix-Gal4, ase-Gal80-GFP larvae. B) Brains from Optix-Gal4, ase-Gal80-aPKCCAAX-WT larve. 

The images are at the same magnification. C) The graphs show the measurements of the anterior-posterior (A-P) 

diameter of Optix-Gal4-aPKCCAAX-WT and Optix-Gal4 ase-Gal80-aPKCCAAX-WT larvae at 29°C. Each triangle 

represents an individual and the black line indicates the average ratio. n is indicated for each group.  

The difference is not statistically significant, p= 0,0726. 

 

 

C 
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2)  pntP1-Gal4 

 

Secondly, I tried and eliminate the contribution of the NE to the tumourigenic process so to 

restrict aPKCCAAX-wt expression to type II NBs and immature INPs, using the specific driver 

pntP1. 

While pntP1 pattern in the adult brain seems to be restricted to a small region of the CB (Fig. 

RES. 18B), its activity in the larval brain does also involve the NE, as can be observed in 

Figure RES.18A. This was unexpected, however I decided to analyse the adult brains. 

 

 

 

 

 

 

 

 

 

In Figure RES. 19A and D, we can observe two representative images of pntP1-aPKCCAAX-wt 

adult brains. As can be seen, the ectopic expression of aPKC induces the formation of GFP+ 

tumour masses in the adult. With the aim to verify if these masses were composed of 

proliferating stem cells, I carried out an immunostaining for Mira and PH3. It is known from 

the literature that the neurogenic areas in the Drosophila adult brain are very confined and not 

detectable by IF54. Instead, as can be appreciated in Figure RES. 19, the masses formed are 

positive for both PH3 (RES.19B) and Mira (RES.19E) (co-localisation in Figures RES.19C 

and RES.19F), proving that these masses are composed of immature cells that persist and 

continue proliferating in the adult. To understand the impact of this observed phenotype on 

animal health, I performed a Kaplan-Meier analysis. 

Figure RES. 18: Expression pattern of pntP1 in 

larval and adult brains.  

GFP is expressed under the control of the pntP1 driver 

in larval (A) and adult (B) brains. 
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Figure RES. 19: aPKC activation under the control of the pntP1 promoter leads to the formation of adult brain 

tumours. 

(A and D) Representative images of pntP1-aPKCCAAX-wt adult brains, with GFP marking the tumour masses. PH3 stains 

mitotic cells (B) while Mira stains immature cells (E). Co-localisation of PH3 and Mira with GFP is shown in C and F. All 

images are at the same magnification. 

. 

In the graph represented in Figure RES.20, we can see the two different curves representative 

of the survival trend of the pntP1-aPKCCAAX-wt experimental progeny and the pntP1-GFP 

control progeny. The two groups seem to have a similar behaviour and the chi-square 

confirms that the differences between the two genotypes are statistically non-significant, 

suggesting that this kind of tumours do not impact average life. 

 

 

Figure RES. 20: Kaplan-Meier survival curve of pntP1-

aPKCCAAX-wt adult flies.  

The graph shows the survival percentage of pntP1-GFP 

(blue curve) and pntP1-aPKCCAAX-wt (orange curve) 

sibling flies. The p value associated with the chi-square 

test proves that the difference is not statistically significant 

(p≤0.0625). 
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3) insc-Gal4, ase-Gal80 

 

Progressively, I narrowed the target territory to the type II NBs. Since there is no promoter 

specific to type II NBs, I took advantage of the fact they lack ase expression. By using a 

combination of insc-Gal4 (active in ALL NBs) and ase-Gal80 (active in type I NBs ONLY), I 

was able to express the activated aPKC specifically in type II NBs (Fig.RES. 21). 

I obtained an adult progeny, so I focussed on adult brains.  

 

 

Figure RES. 21: Expression pattern of insc-Gal4, ase-Gal80 in larval (A) and adult (B) brains.  

 

 

Figure RES.22A, D shows insc-Gal4, ase-Gal80-aPKCCAAX-wtadult brains, which appear 

largely deformed and characterised by the presence of amazing GFP-positive regions. I 

performed an immunostaining for Mira and PH3 and, as we can see in Figure RES.22B and E, 

the tumour masses are positive for both these markers (co-localisation in Figure RES. 22C 

and F). This was clear evidence that specific aPKC activation in type II NBs results in the 

formation of huge tumour masses, highly proliferative and infiltrating, which occupy about 

70% of the brain at adult eclosion.   
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Figure RES. 22: aPKC activation in type II NBs leads to the formation of neurogenic adult brain tumours. 

(A and D) Representative images of insc-GAL4, ase-GAL80-aPKCCAAX-wt adult brain, GFP marks tumour masses. Mira stains 

immature cells (B) while PH3 stains mitotic cells(E). Co-localisation of staining for Mira andPH3with GFP+ tumour masses 

are shown in yellow in C and F, respectively. All images are at the same magnification. 

 

 

Given the severe phonotype observed, I was interested in characterising the impact of such a 

devastating tumour on the average life, since flies were surprisingly alive and did not show 

any macroscopic defects. To this purpose, I evaluated the average life of the experimental 

progeny compared to the insc-Gal4, ase-Gal80-GFP control flies. The results have been 

graphed in a Kaplan-Meier curve (Fig. RES. 23). 

 

The graph displays that the experimental group collapses at day 14, and the difference in 

survival between the two genotypes is statistically significant, as the p value associated with 

the chi-square test demonstrates.  

I also noticed that these individuals seemed to experience a severe motor deficit already at 

birth, therefore, in order to evaluate it, I performed a climbing assay, used in Drosophila to 

evaluate neuromotor deficits (see Materials and Methods).  
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This test exploits the natural tendency of a fly to climb upwards against gravity, called 

negative geotaxis. In the experiment, flies were placed in a graduated cylinder and, with a 

series of measurements, their ability to climb up was evaluated. I observed that 100% of the 

insc-Gal4; ase-Gal80-aPKCCAAX-wt flies failed to rise and remained in the lower part of the 

cylinder, that corresponds to level 1. On the contrary, 68% of the control progeny went up to 

the top of the cylinder, corresponding to level 2 (Fig. RES.24). 

 

 

 

 

 

 

 

 

Figure RES. 23: Kaplan-Meier survival curve of insc-Gal4, ase-Gal80-aPKCCAAX-wt adult flies.  

The graph shows the survival percentage of insc-Gal4, ase-Gal80-GFP (red curve) and insc-Gal4, ase-

Gal80-aPKCCAAX-wt (green curve) sibling flies. The p value associated with the chi-square test proves 

that the difference is statistically significant (p≤0.001). 

Figure RES. 24. Climbing assay on insc-Gal4; ase-Gal80-aPKCCAAX-wtadult flies reveals impaired motor 

functions.  

The percentages of insc-Gal4; ase-Gal80-aPKCCAAX-wt (orange) and insc-Gal4; ase-Gal80-GFP (green) individuals that 

reached level 2 (up) or remained at level 1(down). 
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This suggests the experimental progeny has severe motor deficits. This assay was performed 

at day 1, showing that the flies with brain tumours are afflicted by considerable deficits in the 

motor activity, remaining immobile, already at eclosion (Fig. RES.24) without any possibility 

to feed or mate. 

In synthesis, this tumour phenotype impacts on health and lifespan, leading the animals to an 

impairment of basic life traits and premature death, as it happens for humans affected by brain 

cancer. I have shown that type II NBs are extremely sensitive to aPKC-induced cell polarity 

alterations. For this reason, I decided to use the insc-Gal4; ase-Gal80 combined promoter to 

model neurogenic brain cancers that most summarises the essential features of mammalian 

brain tumours, from the clonal origin to untimely death. 

At this point I continued my analysis with a molecular characterisation of these tumours. First 

of all, I wanted to verify if even in this case the tumours showed MYC upregulation, and as 

we can see in Figure RES.25, these completely aberrant organs display a robust MYC signal.  

 

 

 

 

 

 

 

 

 

Figure RES. 25: Adult brain tumours induced by aPKC activation show MYC upregulation.  

Representative adult brain from insc-GAL4, ase-GAL80-aPKCCAAX-wt individuals.  

GFP marks tumour masses (A), in (B) MYC staining is shown in red.  

 

In order to understand if, also in this case, MYC deregulation was due to its increased 

transcription by Yki and, therefore, to an activation of the Hippo pathway, I performed an 

immunostaining for Yki and dIAP1, which is known target of this pathway. As we can see in 

Figure RES.26, the tumour area (GFP+) shows a strong dIAP1 expression associated, albeit 

unevenly, with Yki accumulation. This co-localisation confirms the Hippo pathway may be 
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one of the mediators of the tumourigenic process induced by aPKC activation in type II NBs, 

also in this model. 

Figure RES. 26: Adult brain tumours induced by aPKC activation show MYC upregulation. 

Representative adult brain from insc-GAL4, ase-GAL80-aPKCCAAX-wt individuals. GFP marks tumour masses (A), dIAP1 and 

Yki staining is shown in red and white, respectively (B/C). 

 

These tumors are mainly composed of stem cells which recapitulate many of the hallmarks of 

GSCs. GSCs are cells maintaining stem features but showing a typical tumour behavior. One 

of the essential traits of cancer stem cells is their ability to differentiate into a number of cell 

types. Thanks to this characteristic, CSCs manage to re-originate a highly heterogeneous 

tumour following surgical removal, being in fact the cause of relapses. In this work I 

wondered if stem cells, representing almost the entire mass of the adult brain tumors obtained 

by enhancing aPKC activity in type II NBs, were capable to differentiate into glial cells. In 

order to identify the possible presence of ectopic glia, I performed an immunostaining for 

Repo, a specific marker for mature glia, and PH3, to understand if these glial cells proliferate.  

Figure RES. 27: In the adult brain, dividing glial cell number is negligible. 

A representative adult brain from insc-Gal4ase-Gal80-GFP flies. In white we can observe PH3 (arrows) and in red the 

immunostaining for Repo. 
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In the Drosophila adult brain, proliferating glia is quite absent, mainly occurring in response 

to neuronal programmed cell death or brain injury189. As we can see in a representative 

control brain in Figure RES.25 PH3, in white, is expressed in few cells, which appear to be 

part of accessory structures and do not seem to co-lolocalise with Repo (red, Fig. RES. 27, 

arrows)  

The immunostaining for Repo on adult brains from insc-Gal4, ase-Gal80-aPKCCAAX- wt flies 

instead highlighted that the GFP+ tumour areas contained several Repo-positive cells (Fig. 

RES.28), as we can better see in the magnifications. I also investigated if the glial cells were 

replicating and I counted an average 3% of PH3-positive glial cells (data not shown) 

compared to the negligible number found in a normal adult brain.  

     

        

 

 

Whith this set of experiments I confirmed that the adult brain cancer obtained by cell polarity 

disruption in type II NBs are poorly differentiated and characterised mainly by stem cells. 

Figure RES. 28: Adult brain cancers express glial cell markers.  

A representative adult brain from insc-Gal ase-Gal80-aPKCCAAX- wt flies. GFP marks tumour masses, Repo, in red, 

stains glial cells. Co-localisation shows that some cells inside the tumour are Repo-positive, better observable in the 

magnification of the squared area. 
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Some cancer cells showed positivity to a glial marker, and glial cells seem to have an 

increased mitotic rate compared to the control. It would be interesting to understand if this 

increase in proliferation is tumour-autonomous or is rather the consequence of a crosstalk 

between the tumour and its environment. To assess this, further work is warranteed. 

 

2.7 Transcriptome-wide analysis of aPKC activation in Drosophila type II 

NBs 

In the first part of my thesis work I have identified the CNS cell population the most sensitive 

to alterations in the PTEN/aPKC/lgl molecular axis, which may thus represent the cell of 

origin of neurogenic brain cancers. 

After building a model of adult brain cancer, with the aim to find a signature specific to cell 

polarity disruption, I performed an RNA-seq analysis of these brain tumors. The analysis was 

carried out on the RNA isolated from adult heads of insc-Gal4; ase-Gal80-aPKCCAAX- wt 

(experiment) and insc-Gal4; ase-Gal80-GFP (control) flies.  

First, a Principal Components Analysis (PCA) was carried out on the data obtained. The PCA 

analysis showed that the major source of variability was Principal Component 1 (PC1), 

explaining 74.1% of the total dataset variance. PC1 correlates with the contrast between the 

control (ctr) and experimental (exp) groups; therefore, I got an excellent replicate 

concordance (Fig. RES.29) and I continued the analysis looking at the differences between the 

two genotypes. 
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Figure RES.29: Principal component Analysis (PCA) shows excellent replicate concordance. 
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The comparison between samples allows a differential gene expression (DGE o DE) analysis. 

The identified genes are characterised by a fold change (FC), which indicates the intensity of 

the alteration compared to a control. Its sign identifies down-regulated (-) or up-regulated (+) 

genes. However, the FC does not give us a measure of significance, which is given by the p-

value instead. In this case, the p-value is corrected to limit the number of false positives and is 

named adjusted p-value (padj). The selection of the differentially expressed genes is made 

using the combination of these two parameters, those thresholds remain arbitrary. In this case 

,adjusted p-value<=0, while logFC>=1. To be graphed, the expression data is transformed 

into a logarithmic scale. The graph used in this case is called “volcano plot”, it shows the 

adjusted p-values (in negative logarithmic scale) on the Y axis and the FC (always in 

logarithmic scale) on the X axis. Genes that are very differentially expressed will be found to 

the right (over-expressed) or left (under-expressed), and the significance will be indicated on 

the Y axis.  In total, we found 2799 up- (red) and 2731 downregulated (blue) genes in tumour 

brains compared to control brains (Fig. RES.30).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure RES. 30: Volcano Plot displays up-regulated and down-regulated genes. 

Down-regulated genes, shown in blue, are 2731, up-regulated genes are 2799 and are indicated in red.  

Among these, I have indicated the three most deregulated genes: mira, CycA and CR43283. 
Other genes of our interest, such as pnt, myc, lgl and aPKC, are also indicated. 
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I searched for some genes of my interest in the differential analysis. The first gene analysed 

was aPKC which, being overexpressed, represented an internal control. As we can see in 

Figure RES.31 aPKC, as expected, is expressed at significantly higher levels in the 

experimental samples than in the control. In addition to aPKC, in the figure we can see the 

difference in expression of other genes as pnt, mira and myc, that we had already seen 

upregulated at the protein level using IF (see respectively Fig. RES.13, RES.9 and RES. 16). 

This analysis confirmed that pnt and mira are also upregulated at the transcriptional level, and 

of particular interest to me is the upregulation of the proto-oncogene myc. It is indeed known 

by literature that myc can be up-regulated both at the transcriptional and protein levels, in the 

latter case by dpERK stabilisation which determines the accumulation of the protein. Thanks 

to this analysis we can affirm that myc is upregulated also at the transcriptional level. I then 

focussed on the expression of prospero (pros), encoding one of the cell-fate determinants 

regulating the choice between stem cell self-renewal and differentiation. Pros inhibits genes 

required for self-renewal and activates genes necessary for terminal differentiation190. 

Moreover, its absence in terminally differentiated cells reverts them to stem cells. Given the 

importance of this transcription factor as “binary switch” between stemness and 

differentiation, I was interested in understanding its status even in our model of brain cancer. 

Prospero is found in the cytoplasm of type I NBs and mature INPs, it is nuclear in the GMC 

and absent in type II NBs191. RNA-seq analysis revealed a slight upregulation of Prospero in 

Figure RES. 31: Expression level of some genes of interests. 

Gene expression is indicated in FPKM:”Fragments Per gene Kilobase per Million mapped fragments' 
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the tumour-bearing brains. This would seem counterintuitive, since tumour brains are largely 

formed by type II NBs lacking Pros, but there could be a compensatory mechanism, as for 

example the presence of GMCs (Pros+) arising from persistently dividing NBs in adult cancer 

brains. In addition, several works have shown that, beyond abundance, Pros localisation is 

important for differentiation192. It would be interesting to further investigate the status of this 

transcriptional factor in our model. Surprisingly, despite this and other works have widely 

demonstrated that overexpression of aPKC results in Lgl decrease at the membrane, in my 

dataset the level of lgl transcript is increased in the experimental sample. aPKC regulates Lgl 

protein function, and this does not necessarily mean that transcript levels need to be cut down; 

an explanation for transcript increase in our tumours may rely on the fact that they show a 

higher density of stem cells, in which Lgl is expressed even if cytoplasmic, while in a normal 

adult brain it is expressed at low levels (as indicated by FlyAtlas Anatomical Expression Data 

on https://flybase.org/reports/FBgn0002121.html). 

In Figure RES.32 we can observe the top 50 differentially expressed genes (by p-value). I 

made a preliminary investigation in the literature to understand the role of these genes. The 

most deregulated gene was CR43283. This gene was observed as the most upregulated in an 

RNA-seq analysis of another brain tumour model in Drosophila, based on brat LOF193. 

CR43283 acts as a lncRNA and was renamed cherub because it antagonises brat. Cherub is 

dispensable for brain development, plays an important role in type II NB mitosis and is 

required for transforming stem cells into malignant cells. Another gene that seems to be 

particularly interesting is Imp, which orchestrates neural stem cell growth and division by 

stabilising myc mRNA. This in turn produces an increase at the protein level which results in 

larger NBs with faster division rates. On the contrary, Imp downregulation results in a 

reduction of myc mRNA stability and restricts NB growth and division121. This may also 

explain the increased levels of myc transcript discussed above (see Fig. RES.31). One of the 

30 top deregulated genes, ball, is required for the self-renewal of germline stem cells 

(GSCs)194. Since it is known that tumours reactivate germline-specific genes to boost stem 

cell maintenance195, it may be interesting to understand the role of ball in the maintenance of 

these cancer stem cells. Among other most altered genes, some correlate to mitotic spindle 

dynamics, such as Pen (http://flybase.org/reports/FBgn0287720), ncd196. Others, such as 

Df31197, Dre4198 and CG9135199 are involved in chromatin structure and regulation. A good 

number are expressed in the CNS even if protein function is not yet well understood, while 

others are characterised only by functions in other organs. 

https://flybase.org/reports/FBgn0002121.html
http://flybase.org/reports/FBgn0287720
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Figure RES. 32: Heat maps of top 50 differentially expressed genes.  

Data is displayed in a grid where each row represents a gene and each column is a sample. The color and intensity are used to 

represent the differences of gene expression and not absolute values. As indicated in the legend, red represents up-regulated 

genes and blue represents down-regulated genes. White represents unchanged expression. 

 

After this preliminary analysis in the literature, a preliminary Pathway Enrichment Analysis 

(PEA) was carried out using the Gene Set Enrichment Analysis (GSEA) algorithm, first 

described by Subraniam and colleagues, 2002  200.  The statistical gene expression signature 

derived from the tumour brain vs. wild-type contrast via the DESeq2 pipeline, has been used 

as input to test for over-enrichment of specific gene sets. Gene sets have been derived from 

Molecular Signatures Database (MSigDB), a collection of pathways including also the 

databases KEGG, Wiki Pathways and Gene Onology 201. It was used the fGSEA (fast GSEA) 

algorithm implementation with 1E10 permutations/pathway202, in order to perform the 

analysis in a robust but efficient fashion. This analysis revealed me that most of the up-
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regulated genes in our brain tumour compared to wild-type adult brain are primarily involved 

in the control of cell cycle, DNA replication, gene expression, biosynthetic process and in the 

response to DNA damage. I have also observed that Myc targets are strongly upregulated (as 

is Myc), as we can see in Fig. RES 33, and the same goes for those of E2F. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

On the contrary, the most downregulated genes encode for  components of the respiratory 

chain complex, involved in oxidative phosphorylation and ion transmembrane transport. 

Other genes are however axon genes, implicated in regulation of synaptic vesicle cycle, 

neurotransmitter secretion and neuron projection.  We can say that aPKC expression in type II 

Fig RES. 33: Heat maps of the Myc targets 
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neuroblasts leads to Myc-mediated increased proliferation and persistence of  de-

differentiated state of neural cells. 

After this first analysis, aimed at observing the role of mainly deregulated genes in 

Drosophila, we identified the human orthologs of our genes using the Drosophila RNAi 

Screening Center Integrative Ortholog Prediction Tool (DIOPT; 

http://www.flyrnai.org/diopt) , for rapid identification. When multiple human genes are 

equally scored candidate orthologs for a Drosophila gene, we get the most expressed in 

TCGA Glioblastoma dataset (by FPKM expression). The analysis of the orthologs has shown 

that these are all groupable as genes performing functions in chromatin remodeling, control of 

the cell cycle, RNA regulation, migration and DNA damage response. 

Starting from the 30 most deregulated genes, afterwards I performed a literature review to 

investigate their involvement in human glioma, and the results were appealing because for a 

good chunk of them I found a correlation (as summarized in the table in Fig. RES34). 

 

Fly gene FlyBase_ID Huma Ortholog Name 

CycA FBgn0000404 CCNA2 Cyclin A2 

HmgD FBgn0004362 HMGB2 High Mobility Group Box 2 

Imp FBgn0285926 IGF2BP2 Insulin Like Growth Factor 2 MRNA Binding Protein 2 

Rrp1 FBgn0004584 APEX1 Apurinic/apyrimidinic endodeoxyribonuclease 1 

Lam FBgn0002525 LMNB2 Lamin-B2 

CG46301 FBgn0283651 NOL4 Nucleolar protein 4 

ncd FBgn0002924 KIFC1 Kinesin Family Member C1 

Top2 FBgn0284220 TOP2A DNA Topoisomerase II Alpha 

PCNA FBgn0005655 PCNA Proliferating Cell Nuclear Antigen 

CycE FBgn0010382 CCNE1 Cyclin E1 

CG9135 FBgn0031769 RCC2 Regulator Of Chromosome Condensation 2 

ball FBgn0027889 VRK1 VRK Serine/Threonine Kinase 1 

Pen FBgn0267727 KPNA2 Karyopherin α2 

 
Fig. RES. 34: Human Ortholog implicated in GBM.  

Starting from the 30 most deregulated genes in our model, we were able to identify the human orthologs of 24 of these, 

among which 13 were identified involved in GBM. 

 

Among these genes, particularly interesting to me are the genes important for the GSCs. The 

human ortholog of Imp, one of the genes that particularly caught my attention previously in 

Drosophila (see  above), is named IGF2BP2 or IMP2 and it is a mRNA binding protein that 

http://www.flyrnai.org/diopt
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regulates multiple biological processes. It has been demonstrated  that IMP2 is involved in the 

maintenance of Glioblastoma Stem Cells binding the let-7 miRNA, known to induce 

differentiation by silencing stem cell programs 203. At the same time, its other RNA target 

encodes mitochondrial respiratory chain complex subunits, in this way IMP2 regulates 

OXPHOS in primary glioblastoma (GBM) sphere cultures, preserving glioblastoma stem cells 

204.  Among these genes another implicated in GCSs stemness is NOL4, nucleolar protein 4, 

identified among twenty genes consistently expressed in GSCs and not expressed in NSCs, 

thus becoming candidates as new therapeutic targets for glioblastoma stem cells 205.  

Several genes listed in tab in Fig. RES. 34 are over-expressed in GBM when compared to 

normal brain tissue and for some of them their role in GBM progression has also been 

identified. Lamin-B2 (LMNB2) has  been found over-expressed in GBM, along with CCNA2, 

that like other member of the cyclin family is involved in the control of the cell cycle and in 

tumour growth of different types of cancer,  including GBM 206.  KPNA2 promotes growth 

and invasion of glioma cells207 and it does reprogramming cell metabolism by regulation of c-

myc 208. Also TOP2A is aberrant expressed in glioma tissues compared with corresponding 

normal ones and its over-expression is associated with poor prognosis of patients with 

GBM209. PCNA and VRK1 are over-expressed in glioma cell lines and tissues with highest 

levels in the most severe forms: there is, in fact, a positive correlation with the pathological 

grade, as well as for Ki-67 expression. In addition, there is also  a correspondence with the 

clinical outcome, high expression of these two proteins are associated with a poorer prognosis 

210, 211.  Correlating these genes with a poor prognosis, they are used as prognostic markers. 

A subgroup of genes is involved not only in growth and proliferation but also in resistance to 

conventional therapies. Another of the most expressed genes in our model is HmgD and its 

human ortholog, HMGB2, is a significant prognostic marker of GBM.  HMGB2 expression is 

significantly higher in GBM and is associated with poor prognosis because it might play an 

important role in glioblastoma cell invasion and proliferation and is also implicated in the 

sensitivity of TMZ treatment212.  APEX1 (al known as APE1/RE1) , instead plays an 

important role in the GBM because it is implicated not only in chemoresistance but also in 

radioresistance 213, 214. Kinesin family member C1 (KIFC1) is a kinesin that promotes 

progression of different types of cancers but only recently has it been observed that it is 

highly expressed in temozolomide-resistant GBM and it is involved in tumour progression 

and chemoresistance215. As well as also Cyclin E1 which is upregulated in GBM TMZ-

resistant cells, determining the resistance, indeed its inhibition re-sensitised the resistant cells 
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to the TMZ treatment 216.  Lastly also RCC2 is conspicuously expressed in GMB, is essential 

for tumorigenesis and its closely associated with a poorer prognosis, by determining 

radioresistance of GBM cells217 . 

At the moment, this preliminary analysis, even if narrowed to just top 30 upregulated genes, 

has given some interesting results. Obviously, this is only a starting point but it offers many 

interesting ideas about what to investigate using this model, but in future, comparing  our data 

with different datasets of GBM available online, we will more accurately identify the 

pathways correlated to our signature.  
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CONCLUSIONS AND PERSPECTIVES  

 

The idea of this thesis project arises from some recent papers showing that deregulation of the 

PTEN/aPKC/Lgl molecular axis is one of the mechanisms involved in the maintenance of 

Glioblastoma Stem Cells (GSCs), a subpopulation of glioblastoma (GB) characterised by 

stemness and tumour behavior, resistant to therapy and responsible for relapse40. Inactivation 

of PTEN is one of the most common events in primary GB, resulting in PI3K pathway 

activation. The uncontrolled activation of the insulin pathway results in deregulation of 

different cellular functions: a number of kinases are in turn activated and, among these, the 

atypical Protein Kinase C (aPKC). Active aPKC, in turn, continuously phosphorylates, 

inactivating it, the polarity protein Lgl119. Lgl restoration in patient-derived cell lines reduces 

cell motility in vitro, invasion in vivo and promotes differentiation along the neuronal lineage. 

Therefore, the role of Lgl a tumour suppressor protein, well-characterised in Drosophila, is 

conserved in human GB113. 

Lgl’s function in tumourigenesis and, in particular, the close connection between cell polarity 

disruption and uncontrolled proliferation, has always been the major research field of our 

laboratory. For this reason, we managed to characterize Lgl’s role and, more widely, the 

contribution of polarity disruption to brain cancer. 

After demonstrating that the molecular axis is conserved in Drosophila, I have deregulated it 

in different stem populations of the nervous system, in order to individuate the progenitors at 

the root of neurogenic brain cancers. This analysis identified the type II neuroblasts (NBs) as 

the most sensitive to alterations of the PTEN/aPKC/Lgl molecular axis. Type II NBs are a 

sub-population of Drosophila stem cells displaying a lineage similar to that of mammalian 

neural stem cells, involving transient amplifying cells expanding the pool of progenitors. 

By activating aPKC in these stem cells I obtained a humanised adult brain cancer model in the 

fly that summarises many phenotypic traits of human brain tumours. These tumours are 

indeed characterised by accumulation of highly proliferative immature cells, keep growing in 

the adult, leading the affected animals to develop a disabling health condition and premature 

death. 
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Given the central role of aPKC in the cell and the numerous functions it performs by 

phosphorylating different substrates, it was interesting to us to dissect the role of polarity loss 

from the whole. For this reason, we tried and understand what happens downstream aPKC 

activation, by inactivating Lgl. I carried out a first set of experiments in which, by using 

clonal systems, I induced lgl mutation in type II NBs. lgl-/- clones were generated during the 

larval development and characterised in adult brains. Lgl LOF in type II NBs did not cause the 

formation of tumour masses. However, I observed some clones to better characterise them, 

but they did not express Miranda (stemness marker), nor did they stain for PH3, and seemed 

to have a wild-type shape (data not shown). As I have explained above, one of the technical 

problems using lgl null mutation is that this gene shows an important maternal contribution157, 

and the protein displays a very long half-life. We also know that a very low percentage of 

protein, if correctly localised, is enough to maintain a correct apical-basal polarity. Therefore, 

our result may be altered by the inability to totally eliminate the protein. To work around this 

problem, I will try and associate the lgl mutation with a Minute mutation. Minutes (M) are a 

group of dominant, homozygous lethal, mutations of several ribosomal genes. These 

mutations produce individuals with normal organs, viability and fertility, albeit with 

developmental delay218. This delayed growth involves additional mitosis and results in 

complete depletion of the maternal proteins during larval life. This strategy may allow to 

completely eliminate the protein and observe the resulting phenotype. 

In case I will obtain a tumour phenotype, the tumors will be characterised for growth, 

invasion, impact on fly life and molecular profile. The results will be compared with the 

features of the tumour obtained by aPKC alteration, with the aim to dissect Lgl protein 

inhibition from other aPKC effects. An in-depth analysis would be carried out performing a 

second RNA-seq of lglKO  tumours and comparing the two expression profiles. In this way we 

could draw an exhaustive picture of the signalling paths used by the two lesions.  

On the other hand, if also in this case the resulting phenotype were not tumourous, we could 

assert that lgl LOF alone is not sufficient to induce tumourigenesis in the central brain. lgl 

mutation may need to cooperate with other lesions to trigger neoplastic transformation; this 

can be plausible also because in GB, as we said earlier, Lgl inactivation is a consequence of 

other lesions and it is not considered a driver mutation. 

The reverse experiment is currently ongoing: it consists in the restoration of lgl function in 

cancers induced by aPKC activation in type II NBs. I am expressing a non-phosphorylatable 
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form of Lgl designated Lgl3SA, in which the three major Lgl phosphorylation sites are 

mutated. The use of a non-phosphorylatable form and, therefore, not modifiable by aPKC, 

should allow to rescue Lgl function. The observed phenotype should be attributable to the 

accessory functions of aPKC, allowing to understand by subtraction the role of polarity 

disruption. 

The RNAseq of these tumour masses has made it possible to identify a series of differentially 

expressed genes which together constitute a specific signature of a brain tumour based on the 

alteration of PTEN/aPKC/Lgl axis. This analysis has given some interesting results even 

having focussed on a small number of genes: the vast majority of the human orthologues in 

the top 30 deregulated genes is known to play a substantial role in GBM growth and 

recurrence. Thanks to this observation, this can be considered a reliable model for brain 

cancer, along with the previous ones produced in the fly, which are based on lesions induced 

in mature glia219. An in-depth analysis of our data-set may perhaps allow us to identify 

specific genes involved in a gliomagenic process initiated from neural progenitors. 

Among the differentially regulated genes, the ones that have attracted my attention and I am 

going to investigate are MYC and Imp, both upregulated in our brain tumour. MYC protein 

dictates cell behaviour by governing central cellular processes as cell cycle, cell metabolism 

and balance between stemness and differentiation220. As explained in the results, it is known 

from the literature that Imp regulates size and division rates of NBs, via myc mRNA stability. 

It is interesting to dissect the role of these two downstream effectors that we find upregulated 

and understand their role in regulating self-renewal in our neurogenic model. To understand 

this I will first induce ImpKD in insc-Gal4; ase-Gal80-aPKC tumours. In a second experiment, 

I will simultaneously express the hairpin directed against Imp together with a stable form of 

MYC. Finally, I will express only the stable form of MYC in type II NBs, in order to 

understand the contribution of this very powerful oncogene, alone. Another goal is to carry 

out a comparative analysis of our dataset with data obtained from RNA-seq of patient-derived 

glioblastoma cell lines; matching targets will undergo functional tests in our Drosophila 

model with the aim to identify their contribution to the tumoral phenotype.  

The role of MYC in cancer is another hot topic of our laboratory research, studied in 

association with a biological phenomenon known as cell competition (CC). MYC-Mediated 

Cell Competition (MMCC) is a phenomenon by which cells compare their fitness: cells with 
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higher levels of MYC (called winners) commit to death the unfit cells (called losers) that 

undergo apoptosis. Subsequently, winner cells over proliferate occupying the entire space left. 

MMCC has been discovered in Drosophila but has also been shown to be conserved in 

mammals. It is a phenomenon used physiologically during development but our lab 

demonstrated for the first time also a link between MMCC and human tumour progression (as 

thoroughly reviewed in 220).  MMCC has been observed in different epithelial tumours and for 

this reason we wondered if MMCC have a role also in the expansion of brain tumours. This 

question also arises from the evidence of some preliminary data not included in this thesis: I 

indeed observed MMCC in neural precursors. The most interesting aspect of these data is the 

association between the competitive mechanism and the type of cell division the precursors 

undertake. MYC protein levels correlate with the type of cell division in human 

neuroblastoma cells: while high MYC levels favour symmetric cell division (SCD), low levels 

shift cells towards asymmetric cell division ACD221, and my preliminary in vivo data show 

that lgl mutant NBs upregulating MYC (undergoing SCD) are able to expand at the expense 

of nearby wild-type progenitors undergoing ACD, but have no effect on cells undergoing 

SCD (Fig. PC.1). 

 

 

 

 

 

 

 

I thus speculate that the type of cell division is relevant to cell competition completion in 

neural stem cells. MYC could act like a regulator of the type of cell division, influencing cell 

Figure PC. 1: Schematic representation of the competitive hypothesis in brain cancer. 

The type of cell division is relevant to cell competition in neural stem cells. MYC protein levels correlate with the type of cell 

division: high MYC levels favour Symmetric Cell Division (SCD) while low MYC levels shift cells to Asymmetric Cell 

Division (ACD). 
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fate and competition output in tumours of nervous origin. The modulation of the balance 

between the stem and differentiated cells could be used by the tumour mass to gain advantage 

in terms of expansion. My goal is to dissect the complicated molecular network that links 

MYC, CC and cell division by using our model of brain cancer that we have demonstrated to 

express high MYC levels and divide symmetrically.  

Moreover, I carried out a morphological analysis of MMCC in fly brain cancers using the first 

model shown previously, in which I expressed the activated form of the aPKC using Optix as 

promoter (see paragraph 2.2). As can be appreciated in Figure PC.2, dying cells, that are 

Caspase 3 positive, are scattered across the tumour brain lobe, preferably close or surrounded 

by MYC high-expressing neighbours. These cancers thus seem to use MMCC to select and 

expand the cells showing high MYC levels, as it is for epithelial cancer cells, therefore it is a 

good model to study the role of MMCC in brain cancer evolution.  

 

 

 

 

 

 

 

 

 

Figure PC. 2: IF Dying cells show lower MYC levels. 

  

A representative larval brain from Optix-GAL4-aPKCCAAX-wt. In red, MYC oncoprotein; in white, activated Caspase 3. As can 

be appreciated, the dying cells are frequently found in low MYC-expressing niches and in close contact with MYC high-

expressing cells. The scale bar is 25μm. 

 

Primary glioblastoma, further to grow rapidly, is a very aggressive form of brain tumour, with 

an important migration of scattered malignant cell. A cascade known to participate in cell 

migration and invasion from flies to humans is JNK signalling: JNK activation has been found 
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to play both cell-autonomous and non-cell autonomous roles in Drosophila cancers222, and in 

primary GBs JNK is hyperactivated and shows a pivotal role in the maintenance of glioma 

stem-like cells223.  A study carried out in Drosophila has analysed MYC’s role in tumour 

invasiveness and has found an inverse correlation between MYC levels and JNK activation, 

due to direct repression of the final JNK by MYC224. MYC directly transcribes puckered 

(puc), the downstream pathway inhibitor which blocks the JNK cascade; while MYC 

inhibition promotes JNK activation and tumour cell migration. In this work, Ma and 

colleagues also investigate the correlation between MYC levels with tumour aggressiveness 

and, by analysing the Oncomine database, they found that c-MYC levels were higher in non-

metastatic than in metastatic tumours. Since MYC is often considered an excellent therapeutic 

target, functional studies are needed to understand whether its downregulation can favor 

migration and, actually, a metastatic behavior.  

Preliminary data show that, in the fly brain cancer, MYC levels inversely correlate with JNK 

activation (Fig. PC. 3) , confirming it is a suitable model to study also the antagonistic role of 

MYC and JNK in growth and migration. 

Figure PC. 3: MYC levels inversely correlate with JNK activation.   
A representative larval brain from Optix-GAL4-aPKCCAAX-wt, puc-LacZ. In red, MYC protein; in white, βGal protein, which 

reveals the expression of the JNK activity reporter puc-LacZ. On the left, GFP marks tumour areas. As can be seen, the puc-

LacZ reporter is active in hemocytes recruited to the tumour (arrows), while on the right the arrowheads indicate several 

MYC low-expressing cells with high expression of the puc-LacZ reporter. The scale bars are 25μm. 

 

The preliminary data shown was obtained with the model that uses Optix-GAL4 as a driver, 

but also brain tumours obtained starting from only 8 type II NBs show the same behavior 

(data not show); for this reason, for subsequent analyses I will use this latter, more specific, 

model. In summary, the model I built and partially characterised in this thesis work may help 

deepen our knowledge on human brain cancers taking different paths and by investigating 

many different aspects of this complicate disease. 
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MATERIALS AND METHODS 

 

1. Drosophila Stocks  

Drosophila stocks were raised at 25°Cand experimental crosses were kept at 25°C, 29°C o 

30°C as indicated. All flies grew on a medium composed of water, corn flour, agar, glucose, 

yeast and nipagin, an antimicrobial agent used for prevent mould infection, in opportune 

concentrations. The lines, unless otherwise stated, were derived by cross or recombination 

from stocks obtained in our lab or from the Bloomington Drosophila Stock Center: Indiana 

University.  

 

The following fly stocks were used in the preliminary and thesis works: 

w; l(2)gl4*,FRT40A/CyO 

w; PTEN117**, FRT40A/CyO(kindly provided by Hugo Stocker) 

w; l(2)gl4 , PTEN117, FRT40A/CyO 

yw, hs-Flp, UAS-GFP, tub-Gal4; tub-Gal80, FRT40A/CyO 

w; Ubi-GFPnls,FRT40A/CyO 

yw, UAS-Flp; Ubi-GFPnls, FRT40A/CyO 

w; repo-Gal4/TM6b 

w; FRT40A/CyO; repo-Gal4/TM6b 

w; l(2)gl4, FRT40A/CyO; repo-Gal4/TM6b 

w; PTEN117, FRT40A/CyO; repo-Gal4/TM6b 

w; l(2)gl4, PTEN117, FRT40A/CyO; repo-Gal4/TM6b 

w; dpp-Gal4/TM3(kindly provided by Stephen Cohen) 

w; FRT40A/CyO; dpp-Gal4/TM6b 

w; l(2)gl4, FRT40A/CyO; dpp-Gal4/TM6b 

w; PTEN117, FRT40A/CyO; dpp-Gal4/TM6b 

w; l(2)gl4, PTEN117, FRT40A/CyO; dpp-Gal4/TM6b 

w;c855a-Gal4/TM6b 

w; FRT40A/CyO; c855a-Gal4/TM6b 

w; l(2)gl4, FRT40A/CyO; c855a-Gal4/TM6b 
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w; PTEN117, FRT40A/CyO; c855a-Gal4/TM6b 

w; l(2)gl4, PTEN117, FRT40A/CyO; c855a-Gal4/TM6B 

w;UAS-EGFP/CyO 

w; Optix-Gal4/CyO(kindly provided by Andrea Brand) 

w; Optix-Gal4,UAS-EGFP/CyO 

w; UAS-aPKCCAAX-wt/SM5 

yw,UAS-PI3K92ECAAX/FM7a,B 

yw,UAS-PI3K92ECAAX/FM7a,B;UAS-aPKCCAAX-wt/SM5 

yvsc, UAS-mCD8::GFP; UASdmRNAi 

w; PntP1-Gal4 

w;UAS-EGFP/CyO; PntP1-Gal4/TM6b 

w, UAS-mCD8GFP; Insc-Gal4/CyO;ase-Gal80 

w; Insc-Gal4, UAS-EGFP/CyO; ase-Gal80/TM6b 

 

*l(2)gl4:null mutation; 

**PTEN117: null mutation. 
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2. Genetic manipulation techniques 

 

2.1. Gal4/UAS expression system 225 

 

The UAS-Gal4 is a binary expression system developed in Drosophila by Brand and 

Perrimon almost twenty years ago, and still widely used, to study the effects of the ectopic 

expression of a specific gene. This technique allows expressing transgenes in controlled time 

and space.It is borrowed from the yeast Saccharomyces cerevisiae and for this reason is 

highly specific and does not interact with any Drosophila genetic elements. The system uses 

the transcriptional activator of Saccharomyces cerevisiae, the proteinGal4,able to recognise 

and bind specific regulatory sequences called UAS(Upstream Activating Sequences),and to 

activate the expression of the gene placed under their control.  

To avoid continuous expression of the interesting transgene, the two elements are kept 

separated in distinct parental lines: 

 

- The driver line, containing the Gal4 sequence under the control of a regulatory 

element of an endogenous gene, which can induce its expression at specific times and sites; 

 

- The responder line, which contains the sequence of the transgene of interest placed 

under the control of the UAS element. 

 

The cross of the two lines gives a progeny in which both elements coexist, with the 

consequent expression of the transgene in a space/time pattern specific of the promoter used 

(Fig. MM.1). This system has a high potential thanks to the large choice of well-characterised, 

ubiquitous or tissue-specific promoters which can guide the expression of Gal4 according to 

the experimental needs. A large number of driver lines are available in stock centers, but they 

are also exchanged generously among “Drosophilists”. The efficiency of the UAS-Gal4 

binary system can be modulated varying the outer temperature; minimal Gal4 activity is 

present at16°C and increases with temperature, reaching a maximum activity at around 30°C. 

Therefore, it is possible to increase the expression of the transgene of interest by increasing 

the temperature, taking into account that temperatures beyond 30°C may per se result in 

aberrant development. 
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Adapted from Christian Dahmann. Drosophila Methods and Protocols, 2008226 

 

It is possible to further modulate the activity of this system thanks to the use of an additional 

genetic element, the Gal4 repressor Gal80. The combination of theGal80 element with the 

UAS/Gal4 system under the control of a specific promoter can further restrict space and/or 

time of gene activity. The combined use of UAS/Gal4/Gal80 elements allowed me expressing 

transgenes of interest in subpopulations of the nervous system for which specific promoters 

are not available (Fig. MM.2). 

 

 

 

 

 

 

 

Adapted from Christian Dahmann. Drosophila Methods and Protocols, 2008226 

 

 

Fig. MM. 1. Schematic representation of the UAS/GAL4 binary expression system. 

 

Fig. MM. 2: Schematic representation of UAS/Gal4/Gal80 system. 
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2.2. Flp-FRT recombination227 

For the study of tumours, which mostly derive from single cells undergoing mutations or 

catastrophic events, clonal analysis is the most suitable system. Mitotic clonal analysis uses in 

Drosophila the Flp (Flippase)/FRT (Flippase Recognition Target)technique, which also 

exploits genetic elements borrowed from the budding yeast. The elements of this system are a 

site-specific recombinase, called Flippase (Flp), capable of recognizing and recombining 

pericentromeric its target sequences, so generating homozygous mutant cells in an otherwise 

heterozygous context.FRT sequences are usually located in the same position on homologous 

chromosomes with one chromosome carrying a mutated allele and the other a visible 

marker(as an example, GFP). The result of mitotic recombination is one cell homozygous for 

the mutation (GFP-) and a cell homozygous for the cell marker(GFP2+), in a context 

heterozygous for both(GFP+)(Fig. MM.3). 

In particular, the genetic system used to obtain the preliminary results combined the 

UAS/Gal4 and Flp/FRT systems. The Flippase was also placed under UAS control, then 

mitotic recombination and clone formation were specific to the territory of the promoter 

regulating Gal4 expression. 

 

 

From: St Johnston, 2002228 

 

Fig. MM. 3 Schematic representation of the Flp / FRT system. 
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2.3. MARCM: Mosaic Analysis with a Repressible Cell Marker229 

An important improvement of the Flp/FRT technique is the Mosaic Analysis with a 

Repressible Cell Marker, namely MARCM. The MARCM technique allows to generate 

homozygous mutant clones, labeled with GFP (or other) and expressing the transgenes of 

interest. It is a powerful tool for cancer modelling because it allows inducing the combined 

LOF of TSGs and gain of function (GOF) mutations of oncogenes in single cells. The clones 

will grow surrounded by wild-type tissue, mimicking mammalian tumour initiation. This 

result is obtainable by the combined use of the previously explained genetic systems: 

UAS/Gal4/Gal80 and Flp/FRT. In the heterozygous contextGal80 inhibits Gal4 activity; 

following the Flp/FRT-mediated mitotic recombination, one daughter cell will lack Gal80 

allowing Gal4 expression in its progeny. By placing a mutation on the same arm of the 

homologous chromosome, Gal80-lacking cells will also be homozygous for this mutation 

(Fig. MM. 4). 

 

 

 

 

 

 

 

 

 

 

 

 

 

       

From: Wu and Luo, 2006229 

Fig. MM. 4: Schematic representation of the MARCM system. 
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3. Driver lines 

 

The following are the drivers used to deregulate the PTEN/aPKC/Lgl axis in different cell 

populations of the central nervous system: 

- c855a: the associated gene has not yet been identified, expressed in the neuroepithelial 

cells (NE) since the embryonic stage. Used to guide the expression of a marker, it allows the 

identification of both IPC and the OPC within the optic lobe230. 

- decapentaplegic (dpp):dpp is the fly homologue of the mammalian Transforming 

Growth Factor-β (TGF-β), belonging to the Bone Morphogenetic Proteins (BMP), widely 

conserved between species, playing a central role in different cellular and molecular processes 

231.In the brain lobe, dpp is specifically expressed in the region of the GPC, the glial precursor 

cells. 

- reversed-polarity (repo):The Repo protein is expressed in terminally differentiated 

glia. It is not required for its early determination but is necessary for glial differentiation and 

migration 232. 

- Optix: Optix is a Drosophila member of the sine oculis homeobox (SIX) gene family. 

In the larval brain, it determines a well-defined portion of the neuroepithelium, one type I NB 

and four type II NBs (DM1, 2, 3, and 6)173. 

- asense: asense is part of the achaete-scute complex (AS-C) and encodes for a 

transcription factor. It is expressed only in type I NBs and in mature INPs but not in type II 

NBs191. In this thesis work I expressed Gal80 under the control of the asense promoter. In this 

way I inhibited Gal4 activity in all type I NBs and INPs. Used in combination with other 

promoters, it allowed me to further restrict Gal4 activity to specific subpopulations. 

- PntP1: The pointedP1 product is one isoform of the family of Ets transcription factors. 

PntP1 is expressed in type II NBs and immature INPs, but is not expressed in mature INPs, 

GMCs and type I NBs137. 

- inscuteable: inscuteable (Insc) encodes for an adaptor protein with a fundamental role 

in orienting asymmetric cell division in NBs. Insc is expressed in all NBs233. 

In this work, asense-Gal80was combined with Optix-Gal4 in order to inhibit Gal4 activity in 

the NE and in the type I NB in which Optix is expressed. In this way, Optix is active only in 

the four type II NBs cited above. 
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4. Protocols 

 

4.1.  Clonal induction with the MARCM system 

 

For the MARCM experiments, 48± 6h larvae reared at 25°C were heat-shocked for 20 

minutes at 37°C in a water bath and then returned at 25°C.After additional 3 days 

development, larvae were dissected and brains were stained and processed for image analysis. 

The same procedure was used to generate the Flp/FRT clones, with the difference that the 

heat-shock lasted 8 minutes. 

 

4.2. Immunohistochemistry 

 

Larvae and adult flies were dissected in a dissection dish containing PBS (Phosphate Buffer 

Saline, pH 7.5) 1X at room temperature (RT) and fixed for 20 minutes in3.7% formaldehyde 

(Sigma) in PBS. After 3 washes with PBS 1X, larval carcasses or adult brains were 

permeabilised for 1 hour RT using PBS-Triton 0,3% and blocked for10 minutes in PBS-

Triton 0,3%, 2% BSA (Bovine Serum Albumin, Sigma). Later, they were incubated overnight 

at 4°C with the primary antibody diluted in PBS-Triton 0,3%, 2% BSA. The next day, after 

three washes in PBS-Triton0.3% for 15 minutes each, tissues were then incubated with the 

secondary antibodies for 2-3 hours RT. To eliminate excess secondary antibodies, three 15 

minutes washes in PBS-Triton0.3% were carried out, adding DAPI (4′,6-Diamidino-2-

phenylindole dihydrochloride, Sigma), a blue-fluorescent DNA stain, in the second one. 

Finally, the samples were mounted on microscopy slides using the anti-fade mounting 

medium FluoromountG (Beckman Coulter). 

The following antibodies and dilutions were used: rabbit anti-phosphoAKT (1:200, Ser505, 

Cell Signalling Technology); rabbit anti-Lgl (1:400, D. Strand); rabbit anti-aPKCζ (1:200, sc-

216, Santa Cruz Biotechnology); mouse anti-Repo (1:50, DSHB); rabbit anti-PH3 (1:200, 

Ser10, Upstate Biotechnology);  mouse anti-dIAP1 (1:200, B.A. Hay); mouse anti-MYC (1:5, 

P. Bellosta); mouse anti-Elav (1:50, DSHB); rabbit anti-Mira (1:200, C.Q. Doe); rabbit anti-

PntP1 (1:500, J.B. Skeath);  mouse anti-𝛾-H2AX (1:50, DSHB); rabbit anti-Yki (1:400, K.D. 
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Irvine); rabbit α-cleaved Caspase 3 (Cell Signaling #9961, 1:100), rabbit anti-β-Gal (A11132, 

Invitrogen, 1:500). Secondary antibodies were: Alexa Fluor 555 goat anti-mouse and anti-

rabbit (1:200, Invitrogen Corporation) and DyLight 649-conjugated goat anti-mouse and anti-

rabbit (1:200, Jackson ImmunoResearch Laboratories). 

 

4.3. Image acquisition 

 

Samples were analysed using stereomicroscopy (Nikon SMZ 1000), fluorescence 

stereomicroscopy (Nikon SMZ 1000), fluorescence wide-field microscopy (Nikon Eclipse 

90i) and confocal microscopy (Leica TSC SP2). Images were processed as a whole using 

Adobe Photoshop® and ImageJ free software from NIH) and represent a 1μ single stack, 

unless otherwise specified. ImageJwas also used to measure sample area and diameter. 

 

4.4. Lifespan assay 

 

Lifespan assays consist in examining a fly population with a specific genotype, from eclosion 

to a set time, to get a detailed documentation of the death events. In this way, we can study 

the effects of a genotype on the average survival. The lifespan assay was performed keeping 

the flies in vials (25 flies per vials) and rear them at 29°C.Only female flies were used. Adult 

flies were transferred on fresh medium every day and counted at days 7,14,21 and28 after 

eclosion. In order to perform a good statistical analysis, each lifespan assay was carried out on 

at least100 flies. For each experiment, three replicates were counted both for the experimental 

and control progenies. The counts were represented using the Kaplan-Meier survival curve. 

 

 

4.5. Climbing assay 

 

Neurological impairments often result in a neuromotor deficit. In Drosophila, we can quantify 

this phenomenon taking advantage of the natural tendency of flies to climb, thanks to a test 
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called climbing assay. Only female flies were used and, after the collection at birth, flies were 

kept in vials containing food (25flies per vials) at 29°C. The morning after, flies from a single 

vial were transferred into a 50 ml glass graduated cylinder. One glass cylinder per genotype 

was used to prevent cross contamination between the different genotypes. The top of cylinder 

was closed using parafilm to prevent fly escape. Once inside, I gave the flies 10 minutes to 

acclimateundisturbed; afterwards, I tapped the cylinder more times to drop all the flies to the 

bottom. At the last touch, a 10 seconds countdown timer was activated and,at the end of 10 

seconds, I counted the flies which had crossed the height of 7.5 cm, previously marked on the 

cylinder. 

This step was repeated 10 times. Between two steps, it is necessary to suspend the test for 

about one minute for the flies to rest. In order to have a good statistical significance, at least 

five biological replicates of 25 flies (125 flies) were used for this study (Fig. MM.5). 

 

 

 

 

 

 

 

 

 

 

 

 

From: Dhar et al. 2020234 

 

 

 

Fig. MM. 5: Schematic illustration of a climbing assay 



101 
 

4.6  RNA extraction from Drosophila melanogaster heads for 

transcriptome analysis 

 

The transcriptome-wide assessment of the effect of aPKC activation in Drosophila type II 

NBs was obtained through NGS Illumina RNA-seq technology (Illumina NovaSeq™ 6000 

sequencing system) carried-out by the Genewiz® facility (GENEWIZ Germany GmbH). 

Total RNA was obtained from heads of 1-day-old adult flies. 30 heads of female flies were 

collected for each sample, for a total of 6 samples (3 replicates for experimental samples and 

3 replicates for control samples). 

 

4.6.1. Total RNA extraction 

Drosophila heads, collected in a vial containing 1ml of TRI Reagent® (Sigma- Aldrich), were 

homogenised with a specific mechanical potter and centrifuged at 12000g at 4°C to easily 

eliminate carcasses and debris. Supernatant was transferred in new vials.300µl of chloroform 

were added to each vial and vortexed for few seconds. The samples were incubated for 10 

minutes RT and centrifuged for 12 minutes at 12000g at 4°C. To induce RNA precipitation, 

RNA-containing aqueous phase was transferred to a new vial and 750µl of isopropyl alcohol 

were added. Samples were mixed gently, incubated 10 minutes at room temperature and 

centrifuged for 12 minutes at 12000g at 4°C. The supernatant was removed, the pellet was 

washed three times with 1 ml 75% EtOH and centrifuged at 7500g for 5 minutes at 4°C. After 

supernatant removing, the pellet was eluted at 55°C for 10 minutes in 30µl of nuclease-free 

water. 

The total RNA quantity was obtained through NanoDrop™ 2000/2000c Spectrophotometer. 

Total RNA was stocked at -80°C before being shipped in dry ice to the sequencing facility. 

 

 

4.6.2. RNA-seq preparation and dataset analysis 

An amount of 3µg (with a concentration ≥ 50ng/µl) of total RNA for each sample was used 

for library preparation of 2x150 bp with PolyA selection to enrich mRNA fraction, with the 

aim to generate 70-90 M paired end reads per sample. Total RNA DNA-free and library size 

has been assessed for RNA integrity by Fragment Analyzer and for concentration by Qubit 

https://www.thermofisher.com/order/catalog/product/ND-2000
https://www.thermofisher.com/order/catalog/product/ND-2000
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assay and aminimum RIN number ≥ 6.0 has been obtained. Total RNA was analysed by 

Genewiz® facility for RNA-Seq library preparation and sequencing by using the Illumina 

NovaSeq platform. After ribosomal RNA was depleted, cDNA libraries were obtained in 

accordance with manufacturer protocols, in order to generate2 × 150-base pair (bp) paired-end 

sequencing. The sequence libraries of each sample were processed, and sequence data were 

generated in Fastq format.  

The differential gene expression analysis was performed on R platform and focused on the 

contrast between insc-Gal4;ase-Gal80,aPKCCAAX-wtversustheinsc-Gal4;ase-Gal80,GFP 

control. After the reads were aligned to the Drosophila genome, a Principal Component 

Analysis (PCA) has been generated to immediately assess replicate agreement. The clustering 

analysis showed how the major source of variability is Principal Component 1 which 

correlates with the experimental and control sample diversity. Differential expression (DE) 

analysis has been carried out and the results are represented in the Volcano plot. FPKM 

(fragments per kilobase of exon per million fragments mapped) data were used to identify the 

most abundant differential expressed genes in our experimental setting. At the end, the 

Pathway Enrichment Analysis carried out through FlyEnrichr, a gene list enrichment analysis 

tool for Drosophila melanogaster, was used to associate our differential expressed gene list 

with known protein pathways. 

 

4.7.      Statistical analysis  

The verification of the genetic relationship between the different progeny of the crosses was 

carried out using the chi-square test, also written as χ2 test, p = 0.05.For immunostaining 

analysis, the images represent a representative phenotype from 15-25 samples analysed, 

unless otherwise specified. The measurement of the anterior-posterior diameter (A-P) in the 

adult and in the larva was carried out using the ImageJ (NIH) software. The analysis of the 

tumor masses (GFP+) in adult brains was carried out measuring the perimeter of the GFP+ 

areas normalised to the size of the whole organ. Data represent mean ± s.d. Two-tailed 

Student’s 𝑡-tests were used to determine significance. The p values were: p≤0.05 = *, p≤0.01 

= **, p≤0.001 = ***. For the analysis of average survival, Kaplan-Meier curves were 

performed and differences between the curves were evaluated using the Χ-square test. Long-

rank test( Mantel Cox) has been used. All data were statistically analysed and all graphs were 

created in GraphPad Prism 5. 
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