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Abstract

I have used the brain tumours that originate in Drosophila larvae upon depletion
of the brain tumor (brat) gene as a model to study neoplastic malignant growth. I have used
genetic analysis to interrogate the Drosophila genome for genes that can be targeted to
inhibit the development or arrest the growth of brat tumours. The targetable genome
identified through this functional genomics approach includes 80 suppressors of brat
tumour growth (brat-SPRs). I have also carried out transcriptomic analysis of brat
tumours through which I have been able to define a brat tumour signature that includes
625 and 903 genes that are significantly up- and down-regulated in brat larval brain
tumours compared to normal larval brains. From the combined analysis of my functional
genomics and transcriptomics data I have concluded that correlation between the extent
of gene expression dysregulation and function with regards to tumour development is so
low that the former is not a good predictor of the latter. From the combined analysis of
my own data on brat tumours and published functional genomics and transcriptomics
data on the brain tumours that originate upon depletion of lethal(3)malignant brain tumor
({(3)mbt), henceforth referred to as mbt tumours, I have found that nearly 60% (47/80) of
the brat-SPRs are tumour-type specific in the sense that they do not suppress mbt
tumours. One of the non-tumour specific suppressors (1.e. mbt&brat-SPRs) identified in
my study 18 Vacuolar protein sorting 26 (Vps26). Vps26 had been reported to be a type II
neuroblast lineage-specific tumour suppressor. My results show that in addition, Vps26
function contributes to brat tumour growth and is essential for long-term survival of mbt
tumours. My results also suggest that unlike its published tumour suppressor function,

Vps26 mbt&brat-SPR activity might be independent of its role in the retromer complex.






Resumen

En este trabajo he utilizado los tumores cerebrales que se originan en larvas de
Drosophila mutantes para el gen brain tumor (brat) como modelo para el estudio del
crecimiento de neoplasias malignas. Mediante analisis genético he cribado el genoma de
Drosophila en la busqueda de genes cuya inactivacion dé lugar a la inhibicion de la
formaciéon o del crecimiento sostenido de tumores brat. El conjunto de genes diana
identificado a través de este enfoque de gendémica funcional incluye 80 supresores de
tumores brat (brat-SPRs). Asi mismo he obtenido el transcriptoma de tumores brat de
cuyo analisis he podido definir una “tumour signature” que incluye 625 and 903 genes
cuya expresion esta significativamente aumentada o disminuida en tumores brat con
respecto a cerebros normales. Mediante el analisis combinado de mis resultados de
genomica funcional y transcriptomica he podido concluir que la correlacion entre el grado
de desregulacion de la expresion génica y la funcion del gen en relacion con el desarrollo
del tumor es tan reducida que el primer factor no puede ser utilizado para predecir el
segundo. Del andlisis combinado de mis datos sobre los tumores brat y de datos
publicados de gendémica funcional y transcriptémica de tumores cerebrales causados por
la falta de funcién del gen lethal(3)malignant brain tumor (I(3)mbt) (“tumores mbt”) he
observado que cerca del 60% (47/80) de los brat-SPRs son especificos de este tipo de
tumor en el sentido de que su falta de funcién no suprime los tumores mbt. Uno de los
supresores comunes para ambos tumores (mbt& brat-SPRs) identificados en mi trabajo es
Vacuolar protein sorting 26 (Vps26). Datos publicados previamente demuestran que Vps26
funciona como supresor tumoral especificamente en el linaje de neuroblastos tipo II. Mis
resultados revelan que, ademas, Vps26 contribuye al crecimiento de los tumores braty es
esencial para la supervivencia a largo plazo de los tumores mbt. Mis resultados también
sugieren que a diferencia de su actividad como supresor tumoral, la funciéon de Vps26

como mbt&brat-SPR parece ser independiente de su papel en el complejo del retromero.
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1. INTRODUCTION

1.1. Drosophila melanogaster as a model system

Drosophila melanogaster, commonly named as fruit fly or vinegar fly, is a holometabolous
that presents four developmental stages: embryo, larva (which includes 3 instars) pupa,
and adult. The complete life cycle takes 10 days at 25°C (Fig. 1.1.).

Drosophila was first used as an experimental model by T. H. Morgan. Morgan himself
and his colleagues (notably Sturtevant, Bridges, and Muller) not only carried out the
seminal experiments that paved the way for Drosophila to become the paradigm of
genetically tractable multicellular organism of choice that it is today but also contributed
major landmarks in biology like the demonstration of the chromosomal theory of heredity,
the finding of the effect of 1onizing radiations on the genome, and the discovery that genes
map at fixed distances that can be experimentally measured (Bateson, 1916; Morgan &
Bridges, 1916; Muller, 1927, 1928).

Decades after Morgan and colleagues’ seminal work, research in Drosophila made it
possible to discover the main signaling pathways that orchestrate the design of the body
plan in an animal embryo (reviewed in Wieschaus and Niisslein-Volhard 2016) and made
a major contribution to the discovery of the molecular bases of innate immune response
(Hoffmann & Reichhart, 2002) and the biological clock (Hardin et al., 1990; Konopka &
Benzer, 1971), to cite but a few out of many key discoveries carried out in Drosophila

laboratories.

1.1.1. Advantages

Small size, simple husbandry, short generation time, and the highly prolific nature of
Drosophila are indeed advantageous. However, in addition to these, Drosophila presents
other features that account for its success as an experimental model system. One of the
most important ones 1s that beyond their apparent simplicity, insects are complex
metazoan that share many key features with higher organisms like sensory and motor
systems, sexual behaviour, the ability to learn and memorise, innate immunity, complex
systemic signaling, and a segmented body plan. Also importantly, the Drosophila genome
has a high extent of homology to the human genome but a much reduced level of
redundancy (Adams et al., 2000), which greatly facilitates gene inactivation.

Other significant advantages of Drosophila as a model for experimental research
include the absence of meiotic recombination in males, its very simple karyotype, the
presence of giant polytene chromosomes, and the availability of synthetic balancer
chromosomes, to cite only those that are particularly relevant from the experimental point

of view.



1. INTRODUCTION

Adding to these “built in features”, the extensive research activity carried out in
Drosophila for more than a century has resulted in impressive material resources
including dozens of cell lines, tens of thousands of fly lines carrying mutants, enhancer
and protein traps, and nearly genome-wide double-stranded RINAs for RNA interference
(RINA1) (D’Avino & Thummel, 1999; Dietzl et al., 2007; Ni et al., 2009). The same applies
to available techniques that include, among many others, high-resolution microscopy of
ex-vwo and m-viwo organs and standardised protocols to inactivate or misexpress almost any
gene in a timely and tissue-specific or even cell-specific manner (Brand & Perrimon, 1993;

D’Avino & Thummel, 1999; Hales et al., 2015; Rebollo & Gonzalez, 2000).

Adult female
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Figure 1.1. Life cycle of Drosophila melanogaster. The Drosophila life cycle is divided
into four stages: embryo, larva, pupa, and adult. The time length of the stages is shown
in hours for embryos and days for larvae and pupae. Image from (Shahzad et al., 2021).
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1.1.2. Limitations

Like any model system, Drosophila has limitations that must be taken into account
when choosing it as experimental model. Thus for instance, flies do not have some tissue
types that are present in mammals, such as cartilage, bone and blood. The same goes for
certain organs. Drosophila’s corpora cardiaca and fat body carry out some of the functions
that pancreas, liver and adipose tissue perform in mammals, but are different from these
organs in several important regards. Along these lines, Drosophila lacks adaptive immune
response and unlike mammals, its circulatory system is opened. This is indeed important
for cancer studies because the absence of veins and arteries precludes the modelling of
metastatic intravasation and extravasation. Regarding cancer studies, the very simple
Drosophila karyotype, made only of four chromosome pairs is a major drawback for
modelling the effect of aneuploidy because the gain or loss of a single chromosome affects
thousands of genes and is a necessarily lethal event in most cell types. Finally, on a more
technical note, it is worth mentioning the lack of protocols to keep Drosophila strains

frozen as a current major drawback (PruBling et al., 2013).

1.1.3. Disease model

The 75% of the genes causing diseases in humans have homologues in Drosophila
(Halligan & Keightley, 2006; Ugur et al., 2016). But the extent of homology is even better
substantiated by functional data. These can be derived from “humanized” Drosophila
strains engineered to carry a human (Hsap) gene instead of the corresponding Drosophila
homologue (Bellen et al., 2019). In 2016, Fernandez-Hernandez and colleagues
(Fernandez-Hernandez et al., 2016) reported 135 such genes, but of course this number
has been steadily increasing as new Drosophila Hsap lines are constructed and more
human genes are put to the test. It is currently impossible to know what the final count of
functionally equivalent genes will be, but it is likely to be high taking into account that the
corresponding number in Saccharomyces cerevisiae is 40%.

Fueled by the conservation of molecular pathways as well as by its advantages as an
experimental model discussed before, numerous Drosophila models of different diseases
have been implemented in recent years. Included among them are models of aging (Piper
& Partridge, 2018), infectious diseases (Harnish et al., 2021), cystic fibrosis (K. Kim et al.,
2020), nicotine exposure (Velazquez-Ulloa, 2017), diabetes (Graham & Pick, 2017), anti-
viral immunity (J.-H. Wang, 2010) and neurodegenerative diseases (Bolus et al., 2020).
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1.1.4. Drosophila melanogaster in cancer research

Indeed, Drosophila has also been used to develop a wide variety of cancer models.
Through experimental manipulation it is possible to generate tumours in a variety of
organs in Drosophila, both in developing larvae and in adult flies (Reviewed in
Richardson and Portela 2018; Gonzalez 2013; Mirzoyan et al. 2019; Enomoto, Siow, and
Igaki 2018).

These tumours range from hyperplasias to frankly malignant neoplasias that exhibit
some of the classic hallmarks of mammalian cancer. Several of these tumour models are
being used to investigate specific issues related to malignant growth like genome instability
(Castellanos et al., 2008; Clemente-Ruiz et al., 2016), metastasis (Stuelten et al., 2018), or
cachexia (Figueroa-Clarevega & Bilder, 2015; Saavedra & Perrimon, 2019). Moreover,
Drosophila models of tumour growth have also been implemented to screen for new and
to optimise available active compounds to treat the disease (Dar et al., 2012; Fernandez-
Hernandez et al., 2016; Gladstone & Su, 2011; Gonzalez, 2013).

In addition to experimentally induced tumours, natural hyperplasias in testis and gut
are frequent in ageing adult flies (Regan et al., 2016; Salomon & Jackson, 2008).
Moreover, because haploidy for the strong tumour suppressor lethal(2)giant larvae (Igl)
increases resistance to stress conditions, deficiencies uncovering the /lg/ locus are
widespread in wild Drosophila populations, and, thus, larvae affected by gl tumours must
not be infrequent in nature (Golubovsky et al., 2006).

Most of the numerous genes that classify as tumour suppressors (T'S) in Drosophila are
linked to tumours (overgrowth) that develop in imaginal discs, are not invasive, and
undergo terminal differentiation together with the surrounding wild-type tissue thus
resulting in an ectopic structure that has little effect in the individual’s fitness and lifespan
(Bilder, 2004; Watson et al., 1994). Others, however present much greater proliferative
capacity. To categorise Drosophila tumours, Gateff applied in flies what is now the golden
assay for malignancy in vertebrates: to implant the tissue of interest into a healthy host
(allograft culture, also known as ‘dauer’ culture) (Gateff, 1978; Gonzalez, 2007; Rossi &
Gonzalez, 2015). The results from this assay are conclusive. Wild-type tissue never grows;
benign hyperplasias grow slowly, do not invade other tissues, and retain the capacity for
differentiation; malignant neoplasms, grow limitlessly, colonise distant organs, kill the

host, and become immortal such that they can be re-allografted for years.
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1.2. Tumorigenesis in the larval central nervous system

The Drosophila larval brain presents three distinct main regions: the ventral nerve
code (VINC), which is subdivided in abdominal and thoracic segments; and the two brain
lobes, each of which is subdivided in central brain (CB) and an optic lobe (OL)
(Hartenstein et al., 2008). For reasons that remain unknown, most of the malignant
neoplasms that can be experimentally induced in Drosophila develop in the larval brain.
Each tumorigenic condition presents a specific cell-of-origin and therefore brings about
tumours that develop in certain brain regions only. Notably, aside from gliomas (Portela
et al., 2020; Read et al., 2009; Shohayeb et al., 2020; Witte et al., 2009), all brain
malignant neoplasms in the fly develop from the neuroepithelial (NE) region of the OL,
the CB and /or the VNC (Bowman et al., 2008; Gateff, 1978; C. Richter et al., 2011;
Southall et al., 2014). In particular, the two tumour types that I have analysed in detail,
brat and mbt, originate from Type II neuroblasts (NBs) and the NE, respectively.

1.2.1. Larval neuroblasts

Drosophila NBs are neural stem cells that generate the fly’s central nervous system
through repeated rounds of self-renewing asymmetric divisions. The NBs in the CB and
VNC arise from the neuroectoderm of the early embryo. OL neuroblasts are generated
in larval stages from the neuroepithelial cells of the optic anlagen (Egger et al., 2008; Kang
& Reichert, 2015).

According to the type of lineage, larval NBs can be divided in Type I and Type 1L
Type I NBs divide to produce another type I NB and a ganglion mother cell (GMC),
which divides once to produce two differentiating daughter cells that will become either
neurons or glia. In contrast, type II NB division give rise to another type II NB and a,
intermediate neural progenitor (INP). INPs can undergo several rounds of asymmetric
division generating a self-renewed INP and GMCs (Bello et al., 2008; Boone & Doe, 2008;
Bowman et al., 2008). (Fig. 1.2.B). There are approximately 180 type I NBs that are
distributed along CB and VNC, and only 16 type II NBs that concentrate on the dorsal
side of the CB. (Fig. 1.2.A). Although less abundant than Type I, the transit amplifying
compartment of INPs increases exponentially the tissue generating capacity of Type 1I
NBs. Operationally, expression of the transcription factors Asense (Ase) and Deadpan
(Dpn) 1dentify these two types of neuroblasts. Type I NBs can be distinguished as Ase+
Dpn+ cells as opposed to Type II that are Ase- Dpn+. New born immature INPs turn off
Dpn that is later re-expressed together with Ase in mature INPs (Bello et al., 2008; Boone
& Doe, 2008; Bowman et al., 2008; Jiang & Reichert, 2014; Song & Lu, 2011; Xiao et
al., 2012).
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Figure 1.2. Neurogenesis in Drosophila melanogaster larvae. (A) Third instar larval
brain. Main brain regions include one ventral nerve cord (VNC) and two brain lobes with
optic lobes (OL;black). Colour code: thoracid NBs (dark brown), abdominal NBs (light
brown), central brain mushroom body NBs (MB; magenta); type | NBs (yellow); type I
NBs (green); ganglion mother cells (GMCs; orange) (B) Lineage organization of type |
and type Il NBs. Type | NBs (yellow) divide to self-renew and to generate a ganglion
mother cell (GMC) that divides symmetrically once to form two neurons (N; grey). Type
[INBs (green) divide to self-renew and to generate an immature intermediate progenitor
(iINP). After a period of maturation, mature (mINPs) undergo several rounds of
asymmetric division to self-renew and generate GMCs, each of which divides
symmetrically once to form neurons or glia. (A) adapted from (Homem & Knoblich, 2012)
and (B) adapted from (Homem et al., 2015)

Self-renewing asymmetric division of Drosophila NBs requires a perfect coordination
of the differential sorting of several protein complexes that leads to the generation of
cortical asymmetry and the controlled positioning of the plane of cytokinesis that results
in the unequal segregation of those cortical protein complexes between the daughter cells
(Chia et al., 2008; Gonczy, 2008; Gonzalez, 2007; Knoblich, 2008). Complexes sorted to
the apical cortex include the Par (Partitioning defective) and the Pins (Partner of
Inscuteable or Rapsynoid) complexes. The core components of the Par complex are
Bazooka (Baz/Par3), Par6 and Atypical protein kinase C (aPKC) (Wodarz et al. 1999;
Petronczki and Knoblich 2001; Rolls et al. 2003). The main partners complexed with Pins
are Gai, Mushroom body defect (Mud) and Locomotion defects (LOCO) (Parmentier et
al. 2000; Schaefer et al. 2000; Yu, Kuo, and Jan 2006; Izumi et al. 2004; 2006; Bowman
et al. 2006; Siller, Cabernard, and Doe 2006). The Par and Pins complexes can interact
through the bridging protein Inscutable (Insc) (Kraut et al., 1996; Petronczki & Knoblich,
2001; Schaefer et al., 2000; Schober et al., 1999). Proteins sorted to the basal cortex and
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inherited by the daughter cell that is primed to enter the differentiation programme,
include Staufen (Stau), Prospero (Pros) and Brain tumour (Brat) that are in a complex with
the scaffolding protein Miranda (Mira) and the Partner of Numb (Pon)-Numb complex
(Betschinger et al., 2006; Caussinus & Hirth, 2007; Doe et al., 1991; Ikeshima-Kataoka
et al., 1997; C.-Y. Lee, Wilkinson, et al., 2006; P. Li et al., 1997; Lu et al., 1998; Shen et
al., 1997). Other elements that control NB asymmetric division include Cdc2, Polo and
Aurora A (C.-Y. Lee, Andersen, et al., 2006; Tio et al., 2001, p. 2; H. Wang et al., 2006,
2007), and the cortical proteins Discs large (Dlg), Lethal giant larvae (Lgl) and Scribbled
(Scrib) that mediate in the segregation of basal proteins (Albertson & Doe, 2003; Humbert
et al., 2003; Ohshiro et al., 2000; Peng et al., 2000) (Fig.1.3.). Notably dlg, lg/ and scrib are

tumour suppressor genes (Januschke & Gonzalez, 2008).

Neuroblast

Ganglion mother cell

- PAR6, aPKC,BAZ e PINS,MUD, Gai == Microtubules
= PON, Numb = MIRA, PROS, BRAT

Figure 1.3. Asymmetric division in Drosophila neuroblasts. Segregation of basally
localised cell-fate determinants Numb, Prospero (PROS) and Brain tumour (BRAT), and
their adaptor proteins Partner of numb (PON) and Miranda (MIRA), into the basal
ganglion mother cell (GMC) controls asymmetric division. Apically localised complexes
include Bazooka (BAZ or Par3))/PAR6/atypical protein kinase C (aPKC) proteins,
Inscuteable (INSC) and Gai along with their regulators Partner of Inscuteable (PINS),
Locomotion defects (LOCO) and a PINS-interacting protein mushroom body defective
(MUD). Segregation of basally localised proteins is also mediated by cortically localised
tumour suppressors, Discs large (DLG), Lethal giant larvae (LGL) and Scribble (SCRIB).
Phosphorylation of LGL by apically localised aPKC leads to LGL inactivation, whereas
non- phosphorylated LGL at the basal cortex is active and allows the localization of basal
proteins. Interaction of one aster with the apical complex contributes to the alignment
of the spindle along the polarity axis. Adapted from (Gonzalez, 2007).



1. INTRODUCTION

The orientation of the cortical polarity axis has been shown to be dependent upon the
position of both the NB’s main MTOC and the last GMC (Januschke & Gonzalez, 2010;
Loyer & Januschke, 2018).

Controlled positioning of the plane of cytokinesis, which is essential to ensure the
unequal distribution of cortical complexes between the two daughter cells, is governed by
the orientation of the mitotic spindle (Kaltschmidt et al., 2000; Kraut et al., 1996). At
mitosis, spindle orientation is driven by the Pins—Gai-Mud complex that anchors the aster
of one of the spindle poles during mitosis (Bowman et al., 2006; Izumi et al., 2004; Siller
et al., 2006). However, spindle orientation is determined from early interphase, before
Pins complex assembly (Rebollo et al., 2007; Rusan & Peifer, 2007), through the
asymmetric behaviour and function of the NB’s centrosomes. At interphase onset, the two
centrioles split and one of them stays fixed at the apical cortex organizing an aster that
will be the main microtubule network during most of the NB interphase while the other
has little or none pericentriolar material (PCM) and moves extensively throughout the
cytoplasm. Orientation of the future mitotic spindle can be accurately predicted from the
position of the interphase apical aster. The asymmetric partitioning of the self-renewing
NB 1s also controlled by a spindle-independent mechanism for cleavage furrow
positioning. This process is controlled by the Pins cortical polarity pathway-dependent
localisation of Pavarotti, Anillin, and Myosin to the neuroblast basal cortex at anaphase
onset, and can induce a well-positioned furrow even in the absence of a mitotic spindle
(CGabernard et al., 2010).

The identification of several known Drosophila TS genes like g/, dlg, scrib and brat as
key regulators of NB asymmetry (Wodarz, 2005) provided strong indirect evidence
suggesting a tight link between failed NB asymmetry and tumour growth. This hypothesis
was first tested and confirmed when loss of many of several elements that regulate NB
asymmetry, including all known cell-fate determinants, was shown to cause the growth of
malignant tumours when transplanted to the abdomen of adult hosts. The resulting
tumours are lethal to the host flies, and they can expand indefinitely through successive

rounds of retransplantation (Caussinus & Gonzalez, 2005).

1.2.2. The larval neuroepithelium

The adult OL is the visual processing center of the fly and contains four neuropils:
lamina, medulla, lobula and lobula plate. The largest neuropil is the medulla, containing
40,000 neurons belonging to more than 70 cell types (X. Li et al., 2013).

The OL develops during the larval stages from neuroepithelial cells of the outer and

inner proliferation centers (OPC and IPC, respectively). OPC and IPC remain in close
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contact until the end of second instar larvae when they separate (Nériec & Desplan, 2016).
The OPC generates neurons and glial cells in the lamina and outer medulla, whereas the
IPC gives rise to the neurons of the lobula complex and inner medulla (Nériec & Desplan,
2016). These proliferative centers consist of two cellular types: a pseudostratified NE in
which neuroepithelial stem cells divide symmetrically and expand the pool of proliferative
precursor cells (Bate & Martinez Arias, 1993), and a region of medulla NBs and lamina
precursor cells which divide asymmetrically to self-renew and generate differentiating
ganglion mother cells (GMCis) that after division produce two daughter cells that will
differentiate into neurons or glia (Bate & Martinez Arias, 1993; Ceron et al., 2001; Egger
et al., 2007; Hotbauer & Campos-Ortega, 1990).

The region placed between NE and NBs 1s called “I'ransition zone”. Mechanistically,
the transition from NE to NBs is driven by the expression of lethal of scute (I’sc). L'sc
expression sweeps across epithelium (the “proneural wave”) (Yasugi et al., 2008) inducing
the switch from symmetric to asymmetric division, in a process that is controlled by
JAK/STAT signalling and involves downregulation of Notch signaling (Egger et al.,
2010). Several pathways, such as Fat/Hippo and EGFR pathway have been also
identified to play a role in maintenance and differentiation of NE cells. (Egger et al., 2010,
2011; Ngo et al., 2010; Reddy et al., 2010; W. Wang et al., 2011; Weng et al., 2012;
Yasugi et al., 2008; Zhou & Luo, 2013) (Fig.1.4.).

Despite notable differences, there are tantalizing similarities between the patterns of
neural stem cell pool extension and differentiation in Drosophila and in the developing
cortex in mammals (Egger et al., 2010; G6tz & Huttner, 2005). Thus, for instance the
switch from symmetric to asymmetric stem cell division in the Drosophila larval NE is
reminiscent of the transition from NE cells to radial glial cells in the developing
mammalian cerebral cortex where the radial glial cells divide asymmetrically producing
a NSC and either an inmature neuron or a basal progenitor cell that divides once more
to produce postmitotic neurons (Egger et al., 2010; Gtz & Huttner, 2005).

Besides mbt tumours, which will be discussed in detail in section 1.4.2., different
overproliferation conditions originated in the NE have been reported. Thus for instance,
longitudinals lacking (lola) mutant larvae present ectopic NB-like cells that arise from
dedifferentiation of post-mitotic neurons giving rise to tumour formation in the optic lobe
of the adult brain (Southall et al., 2014). Likewise, ectopic expression of the germline-
specific component of the inner mitochondrial translocation complex tny tim 2 (itm2)
brings about NE hyperplasia. Interestingly, expression of #mZ2 in the wing disc epithelium

leads to non-cell autonomous overgrowth thus showing that a unique tumorigenic event
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may trigger different tumour growth pathways depending on the tissular context (Molnar
et al., 2020). Ectopic JAK/STAT activity, like overexpression of upd or hopTum-I, which
encodes an activated JAK kinase (Harrison et al., 1995; Luo et al., 1995) results in

neuroepithelial overgrowth (Zhou & Luo, 2013).

Neuroblast
progeny
© Asymmetrically dividing neural stem

cells (neuroblasts)

O Symmetrically dividing neural stem
cells (neuroepithelium)

EGFR activity
Neuroblasts : i i Neuroepithelial cells
(asymmetric divisions) ! ' (symmetric divisions)

A
Proneuﬁ EESTAT

wave signalling
Lsc

_L?

m Notch activity

Figure 1.4. Neuroepithelial to neuroblast transition. (A) At the medial edge of the
optic lobe columnar neuroepithelial cells disassemble adherens junctions and undergo
a transition to neuroblasts. Neuroepithelial cells divide symmetrically with a horizontal
spindle orientation to expand the pool of precursors cells. NBs divide asymmetrically
with vertical spindle orientation. (B) Sequential transition is controlled by the
progression of the proneural wave of lethal of scute (I'sc), which is coordinated by
orchestrated action of the Notch, EGFR, and JAK/STAT signalling pathways. (A) adapted
from (Southall et al., 2013) and (B) adapted from (Egger et al., 2011).
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1.3. brat

The brain tumor gene (brat; a.k.a. lethal(2)37Cf) was first identified during a screening for
lethal mutations in the dopa decarboxylase region (Wright et al., 1981).

1.3.1. The Brat protein

Upon cloning, brat was shown to encode for a 1037 amino acid protein with a modular
structure containing several domains (Arama et al., 2000). Brat is a member of the
tripartite motif (I'RIM) containing superfamily that has a N-terminal TRIM motif
followed by variable C-terminal domains. The TRIM motive is defined by the variable
presence of RING (Really Interesting New Gene) domain, one or two B-box type zinc
fingers, and a coiled-coiled domain. The RING domain is defined by a regular series of
Cys and His residues and can act as an E3 ubiquitin ligase. The B-Boxes, which are also
zinc binding have not been assigned a clear function yet, but they may be involve in
substrate binding. The coiled-coiled domain allows the formation of homo or
heterodimers and of protein complexes (Connacher & Goldstrohm, 2021; Hatakeyama,
2017; Marin, 2012).

Brat is mainly cytoplasmatic and regulates mRNAs by binding to the 3’-UTR and
repressing translation and increasing degradation of bound targets (Cho et al., 2006;
Laver et al., 2015; Loedige et al., 2014; Reichardt et al., 2018; Sonoda, 2001).

Brat is an atypical member of a subset of the TRIM proteins (T RIM-NHL) that miss
the RING and contains in the C-terminal an NHL domain. The crystal structure of Brat
NHL domain consists in six blade propellers of approximately 44 amino acids forming
four beta sheets in a similar way to others beta propellers domains (Edwards, 2003;
Kumari et al., 2018; Loedige et al., 2015). Most of the identified mutations in Brat affect
the NHL showing the importance of this domain in the function of the protein (Arama et
al., 2000; Sonoda, 2001). The NHL domain directly binds RNA and this interaction is
essential for its function. Crystalisation of the Brat domain in the presence of its substrate
RNA has shown that they form a complex with single stranded RNA with 1:1
stoichiometry. The RINA is recognised by a positively charged channel on the surface of
the NHL domain that presents a preference for some nucleotides in certain positions. The
domain recognises a core 5"UGUU-3" sequence flanked by U/A-rich sequences (Kumari
et al., 2018; Laver et al., 2015; Loedige et al., 2014, 2015). In addition to its binding to
RNA the NHL domain of Brat binds to the adaptor protein Miranda (C.-Y. Lee,
Wilkinson, et al., 2006) and the translation inhibitor d4EHP (Cho et al., 2006).

13
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The strong alleles of brat are female sterile and have more germ line stem cells (GSCis)
than wild type, indicating that Brat plays a role in the differentiation of the stem cells
(Harris et al., 2011). The fate of the GSCis is regulated by a niche created by the secretion
of Decapentaplegic (Dpp) from the somatic cells (Slaidina & Lehmann, 2014). The Dpp
(in human BMP) signal activates the transcription factors Mad, Medea (Med) and
Schnurri (Shn) that inhibit the transcription of the differentiation factor bag of marbles (bam).
Brat promotes differentiation by reducing the BMP signal by post transcriptionally
repressing Mad, Med and Shn (Harris et al., 2011; Newton et al., 2015). Repression of
these mRNA is mediated by the 3"UTRs, suggesting that these mRNAs are direct targets
of Brat. The role of Pumilio (Pum) in repressing these mRNAs is essential but not well
understood. The proposed model calls on Brat recruiting the CNOT deadenylase
complex to the mRNAs, shortening the polyA and reducing the transcription of BMP
signal. The reduction the Dpp signaling allows the increase of the bam transcription
inducing the differentiation of GSCis to cystoblast (Slaidina & Lehmann, 2014).

In the early embryo Brat is required for the establishment of the anterior-posterior axis
by repressing translation of the posterior determinant hunchback (hb) (Sonoda, 2001).
Translational control of 46 1s mediated by a complex of Brat, Nanos (Nos) and Pum that
binds to the 3’UTR of 746 mRINA. This complex acts by a dual mechanism: shortening
the polyA of /b mRNA and by the recruiting 4EHP to reduces the translation (Cho et al.,
2006). Notably, Brat alone 1s able to regulate mRINAs that have the Brat binding motif
(Laver et al., 2015).

1.3.2. Brat tumours

Several of the first isolated brat alleles (Stathakis et al., 1995; Wright et al., 1981) were
noticed to present enlarged OLs but normal-sized VNCs (Fig.1.5.A.). Overgrowth in the
OL was found to result from uncontrolled NB divisions. These early studies also showed
that brat tumours can “metastasize” and are lethal to allografted host (Gateff, 1994;
Kurzik-Dumke et al., 1992; Woodhouse et al., 1998).

Later studies confirmed these observations and showed that brat tumours arise from
Type II NB lineages (Fig.1.5.B.). The specific cell-of-origin appears to be the INP. In brat
mutants, immature INPs fail to reinitiate Ase and Dpn expression thus entering a transient
cell cycle block and ultimately reverting to type II NB-like tumour cells (Bowman et al.,
2008; Janssens et al., 2014; Jiang & Reichert, 2014; Reichardt et al., 2018; Xiao et al.,
2012). In normal NBs, Brat blocks INPs dedifferentiation in multiple ways. One that is
well studied is negative regulation of Dpn and Zelda-B (Z1d-B), two proteins that promote
the identity of neuroblast and proliferation (Komori et al., 2018; Reichardt et al., 2018).
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Figure 1.5. Brat tumour phenotype and cellular origin. (A) Central nervous system of
crawling third instar larva from wild-type (left) and brat mutant allele K06028 caused by
P-element insertion (right). The brat mutant brain hemispheres are highly enlarged in
comparison to the wild-type counterparts. br, brain hemispheres; vg, ventral ganglion;
ed, eye-antennal imaginal disc; Id, leg imaginal disc. (B) Wild-type central brain type |l
neuroblasts (NBs) divide asymmetrically, segregating the cell fate determinants Numb
(pink) and Brat (light blue) into the differentiating daughter cell. Type Il NBs divide to
self-renew and generate an immature, Asense-negative (Ase-), intermediate progenitor
(INP; yellow). After maturation, INPs start expressing the transcription factor Ase (red;
Ase+) and divide to generate ganglion mother cells (GMCs, orange). In brat mutant
individuals INPs revert to NB-like cells that overproliferate. (A) adapted from (Arama et
al., 2000) and (B) adapted from (Homem & Knoblich, 2012).

15



1. INTRODUCTION

This effect is driven by the binding of Brat to the 3'UTR of the mRNA of dpn and z/d-B.
In addition to Dpn and Z1d, Brat repress the transcription factor dMyc (Betschinger et al.,
2006; Reichardt et al., 2018). Both dMyc and eukaryotic translation initiation factor 4E (elF4E)
are growth regulators that become unscheduled up-regulated in brat mutant
dedifferentiating INP and removal of either of them strongly inhibits overproliferation in
brat mutant brains (Betschinger et al., 2006; Q). Deng & Wang, 2022; Song & Lu, 2011).
Indeed, it is through dMyc that loss of rat promotes the enhanced ribosome biogenesis
and rRINA synthesis observed in brat tumours (Betschinger et al., 2006; Neumuiller et al.,
2013; Reichardt et al., 2018). This effect is conserved in C. elegans where the removal of
brat homolog ncl-1 results in the increase of rRNA transcription and enlarged nucleolus
(Frank et al., 2002b).

Also important in the mechanisms of action through which loss of brat triggers
tumorigenesis 13 brat’s function in antagonizing both Klumpfuss (Klu) and f3-
catenin/Armadillo (Arm), which are required to specify the identity of the INPs and to
suppress the reversion of these progenitors into ectopic NB-like tumour cells. Consistently,
reducing the activity of Klu or Arm can largely suppress the formation of supernumerary
neuroblasts in brat mutant brains (Komori et al., 2014; Xiao et al., 2012).

A final important point regarding brat tumours 1s their “metabolic state”. In wild-type
animals, metabolic pathways are critical to trigger the onset and the end of NB
proliferation in Drosophila larval brains (Homem et al., 2014; Otsuki & Brand, 2018).
Normal NB asymmetric division is associated with aerobic glycolysis, whereas
differentiation 1s associated with increased glucose oxidation in the tricarboxylic acid
(TCA) cycle. In contrast, brat NB-like tumour cells are tightly dependent on the electron
transport chain (ETC) and oxidative metabolism. Loss of function for different genes
required for the ETC or TCA cycle stops cell proliferation on brat tumours (Bonnay et
al., 2020; van den Ameele & Brand, 2019).

There are two human orthologs to Drosophila Brat, TRIM3 and TRIM2, of which
TRIM3 has the highest homology. TRIM3 loss is a frequent event both in low grade as
in grade IV gliomas and is thus regarded as an early neoplastic step. As Brat and dMyc
in Drosophila, TRIM3 directly regulates the expression of the human ¢-Myc proto-

oncogen in human glioma cell lines (G. Chen et al., 2014).
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1.4. 1(3)mbt

The Drosophila gene lethal (3) malignant brain tumour (1(3)mbt) was identified by E. Gateff
as a temperature sensitive mutant that caused malignant brain tumours and hyperplastic

imaginal discs in larvae reared at 29°C (Gateff et al., 1993).

1.4.1. The L(3)mbt protein

The {(3)mbt gene encodes seven transcripts of 5.8 kb, 5.65 kb, 5.35 kb, 5.25 kb, 5.0 kb,
4.4 kb and 1.8 kb. In situ hybridizations of whole mount embryos and larval tissues reveal
[(3)mbt+ RNA ubiquitously present in stage 1 embryos and throughout embryonic
development in most tissues. In third instar larvae /(3)mbt RNA is detected in the adult
optic anlagen and the imaginal discs, the tissues directly affected by /(3)mbt mutations, but
also in other tissues, showing normal development in the mutant, such as the gut, the
goblet cells and the hematopoietic organs (Wismar et al., 1995).

The L(3)mbt protein is 1477 amino acid in size, 1s proline rich, and 1s characterised
by the presence of Malignant Brain Tumor (MBT) repeats named after the name of the
gene (Bornemann et al., 1996; Wismar et al., 1995). MBT repeats recognise differentially
methylated histone tails and have been suggested to participate in chromatin compaction
(Francis et al., 2004; Klymenko et al., 2006; Trojer et al., 2007). Structurally, MBT
repeats consists of a three-blade propeller-like structure. Each blade is composed of an
arm attached to a globular structure that contains a ligand-binding pocket (W. K. Wang
et al., 2003) forming a structure that resembles Tudor and Chromo domains (Bannister
et al., 2001; Cao et al., 2002; Lachner et al., 2001; Maurer-Stroh et al., 2003; Nakayama
et al., 2001; Sprangers et al., 2003; W. K. Wang et al., 2003). Consistently, MBT repeats
have been shown to physically interact with core Drosophila histones and full length
L(3)mbt has high affinity for essentially all of the H3—H4 tetramers present in 0- to 12-h
Drosophila embryos (Georlette et al., 2007). The functional relevance of these repeats in
underpinned by the fact that the genetic lesion linked to the [(5)mbtSM70 and [(3)mbts!
alleles maps within the MBT domains.

L(3)mbt also presents a Sterile Alpha Motif (SAM) (Bornemann et al., 1996; Wismar
et al., 1995). SAM motifs are protein interaction modules that are widespread in signaling
and nuclear proteins. A classic example of SAM domain is the one present in the human
TEL oncoprotein, an ETS class transcription factor, where the SAM has been referred to
as a helix-loop-helix (HLH) domain. This domain mediates self-binding and
oligomerization of TEL protein and of TEL fusion protein derivatives (Peterson et al.,

1997). In EPH-related tyrosine kinases, the SAM domain appears to mediate cell-cell

17



1. INTRODUCTION

initiated signal transduction via the binding of SH2-containing proteins to a conserved
tyrosine that is phosphorylated. In Drosophila, SAM domains have been shown to
mediate heterotypic and homotypic protein-protein interactions in Polycomb Group
(PcG) proteins Sex comb on midleg (Scm) and Polyhomeotic (Ph) (Peterson et al., 1997).
For that reason, the high-homology domain subgroup of SAM motifs that is common to
Scm, Ph, and 1(3)mbt is also known as SPM (ScemPhMbt) (Ponting, 1995). There is a weak
homology of the SPM domain to a domain found in members of the ETS family of
transcription factors such as the TEL oncoprotein (Boccuni et al., 2003; DeCamillis et al.,
1992; Golub et al., 1994; Wasylyk et al., 1994).

Finally L(3)mbt also contains putative Cyse-Cyss zinc fingers (Bornemann et al., 1996;
Wismar et al., 1995) of a distinct subclass defined by the conservation of residues that
flank the cysteines and the identical spacing between the cysteine pairs, which are different
from the Cys2-Cys2 fingers of other DNA-binding proteins such as the nuclear hormone
receptors (Coleman, 1992).

L(3)mbt is known to be part of two different repressive chromatin complexes: as a
substechiometric member of the dREAM-MMB complex that contains Drosophila
retinoblastoma proteins (RBF and E2F2) and Myb-MuvB complex (Blanchard et al.,
2014; Lewis et al., 2004), and as a stechiometric component of the tripartite LINT
complex together with Lint-1 and CoREST (Coux et al., 2018; Meier et al., 2012;
Macinkovi¢ et al., 2019).

On the basis of sequence homology and the domain structure of the protein L(3)mbt
is considered as a PcG related gene. Indeed, abundant evidence demonstrates that
L(3)mbt function is to change chromatin structure to ensure the stable silencing of specific
developmental genes thus establishing and maintaining the differentiated state (Boccuni
etal., 2003).

L(3)mbt closest homologs are two members of the PcG in Drosophila, Scm and Scm-
related gene containing four mbt domain (Sfmbt) with which it shares the zinc fingers,
MBT repeats and SAM motifs (Bornemann et al., 1996; Wismar et al., 1995). Scm is a
component of PcG complex, PRC1 and Sfmbt is a subunit of PhoRC, a distinct PcG
complex. Both complexes function to maintain tissue specific repression of genes
throughout D. melanogaster development. Sfmbt binds to histone H3 tails mono- or
dimethylated at K9 (H3K9mel and H3K9me?2) and H4 tails mono- or dimethylated at
K20 (H4K20mel/2) (Klymenko et al., 2006).

The human genome encodes a LSMBTL protein family (named after the Drosophila
genes) that includes L3SMBTLI1 (formerly known as L3MBTL), L3MBTL3 and

L3MBTL4, all of which function as chromatin-interacting transcriptional repressors
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(Bonasio et al., 2010). LSMBTLI is the closest homologue to Drosophila L(3)mbt (Meier
etal., 2012). LABMBTLI contains a very similar domain structure to that of its Drosophila
orthologue including three MBT repeats, a putative Cyse-Cyse zinc finger, the SPM
domain, which is equivalent to the SAM, and a similar C-terminal alpha-helical structure
(Bonasio et al., 2010). LSMBTL functions as a histone deacetylase-independent
transcriptional repressor and interacts physically and functionally with TEL (or ETV6)
(Boccuni et al., 2003; Dura et al., 1987; Koga et al., 1999; J. Li et al., 2004; Usui et al.,
2000; Wismar et al., 1995).

1.4.2. 1(3)mbt tumours

The collection of /(3)mbt alleles include [(3)mbt*’; 1(3)mbt¥?, the P-element insertional
allele Df{SR)mbt’ (a 29 kb deletion) (Gateff et al., 1993) and others that were identified as
mutants without germ-cells (Yohn et al., 2003). In addition, there are deficiencies that
uncover [(3)mbt like Df{3R)D605 and Df(3R)mbt’*3. Indeed, [(3)mbt depletion can also be
achieved by RNAI technology (C. Richter et al., 2011). Remarkably, the temperature
dependence of the tumorigenic phenotype described in the first {(3)mbt allele, [(3)mbt! is
a common feature of all other allelic combinations. This unexpected result- temperature
sensitive mutants are rare in Drosophila -strongly suggests that temperature sensitivity is
a feature of the process L(3)mbt function is required for, rather than an property of each
mutant allele (Yohn et al., 2003). Temperature shifting experiments carried out in the
Gateff'laboratory with the original /(3)mbt“! allele revealed that the first 6 h of embryonic
life are essential for tumour suppression (Gateff et al., 1993).

Loss of [(3)mbt function in larvae reared at 29°C results in malignant brain tumours
and hyperplastic imaginal discs. [(3)mbt brain tumours (henceforth referred to as mbt
tumours) originate in the larval neuroepithelium (E. Gateff, Loftler, and Wismar 1993; E.
Gateft 1994), and present a derepression of target genes in the Salvador-Warts-Hippo
(SWH) pathway (C. Richter et al., 2011).

One distinct feature of mbt tumours is that they upregulate dozens of germline genes
(Janic et al., 2010). This trait is also common in some human somatic cancers. Such genes
are referred to in the literature as cancer-testis (C'T) or, more appropriately, cancer-
germline (CG) genes (Simpson et al., 2005). The potential interest of CG genes stems from
their possible role in cell robustness and fitness. Unlike the soma, which 1s fated to die, the
germline can be passed from one generation to the next, endlessly, and is in this regard
an essentially immortal lineage that can outlive the individual. This 13 made possible by
germline-specific mechanisms that inhibit aging and protect from deleterious insults like

transposable element mobilisation and exposure to free radicals (Curran et al., 2009;
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Simpson et al., 2005). Germline cells are also endowed with conspicuous traits like the
ability to migrate and implant themselves in another tissue, demethylation, angiogenesis
induction, and immune evasion (Simpson et al., 20035). Because these traits, like
immortality, are often associated to cancer cells, it has long been suspected that co-option
of CG genes may contribute to malignancy.

Remarkably, some of the CG genes upregulated in mbt tumours are orthologues of
known human CG genes and at least four of them are essential for mbt tumour growth.
This observation provided the first experimental evidence substantiating a function for
CG genes in malignant growth (Janic et al., 2010). Altogether, these observations
established mbt tumours as an experimental model to investigate the molecular
mechanisms by which germline functions ectopically active in the soma may contribute
to the acquisition of neoplastic characteristics, which, indeed, may have both relevant
implications for our understanding of cancer as well as therapeutic and diagnostic
potential. A remarkable validation of the value of mbt as a model to study cancer is the
identification of new human CG genes on the bases of their homology to the germline
genes that we found to be ectopically expressed in Drosophila mbt larval brain tumours
(Feichtinger et al., 2014).

A second remarkable feature of mbt tumours is that they present strong sex-linked
dimorphism they are much more invasive and lethal in males than in their female siblings
(Fig.1.6.) (Molnar et al., 2019). This 1s an important finding because cancer susceptibility
and mortality rate are also sex-dependent. Therefore, mbt could serve as a genetically
tractable model to investigate the molecular basis of sex-linked differences in malignant
growth.

Quantitative proteomics and RNAseq analysis of sexed mbt tumour samples has
shown that phenotypic sex dimorphism correlates tightly with sex-link molecular
signatures that include genes expressed at significantly different levels in male than in
female tumours. Importantly such sex-linked signatures overlap only partially with the
corresponding mbt tumour signatures (i.e. differences between tumour and control
samples). Prominent component of the mbt sex-linked male signature (expressed at a
higher rate in males) are histone code reader Phf7, and thioredoxins TrxT" and Dhd. Phf7
plays a fundamental role in sex-linked molecular differences bringing about sex-linked
molecular disparities by dysregulating dozens of genes in male tumours. Moreover, it also
plays a critical role in sex-linked phenotypic differences: loss of Phf7 suppresses both the
anatomy traits and the greater growth potential that make mbt tumours more aggressive

in males than in females. These results suggest that proteins that belong to sex-linked
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tumour signatures could be targeted to eliminate sex-linked enhanced malignancy
(Molnar et al., 2019).

w1 I(3)mbt™'/Df  1(3)mbt'S"  I(3)mbt!ST/E2

TEER

Females

Figure 1.6. Sexual dimorphism in mbt tumours. Larval brain lobes from male and female
control (w!/%) and mbt mutant [[(3)mbis’/Df, [(3)mbts!, and {(3)mbts!/E2] larvae stained with DAPI
(grey). Male mbt lobes present reduced central brains (CBs; blue) and overgrown neuroepithelia (NE;
yellow) that invade medial regions. In contrast, in female mbt lobes, the NE do not overgrow and
CBs remain as distinct as in wild-type larvae. Scale bar, 50 mm. Adapted from (Molnar et al., 2019).

Abundant correlative evidence suggest that human L3MBTL proteins are also relevant
in certain cancer types. LAMBTLI maps to region 20q12 which 1s frequently disrupted
in myeloid malignancies (Dewald et al., 1993; Gurvich et al., 2010) and CNS
germinomas (D. T. Schneider et al., 2006). LSMBTL2 maps to region 22ql3 that is
associated with medulloblastoma (Northcott et al.,, 2009). L3MBTL3 maps to
chromosomal region 6q23, which is often deleted in acute leukemia (Sundareshan, 2003)
and 1n some cases of medulloblastoma (Northcott et al., 2009). However, studies carried
out in L3MBTLI mutant mice lacking exons 13—20 argue otherwise because they

develop and reproduce normally and do not present any increased incidence of tumours

(Qin et al., 2010).
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2. OBJETIVES

The rationale behind my thesis project is to advance in the understanding of the
molecular mechanisms that drive malignant growth using Drosophila melanogaster as a
experimental model system. My work has focused on the tumours caused by loss-of-

function conditions for the gene bramn tumour (brat).

The long-term objective of this project is to identify the molecular circuitry required
for the malignant transformation that occurs in the brains of larvae that are mutant for

the gene brat.
My specific objectives were:

1) To identity genes required for brat tumour growth.

2) To identity the transcriptional signature of brat tumours.
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3.1. Fly stocks

We used the GAL4/UAS system to drive the expression of the RNAI lines (Brand et
al., 1994). To induce brat tumours, a stock was generated with line #28590 from
Bloomington Drosophila Stock Center (BDSC) that carries a UAS-brat-RNA: transgene
(Perkins et al., 2015). UAS-brat-RNA: expression was driven with Ubi-GAL4 (#32551
BDSC)(Rossi et al., 2017). To enhance RNA1 expression, UAS-Der2 (#24650 BDSC) was
also introduced. To repress UAS-transgenes expression in the parental flies we used a
balancer that carries TUB GAL8O (#9490 from BDSC). The genotype of the resulting
stock used in the screen was: Ubi-GAL4 UAS-Dcr2; UAS-brai-RNAw/TM6, Tb, tub-GALS0,
Th.

The RINAI lines used in the screen (Excel sheet: High-content_Brat-screen_n=4300
in Appendix D1) were obtained from the Vienna Drosophila Resource Center (VDRC)
(Dietzl et al., 2007). UAS-RNAI lines inserted in the X chromosome and lines that were
not homozygous viable were not used in our screen. We used wor-GAL4 ase-GAL80; UAS-
mCDE8-GFP (Neumdtiller et al., 2011) to genetically label type II NBs. UAS-Tctp-RNA: line
was a gift from Hsu (Hsu et al., 2007). UAS-Vps-RNA: line was obtained from VDRC
(#18396); TRiP lines for Vps29 and Vps35 (B. Li et al., 2018) were obtained from BDSC
(#38963 and #38944, respectively). For allograft tests mbt tumours were obtained from
Th+ larvae from outcrosses using the stock Ubi-GAL4 UAS-Der2; UAS-U(3)mbt-RNA:,
DsRed, [(3)mbts! /TMOB, tubP-GALS0, Tb raised at 29°C (Rossi et al., 2017).

Transcriptomic studies were carried out with mutants samples from brath?602¢
individuals (Arama et al., 2000) raised at 25°C. All samples for transcriptomic studies were

sexed by visual inspection of larval gonads.
3.2. Screen strategy

Males from a Ubi-GAL4, UAS-Dcr2; UAS-brat-RNAw/TM6, Tb, tub-GAL80, Tbh stock
were crossed to virgin females from each UAS-RNA line to be tested. Eggs collected 0 —
24 h after egg laying (AEL) were allowed to develop for up to 8 days (180 + 12 h AEL),
except for the wild-type control, where strain w///¢ was used and larvae were dissected at
5 days AEL. Egg collection and larvae development took place at 29°C. For the first round
of the high-content screen (4300 lines) about 4 brains were dissected per each condition
and classified upon visual inspection as (1) smaller than wild-type (2) wild-type size (3) brat
tumour size and (4) larger than brat tumour, as previously described for the screening of
suppressors of mbt tumours (Rossi et al., 2017). UAS-RINAI lines in which three or more

brains were smaller than brat tumours (groups 1 and 2) were tagged as potential
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suppressors and re analysed in a second round of screen in which results were quantitated

my measuring brain diameter (Fig. 3.1.).

UAS brat RNAi
TM6, Tub GAL80, Tb

“@ep To

"Ubi GAL4, UAS Dicer;

_ digital image computer-generated
d 2 acquisihon brain-size statistics

X ' ’ & ‘ & 200 300 400
4 B To* B — PPN — T
' 10 brains S
2 UAS RNAi lines

Figure 3.1. Screen strategy. UbiGAL4, UAS-Dcr2; UAS-brat-RNAi/TMé6, Tb, tub-GAL80,
Tb males are crossed to females carrying each of the transgenic UAS-RNA:I lines.

Brains from Tb+ larvae are dissected and subjected to an automated classification
procedure based on image analysis of low magnification micrographs. Adapted from
(Rossi et al., 2017).

3.3. Brain size measurement

Images of around 10 larval brains from each genotype were acquired using a LEICA
EC3 camera coupled to a NIKON SMZ800 stercoscope. Images were analysed by a
purpose-made macro written by C.Gonzalez in IMAGE] software (C. A. Schneider et al.,
2012) that measures maximum brain Feret (mbFeret) diameter of the optic lobes pair and
works out statistics from mbFerets for any given RNAi. Ventral ganglions were either cut
out prior to image acquisition or digitally masked before measurement. The strain w///¢
was used as a control to determine wild type brain sizes. From the analysis of brat and
w!!78 Jarval brains we were able to define the following thresholds: smaller than 190
arbitrary units (a.u.) brains were significantly smaller than wild type; samples in which the
fraction of brains smaller than wild type is lower than 0,6 are tagged as grey. Between 190
and 270 a.u. brains are within wild type size and tagged red. Samples with size above

270 a.u. were classified as tumour-like (blue) (Rossi et al., 2017).

3.4. Immunohistochemistry and antibodies

Immunostaining of whole larval brains was performed as described in (Gonzalez and
Glover, 1993). In summary, brains were dissected in PBS, fixed for 20 minutes in 4%
Formaldehyde in PBS, rinsed 30 minutes in PBS with 0.3% Triton X-100 (PBST) and

blocked for 1 hour in PBSTF (0,3%Triton X-100, 10% Fetal Calf Serum (FCS) in PBS)
at room temperature. After overnight incubation with primary antibody diluted in PBSTTF
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at 4°C, brains were washed three times with PBST (0,3% Triton X-100 in PBS) for 20
min, and incubated with secondary antibody in PBSTF in the dark at room temperature
for 2 hours. DNA was stained with 2 pg/ml 4,6-diamidino-2-phenylindole (DAPI) for 20
minutes and washed with PBS. Stained brains were mounted in Vectashield (Molecular
Probes) dorsally or ventrally depending on the tumour type to be analysed. We used
1:500 Rabbit anti-Mira 4699 (Caussinus & Gonzalez, 2005; Mollinari et al., 2002) and
Alexa Fluor secondary antibodies (1:1000, Life Technologies) (Molnar et al., 2020).

3.5. Microscopy

Immunostaining images were acquired with a Leica TCS SP8 scan unit coupled to a
microscope and managed by Leica Application Suite X (LAS X) software.
The objective used was HC PLL APO CS2 40x/1.30 OIL and images were acquired at
zoom (.75, unless specified otherwise. Fluorophores 405 and 488 were excited with lasers
Diode and Argon, respectively. Image processing was carried out with FIJI. All shown
immunofluorescence images correspond to a single Z, Miranda levels enhanced by FIJI.

Panels were prepared with FIJT and Adobe Photoshop 2017.
3.6. Statistical analysis

Two-tailed p-values were calculated using Unpaired t-test (web application of
GraphPad) for all the experiments regarding brain size. Pairwise Fisher’s exact test (web
application of GraphPad) was used for tumour growth rate and host lethality in allograft
assay (Molnar et al., 2020). For P-value of overlap between gene lists an online tool

(http://nemates.org/ MA/progs/overlap_stats.html) was used (Lund et al., 2002).

3.7. GO analysis

Functional annotation of Gene Ontology (GO) terms was performed using the online
tool Database for Annotation, Visualization and Integrated Discovery (DAVID;
http://david.abcc.ncifcrf.gov/) (Huang et al., 2009; Sherman et al., 2022). DAVID (version
6.8.) and GO terms for biological process (GOTERM_BP_DIRECT), cellular
component (GOTERM_CC_DIRECT) and molecular function
(GOTERM_MF_DIRECT) with a p-value of <0.05 were accepted as a significant
enrichment for brat suppressors analysis. For GO analysis of differentially expressed
genes, DAVID (version 2021) was used. We accepted GO terms for biological process
(GOTERM_BP_DIRECT) with more restrictive p-value (p<0.001) in order to filter out

the redundant terms that generally appear with input of hundreds of genes.
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3.8. Allografts assays

To test the tumorigenic potential of different tissues, allograft assays were performed
according to standard procedure (Rossi & Gonzalez, 2015). Briefly, optic lobes were
dissected in PBS, injected into the abdomen of 3-4 days old adult mated females and kept
at 29°C. Injected flies were inspected when catatonic or right after their death to check

for the presence of an overgrown tumour mass (Fig. 3.2.).

Non-tumorigenic

Dissect @ @
° @

Implant
one piece
in host fly

Repeat as many
times as required

\_

Figure 3.2. Tissue allograft into adult hosts. The tissue of interest from a donor larvae
is dissected, cut into pieces, loaded into a fine glass needle and implanted into an adult
host. The culture period is typically a few weeks. Upon implantation, non-transformed
tissues do not overgrow. In contrast, malignant neoplasias grow without limit, expanding
over the abdomen and eventually killing the host. Malignant tumors can be dissected
into pieces and injected again into new hosts. Adapted from (Gonzalez, 2007).

3.9. Venn diagrams

Venn  diagrams were obtained using the web application BioVenn

(http://www.blovenn.nl/; Hulsen, de Vlieg, and Alkema 2008).
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3.10. Transcriptomics

3.10.1. Microarray sample preparation

Dissected Drosophila larval brains were collected in 45 pl of a lysis buffer containing
20 mM DTT, 10 mM Tris-HCI pH 7.4, 0.5% SDS, and 0.5 pg/pl proteinase K,
incubated at 65 °C for 15 minutes and immediately frozen until processing. Each sample
contained one brain. RNA extraction and cDNA generation was carried out at the IRB
Barcelona Functional Genomics Core Facility. Briefly, RNA was treated with DNAse I
and purified using magnetic beads (RNAClean XP, Beckman Coulter). RNA was
quantitated with Qubit RNA HS Assay kit (Invitrogen), and RNA integrity was assessed
with the Bioanalyzer 2100 RNA Pico assay (Agilent). 25 ng of RNA were reverse
transcribed and amplified using the Whole Transcriptome Amplification method (WTAZ2,
Sigma Aldrich) with 17 cycles of amplification. cDNA was further purified using a spin
column (PureLink Quick PCR Purification Kit, Invitrogen) and quantified using a
microvolume spectrophotometer (Nanodrop ND-1000, Thermo-Fisher Scientific) (Janic

etal., 2010).
3.10.2. Microarray processing

For microarray processing, 8 pg of cDNA were fragmented and labelled according to
the manufacturer instructions (GeneChip Mapping 250K Nsp Assay Kit, Affymetrix).
Array hybridization was performed using the GeneChip Hybridization, Wash, and Stain
Kit (Applied Biosystems). Briefly, libraries were denatured at 99°C for 2 min prior to
incubation into the Affymetrix GeneChip® Drosophila Genome 2.0 Arrays (Applied
Biosystems) (Janic et al., 2010). Libraries were hybridized on the arrays for 16 h at 45 °C
for 60 rpm at GeneChip Hybridization Oven 645 (Aftymetrix/ ThermoFisher Scientific).
Washing and Stain steps were performed using a GeneChip Fluidics Station 450 following
the Drosophila Genome 2.0 protocol (Affymetrix/ThermoFisher Scientific). Finally,
arrays were scanned with a GeneChip Scanner GCS3000 (Affymetrix/Thermolisher

Scientific).
3.10.3. Microarray data analysis

The CEL files containing the microarray data were generated with the Command
Console software (Affymetrix/ ThermoFisher Scientific), and were used for probeset-
based gene expression measurements using robust multichip average (RMA)
normalization. Results were analysed using the Transcriptome Analysis Console 4.0

(TAC) software.
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To identify differentially expressed genes pairwise comparisons between each
experimental condition of interest were carried out. Genes with fold change (F.C.) > 2
and false discovery rate (FDR) <0.05 were considered to be differentially expressed (Janic
etal., 2010).

3.10.4. Volcano and scatter plots

For visualization of gene expression levels, volcano and scatter plots were generated
with GraphPad Prism 9 for MacOS X (GraphPad Software, La Jolla, CA, USA;

www.graphpad.com).
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4.1. A high-content, in vivo RNAi screen identifies 68 genes

required for brat tumour growth

Drosophila tumour models provide a unique mean to investigate the complex
network of cellular and systemic functions that sustain malignant growth through high
content genetic screens (Gonzalez, 2013). The first study of this kind, carried out in our
laboratory, included two screens that were carried out in parallel using the same collection
of RNAI lines to identify suppressors of mbt and brat neoplastic malignant growth (mbt-
SPRs and brat-SPRs, respectively). A total of 4300 randomly selected RNAI lines from
the VDRC collection that correspond to 4275 genes, 30,6% of the 13969 protein coding
genes reported in Drosophila melanogaster (FlyBase release FB2021_06) were analysed.

In the case of mbt, once the initial high content screen was finalised, the study was
carried out to completion. This included validation of suppressor activity of all identified
hits, phenotypic characterization of larval brains from /(3)mbt mutant individuals reared
at 29°C and expressing each of the RINA1 suppressing lines corresponding to all
suppressors, and in-depth characterization of one selected suppressor: mei-IW68 (Rossi et
al., 2017).

During the first part of my Thesis I have taken over the brat screen and carried it out
to completion myself.

In the initial high content screen, brat-SPRs were identified as RNAI lines that upon
visual inspection reduced the size of the tumour down to that of wild-type larval brains in
at least 3 out of 4 individuals in two independent assays. Like in the mbt screen, the Ub:-
GAL4 driver was chosen to drive RNAi expression in the brat screen. The rationale
behind this choice is to force the ubiquitous expression of the RINAi under investigation
so that RNA1 conditions that have an essential cytostatic effect and do not allow for larvae
to develop would be filtered out and not considered as hits, as they could be if tumour
tissue-specific GAL4 drivers were used. 74 RNAI lines out of the total 4300 RNAI lines
that were screened met the criteria to classify as brat-SPRs.

To validate these results, I set up the same screening crosses used during the initial
screen Ubi-GAL4 UAS-Dcr2; UAS-brai-RNAw/ TM6 tubGALS0 Tb males x UAS-RNA: line
females), obtained micrographs of Ubi-GAL4 UAS-Dcr2; UAS-brat-RNA: for each of the
screened RNAI lines (in Appendix A), and quantified larval brain size using image
processing software developed to this end in the laboratory (Fig. 4.1.). Analysis of the
resulting larval brain size distribution confirmed that 68 out of the total 74 RNAI lines
identified in the initial screen cause a statistically significant reduction of brain tumour

size (p<9x10E-4) thus validating the corresponding 68 genes as brat-SPR.
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Figure 4.1. Results from high-content screen hits for brat-SPRs. Plot showing
maximum mbFerets (mean and standard deviation, s.d.) from brat larvae expressing
each of the screened UAS-RNA lines. A condensed plot of brain-size variation in each
sample is shown on the left. Colour code indicates brain size range: brains smaller than
wt (grey), wt size (red) or tumour size (blue). The orange line indicates the significance
of p<0,0009 below which all have been classified as brat-SPRs. Controls samples (wt and
brat) are at the bottom of the table. wt=w'""®. Larval brains analysed to generate the plot
are in Appendix A.

38



4. RESULTS

The remaining six non-validated genes correspond to lines that unlike in the initial
screen, either caused early onset lethality and did not reach third instar larval stage
(CG4661, Rab7, [(2)k09022, Tom40) or did not affect brat brain growth (CG6443,
CG11837). Out of the six validated brat-SPRs that result in brat larval brains that are
smaller than wild type, four had been reported to affect the growth of wild-type larval
brains (Cpsf160, CG32075, CCT4, Trim9), but two were not reported not to do so
(mRpLSS, mRpLS4) (Neumtller et al., 2011).

Altogether these results show that 68 out of 4.300 genes (1,6%) randomly selected from
the Drosophila genome can be depleted to levels that suppress brat tumorous growth
without significantly compromising larval development.

None of the 68 brat-SPRs that we have identified was known as suppressor of brat
tumour growth before, but many of them had been linked in different ways to brat or, in
more general terms, to neuroblast functions (Table 4.1.).

Regarding genes involved in NB proliferation, a quarter (17 of our 68) brat-SPRs have
been identified in a genome wide RINAI screen as required for wild type NB proliferation
(Neumiiller et al., 2011). Notably, Acyl-CoA synthetase long-chain (Acsl), was identified as such
in (Jia et al., 2019) study but not in the (Neumdiiller et al., 2011) study. A further 7 brat-
SPRs have been reported to bring about defective central nervous system development as
they produced lethality in neuroblast-specific RNA1 screen by (Carney et al., 2012).

Thirty-nine of our brat-SPRs correspond to NB-specific/enriched genes defined as
transcripts overexpressed in brains carrying ectopic NBs or enriched in NBs compared to
neurons or newly formed GMCs (Berger et al., 2012; Carney et al., 2012; Wissel et al.,
2018).

None of the brat-SPRs is among the brat interactors (physical or genetic; n=26 and
n=35, respectively) reported in FlyBase (Gramates et al., 2022), but 6 brat-SPRs have
been reported to interact with proteins that are well known targets of one or more of the
neural transcription factors like Ase, Dpn, Sna, and Pros:: til, CG1024, CCT4, Su(var)205, htl,
and 7rim9 (Choksi et al., 2006; Hakes & Brand, 2020; Southall & Brand, 2009).
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FlyBase ID

Lethality (RNAi screening)

Underproliferation
Neumuller (2011)
Carney (2012)

Neural TF interactors
Southall (2009)

Symbol

specially expressed in NB

Carney (2012)

specially expressed in NB

Wissel (2018)

specially expressed in NB

Berger (2012)

Upregulated in brat versus wt

Loop (2004)

Upregulated in brat versus wt

Landkron (2018)

Upregulated in brat versus wt

Reichardt (2018)

FBgn0263120

Acsl

x

FBgn0028343

Ankle2

x

x

x | > |Neurogenesis GO (DAVID 6.8)

FBgn0034177

AsnRS-m

FBgn0284256

bsf X

FBgn0032444

CCT4 X X

x

FBgn0027514

CG1024 X X

FBgn0039939

CG11231

FBgn0028504

CG12182

FBgn0032176

CG13127

FBgn0037924

CG14712 X

FBgn0035412

CG14957

FBgn0037667

CG16734

FBgn0039977

CG17454

FBgn0039970

CG17508

FBgn0030063

CG1789 X

FBgn0052075

CG32075 X

FBgn0052121

CG32121

FBgn0029714

CG3527 X

FBgn0031657

CG3756

FBgn0031286

CG3862

FBgn0034664

CG4377

FBgn0031304

CG4552

FBgn0037844

CG4570

FBgn0032194

CG4901 X X

FBgn0038768

CG4936

FBgn0032642

CG5110

FBgn0031711

CG6907

FBgn0033989

CG7639 X

FBgn0033038

CG7791

FBgn0030851

CG8326 X X

FBgn0038179

CG9312

FBgn0034814

CG9890

FBgn0031536

Cog3 X

FBgn0024698

Cpsf160 X

x

FBgn0266452

CTPsyn

FBgn0035600

Cyt-cl

FBgn0040467

Dlipl
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Table 4.1. Summary of bibliography on brat-SPRs. Table summarizing the reports in
literature regarding functions in NB development or brat-related function for each brat-
SPR. Genes for which no data was available are coloured in grey. Genes whose depletion
in a brat mutant background produced brains that are smaller than wild type appear in
in red.

4.2. None of the identified suppressors of brat tumour growth

(brat-SPRs) allows for wild-type larval brain development

Genetically labelling with mCD8-GFP driven by wor-GAL4 ase-GAL80 in wild-type
brains specifically marks Type II NBs and their progeny (Neumdtller et al., 2011),
including INPs and GMCs, that appear as isolated clusters located in the dorsal side of
the central brain. There are 8 Type II NBs on each brain lobe in wild-type larvae (Fig.
4.2.A.). Labelling with wor-GAL4 ase-GAL80; UAS-mCDS8-GFP in brat mutant larvae
demonstrates the unrestricted overgrowth of the type II NBs lineage cells that account for
most of the tumour mass (Fig. 4.2.A.). Consistently, while Mira staining in the dorsal side
of the central brain is restricted to a relatively small number of cells (Fig. 4.2.B.), most of
the brat tumour mass is accounted for by Mira expressing cells (Fig. 4.2.B.) (Betschinger
et al., 2006; Caussinus & Gonzalez, 2005; C.-Y. Lee, Wilkinson, et al., 2006; Reichardt
etal., 2018).

To investigate the effect in tumour development brought about by depletion of the
brat-SPRs identified in the screen I analysed the gross anatomy of larval brains from Ub:-
GAL4 UAS-Der2; UAS-brat-RNA: for each RNAI line (in Appendix B). Taken individually,
each of the 639 brain lobes from the entire collection of RNAi-suppressed brat tumour
conditions that I have analysed can be assign to one of two classes. Importantly, however,
most of the suppressed tumour conditions result in a mix of class 1 and class 2 brain lobes
(Table 4.2.).

An example of class 1 suppressor is ebo-RNA: (Fig. 4.2.C.). This class includes brain
tumours that although smaller, closely resemble brat tumours in that (1) they are largely
accounted for by Mira-positive cells and (i1) the tumoral mass spreads over the entire
dorsal side, well beyond of what would be the central brain region in a wild-type brain.
Suppressed tumours in this class resemble under-grown brat tumours that do not present
any evidence of recovery of normal brain anatomy.

A representative example of class 2 is Cog3-RNA: (Fig. 4.2.C.). Larval brains within this
class are not only smaller, but also histologically quite different from brat tumours in that
a significant fraction of the suppressed tumour is accounted for by large clusters of cells

that do not express Mira.
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4. RESULTS

Figure 4.2. The phenotype of suppressed brat tumours. (A) Panels showing confocal
dorsal sections of brain lobes from control wt (top) and brat (bottom) expressing wor-
GAL4 ase-GAL80; UAS-mCDS8-GFP that specifically labels type Il NB and their progeny
(purple). Brain morphology can be observed with DAPI staining (grey) in left panels. Only
a small number of type Il NBs-like are found in wt brains, restricted to the central brain
(CB) region. In contrast, in brat, cells labelled as type Il NBs are abundant and invade the
whole dorsal side. Insets show high magnification views of the areas outlined in yellow
in merged panels. A similar observation can be made from (B) panels showing dorsal
sections of wt (top) and brat (bottom) brain lobes stained with NB-marker Miranda (Mira;
green). In wt brains, NBs outside the CB (such as smaller NBs from optic lobe medulla)
are also stained. (C) Panels showing dorsal sections of suppressed brat tumour brain
lobes with ebo™™ (top) and Cog3RNAi (bottom), selected as representatives for
phenotypic class 1 and class 2 respectively, stained with DAPI (grey) and Mira (green),
to reveal morphology and NB distribution. ebo™, brat™* brains present mostly Mira-
positive cells resembling brat brain while Cog3™", brat™* brains present clusters of
Mira-negative cells. Scale bar of 50 pm.

Such cells, which indeed are very rare in brat tumours, suggest that the corresponding
tumour suppressing condition allows for a certain extent of differentiation. It 1s also
possible, however that differentiated cells that do not express Mira may be non-tumoral
cells that are not displaced by tumour cells under the suppressed condition. If so, class 1
SPRs morphology might be caused by the combined effect of reduced tumour growth and
lethality in surrounding non-tumoral cells. Published brat tumour suppressors z/d, cherub
and klu can also be classified within this phenotypic class 2 (Berger et al., 2012; Landskron
et al., 2018; Reichardt et al., 2018).

Out of the total 68 brat-SPRs analysed, only 7 (10%) and 15 (22%) result in brain lobes
that are exclusively class 1 or class 2, respectively. The remaining 68% of brat-SPRs result
in brain lobes of both kinds although for about 2/3 of them class 1 lobes are less frequent
than class 2 (Table 4.2. and Fig. 4.3.).

Remarkably, against our expectations I found no cases of suppressed brat growth that
resulted in phenotypically wild-type-like brains. Suppressors that allow for the
development of brains that present wild-type anatomy in individuals mutant for a tumour
suppressor can be interpreted as functions that might be involved in the initial steps of
tumorigenesis: upon depletion of such tumour-SPRs, the onset of tumour development
cannot take place. The absence of brat-SPRs of this kind was unexpected because 7
(Nipped-A, Tctp, mei-W68, stil, sunn, TrxT, dhd) such suppressors were identified in the mbt

screen that was carried out in parallel (Rossi et al., 2017).
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Mostly Clusters of 32:3,,
FlyBase ID Symbol Mira-positive Mira-negative Mira-positive Main function

cells cells cells/Total
FBgn0263120 Acsl 0 4 0 lipid metabolism
FBgn0034177 AsnRS-m 0 9 0 mitochondrial
FBgn0032444 CCT4 0 4 0 protein folding
FBgn0032176 CG13127 0 5 0 uncharacterised
FBgn0052121 CG32121 0 4 0 transcription
FBgn0031657 CG3756 0 7 0 transcription
FBgn0034664 CG4377 0 4 0 uncharacterised
FBgn0032194 CG4901 0 8 0 transcription
FBgn0030851 CG8326 0 13 0 transcription
FBgn0031536 Cog3 0 10 0 Transport/Golgi
FBgn0024698 Cpsf160 0 8 0 translation
FBgn0038474 mRpS11 0 6 0 mitochondrial
FBgn0260012 pds5 0 17 0 DNA repair
FBgn0029959 Rab39 0 4 0 Transport/Golgi
FBgn0003607 Su(var)205 0 8 0 chromatin modifier
FBgn0034814 CG9890 1 11 0,083 uncharacterised
FBgn0031505 ND-B14.5B 1 11 0,083 mitochondrial
FBgn0029714 CG3527 1 9 0,1 response to bacterium
FBgn0037924 CG14712 1 7 0,125 nuclear pore
FBgn0051721 Trim9 1 7 0,125 development
FBgn0266668 Ex084 2 12 0,143 Transport/Golgi
FBgn0284256 bsf 2 10 0,167 mitochondrial
FBgn0037844 CG4570 2 10 0,167 transposition
FBgn0033989 CG7639 2 10 0,167 mitochondrial
FBgn0037667 CG16734 3 12 0,2 uncharacterised
FBgn0039977 CG17454 3 11 0,214 splicing
FBgn0028504 CG12182 2 7 0,222 uncharacterised
FBgn0030063 CG1789 2 6 0,25 nucleolus/rRNA processing
FBgn0052075 CG32075 2 6 0,25 nucleolus/rBNA processing
FBgn0030241 feo 4 11 0,267 cytokinesis
FBgn0031304 CG4552 3 8 0,273 Transport/Golgi
FBgn0028343 Ankle 2 2 5 0,286 nuclear envelope
FBgn0039939 CG11231 4 10 0,286 uncharacterised
FBgn0032642 CG5110 3 6 0,333 TOR signalling
FBgn0025832 Fen1 2 4 0,333 DNA repair
FBgn0036271 Pbgs 4 8 0,333 porphobilinogen synthetic process
FBgn0030480 THG 2 4 0,333 translation
FBgn0033378 tsu 8 14 0,364 splicing
FBgn0040467 Dlip1 4 6 0,4 Nucleus/nucleic acid binding
FBgn0033038 CG7791 3 4 0,429 mitochondrial
FBgn0024236 foi 6 8 0,429 ion transport
FBgn0283659 tailless 4 5 0,444 cell fate
FBgn0027514 CG1024 7 8 0,4667 transcription
FBgn0035412 CG14957 5 5 0,5 chitin metabolism
FBgn0026713 1(1)G0007 3 3 0,5 splicing
FBgn0263398 Uck 5 5 0,5 ATPbinding/nucleoside kinase activity
FBgn0038768 CG4936 8 7 0,533 transcription
FBgn0010389 heartless 4 3 0,571 Fibroblast Growth Factor Receptor
FBgn0266452 CTPsyn 7 5 0,583 CTP metabolism
FBgn0259785 pzg 7 5 0,583 chromatin modifier
FBgn0031286 CG3862 3 2 0,6 uncharacterised
FBgn0031357 mRpL48 5 3 0,625 mitochondrial
FBgn0003720 Tim9a 9 5 0,643 mitochondrial
FBgn0031711 CG6907 4 2 0,667 transcription
FBgn0035534 mMRpS6 8 4 0,667 mitochondrial
FBgn0035600 Cyt-c1 7 3 0,7 mitochondrial
FBgn0030686 mMRpL3 5 2 0,714 mitochondrial
FBgn0039970 CG17508 7 2 0,778 uncharacterised
FBgn0021765 scu 9 2 0,818 mitochondrial
FBgn0051133 Slimp 8 1 0,889 mitochondrial
FBgn0014411 Vps26 8 1 0,889 Transport/Golgi
FBgn0038179 CG9312 4 0 9 uncharacterised
FBgn0266572 ebo 7 0 9 Mushroom body development
FBgn0015399 kek1 4 0 1 Epidermal Growth Factor Receptor
FBgn0034579 mRpL54 6 0 1 mitochondrial
FBgn0038678 mMRpL55 6 0 9 mitochondrial
FBgn0024188 san 4 0 9 chromatid cohesion
FBgn0033261 udd 8 0 1 nucleolus/rBNA processing

46



4. RESULTS

Table 4.2. Phenotypic classification of brat-SPRs. Table classifying each brain lobe to
a phenotypic class. Colour code highlights cells where all brain lobes belong to the same
class. Brat-SPRs are ranked according to the ratio of mostly Mira-positive cells/total.
Highlighted in red are the 3 brat-SPRs that have the same amount of brains belonging
to each class (ratio=0,5). Column on the right indicates the main function (grouped by
colour) for each brat-SPRs.

4.3. Enriched Gene Ontology terms among the collection of

brat-SPRs identified in our screen

Making use of the online Database for Annotation, Visualization and Integrated
Discovery (DAVID v6.8) we identified Gene Ontology (GO) enriched terms among the
identified brat-SPRs (Fig. 4.4.).

As far as biological processes are concerned there are 3 enriched GO terms:
“neurogenesis” (p=5x10E-12), “mitochondrial translation” (p=9,9x10E-05), and
“gonadal mesoderm development” (p=4,2x10E-02), that account for 30% (21/68), 9%
(6/68), and 3% (2/68) of the brat-SPRs, respectively. The two genes annotated in the GO
term “gonadal mesoderm development” are fear-of-intimacy (for) and heartless (htl), that are
also known to play roles in glia development (Pielage et al., 2004; Stork et al., 2014).
Regarding cellular components, the 4 enriched terms are: “mitochondrial large ribosomal
subunit” (p=2,6x10E-03), “mitochondrion” (p=3,7x10E-03), “mitochondrial small
ribosomal subunit” (p=1,3x10E-02), and “nucleolus” (p=1,3x10E-02). These account for
6% (4/68), 13% (9/68), 4% (3/68) and 7% (5/68) of the brat-SPRs, respectively. Finally,
3 molecular functions were found to be enriched including “protein transporter activity”
(p=2,7x10E-02): “structural constituent of ribosome” (p=3,2x10E-02), and “small
ribosomal subunit rRNA binding” (p=3,9x10E-02) that account for 4% (3/68), 9% (6/68)
and 3% (2/68) of the brat-SPRs, respectively (Fig. 4.4.).

Altogether DAVID’s results reveal a high enrichment of mitochondrial related
functions among the brat-SPRs identified in our screen. This observation substantiates
published results suggesting that inhibition of respiratory complex activity can suppress
brat tumour growth (van den Ameele & Brand, 2019). These authors found that oxidative
phosphorylation (OxPhos) dysfunction causes wild-type neural stem cells to fail to
undergo terminal differentiation and brat tumour cells to slow down proliferation rate.
Similarly, Bonnay and colleagues (Bonnay et al., 2020) reported that neural stem cells
increase OxPhos during immortalization and blocking OxPhos -or mitochondrial fusion-
stalls tumour cells in quiescence and prevents tumorigenesis. Interestingly, published
results from our lab showed that mbt tumours are also more sensitive than wild-type

tissues to loss of mitochondria-related functions (Rossi et al., 2017).
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Figure 4.3. Distribution of the phenotypic classes. Histogram showing the number of brain lobes (Y-axis) associated to phenotypic
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Figure 4.4. Gene Ontology enrichment in the collection of brat-SPRs. (A) Table and
bubble plot showing the p-values (-log10) for each enriched Gene Ontology term (Y-
axis) for the group of 68 brat-SPRs. The diameter of each circle represents the number
of brat-SPRs belonging to each term. (B) Table showing the 37 brat-SPRs that belong to
any of the enriched G.O. terms. Table cells are colour-coded according to circles in
bubble plot. BP=biological process, CC=cellular component, MF= molecular function.

Surprisingly, however, enrichment of nucleolar functions is very small (Fig. 4.4.). This
1s unexpected because brat mutant cells are known to present enlarged nucleoli both in
absolute terms and in terms of the ratio between nucleolar and cellular diameter, thus
strongly suggesting that Brat might directly regulate the size of the nucleolus, most likely
by downregulating dMyc expression (Betschinger et al., 2006). Indeed, brat
overexpressing cells contain less ribosomal RNA than control cells. These results suggest
that the tumorous phenotype of brat mutants may be due to excess cell growth and

ribosome synthesis (Frank et al., 2002).

49



4. RESULTS

Besides the brat-SPRs referred to above that are linked to enriched GOs (n=37), there
is a further 31 brat-SPRs that although belonging to GOs that are not significantly
enriched in our gene set, identify functions that are certainly essential for brat tumour
growth. The main function for each of these genes i1s detailed in (Table 4.2.). These
include genes that play key roles in mitosis (san) (Pimenta-Marques et al., 2008), Golgi
transport (Exo84 and Rab39) (Blankenship et al., 2007; Lakatos et al., 2021) and DNA
repair (pds)) (Dorsett et al., 2005; Gaudet et al., 2011).

4.4. Tumour-specific suppressors outnumber those that inhibit

both brat and mbt tumours

One very important issue regarding malignant growth is the extent to which different
tumours require different functions (Chang et al., 2021), i.e. which gene set is greater:
tumour-SPRs that can be targeted to inhibit any type of tumour or tumour type-specific
tumour-SPRs? The first gene set would be expected to include “tumour housekeeping”
functions which may be expected to be more abundant than the second which would be
accounted for by genes related to the specific function of the corresponding tumour
suppressor gene. The differences in terms of both cell-of-origin of each tumour and
molecular function of each tumour suppressor makes brat and mbt tumours ideally suited
for this purpose.

I have addressed this issue by comparing the results from this study to those published
by our laboratory reporting the screen for mbt-SPRs that was carried out with the same
RNAI collection (Rossi et al., 2017).

The first interesting comparison between the mbt and brat datasets regards synthetic
interactions. Out of the 4151 lines analysed in common for both tumours, there are 288
RNAI lines that cause lethality in both the brat and mbt background (Excel sheet:
Screens_mbt_&_brat_Lethal_lines in Appendix D1). In addition to these, there are 192
lines causing lethality in mbt, but not in brat, and 186 lines that cause lethality in brat,
but not in mbt (Excel sheet: Screens_mbt_&_brat_Lethal_lines in Appendix D1). These
genes, whose depletion allows for survival in one mutant background but causes lethality
on the other background represent putative tumour specific synthetic lethal genetic
interactions.

The second relevant comparison regards the brat-SPRs and mbt-SPRs gene sets.

I found that four brat-SPRs (CG32121, Rab39, CCT4, Cpsf160) are lethal in a mbt mutant
background, and seven of the mbt-SPRs (1p99C, ((1)sc, nito, CGE8005, mRpL21, RtcB, ND-

49) are lethal in a brat mutant background. These must correspond to genes that are
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required for both brat and mbt tumour growth but for which the depletion level achieved
by the corresponding RNALI is tolerable for one of these mutant backgrounds but not for
the other.

Among the remaining SPRs (those that do not cause lethality in either mutant
background) there are 21 genes in common between the 68 brat-SPRs reported here and
92 mbt-SPRs identified in the high-content screen carried out by Rossi and colleagues
(brat&mbt-SPRs) (Fig. 4.5.A.). This result reveals that, rather counterintuitively, tumour-
specific suppressors largely outnumber those that inhibit both types of tumours.

In addition to slowing tumour growth, ubiquitous knockdown of “tumour
housekeeping” genes might also cause larval lethality. That might be a trivial explanation
for why fewer mbt&brat-SPRs were recovered than tumour-specific-SPRs and a proof of
the setup of the screen, which actually was designed to filter out RNAi lines whose
ubiquitous expression is lethal.

Like for the brat-SPRs identified before, GO enriched terms by DAVID in the
mbt&brat-SPRs gene set are mostly accounted for by “neurogenesis” and “mitochondria”
functions. Enrichment levels, however, are only moderate.

Enriched GOs as revealed by DAVID among the set of 21 brat&mbt-SPRs are
“neurogenesis” (p=1,3x10E-03), “mitochondrial translation” (p=7,8x10E-03), and
“mitotic  sister chromatid cohesion” (p=1,7x10E-02) for biological process;
“mitochondrial small ribosomal subunit” (p=4,4x10E-02) for cellular component and
“small ribosomal subunit rRNA binding” (p=1,1x10E-02) for molecular function (Fig.
4.5.B.).

In addition to the high-content screen for mbt-SPRs referred to before (Rossi et al.,
2017), our laboratory carried out a candidate screen of 233 RINAI lines corresponding to
genes that were expected to be related to mbt function based on a series of criteria.
Through this targeted screen they identified another 46 mbt-SPRs, of which 7 produce
underproliferation. I have tested these mbt-SPRs and found that 12 (26%) classify as
mbt&brat-SPRs (p<0,015) (Fig. 4.6.). These are rept, pont, Mcm), and Tctp involved in
meiotic recombination; Rbml13, and CG32694, which are upregulated in mbt; the mbt
signature genes e/F4E-6, swa, sunn, and gnu; Cul2? (Janic et al., 2010) and Hop which is
required for the piRNA pathway. From these, rgpt, Rbm13, and Cul2 produce very small
(much smaller than wild type brains) brat and mbt tumours and Dom, Nipped-A, and Erccl

cause lethality in the brat tumour background.
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Figure 4.5. Overlapping between brat-SPRs and mbt-SPRs. (A) Venn diagram showing
the overlap between brat-SPRs (red, n=68) and mbt-SPRs (green, n=92). The 21 genes in
common (brat&mbt-SPRs) are listed below the diagramm. Remarkably, depletion of 7 out
of the 71 specific mbt-SPRs is lethal in brat background (blue), and depletion of 4 out of the
47 specific brat-SPRs results in lethality in mbt background (grey). (B) Gene Ontology
enrichment for brat&mbt-SPRs. Upper table and bubble plot show the p-values (-log10) for
each Gene Ontology term enriched for the group of 21 brat&mbt-SPRs. The diameter of
the circle corresponds to the number of genes in each group. In table at the bottom, cells
are colour-coded according to circles in bubble plot. BP=biological process, CC=cellular
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component, MF= molecular function.
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Figure 4.6. Effect of mbt-SPRs genes identified in the mbt targeted screen in brat
tumour growth. Plot showing mbFerets (mean and standard deviation, s.d.) from brat
larvae expressing each of the screened UAS-RNAI lines. A condensed plot of brain-size
variation in each sample is shown on the left. Colour code indicates brain size range:
brains smaller than wt (grey), wt size (red), and tumour size (blue). An orange line
indicates the significance of p<0,015 below which all have been classified as brat&mbt-
SPRs (n=12) which are listed in upper right table. Control samples (wt and brat) are at
the bottom of the table. wt=w'""®. Larval brains analysed to generate the plot are in
Appendix C.

Thus, altogether, we have identified a total of 80 brat-SPRs of which 33 are mbt&brat-
SPRs. Interestingly, brat-SPRs are equally abundant among mbt-SPRs identified in the
high content screen (23%) than among mbt-SPRs identified in the targeted screen (26%)
(Fig. 4.7.).
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bratSPRs n=80

71

biased mbtSPRs n=46

unbiased mbtSPRs n=92 12/46 = 26%
21/92 = 23%

Figure 4.7. Overlapping between brat-SPRs and mbt-SPRs identified in the mbt
targeted screen. Venn diagram showing overlap between all brat-SPRs identified (red)
with mbt-SPRs identified in the high content screen (green) and in the targeted screen
(blue), 21 and 12 genes are in common, respectively.

4.5. Depletion of Vps26 reduces overgrowth of Drosophila mbt

and brat larval brain tumours

One of the mbt&brat-SPRs identified in this study is Vacuolar protein sorting 26 (Vps26).
Vps26 is a component of the retromer complex which is best known for its role in the
Whntless (WIs) traffic loop that encompasses the Golgi, the cell surface, an endocytic
compartment and a retrograde route leading back to the Golgi, thereby enabling Wls to
direct Wingless (Wg) secretion (Port et al., 2008). However, my interest in this suppressor
of brat and mbt tumour growth is that it has been reported to have a tumour suppressor
function that is NB type specific: depletion of Vps26 in the larval central brain type II NB
lineages (driven by PntP1-GAL4 or erm-GAL4) results in supernumerary NBs and tumour
growth while depletion of Vps26 in type I NBs (driven by erm-GAL4 or ase-GAL4) does
not (B. Li et al., 2018). The finding that Vps35 behaves likewise led these authors to
conclude that the retromer complex itself has a tumour suppressing activity.

Taking these results into account I decided to test whether the mbt&brat-SPR activity
of Vps26 1s shared by the other members of the retromer complex, 1ps29 and Vps35.
Through these studies I found that depletion of neither Vps29 (Fig. 4.8.) nor Vps35 (data

not shown) has any effect on brat and mbt tumour growth, and confirmed Vps26
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Figure 4.8. Effect of retromer components depletion in larval brain tumours. Left
panels showing dorsal section of brain lobes from wt, brat tumour and brat tumours in
which Vps26 or Vps29 has been depleted by RNAI, stained with DAPI (grey) and NB-
marker Mira (green). wt brain presents type Il NBs in the CB, while brat tumour mass is
mostly composed by cells expressing Mira. In the case of Vps26™, brat™* (Ubi-GAL4
UAS-Dcr2/+; UAS-brat-RNAi/ UAS-Vps26-RNAI), wt size is observed but the dorsal side
presents mutant morphology with mostly Mira-positive cells. Vps29™™' brat™ (Ubi-
GAL4 UAS-Dcr2/UAS-Vps29-RNAi; UAS-brat-RNAi/+), resembles the brat brain, since
reduction of size is not observed and presents mutant morphology with mostly Mira-
positive cells. Right panels show ventral section of DAPI-stained brain lobes from wt, mbt
tumour and mbt tumours in which Vps26 or Vps29 has been depleted by RNAI. wt brain
presents typical row of neuroepithelia (NE) in the optic lobe (OL), while mbt presents
overgrown NE that invades the OL. VpsZéRNAi, mbt™4 (Ubi-GAL4 UAS-Dcr2/+; UAS-
I(3)mbt-RNAi l(3)mbtt51/UAS—Vp526—RNAi) brain shows size reduction, but maintains
mutant morphology with NE folding, and Vps29™, mbt™* (Ubi-GAL4 UAS-Dcr2/UAS-
Vps29-RNAi; UAS-I(3)mbt-RNAi I(3)mbt™'/+) fully resembles a mbt brain in size and
morphology. wt=w'""® Scale bar: 50pum.

as an mbt&brat-SPR. Regarding its effect in brat tumour anatomy, Vps26 classifies within
class 1, as defined earlier (Fig. 4.2.C.). In mbt tumours, Vps26 depletion slows down
growth but does not allow for the recovery of normal anatomy landmarks (Fig. 4.8.).

In situ overgrowth is a direct readout of tumour formation. However, it cannot be
taken as evidence for malignancy. The ultimate test to determine malignancy is based on
allograft assays (Gateff, 1978). To further analyse the mbt&brat-SPR activity of Vps26 we
carried out allograft assays. To this end, we implanted larval brain tissue from (1) Ub:-
GAL4 UAS-Der2/+; UAS-1(3)mbt-RNAv (3)mbt*! /+; (i1) Ubi-GAL4 UAS-Der2/+; UAS-brat-
RNAv/+ ; (1) Ubi-GAL4 UAS-Der2/+; UAS-1(3)mbt-RNAi [(3)mbts!/ UAS-Vps26-RNAr and
(iv) Ubi-GAL4 UAS-Der2/+; UAS-brat-RNAi/ UAS-Vps26-RNA: individuals. We found that
despite the significant reduction in larval brain size, depletion of Vps26 has very little
effect on the rate of malignancy of brat tumours in either sex. In mbt tumours, however,
loss of Vps26 significantly reduces the malignancy rate in both sexes (Fig. 4.9.).

These results show that in addition to Vps26 published tumour suppression activity
(1.e. depletion results in tumour growth) Vps26 is also a suppressor of mbt and brat tumour
growth (i.e. depletion inhibits the growth of mbt and brat tumours). They also show that
as far as brat tumours are concerned Vps26 depletion appears to slow down growth but
have little effect in the malignant potential of the tumour while it seems to affect both
growth and malignancy of mbt tumours. Finally, my results show that, unlike the
published tumour suppression activity, the mbt&brat-SPR function appears to be specific

of Vps26 and not a general function of the retromer complex.
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Figure 4.9. Tumorigenic potential of Vps26-depleted tumours. Tumour growth rate
and host lethality caused by (A) Vps26-depleted brat tumour and (B) Vps26-depleted
mbt tumours allografted into adult hosts. Implants of Vps26 ™, brat™* kill similarly to
brat™*in both sexes, while Vps26™ mbt™ kill significantly less than mbt™™* in both
sexes. Allografted tissues were dissected from third instar larvae (168 + 12 hours AEL;
29°C). Pairwise p-values were calculated by Fisher's exact test. Colour code: male
samples= red; female samples = blue.
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4.6. The transcriptome of brat larval brain tumours

4.6.1. Inconsistencies among published databases

An important standing question in tumour biology is the correlation between the
extent of gene expression dysregulation and the functional relevance of the corresponding
gene with regards to tumour growth. The importance of this question resides in that
tumour gene signatures (“transcriptomic landscapes”) are often taken as functionally
relevant gene sets in the absence of functional data (Draghici et al., 2003). This issue must
be addressed from two different angles: the proportion of tumour-relevant genes that are
dysregulated in tumour cells and the proportion of dysregulated genes that are
functionally relevant for tumour growth.

Having identified a validated gene set of brat-SPRs among 4.000 randomly selected
genes I decided to tackle the expression/function question by comparing my results to 3
published studies reporting the transcriptome of brat tumours (Loop et al., 2004),
(Landskron et al., 2018), and (Reichardt et al., 2018).

The first study (Loop et al., 2004) was carried out on brath?69?é adult heads using two
different micro-chip platforms, Affymetrix and roDromega full genome, with and without
signal amplification methods, respectively. In this study b7a#%7%’?% mutant adult heads were
compared to both wild type Oregon R and b7att7%02¢ revertants generated by excision of
the P-element that causes the brat?69?% mutant allele (bratK jump-out). They found 725
genes to be differentially expressed between brath?6??4 and Oregon R, and 1888 genes to
be differentially expressed between brath?69?% and bratK jump-out. Notably, only 321 genes,
279 and 42 transcripts that showed increased and decreased expression level respectively,
are common between these two gene sets. These were classified as consistently
differentially expressed in adult neoplastic br7at?692¢ brains.

The other two studies (Landskron et al., 2018) and (Reichardt et al., 2018) were
carried out by RNA-seq on FACS-sorted brat NB-like cells using wild-type type II NBs as
control. A major difference as far as experimental approaches go between these two
studies is that Landskron and colleagues used NBs from wandering third instar larvae
expressing brat-RINAi driven by UAS-Der2; wor-GAL4 ase-GALS80; UAS-stinger::RFP during
all development, while Reichardt and colleagues profiled NBs that had been expressing
brat-RNAI for only 24 hours. Likely a consequence of such major difference in the timing
of onset of the brat loss of function condition, the Landskron study found 1372 upregulated
and 345 downregulated genes, while the corresponding numbers identified by Reichardt

were only 41 and 38, respectively.
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Plotting together the results from all three studies I observed that as far as upregulated
genes are concerned, the overlap between the Loop and Reichardt, Loop and Landskron
and Reichardt and Landskron datasets is only of 4, 26, and 18 genes, respectively (Fig.
4.10.). There are only 2 genes in common among the three studies: Staufen, that encodes
the RNA binding protein Staufen involved in the localization of diverse mRNA during
oogenesis, embryogenesis and nervous system development (Barbee et al., 2006; Irion et
al., 2006; Ramos et al., 2000; St Johnston et al., 1991), and the transcription factor dMyc,
the Drosophila homologue of human Myc, which 1s implicated in multiple biological
processes related to cell growth (Furrer et al., 2010; Parisi et al., 2011; Teleman et al.,
2008). Similar results were observed regarding downregulated genes except that in this
case there are no common genes among the 3 studies (Fig. 4.10.).

It is unclear what the reasons for the very poor overlap among the dysregulated gene
sets from these three studies might be. Different methods (micro-chip versus RNAseq) may
play a small part (Moreau et al., 2003; W. Zhang et al., 2015). However, the main reason
may be the very different nature of the biological samples and experimental conditions
that were used. Adult flies bearing brat tumours are escapers that unlike most of their
siblings manage to eclose (Arama et al., 2000; Loop et al., 2004). The very same factors
that allowed for these individuals to survive might affect the tumours that they carry.
Moreover, unlike brat tumours in larval brains, brat tumours in adult flies have gone
through the pupal stage and are likely to having been affected by the hormone-triggered
signaling pathways that ultimately reshape the larval body into that of an adult (Noselli &
Agnes, 1999; Tennessen & Thummel, 2011; Thummel, 1996). NB-like cells sorted by
FACS from brat larval brains, on the other hand, are only part of the cells present in brat
tumours that indeed include other cell types. Therefore, the transcriptome of brat NB-

like cells is unlikely to provide a bona fide proxy for that of the whole tumour.

4.6.2. The signatures of whole larval brain brat tumour tissue

To circumvent these limitations, I decided to generate my own transcriptomics data.
To this end I was able to take advantage of raw data files containing Affymetrix
(Drosophila Genome 2.0.) results comparing larval brat?69?¢ tumour tissue to wild-type
larval brains. The study was carried out taking sex as a biological variable even though
neither anatomy traits, nor malignancy rates upon allograft show any kind of sex-linked

dimorphisms (Molnar et al., 2019).

59



4. RESULTS

A

Published upregulated genes in brat tumours vs wt

Loop Landskron
n=279  n=1372
Loop-Reichardt Loop-Landskron Reichardt-Landskron Loop
n=4 n=26 n=18 -
CG14545 St CG12499  |cG17341  vig Reichardt
dpn E23 Caf1-180 grh Ubr1 L d'k
Polr1A apt Gstz2 Treh pnt andskron
N U4-U6-60K 1(2)03659 Aps clu Msh6 -
SMc2 Nrt Src64B sle n=
stg CG42232 srl zld Myc
glu Cpr64Ac larp Dcr-2 stau
. rad50 cib CdGAPr Map205
Reichardt sna btd CG1607  Syp
sd run
n_41 Xpc path
CycE Ckllbeta
N Kip10A
B Published downregulated genes in brat tumours vs wt
Loop Landskron
n=42 n=345

Reichardt
n=38

Loop-Reichardt

Loop-Landskron

Reichardt-Landskron

n=3 n=2 n=2
Yp3 ox CG33774
Yp1 ND-13B VepD
lIp2

Figure 4.10: Comparison between published transcriptomics data on brat. Venn
diagrams showing the number of brat dysregulated genes that overlap between
transcriptome studies: Reichardt et al., 2018 (red and pink), Loop et al.,2004 (light and
dark green), and Landskron et al., 2018 (blue and purple), (A) for upregulated and (B)
for downregulated genes, respectively. Numbers in between circles indicate the number
of genes in common, which are listed in tables on the right.
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Principal component analysis of these data shows that brat tumour samples, male and
female, form a distinct cluster, away from wild-type brain samples and from two other

tumour types, included here only as a reference (Fig. 4.11.).

The Affymetrix chip used in this study contained a total of 18952 probes
corresponding to 18500 transcripts. Significantly dysregulated genes were identified using
a |Fold Change| > 2 and FDR < 0.05. Gene expression values and differential expression
results are shown on (Excel file in Appendix D2). From these data I derived both the brat
tumour signature (i.e brat tumour compared to wild type) and the brat sex dimorphic
signature (SDS) (i.e. male brat tumour versus female brat tumour) as originally defined by

(Molnar et al., 2019).
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Figure 4.11. Principal Component Analysis Plot showing Principal Component
Analysis (PCA) reveals distinct clusters for each condition, wt (blue), brat tumour (red)
and other two tumour types analysed within the same microarray for reference (purple
and green). Circles and squares indicate male and female samples, respectively.
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Regarding the brat tumour signature, I found 516 and 710 genes upregulated and
downregulated in male brat tumours compared to male wild-type brains and 375 and 622
genes upregulated and downregulated in female brat tumours compared to female wild-
type brains (Fig. 4.12.A.). Most dysregulated genes present fold change values between
+5 and -5 (Fig. 4.12.B.). In terms of sex specificity of upregulated genes, we found that
250, 109, and 266 genes were upregulated only in males, only in females, and in both
sexes, respectively. Likewise, as far as downregulated genes go, we found 281, 193, and
429 genes downregulated only in males, only in females, and in both sexes, respectively
(Fig. 4.12.C.). The completed lists of the dysregulated genes are shown in (Excel file of
Appendix D2).

Consistent with the lack of sex-linked differences in terms of anatomy and malignancy
rate of larval brain brat tumours (Molnar et al., 2019), the fraction of genes that are
differentially dysregulated in brat tumours originated in male and female individuals
(brat-SDS) is only marginal (Fig. 4.13.). Grey coloured dots representing genes that are
not significantly differentially expressed account for the vast majority of the dataset, and
blue (higher expression in males) and red (higher expression in females) genes are only a
handful.

Given the notorious disagreement among the published transcriptomes of brat
derived from brat adult heads and brat FACS sorted NBs, discussed in section 4.6.1., T
decided to find out which of them fits best to my own transcriptomics data derived from
whole brain samples from brat mutant larvae (Fig. 4.14.). I found that the extent of overlap
with my data is much greater with the Loop et al. and the Reichardt et al. signatures than
with that from the Landskron et al. study. I also found that the overlap is greater for
upregulated than for downregulated genes. As far as upregulated genes are concerned the
extent of overlap between my data and the Loop et al., Reichardt et al., Landskron et al.
signatures is 20%, 41% and 7%, respectively (p<5.5x10E-27, p<9.8x10E-15, p<7.3x10E-
14) (Fig. 4.14.A.). The corresponding values for downregulated genes are 19%, 16% and
1% (p<0.001, p<0.011, p<8.9x10E-05) (Fig. 4.14.B.). The much lower overlap between
downregulated genes may be largely due to the fact that downregulation can only be
appreciated for genes that are expressed in the control samples, which indeed are very
different in each of these experiments.

Interestingly, although partial, the extent of overlap between my own data set with
either the (Loop et al., 2004) and (Reichardt et al., 2018) signatures (20% and 41% for
upregulated genes, respectively) is greater than between themselves (overlap versus

Reichardt, 4/41, 10%; overlap versus Loop, 4/279, 1%).
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Figure 4.12: The transcriptomic signature of brat tumours. (A) Volcano plots
showing changes in gene expression levels in brat tumour (brat“**%*?) compared to
control wt (w'""®) in males (left) and females (right) samples. Red and green dots
represent genes that are significantly (FDR=0.05) up (FC>2) and downregulated (FC<2),
respectively. (B) Plot showing the range of Fold Change (x-axis) for dysregulated genes
in brat tumours compared to wild-type samples in female (blue) and male (red) samples.
Circle size corresponds to the number of genes whose Fold Change is between the
same range (= 0,5). (€) Venn diagrams showing the number of brat upregulated (left)
and downregulated (right) genes compared with wt, that overlap between males
(brown) and females (blue) samples.

Regarding the 5 transcription factors identified in the (Reichardt et al., 2018) study

(grh, dMyc, dpn, pnt and zld) we found grh, pnt, zld to be upregulated in brat tumours from

both male and female larvae), dpn to be upregulated only in brat tumours from female

larvae and dMpyc not to be significantly dysregulated in either sex.
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Figure 4.13. The sex-linked brat transcriptomic signature. Scatter plots showing the
expression level of the genes in brat®%%?8 tumour (A) and control wt (B) brain lobes in
male (x-axis) and female (y-axis) samples. Red and blue dots correspond to probes that
are significantly overrepresented in males (M-SDS) and females (F-SDS), respectively, in
brat®%?® samples. Grey dots correspond to genes that are expressed at levels that are
not significantly different between male and female in brat“®**® samples. wt=w'""®
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Figure 4.14: Brat tumour transcriptomic signatures. (A-B) Venn diagrams showing
the overlap between brat upregulated (A) and downregulated (B) genes in our
transcriptomic study separated by sexes (males, grey and olive; females, maroon and
teal blue) compared to those reported in Loop et al. (2004) (light and dark green),
Reichardt et al. (2018) (red and pink) and Landskron et al. (2018) (blue and purple),
respectively. (C) Table showing physical and genetic interactors of brat described in
FlyBase. Upregulation of white (w) in our study due to genotype of the flies used in our
studies and is not dependent on brat.

Only a minority of the genes classified in FlyBase as brat interactors, either physical
(n=26) or genetic (n=35) are present among the genes that I have found dysregulated in
brat tumours. These are mira, zld, dpn, klu, Corin, and btd which are upregulated in our
dataset, while Sx/, sgg, pros, erm, Nsf2, ct, and gem are downregulated (Fig. 4.14.C.).
Remarkably, none of the 80 brat-SPRs appears in FlyBase as a brat interactor.

4.6.3. Enriched Gene Ontology terms in the brat transcriptome

Enriched “Biological Process” GOs among genes dysregulated in brat tumours
compared to wild-type brains are shown in (Table 4.3.) (DAVID 2021,
http://david.abcc.nciferf.gov.). Only terms with p-value<I1x10E-03 are shown.

As far as downregulated genes are concerned, most GO terms are linked to
neurogenesis and cell adhesion without any notable differences between male and female
tumour samples. However, differences between sexes are notorious as far as upregulated
genes go. In male brat samples, most of the significantly enriched GO terms are linked to
DNA recombination and repair. In contrast, most of the enriched GO terms in female
brat samples are linked to protein folding and stress response. Common GOs in both sexes
are few and linked to ribosome biogenesis/rRINA only.

Genes associated to GOs enriched in male samples (DNA recombination and repair)
include: Blm, Msh6, rad50, spn-A, and spn-B. Genes associated to GOs enriched in female
samples (protein folding and stress response) are mostly accounted for by heat-shock

proteins including: Hsp70Aa, Hsp70Ab, Hsp70Ba, Hsp70Bb, Hsp70Bc, and Hsp2?2.
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Enrichment for upregulated genes in males brat [k06028] versus males wild type (n=515)

Category Term P value count
DNA recombination 6,00E-05 8
maturation of SSU-rRNA 9,20E-05 6
. . DNA repair 1,10E-04 13
Biological Process .
rRNA processing 2,40E-04 10
karyosome formation 6,10E-04 7
mismatch repair 6,60E-04 5
Enrichment for upregulated genes in females brat [k06028] versus females wild type (n=374)
Category Term P value count
regulla.tlon of protein serine/threonine phosphatase 1.90E-16 13
activity
heat shock-mediated polytene chromosome puffing 1,60E-06 6
response to unfolded protein 3,30E-05 5
Biological Process [cellular response to unfolded protein 6,50E-05 6
protein refolding 1,80E-04 7
purine nucleobase biosynthetic process 1,90E-04 4
response to hypoxia 2,60E-04 7
response to heat 3,80E-04 9
Enrichment for downregulated genes in males brat [k06028] versus males wild type (n=710)
Category Term P value count
motor neuron axon guidance 1,60E-14 26
axon guidance 5,50E-12 35
regulation of transcription from RNA polymerase I 1,30E-11 76
promoter
homophll|c cell adhesion via plasma membrane 2.40E-10 17
adhesion molecules
synapse organization 6,00E-10 19
ecdysteroid metabolic process 1,70E-08 9
heterophﬂu:l cell-cell adhesion via plasma membrane 7.50E-08 12
cell adhesion molecules
synaptic target recognition 9,40E-07 12
dendrite self-avoidance 1,10E-06 9
cell adhesion 4,90E-06 15
chemical synaptic transmission 5,40E-06 18
Biological Process |G-protein coupled receptor signaling pathway 7,70E-06 22
glial cell development 1,60E-05 8
cell-cell adhesion 9,50E-05 11
neuromuscular junction development 1,40E-04 11
synaptic transmission, cholinergic 1,90E-04 6
signal transduction 3,20E-04 31
locomotor rhythm 3,70E-04 12
neuromuscular synaptic transmission 5,80E-04 11
synaptic target inhibition 6,40E-04 6
phospholipid dephosphorylation 6,60E-04 5
neuron differentiation 6,70E-04 10
negative regulation of transcription from RNA 8,50E-04 o4
polymerase |l promoter
adult locomotory behavior 8,80E-04 11
axonal fasciculation 8,90E-04 6
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Enrichment for downregulated genes in females brat [k06028] versus females wild typeS (n=622)

Category Term P value count

motor neuron axon guidance 6,80E-13 23

axon guidance 3,90E-10 30

homophlhc cell adhesion via plasma membrane 3,90E-09 15
adhesion molecules

synapse organization 2,80E-07 15

regulation of transcription from RNA polymerase Il 1,10E-06 57
promoter

heterophlhcl cell-cell adhesion via plasma membrane 2.60E-06 10
cell adhesion molecules

) ) ecdysteroid metabolic process 5,10E-06 7
Biological Process .

cell adhesion 5,50E-06 14

cell-cell adhesion 2,90E-05 11

G-protein coupled receptor signaling pathway 4,40E-05 19

synaptic target recognition 1,30E-04 9

cation transmembrane transport 2,20E-04 5

neuron differentiation 2,40E-04 10

transmembrane transport 3,30E-04 25

intracellular signal transduction 4,80E-04 16

dendrite morphogenesis 5,00E-04 15

dendrite self-avoidance 8,50E-04 6

Table 4.3. Gene Ontology enrichment among the list of genes dysregulated in brat
tumours. Table showing significantly enriched gene ontology terms for Biological
Process of brat dysregulated genes, divided in up and downregulated in male and
female samples, respectively. Terms are ranked according to smaller p-value and counts
report the number of brat dysregulated genes associated to each term.

Notably, DNA recombination and repair terms are also enriched in the proteomic

analysis from (Jiischke et al., 2013), but not in transcriptome from (Loop et al., 2004).

Although not explicitly mentioned in the article, my own analysis from the (Landskron et

al., 2018) data set shows that it is also enriched for genes related to DNA repair

(p=1,5x10E-03), while protein folding and stress response terms are not enriched in any

of the published brat signatures. However, terms related to ribosome biogenesis/rRINA

were found to be enriched in both the (Loop et al., 2004) and the (Juschke et al., 2013)

studies. These terms are not enriched in the (Landskron et al., 2018) study according to

my own analysis of the published dataset. Importantly, unlike mine, none of these studies

included sex as a biological variable.
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4.7. Gene expression dysregulation is a poor predictor of

functional requirement

Gene expression signatures carry very valuable information as they identify specific
tumour markers and provide the means to objectively stratify tumour types and grades
with high precision. Their diagnostic value is therefore undisputed. A very different issue
is their value with regards to identifying genes that are essential for the growth of the
corresponding tumours (Garcia-Escudero & Paramio, 2008; Hanash, 2003). Indeed, it is
conceivable that as a consequence of the high extent of rewiring of gene expression
presented by many tumour types, a fraction of the genes of any given tumour signature
are dysregulated by such bystander effect and may not play any significant role in tumour
growth (Dopazo, 2009; Lauri et al., 2021; Sara et al., 2009). The question is how big such
a fraction is.

This question, which due to obvious technical difficulties remains unanswered for most
human cancer types, can be addressed with relative ease in Drosophila tumour models
for which both genome-wide transcriptomics and functional studies can be generated
(Bangi, 2020; Liang et al., 2014; Richardson et al., 2020). Taking advantage of the
screening and transcriptomics results presented in this work I have addressed this issue
with regards to brat tumours. The only, relatively minor limitation of this analysis is that
while transcriptomics data is genome wide, functional data derived from our screen is
“limited” to 4.000 genes, that is about 30% of the Drosophila genes. The present
expression/function correlation study is therefore limited to these.

I found that out of the 80 suppressors that I have identified 7 (8,7%) are upregulated,
72 (90%) are not significantly dysregulated and 1 (1,2%) is actually downregulated in brat
tumour samples (Fig. 4.15.A.). Conversely, out of the 144 of genes upregulated in brat
tumours (n=625) that were included in the screen, 7 (4,8%) were found to be brat-SPRs.
In addition, 150 downregulated genes were screened and only 1 (0,7%) of genes
downregulated in brat tumours were found to be brat-SPRs (Fig. 4.15.B.).

Similar conclusions were drawn in the published study carried out in our laboratory
concerning mbt tumours. In that case, depletion of 86% (117/136) of the top most
upregulated genes in mbt tumour samples had no effect upon mbt tumour growth (Rossi
etal., 2017).

Altogether, these results reveal that gene dysregulation (i.e. gene expression signatures)

1s a poor predictor of functional requirement.
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Figure 4.15. Correlation between gene expression and functional requirements in
brattumours. (A) Volcano plots showing changes in gene expression levels of brat-SPRs

genesin brattumour (bratKOéozB)

compared to control wtin males (left) and females (right)

samples. Red and green dots represent genes that are significantly (FDR=0.05) up
(FC>2) and downregulated (FC<2), respectively. Interestingly, only CG8326 and
mRpL55 are significantly upregulated in brat tumours in both sexes. Grey dots
correspond to brat-SPRs genes that are expressed at levels that are not significantly

different between brat<?¢%%

and control wt samples. wt=w

178 (B) Venn diagrams

showing overlap between brat-SPRs genes (pink) and brat dysregulated genes in males

(left) and females (right) samples.
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Drosophila has proven to be a fruitful experimental model to understand some of the
molecular mechanisms of tumour growth (Gonzalez, 2013; Sonoshita & Cagan, 2017). In
this work, I have combined functional genomics and transcriptomics to investigate a
model larval brain tumour caused by the loss of drat. I have identified a total of 80 targets
to inhibit brat tumour growth (brat-SPRs) which are enriched in genes required for
neurogenesis, mitochondria, and several basic cellular functions. Moreover, I have found
a low correlation between genes required for brat tumor growth and genes that are
upregulated in brat tumour tissue. My functional studies have focused on the initial results
from a high content screen that was carried out in parallel with another screen to identify
suppressors of brain tumours caused by the loss of /(3)mbt (Rossi et al., 2017). Taking
advantage of this, I have been able to run comparative analyses of both sets of data (i.e.
brat-SPRs and mbt-SPRs). From these studies I have found that 41% (33/80) of the brat-
SPRs, are also mbt-SPRs.

5.1. Suppressed tumorous brains in two different models of

Drosophila

In order to address which genes are crucial for brat tumour growth, we have
performed a functional genomics unbiased screen covering a very significant part of the
entire Drosophila genome. Expression of brat-RNA: from type II NB-specific driver is
sufficient to produce brat tumours (Reichardt et al., 2018). However, we chose the
ubiquitous Ubi-GAL4 driver to filter out RNAI lines that have a detrimental effect on
development because the corresponding genes could hardly be considered as putative
targets for therapy. This approach worked rather well in a previous, similar screen for
mbt-SPRs in which some of the identified genes could be deleted such that mbt mutant
brains developed as phenotypically wild-type-like larval brains (Rossi et al., 2017). The
filter provided by this approach is nonetheless only partial and does not exclude that a
significant part of the identified RNAi suppressor lines corresponds to essential
(housekeeping) genes. However, the fact that they qualify as brat-SPRs even when driven
from a ubiquitous promoter suggests that there must be a threshold of functional
requirement that is different between tumorous and wild-type tissues.

We have found that 68 out of 4300 (1,6%) genes randomly selected from Drosophila
genome are brat-SPRs, compared to the 2,2% (n=92) obtained for mbt-SPRs (Rossi et
al., 2017). Among the SPRs found for each tumour in the high content screen (more than
4000 genes), only 21 genes are SPRs of both tumours, which seems a low overlapping if

we take into consideration the high proportion of housekeeping genes among them.
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We have also found that unlike mbt-SPRs, several of which like mei-W68 or Tctp, for
instance, fully rescue nearly normal wild-type brain anatomy (Rossi et al., 2017), no such
brat-SPRs were found. All the suppressed brat tumour conditions that can be generated
with the collection of brat-SPRs identified in this study present phenotypes ranging from
brains with small clusters of neuroblasts (such as brains suppressed by inhibition of: Aes,
AsnRS-m, Cog3, Cpsf160, pds5, and Rab39) to brains that resemble a brat tumorous brain
with reduced size (such as brat brains lacking: ebo, udd, kekl, mRpL>4, and mRpL>)5).
Previously published studies describing suppressors for brat do not indicate rescue to wild-
type morphology either (Landskron et al., 2018; Reichardt et al., 2018).

A possible explanation for the difference between brat-SPRs and mbt-SPRs
regarding the phenotype of the suppressed tumour condition derives from the different
molecular function of these two tumour suppressors. Brat is an RNA binding protein
whose best known function is to repress translation of mRNAs, notably some that encode
for proteins that promote NB differentiation (Betschinger et al., 2006; Reichardt et al.,
2018). Upon loss of Brat function, tumours develop from INPs that revert to a NB-like
state and proliferate without control. This suggests that brat NB-like tumour cells must
coopt most of the proteins that are required for normal INPs growth and cell division and,
therefore, genes required for brat tumour growth but dispensable for normal brain
development are bound to be very rare. In contrast, L(3)mbt is a chromatin protein whose
best known function is to repress specific gene programs including germline genes in
somatic cells and somatic genes in the germline (Coux et al., 2018; Janic et al., 2010; C.
Richter et al., 2011). Consequently, mbt tumours upregulate and use genes that are
neither needed nor expressed in normal brains. Such genes are the potential Achilles’ heel
of the tumour because their inactivation affects tumour tissue without compromising wild-

type brain development.

5.2. Synthetic lethal interactions

While forcing the ubiquitous expression of RNAi has the advantage of filtering out
conditions that have an essential cytostatic effect, it also has the drawback of filtering out
synthetic lethal interactions that have great potential as anticancer therapeutics (O’Neil
etal., 2017). To circumvent this drawback, we took advantage of the fact that for the 4151
RNAI lines analysed we have data on lethality on two different mutant backgrounds,
[(3)mbt and brat that can serve as controls of one another to determine if the lethality
caused by any given RNAi is “generic” or tumour-type specific. Through this comparison
we 1dentified a set of 192 RNAI lines that cause lethality in mbt, but not in brat, and
another set of 186 RNAI lines that cause lethality in brat, but not in mbt.
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It remains to be determined if knocking down any of these putative synthetic lethals

can inhibit proliferation when RNAi expression 1s limited to the tumorous tissue.
5.3. Tailless in brat and mbt tumorous brains

One of the double suppressors (brat-SPR and mbt-SPR) identified in this study is the
neural transcription factor Tailless (T1I) (Jiirgens et al., 1984; Strecker et al., 1986).
71l has a key function in proliferation and growth in the OL and is essential for NE cell
survival. In particular, loss of 7/ function affects the transition zone where NE cells
transform into NB and results in abnormal NE morphology and reduced OL size
(Guillermin et al., 2015). Moreover, 7!/ also plays a main role in NBs and INPs. Together
with transcription factors Hih, Ey, Slp1, and D, Tll is expressed in five consecutive stripes
that correlate with NB age, with Hth expressed in newly differentiated NBs, and 77/ in the
oldest NBs (X. Li et al., 2013). These oldest Tll-positive NBs undergo Pros-dependent
cell-cycle exit ending their life (X. Li et al., 2013; Maurange et al., 2008).

Recent studies have shown that Tl has an oncogenic function in Drosophila: high
TII levels initiate tumourigenesis by reverting intermediate neural progenitors to a stem
cell state in a process that requires the silencing of the proneuronal gene Ase (Hakes &
Brand, 2020). In Type II neuroblast Tl is activated by the binding of the ETS
transcriptional factor Pointed P1 (PntP1) to seven E'T'S binding sites on the 77/ promoter
and TII suppress the expression of Ase by binding directly to Ase promoter. In addition,
T1l provides a positive feedback loop that maintains the expression of PntP1(Chen, Den
and Zhu, 2022). Thus, It is likely that the suppression of brat tumoral growth is due to the
upregulation of Ase and downregulation of PntPI that in consequence will induce the
transformation of type II NBs into Type I NBs, that indeed do not produce INPs and
cannot give rise to brat tumours (Hakes & Brand, 2020).

These observations are particularly interesting because overexpression of the
human orthologue, TLX, has been reported to correlate tightly with aggressiveness in
human primary glioblastoma. Like Drosophila 77/, human 7/x is involved in maintaining
the proliferative state of NSCs by negatively regulating expression of differentiation-
promoting genes (Gui et al., 2011; Roy, 2004). Moreover, TLX repress expression of Plen
in the developing retina and adult brain and it has been proposed that Tlx control of
PTEN expression may also be critical to maintains the self-renewing state in NSCis.
Indeed, PTEN is often mutated in different human cancers, including gliomas (Gui et al.,
2011). Consequently, it has been proposed that counteracting high TLX may have a
therapy effect on malignancies derived from intermediate progenitor cells (Gui et al.,

2011; Hakes & Brand, 2020).
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5.4. Mitochondrial genes in Drosophila tumorous brain

Many of the proteins that are essential components of complexes I, III, IV, and V of
the Electron Transport Chain (ETC) are encoded by the mitochondrial genome and
therefore are dependent upon mitoribosomes for translation (Boore, 1999). Consequently,
one direct effect of mitoribosome downregulation is repression of OxPhos.

A conspicuous group of the brat-SPRs identified in this study includes mitoribosomal
proteins mRpL54, mRpL55, mRplL48, mRpS6, mRpL3, and mRpS11. This result is
consistent with the metabolic reprogramming towards OxPhos that has been reported in
brat tumours as well as with published results showing that depletion of respiratory
complex activity, including ETC components, suppresses brat tumour growth (Bonnay
et al., 2020; van den Ameele & Brand, 2019). What makes our results more interesting is
the fact that while RNNAi-mediated depletion of these proteins leads to a significant
reduction of brat tumour size, it does not appear to have a major detrimental effect on
larval development. These observations suggest that tumour tissue growth is more
sensitive than wild-type tissue growth to loss of mitochondria function, thus revealing a
threshold of sensitivity that could make selected mitochondrial proteins, like the
mitoribosomal proteins identified in this study, suitable for pharmacological inhibition of
tumour tissue growth. Similar conclusions were reached by Rossi and colleagues from
their work on mbt-SPRs (Rossi et al., 2017), which suggests that enhanced sensitivity to
loss of mitochondrial function is not unique to brat tumours.

Increased glucose uptake and fermentation of glucose to lactate in the presence of
oxygen (aerobic glycolysis) is a generally acknowledged trait of cancer. This phenomenon
is known as the Warburg Effect (Warburg, 1925). However, the contribution of
respiration to tumour metabolism is rather variable and many tumours exhibit a
substantial amount of respiration (Crabtree, 1929). For decades, it was unclear whether
the Warburg effect was a contributing factor or a bystander effect from cancer, but recent
genetic and pharmacological studies conclusively show that the Warburg effect is required
for tumour growth in a variety of cancer types (Fantin et al., 2006; Shim et al., 1998).
However, there is also mounting evidence suggesting that even under Warburg effect
conditions, targeting aerobic glycolysis only is not sufficient to arrest those cancer types
(reviewed in Liberti and Locasale 2016). Moreover, targeting OxPhos has proved to be
an option for some tumours (C.-L. Chen et al., 2021; Criscuolo et al., 2021). Both mbt
(Rosst et al., 2017), and brat (my own work) Drosophila brain tumours behave likewise.

The identification of mitochondrial translation as a therapeutic target opens the way

to take advantage of the prokaryotic origin of mitochondria and repurposing antibiotics
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that target the mitochondrial translation machinery as anti-cancer agents (D’Andrea et
al., 2016; H.-J. Kim et al., 2017). For instance, tetracycline analogues doxycycline and
COL-3 have been shown to exert anti-proliferative and pro-apoptotic effects caused by
inhibition of mitochondrial protein synthesis with a decreased OxPhos and present anti-
tumour effects in several human cancers in both pre-clinical and clinical studies (Dijk et
al., 2020; Protasoni et al., 2018; Richards et al., 2011; Skrti¢ et al., 201 1).

Similarly, actinonin has been shown to inhibit the proliferation of several human
cancer cell lines (Escobar-Alvarez et al., 2010; M. D. Lee et al., 2004; Skrti¢ et al., 2011).
Actinonin mode of action appears to be two-fold: (1) inhibiting the mitochondrial peptide
deformylase (HsPDF), a metalloprotease that catalyzes the co-translational removal of
the formyl group from N-terminal methionine of newly synthesised proteins and (ii)
blocking the mitoribosomal polypeptide exit tunnel, leading to mitoribosome stall which
in turn triggers a retrograde signal to the nucleus, that induces degradation of mt-rRNAs,

mt-mRNAs and mitoribosomes (U. Richter et al., 2013).
5.5. Vps26 in larval brain tumour growth

I have found that depletion of Vacuolar protein sorting 26 (Vps26) inhibits brat and mbt
tumour growth  sifu, and reduces the malignancy traits as measured by allograft tests,
partially in the case of brat and almost entirely in the case of mbt tumours. Interestingly,
Vps26 and Vps35 have been described before as a type II NB-specific tumour suppressor:
Vps26 down regulation in Type II NBs results in supernumerary neuroblasts and tumour
formation (B. Li et al., 2018).

Vps26 and Vps35 are essential component of the retromer complex that mediates
retrograde  transport of proteins and lipids between endosomes and
biosynthetic/secretory compartments such as the Golgi apparatus, a process which is
crucial for a wide range of cellular functions (Johannes & Popoff, 2008). In Drosophila
NBs, the retromer complex directly and specifically regulates Notch receptor retrograde
trafficking to ensure the unidirectionality of Notch signaling. Increased Notch signaling
upon loss of retromer complex activity is thought to be the mechanism that triggers
dedifferentiation of INPs (B. Li et al., 2018) and accounts for the tumour suppressor
activity of Vps26 and Vps35.

I do not know the mechanism by which Vps26 loss inhibits tumour growth, but my
results showing that unlike Ips26 neither Vps35 nor Vps29 (another retromer complex
components), behave as suppressors of brat or mbt tumour growth suggest a retromer
complex-independent activity as the basis for Vps26 function as brat&mbt-SPRs. A
tantalizing possibility is that the ubiquitous knockdown of Vps26 may trigger a systemic

77



5. DISCUSSION

signal that suppress tumorigenesis. Interestingly, in plants, Vps26 homologs have a
moonlighting function in modulating the prototype 7-transmembrane Regulator of G

Signaling 1 protein (AtRGS) and GPCR endocytosis (Ross-Elliott et al., 2019).
5.6. Nucleolar genes

An interesting enriched group of brat-SPRs includes nucleolar proteins. This is not
unexpected because conspicuous phenotypic traits of brat depletion include a net increase
in rRNA and enlarged nucleoli (Frank et al., 2002; Neumdiller et al., 2013, p. 201;
Betschinger et al., 2006). The most straight forward mechanistic interpretation for this
phenotype is suggested by the activity of f Brat as a translational repressor of dMyc.
Activation of ribosome biogenesis is likely to be a net contributor to tumour growth
through its effect in promoting protein synthesis. Indeed, disruption of ribosome
biogenesis triggers a stress response that activates JNK and apoptosis in imaginal discs,
NB quiescence, and tissue hypoplasia in larval brains in Drosophila (Baral et al., 2020).

In this regard, the finding of Under-developed (Udd) as brat-SPR is particularly
interesting. Female germline stem cells (GSCs) display high levels of rRNA transcription.
In these cells, Udd, together with TAF1B, and a TAF1C-like factor forms a complex that
regulates Drosophila RNA polymerase I (Pol I), the polymerase that transcribes rRNA.
During GSC asymmetric division, Udd is retained by the self-renewed GSC and is not
passed on to the differentiating daughter. Disruption of either Udd or TAF1B arrests GSC
proliferation and overexpression of Pol I transcription delays differentiation. Moreover,
Udd loss of function forces differentiation of the supernumerary GSCs present in bam
mutant “tumorous” ovaries. These observations have been taken to suggest that the level
of ribosome biogenesis could modulate the expression of proteins that control cell fate
decisions (Q). Zhang et al., 2014). If so, the role of the nucleolar proteins in tumour biology
could be more complex than simply facilitating protein synthesis for growth.

Importantly, in many cancer types ribosome biogenesis is enhanced and, indeed, some
commonly used chemotherapeutic drugs like Cisplatin, Actinomycin D, etc. target
ribosome synthesis (Zisi et al., 2022). In humans, abnormal ribosome biogenesis leads to
the activation p33 dependent and independent pathways that cause cell cycle arrest or
cell death (Zisi et al., 2022). In colon cancer cells presenting notoriously high levels of
protein synthesis, depletion of RNA pol I results in irreversible differentiation (Morral et
al., 2020). Altogether, available data points at ribosome biology and protein synthesis as

potentially effective targets to kill tumour cells.
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5.7. Low correlation between functional requirements and

dysregulation of gene expression

An important conclusion derived from our functional and transcriptomic data is the
rather low correlation between the extent of dysregulation of gene expression and gene
function requirement in our tumour models. This is both in the case of brat tumours (this
study) as well as in the case of mbt brain tumours (Rossi et al., 2017). Notably, in the latter,
transcriptomic profiling of different “suppressed mbt tumour” conditions (i.e., larval
brains from individuals that were both mutant for mbt and also depleted for any of several
mbt-SPRs) showed that they still present most of the tumour transcriptome signature.
This was found to be true even for suppressed mbt tumour conditions that, as far as the
main anatomy traits are concerned, develop larval brains that closely resemble those from
wild type larvae. These results confirmed that, indeed, unscheduled dysregulation of most
of the tumour signature genes is not on its own necessarily tumorigenic (Rossi et al., 2017).

In the case of Brat that functions as a regulator of translation (Frank et al., 2002;
Reichardt et al., 2018; Sonoda, 2001) it is to be expected that the transcription level of its
direct target genes remains unaffected in the tumour. However, many of those direct
target genes are transcription factors themselves and, therefore, the transcriptional
regulation of their own target genes is expected to be compromised in brat tumour tissue.
Consistently, my transcriptome analysis reveals dysregulation in brat larval brains
particularly with regards to reduced expression of neurogenesis and cell adhesion and
increased transcription of DNA recombination and repair and protein folding genes. Yet,
most of such transcriptionally dysregulated genes appear to be silent as brat tumour
growth is concerned and do not qualify a brat-SPRS. Finding targets to effectively inhibit
tumour growth on the basis of gene expression dysregulation is therefore unlikely,
although exceptions apply (Landskron et al., 2018; Reichardt et al., 2018).

Another possibility that may explain the poor matching between transcriptomics and
functional requirement is tumour tissue heterogeneity. This is well characterised in pros
tumours derived from VNC NBs that have been shown to contain multiple cell types that
present notably different transcriptomes (Genovese et al., 2019). Cell heterogeneity can
mask transcriptional dysregulation of important transcripts as well as overrepresent less
functionally relevant genes. This is especially important for tumours that are maintained
by tumour stem cells that may represent a small fraction of the total tumour mass. In this
regard, an interesting observation derived from my data on function and expression is
that more than half of all brat-SPRs (46/80) correspond to NB-specific or NB-enriched

genes but only 4 are enriched in brat tumours (i.e. qualify as brat tumour signature genes).
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This observation suggests that brat tumours can hardly be regarded as tissue made of NB-
like cells only. It also strongly argues against FACS-sorted NB-like cells as a proxy for brat

tumour tissue.
5.8. Future perspectives

Among the different research lines that may derive from this work I would like to
underscore two that I find to be of special interest.

The first is to apply single-cell transcriptomic analysis to unequivocally identify and
quantify the different cell types that make up the brat tumour mass. Such a study may
shed light on the standing issue of low correlation between transcriptional dysregulation
and function in tumour growth.

The second 1s a thorough molecular characterization of the suppressors that cause
synthetic lethality with the tumour condition. A first step in this direction would be to
combine CRISPR-Cas9 technology, which is now standard in Drosophila (Meltzer et al.,
2019), to achieve tissue-specific depletion of a selected list of such suppressors, with single
cells transcriptomics, to identify the regulatory networks that might account for synthetic
lethality. Synthetic lethal genetic interactions with tumour-specific mutations may be

exploited to develop anticancer therapeutics (O’Nelil et al., 2017).
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1)

I have identified 80 genes that can function as targets to inhibit the growth of

larval brain malignant tumours caused by the loss of function of the gene brat (brat-
SPRs).

None of the brat tumours suppressed conditions brought about by depletion of the

brat-SPRs identified in this study allows for normal larval brain development.

The collection of identified brat-SPRs is enriched in genes involved in

neurogenesis and mitochondrial functions.

As far as brat and mbt tumours are concerned, tumour type-specific suppressors

outnumber those that function as suppressors for both tumour types.

One of the double suppressors (brat&mbt-SPRs) identified in this work is Vacuolar
proten sorting-associated protein 26 (Vps26), which appears to exert this function in a

retromer complex independent manner.
The brat tumour transcriptome signature is enriched in genes involved in DNA
repair and ribosome biogenesis, which are upregulated, and neurogenesis and cell

adhesion genes, which are downregulated.

Unlike the case in mbt tumours, the sex of the tumour bearing larvae affects

neither the transcriptome nor the anatomy/histology of brat tumours.

Like the case in mbt tumours, the extent of transcription dysregulation is a poor

predictor of the functional requirement in brat tumour development.
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Appendix A. Results from the high content screen for brat-SPRs (A) Panels showing
larval brains from each if the RNAI lines analysed. (B) Plot of larval brain sizes. Each
vertical bar corresponds to one brain. Colour code: smaller than wild type=grey, wild-
type size =red, and tumour size =blue. The corresponding mean and s.d. values are

shown on the right.
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Appendix B. Phenotype of brat tumours suppressed with each brat-SPR. Panels
showing dorsal sections of suppressed brat brain lobes from each brat-SPR stained with

DAPI (grey) and Mira (green), to reveal morphology and NB distribution. Mira levels have
been digitally enhanced.
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Appendix C. Results for depletion of mbt-biased SPRs in brat background. (A)
Panels showing larval brains from each of the RNAi lines analysed. (B) Plot of larval brain
sizes. Each vertical bar corresponds to one brain. Colour code: smaller than wild
type=grey, wild-type size =red, and tumour size =blue. The corresponding mean and
s.d. values are shown on the right.
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Appendix D

D1.
Excel file: Results from high content screen (4300 VDRC lines)
(file “Supplementary_Thesis_Brat_screening” on CD).

D2.
Excel file: Gene expression values and differential expression
results from Affymetrix analysis

(file“Supplementary_Thesis_Brat_Transcriptome_Affymetrix” on
CD).
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