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summary

Cancer and development are often considered two sides of the same coin, as they both involve the
same processes with the goal to expand cell populations. For that, they probably require common
genes with the crucial difference that during normal development they are carefully regulated.
Growth control, in developmental biology, has been linked to the establishment of spatially confined
domains called organizers, defined by its capacity to instruct surrounding cells about patterning and
growth. Clinical evidence implicating various organizer-forming genes in human carcinogenesis—for
example, Notch—has revived the interest in the connections between growth control and
organizers.

In this thesis | have used the Drosophila melanogaster compound eye as a model to study
the function of Notch as an oncogene. It has an essential role in eye growth, and its overactivation
alone causes mild overgrowth, but never tumour development. We envisioned that in vivo Notch
needs the cooperation of additional co-factors. With this work | propose on one hand miR-7 as a
new Notch cooperating microRNA and, on other hand, | add new insights to the mechanism behind
the tumorigenic transformation of the Notch-mediated mild overgrowth by the BTB-transcription
factor Pipsqueak.

The microRNA miR-7 is cooperating with the Notch signalling pathway in the Drosophila eye,
being ihog a direct target of miR-7 in this context. At the same time, the functional co-receptor of
iHog in the Hedgehog signalling pathway, Boi, is a direct or indirect target of Notch-mediated
organizer function. The loss of Hedgehog signalling enhances Notch signalling activity, showing at
the same time its unsuspected role as a tumour suppressor. The human counterpart of ihog (CDON)
is also repressed by the human miR-7, as it has been demonstrated in vitro in tumour human cells.

It is the first time that Pipsqueak isoforms (with or without a BTB protein-protein interaction
domain) can be studied independently. This gene has been described to be a Notch cooperating
oncogene. Its capacity to induce tumour development in cooperation with Notch overexpression has
been attributed to its BTB domain and to its effect over chromatin silencing, as occurs with other
BTB-transcription factors in human cancer. However, and against all predictions, the long Pipsqueak
isoforms containing the BTB domain (PipsqueakBTB) does not co-localize with the chromatin
repressive machinery, and its function seems to be related to the BTB-mediated insulator function.
On the other hand, the non-BTB isoforms (non-BTB Pipsqueak), has a higher percentage of
overlapping binding sites with repressive proteins, predicting a possible role in Polycomb Group-
mediated epigenetic function.



summary




summary

Desarrollo y cancer son considerados dos caras de la misma moneda ya que ambos implican
procesos similares con el fin de expandir la poblacién celular. Para ello, ambos requieren genes
comunes con la diferencia crucial de que durante el desarrollo normal estos genes estdn
cuidadosamente regulados. El control de crecimiento, en biologia del desarrollo, se ha relacionado
con el establecimiento de dominios confinados llamados organizadores, caracterizados por su
capacidad de instruir a las células colindantes sobre su trayectoria de diferenciacidon especifica
durante el desarrollo. Evidencias clinicas que implican a varios genes encargados del establecimiento
de organizadores en carcinogénesis de humano -por ejemplo, Notch- ha revivido el interés hacia el
estudio de la conexidn entre control de crecimiento y organizadores.

En este trabajo de tesis se ha usado el ojo de Drosophila como modelo para estudiar Ia
implicacién de la via de sefalizacion mediada por Notch, en el proceso tumoral. La via de Notch
tiene un papel esencial en el crecimiento del ojo, pero el leve crecimiento causado por su
sobrexpresién no se puede considerar de tipo tumoral. Por ello, podemos especular que Notch
necesita de co-factores adicionales, como hemos demostrado in vivo. Con este trabajo propongo,
por una parte, que miR-7 es un microRNA que coopera con Notch en su funcién oncogénica y por
otra, afado nuevas perspectivas para explicar los mecanismos detras del factor BTB llamado
Pipsqueak en la transformacidn tumorigénica del crecimiento leve inducido por Notch.

El microRNA miR-7 esta cooperando con la via de sefializaciéon de Notch en la formacién de
tumores en Drosophila, siendo ihog su diana directa. El co-receptor funcional de iHog en la via de
sefializaciéon de Hedgehog (Boi) es, a su vez, una diana directa o indirecta de la funcién de Notch
como organizador. La falta de funcién de la via de Hedgehog incrementa la actividad de la via de
sefializacién de Notch, actuando como supresor de tumores en el desarrollo de cancer. Se ha
demostrado también en células tumorales de humano que el homdlogo de ihog (CDON) también
estd reprimido por el microRNA miR-7 de humano, in vitro.

Es la primera vez que las isoformas de Pipsqueak (con o sin el dominio BTB de interaccion
proteina-proteina) pueden ser estudiadas de manera independiente. pipsqueak se ha descrito como
un oncogén cooperante con Notch en la formaciéon de tumores, gracias a su dominio BTB y a su
efecto sobre silenciamiento de cromatina, al igual que otros factores de transcripciéon BTB en cancer
humano. Sin embargo, contra toda prediccidén, hemos visto que PipsqueakBTB estd mas relacionado
con la funcién mediada por proteinas llamadas aislantes (“insulators” en inglés) y es la isoforma sin
el dominio BTB la que tiene un porcentaje mayor de sitios de unién comunes con la maquinaria
epigenética. Esto sugiere que este dominio no es necesario para la funcion represora mediada por el
grupo Polycomb.
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Cancer is usually viewed as a result of the accumulation of somatic mutations in the progeny of a
normal cell, leading to a selective growth advantage in the mutated cells and, ultimately, to
uncontrolled proliferation (Janiszewska et al., 2015; Merlo et al., 2006). These somatic mutations
include, for example, base substitutions, insertions and deletions of bases and chromosomal
rearrangements by breakage and abnormal re-joining of DNA. They also often include epigenetic
changes inherited during mitotic DNA replication (Laird, 2005; Stratton et al., 2009). Thanks to the
development of novel sequencing techniques, which have identified many genes that are mutated in
different types of cancer, we have now a broad knowledge of the function of oncogenes and tumour
suppressor genes. However, this enormous amount of data, showing the high complexity of the
genetic network implicated in cancer, does not reveal which mutations are “drivers” in the process
of tumorigenesis and which ones are just mere companions. Every cell within a tumour is the result
of a combination of hundreds of molecular events and the failure of numerous biological
mechanisms, so that each cell can behave slightly different respect to their neighbours. This intra-
tumour heterogeneity of cancer cells hampers the design of effective therapies making it difficult to
reproduce this genetic complexity in experimental models (Figure 1).

Figure 1. Picture made by Casey Hussein
Bisson / Creative Commons BY-NC-SA,
depicting the complexity of the genetic
web of cancer cell within tumour
formation.

In this context, the fruit fly Drosophila melanogaster emerged as an important model system
for cancer studies. Its four-chromosome genome simplifies the genetic complexity behind tumour
and secondary growths formation. This coupled with the powerful genetic toolkit available and the
short life span of Drosophila, makes it a simple and effective animal model to molecularly
characterize important signalling cascades, developmental and growth control programmes (Brumby
et al., 2005; Januschke et al., 2008; Vidal et al., 2006), as well as serve as an excellent platform for
large-scale cancer gene discovery studies.
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Studies in flies can provide valuable information that could guide us towards a better
interpretation and understanding of how oncogenic mutations orchestrate cell proliferation and
migratory behaviour.

1. Local, differential growth regulation by organizers and cancer.

Cancer and development are often considered as two sides of the same coin. Indeed, both processes
involve extensive cell proliferation, resistance to cell death and mechanisms that prevent premature
cell differentiation with the goal to expand cell populations. Cancer and development, hence, may
involve common genes with the crucial difference that during normal development these genes are
carefully regulated.

One strategy that organisms use to simplify the orchestration of development is the
separation of cell populations into distinct functional units called compartments. Fields of cells are
subdivided by the effect of morphogen gradients, and these subdivisions are then maintained and
refined by local cell interactions. Once cell populations become distinct, specialized cells that occupy
a restricted temporal-spatial niche, pattern the surrounding cells via secretion of signalling factors
and cell-cell contacts. These spatially confined domains are called organizers (Diaz-Benjumea et al.,
1995; Irvine et al., 2001).

Several studies in diverse vertebrate and invertebrate models have led to the identification
of many organizer signals. The first organizer was described by Spemann and Mangold in the
Xenopus laevis embryo, defined by its capacity, when transplanted, to instruct surrounding cells
about growth and patterning. After that, many signalling pathways involved in organizer formation
have been identified, for example EGF, Wnt (also known as Wingless in Drosophila), Hedgehog and
Notch signalling pathways. But our understanding of how these organizers stop the growth of
developing organs is still incomplete (reviewed in (Dominguez, 2014).

Recent clinical evidences have involved the aberrant activation of many of these organizing
signals in the initiation and progression of numerous types of human cancers. These observations
have revived the interest in understanding the association between the mechanisms that regulate
the formation and function of these growth organizers and the processes that promote cancer
(Steelman et al., 2008; Vogelstein et al., 2004).
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2. The instructive role of Notch signalling pathway in growth.

Notch signalling is a critical cell communication form used throughout development. It is a highly
evolutionarily conserved pathway (Artavanis-Tsakonas et al., 1999; Mumm et al., 2000) implicated in
diverse functions during embryogenesis and in self-renewing tissues of the adult organism. Among
its multiple and diverse functions, we can highlight its role in the maintenance of stem cells, cell fate
specification, proliferation, and apoptosis (Artavanis-Tsakonas, 1988; Leong et al., 2006). Not
surprisingly, aberrant Notch signalling can result in a wide range of pathological consequences. In
addition, Notch can also work in a dual way depending on the cellular context, for example,
promoting stem cell maintenance or inducing terminal differentiation.

This signalling pathway was first identified in Drosophila and in Caenorhabditis elegans
nearly a century ago, when the inactivation of just one copy of Notch (haploinsufficiency) was shown
to produce notches at the wing margin in flies (Mohr, 1919) and defects in vulval development in
worms (Ferguson et al., 1985). The gene causing these particular phenotypes was cloned in the mid-
1980s and encodes a single pass transmembrane receptor, harbouring a large extracellular domain
(NECD) involved in ligand binding and an intracellular domain involved in signal transduction (NICD).

2.1. The Notch signalling cascade.

In mammals there are four genes that codify the NOTCH receptors (NOTCH1-4) while in Drosophila
there is only one (Notch or dNotch). Five genes codify its mammalian ligands, three within the called
Delta family (DELTA-LIKE1, 3 AND 4) and two of the called Serrate family (JAGGED1 and 2) being
Delta and Serrate the Drosophila homologs of these ligands.

The Notch signalling pathway is conserved from Drosophila to humans and in all these
organisms Notch receptor is activated in the secretory pathway (Hori et al., 2013; Kopan et al., 2009)
(Figure 2). The signalling begins when a ligand of the DSL family (name coming from the names of
the ligands found first is Drosophila and C. elegans: Delta/Serrate/LAG-2) binds to the NECD present
at the cell surface (Fehon et al., 1990) of an adjacent cell (Figure 2). NECD undergoes extracellular
glycosylation by Fringe (an EGF-O-fucose 1,3 N-acetylglucosamyl transferase, called Lunatic Fringe,
Radical-Fringe, and Maniac-Fringe in mammals), elongating the O-fucosylation induced by O-FucT-1
(Pofutl in mice), crucial for all Notch-ligand interactions (Andersson et al., 2011) (Figure 2). In
Drosophila, Fringe inhibits the ability of Ser to activate Notch, whereas potentiates the ability of DI to
activate it (Fleming et al., 1997; Panin et al., 1997).

Activation of the Notch receptor upon ligand binding involves several proteolytic steps that
trigger the shedding of the NECD. First the cleavage performed by members of the ADAM
metalloprotease Kuzbanian (Kuz)/TACE family (S2 cleavage) (Brou et al., 2000; Lieber et al., 2002).
Second, the presenilin (PS)-dependent secretase complex produces an intramembrane proteolysis
(S3 cleavage) releasing a soluble NICD (De Strooper et al., 1999; Struhl et al., 1993) (Figure 2). The
soluble, S3-cleaved NICD fragment translocates to the nucleus where it associates with a DNA-
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binding protein called CSL (known as CBF in humans, suppressor of hairless in Drosophila and Lag-1
in C. elegans) and Master Mind (MAM) to regulate the expression of Notch target genes (Artavanis-
Tsakonas et al., 1999; Bray, 2006; Kovall, 2008; Le Borgne et al., 2005) (Figure 2).
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Figure 2. An overview of the Notch signalling pathway. Notch receptor is activated in the secretory pathway by a ligand
independent cleavage called S1. A ligand of the DSL family binds to NECD at the cell surface between two adjacent cells.
NECD undergoes extracellular glycosylation. In particular, O-fucosylation by O-FucT-1 is crucial for all Notch-ligand
interactions, being elongated by Fringe. The release of a soluble intercellular Notch fragment (NICD) is trigged upon ligand
binding and involves several proteolytic steps. It starts by members of the ADAM metalloprotease Kuzbanian (Kuz)/TACE
family (cleavage S2) and it is followed by intramembrane proteolysis (S3 cleavage) by the presenilin (PS)-dependent
secretase complex. The soluble, S3-cleaved NICD fragment translocates to the nucleus where it associates with a DNA-
binding protein called CSL, Master Mind (MAM) and other co-activators (Co-A), to regulate the expression of Notch target
genes. Picture modified from (Dominguez, 2014).

2.2. The dual role of Notch signalling in cancer.

The first evidence for the involvement of Notch signalling in cancer came from T-cell acute
lymphoblastic leukaemia (T-ALL), where it was described as an oncogene (Ellisen et al., 1991). This
neoplastic disorder accounts for ~10-20% of all acute lymphoblastic leukaemia. In 1991, Ellisen and
co-workers (Ellisen et al., 1991) identified a translocation in T-ALL patients, overexpressing the active
form of Notch1 (ICN1) and found in <1% of T-ALL cases. 14 years later, the group of Jon Aster found
the recurrent truncated and active forms of the NOTCH1 receptor mutations in T-ALL (Aster, 2005).
Subsequent studies have implicated Notch signalling working as an oncogene in various solid
tumours, including breast and prostate cancer, medulloblastoma, colorectal cancer, non—small cell
lung carcinoma (NSCLC), melanoma, and other (Karanu et al., 2000; Leong et al., 2007; Miele et al.,
2006; Ranganathan et al., 2011; Santagata et al., 2004), expanding our understanding of Notch
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participation in cancer, and defining some of its partners in different cancer processes. We know
that overexpressing mutations account for more than 50% of T-ALLs (Ferrando, 2009). However, in
human cancers, Notch activation cooperates with other oncogenes or with the loss of tumour
suppressors to initiate tumour progression (reviewed in (Dominguez, 2014)). Moreover, although
Notch activation can be oncogenic, there is evidence that components of the same pathway may
have tumour suppressive functions in other hematopoietic cells, skin, and pancreatic epithelium, as
well as in hepatocytes (Lowell et al., 2000; Rangarajan et al., 2001; Viatour et al., 2011). This is not
surprising given that Notch is involved both during embryonic development and in adult tissues in a
varied array of fundamental processes such as the maintenance of stem cells, cell fate specification,
proliferation and apoptosis.

Studies in Drosophila have expanded our understanding of how Notch initiates and
promotes the progression of tumorigenesis in vivo. Focusing our attention in the role of Notch as an
oncogene, it is known that Notch induces tumour-like formation in cooperation with epigenetic
regulators (Ferres-Marco et al., 2006; Liefke et al., 2010), microRNAs (Da Ros et al., 2013) the
Epithermal Growth factor receptor EGFR (Hurlbut et al., 2007) or the Pten/PI3K/AKT pathway
(Palomero et al., 2007). Although all these studies report several outstanding advances, the
knowledge about the mechanisms by which these oncogenic pathways contribute to the initiation
and progression of invasion is still limited.

This project has been developed using Drosophila melanogaster as a model to study
tumorigenesis driven by one of the highest evolutionarily conserved pathway, the Notch signalling
pathway.

3. Drosophila melanogaster model for studies of Notch induced
tumorigenesis.

3.1. Drosophila life cycle.

Starting with the American entomologist Charles W. Woodworth’s proposal to use this species as a
model organism, Drosophila melanogaster continues to be widely used for biological research in
studies of genetics, physiology, microbial pathogenesis and life history evolution.

Generally known as the common fruit fly or vinegar fly, Drosophila melanogaster belongs to
the family Drosophilidae, taxonomic order Diptera. It is a holometabolous insect, having three larval
stages and undergoing metamorphosis to achieve the final adult form (Figure 3A). The adult
Drosophila may live for more than 10 weeks, being during this time when mating takes place.

Most of the adult structures of the fly arise from a set of cells that have been carried as
undifferentiated, mitotic cells within the larva throughout its instar stages: the imaginal discs (Figure
3B). Early in embryonic development, imaginal cells (i.e., cells that contribute to the adult animal,



Introduction

the “imago’’) segregate from their neighbours by invagination from the ectoderm (Bate et al., 1991).
Later, these clusters of cells form sac-like structures originating the imaginal discs (Figure 3B) (Averof
et al., 1997; Cohen et al., 1991; Wieschaus et al., 1976).

The progression trough each larval stage is marked by an Ecdysone pulse (Figure 3C). These
pulses coordinate postembryonic development in insects, including Drosophila. After the highest
pulse, which occurs at the end of the third instar, the puparium is formed marking the onset of
prepupal development (Delattre et al., 2000; Kozlova et al., 2002; Richards, 1981; Richards, 1981),
which is why Ecdysone is called the molting or the metamorphosis hormone (Figure 3C). While in the
majority of insects, Ecdysone is secreted by the prothoracic gland, in Drosophila is secreted
specifically by the ring gland in the larvae. Ecdysone is then converted to 20-Hydrosyecdysone
(20HE), the active form of the hormone (Reviewed in (Gilbert, 1996; Riddiford, 1993)). Released
Ecdysone binds to its receptor (Ecdysone receptor, EcR) initiating a complex pathway of gene
regulation that triggers a set of physiological and behavioural changes that characterize each life
cycle stage.

EcR is a nuclear receptor which behaves as a transcriptional regulator upon ligand binding
(Bender et al., 1997; Koelle et al., 1991; Riddiford et al., 2000). The expression of this receptor is
induced directly by Ecdysone, and provides an autoregulatory loop that increases the level of
receptor protein in response to the hormone. EcR requires a partner called Ultraspiracle (Usp) that
greatly stimulates the affinity in the EcR/20-HE binding. (Richards, 1981; Yao et al., 1993). This
interaction increases the EcR binding to Ecdysone response elements in the promoters of genes.
Among the long list of Ecdysone-induced genes we can find, for example, the ones encoding for the
Ecdysone-induced protein 75B (Eip75B) or Vrille (Vri) (Gauhar et al., 2009). Moreover, products of
the early responsive genes can repress their own transcription and induce the expression of late
genes (Burtis et al., 1990; Segraves et al., 1990; Thummel et al., 1990).
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Figure 3. Life cycle and its hormonal control in Drosophila melanogaster. (A) After egg fertilization an embryo develops,
hatching in 22-24 hr at 25°C. The larva that emerges is called the first instar larva. After another 25 hr it moults into a
larger form, known as the second instar larva, which in turn gives rise to the third instar larva after another 24 hr. This larva
starts to climb upward out of the food, so that it will be in a relatively clean and dry area to undergo metamorphosis, and
afterwards the adult fly emerges. (B) Most of the adult structures arise from a set of cells that have been carried as
undifferentiated, mitotic cells within the larva throughout its instar stages: the imaginal discs (From V. Hartenstein). (C) The
ecdysteroid titer profile during Drosophila development. The composite ecdysteroid titer is depicted in 20-
Hydroxyecdysone equivalents from whole-body homogenates.

3.2. Drosophila imaginal discs and growth organizers.

As it was mentioned before, the spatially confined domains called organizers are associated to
growth control and patterning of tissues and organs (Diaz-Benjumea et al., 1995; Irvine et al., 2001).
In Drosophila, Hedgehog and Notch signalling pathways are very well studied perpendicular
organizing signals. They are both involved in the establishment of the anterior-posterior and dorsal-
ventral organizers in the imaginal discs (Figure 4).

The appendages of Drosophila have proven to be ideal models for the study of limb
development. The establishment of the two major limb axes considered here depends on the
subdivision into distinct compartments. Compartments can be simply defined as separate, different,
adjacent cell populations, which upon juxtaposition, create a lineage boundary. This boundary
prevents cell movement from cells from different lineages across this barrier, restricting them to
their compartment (Wolpert, 1969). These borders act as a reference to the establishment of
different cellular populations that secrete morphogens controlling cell proliferation and
differentiation (Turing, 1952).

In this thesis work we use the wing and eye-antenna imaginal discs as they are perfect
models to study the crosstalk between Notch signalling with other organizer signals, in the correct
formation of the organ establishing the anterior-posterior and dorsal-ventral organizers.
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Figure 4. Establishment of the anterior-posterior and dorsal-ventral axes in imaginal discs. Patterning of the eye and wing
imaginal discs need signals to generate an anterior—posterior and dorsal-ventral axes termed morphogens. This provides
cells with the establishment of a heritable transcription factor expression conferring a specific identity on a field of cells.
These subdivisions are then maintained by local cell-cell interactions giving rise to a correctly shaped adult organ. Wing disc
is stained with a-Wg (marker of dorsal-ventral organizer in blue) and a-Ci (posterior marker in red), and eye discs with a-
Elav (posterior marker in green), a-Wg (to correctly orientate the dorsal-ventral eye disc in red) and the dorsal marker mirr-
LacZ with a-BGal (in blue).

° The wing imaginal disc:

The first subdivision between anterior and posterior compartments was first detected in the wing
disc (Garcia-Bellido et al., 1973; Garcia-Bellido et al., 1976) (Figure 5B anterior—posterior organizer).
This is a consequence of the function of the homeobox gene engrailed (en (in the wing-disc anterior—
posterior organizer generates the area that includes wing veins 3 and 4 -Figure 4) (Morata et al.,
1975). In the imaginal discs, en behaves as what was originally called the classical selector gene
(Morata et al., 1975); it separates the anterior and posterior cell populations by selecting between
anterior or posterior developmental programmes. (Lawrence et al., 1996; Strigini et al., 1999). In the
wing, En activates the hedgehog (hh) gene, which encodes a secreted protein and initiates what is
called the Hh signalling pathway (Nusslein-Volhard et al., 1980).

The effect of the Hh protein in the posterior compartment cells is blocked by En, but the
protein can move across the anterior—posterior border to the anterior compartment. Paracrine Hh
signalling in these target cells involves the Patched (Ptc) receptor which activates the Smoothened
(Smo) protein, which in turn initiates a series of post-translational modifications of components of
the Hh signalling transduction pathway (reviewed by (Wilson et al., 2010)). Although Ptc plays a
critical role in sensing the Hh morphogenic gradient, the subsequently identified functionally
redundant members of the immunoglobulin/fibronectin type llI-like superfamily proteins, lhog and
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Boi (that bind to Hh ligand), are also required for Hh signalling in these tissues (Camp et al., 2010;
McLellan et al., 2006; Yan et al., 2010; Yao et al., 2006; Zheng et al., 2010) (Figure 5A and B; anterior-
posterior organizer).
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Figure 5. An overview of the Hedgehog signalling pathway in Drosophila melanogaster wing organizers. (A) In Hedgehog
signalling lhog and Boi (that bind to Hh ligand) and Ptc eceptor activate the Smo protein, which initiates the Hh signalling
transduction pathway changing the form and intracellular distribution of the Ci protein, which in the absence of Hh
signalling is a transcriptional repressor (Ci-75 or Ci-R) and with the Hh signal transduction the repressor form Ci-75
transforms Ci in an active transcription factor (CiA). Ci induces the expression of a number of target genes, including ptc,
dpp, and vein. (B) Dorsal-ventral and anterior—posterior organizers in the wing imaginal disc are maintained by the Notch
and the Hedgehog signalling pathway respectively. Discs are stained with a-Wg in green to mark the dorsal-ventral
organizer, a-dpp in red to mark the anterior—posterior organizer and, in the same disc, the posterior marker a-En in blue
and a-Ci to mark the anterior part of the disc in green are shown.

The output of this cascade changes the form and intracellular distribution of the Cubitus
interruptus (Ci) protein (Aza-Blanc et al., 1997), which in the absence of Hh signalling is an inactive
proteolytically cleaved fragment that functions as a nuclear transcriptional repressor (Ci-75 or CiR).
Hh signal transduction inhibits the repressor form Ci-75 and transforms Ci in an active transcription
factor (CiA). Ci induces the expression of a number of target genes, including ptc, dpp, and vein
(Amin et al., 1999; Basler et al., 1994; Biehs et al., 1998; Schnepp et al., 1996; Tabata et al., 1994).
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dpp (which encodes a transforming growth factor-B homologue) is expressed in the band of Hh-
receiving cells adjacent to the anterior—posterior compartment border. From there it disseminates
to target cells in both compartments (Lecuit et al., 1996; Nellen et al., 1996), regulates their
proliferation and identity, embodying much of the functionality of the anterior—posterior organizer
(Figure 5A and B; anterior—posterior organizer).

In the wing disc, a second compartmental subdivision appears during larval development
(Garcia-Bellido et al., 1973; Garcia-Bellido et al., 1976) separating the dorsal from the ventral regions
of the pre-existing anterior and posterior compartments (Figure 5B; dorsal-ventral organizer). LIM-
homeobox gene apterous (ap) is expressed in the dorsal compartment as precisely defined by the
dorsal-ventral border (Blair, 1993; Diaz-Benjumea et al., 1993) (Figure 5B; dorsal-ventral organizer).
ap activates the gene fringe (fng), which modulates the ability of two ligands, Delta (DI) and Serrate
(Ser), to activate their receptor Notch (Fleming et al., 1997; Panin et al., 1997). Notch is activated by
Serrate in the Fringe-negative ventral cells along the boundary (region between dashed lines in
Figure 5B dorsal-ventral organizer), and by Delta in the Fringe-positive dorsal cells along the other
side of the boundary. In turn, Notch induces, among others, wg activity at the dorsal-ventral border.
Wpg acts as an organizer signal of wing development (Neumann et al., 1996; Zecca et al., 1996).
Although the Notch gene was firstly identified for its effect on the wing margin (loss of one dose of
Notch results in nicked wings), subsequent studies have revealed several roles for Notch in wing
morphogenesis, where it is needed for cell growth and vein differentiation, as well as for wing
margin formation (de Celis et al., 1994; Shellenbarger et al., 1978).

° The eye-antenna imaginal disc:

As occurs in the wing discs, eye-antennal discs also have anterior—posterior and dorsal-ventral
organizers.

Drosophila has a compound eye comprising about 750 ommatidia that form a regular
hexagonal array. Each ommatidium is formed by 8 photoreceptor cells and other type of pigmentary
cells. Ommatidia are oriented in a specular symmetry along the eye midline (see Figure 4 and 6B).
This dorsal-ventral distribution is determined at early developmental stages and is defined by the
same organizer that controls its early development. The adult compound eye is originated from the
posterior part of the eye-antenna imaginal disc. Below, | will summarize the development of the part
of the disc that is regulated by organizers and originates the Drosophila compound eye.

During the second and third instar larval stages, cells start an active division to increment the
size of the disc. However, at the beginning of the third larval stage, cells stop growing and start to
differentiate in a coordinate manner, as a morphogenetic wave originated in the most posterior part
of the disc begins to move anteriorly across the eye imaginal disc. This wave is associated with the
formation of a transient furrow in the disc epithelium, known as the morphogenetic furrow (MF),
and its apparition marks the start of neural differentiation (Ready et al., 1976). The photoreceptors
develop behind the furrow (Freeman, 1997; Tomlinson, 1985; Tomlinson et al., 1987; Tomlinson et
al., 1987). Highly proliferative cells in the anterior part of the MF remain undifferentiated and
proliferating. This spatial and temporal difference between proliferation and differentiation makes
Drosophila eye an exceptional experimental model to dissect the mechanisms that control the
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progression of the cell cycle, survival and apoptosis in tumorigenic and normal growth directed by an
organizer. These events can be addressed without the interference of other mechanisms such as cell
differentiation and specification.

The early growth of the eye imaginal disc depends on the activity of an organizer that
controls, not only the global growth of the disc, but also its morphogenesis, the dorsal-ventral
polarity and the initiation point of the MF. This organizer depends on the localized activation of
Notch signalling pathway (Cavodeassi et al., 1999; Cho and Choi, 1998; Dominguez and de Celis,
1998; Papayannopoulos et al., 1998). The formation of this organizer first requires the establishment
of the dorsal and ventral compartments, limited by different cell lineages (Dominguez et al., 1998).
The generation of this asymmetry relies on the expression of three related genes which form the
Iroquois gene complex or Iro-C (Cavodeassi et al., 1999). The expression of Iro-C complex is regulated
early by the gene wg, which in turn acts synergistically with the Hh pathway to control the activation
of the Iro-C complex in the dorsal compartment (Cavodeassi et al., 1999; Heberlein et al., 1998;
Maurel-Zaffran et al., 2000).

The Iro-C complex represses the expression of the gene fng in the dorsal region, restricting it
to the ventral compartment. Such restriction originates the establishment of a border of fng
expression in the medial dorsal-ventral line, essential for the formation of the Notch organizer (Cho
et al., 1998; Dominguez et al., 1998; Papayannopoulos et al., 1998), where it modulates the ability of
DI and Ser, to activate their receptor Notch (Figure 6A dorsal-ventral organizer) with the same
mechanisms described for the dorsal-ventral organizer in the wing disc (Dominguez et al., 2004; Tsai
et al., 2004). This differential modulation allows local activation of the Notch receptor along the
border of the dorsal-ventral compartment of the eye (Figure 6A; dorsal-ventral organizer)
(Cavodeassi et al., 1999; Wu et al., 1999), where it induces the expression of eyegone (eyg), a dorsal-
ventral organizer-specific response gene and an obligatory Notch’s effector in eye growth
(Dominguez et al., 2004; Tsai et al., 2004). Generalized expression of fng impedes the activation of
the gene Ser, blocking the feedback between the ligands and the high activation of Notch, resulting
in flies with very small eyes or even absent eyes (Dominguez et al., 1998; Dominguez et al., 2004)
(Figure 6B). On the contrary, DI generalized expression expands Notch activated area to all the
ventral region, producing an increase in cell proliferation leading to flies with overgrown eyes
(Dominguez et al., 1998) (Figure 6B).

Another important player in the proper development of the eye disc is Hh signalling
pathway. As previously mentioned, Hh signalling is involved in controlling the activation of the Iro-C
complex in the dorsal compartment. In addition to this, it directly controls initiation and propagation
of retinal differentiation in the eye, by modulating the formation of the morphogenetic furrow
(Dominguez et al., 1997; Heberlein et al., 1993). Hh is expressed in the differentiated photoreceptors
behind the MF and diffuses anteriorly (Borod et al., 1998; Dominguez, 1999; Dominguez et al., 1997,
Heberlein et al., 1993) (Figure 6A; anterior—posterior organizer). The effects of Hh are partly
mediated by Dpp, which is expressed within and ahead of the MF in response to Hh signalling
(Blackman et al., 1991; Heberlein et al., 1993; Pignoni et al., 1997). The primary function of Dpp in
the establishment of the MF is the repression of Wg (another Hh secondary signal), which prevents
ommatidial differentiation.
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Figure 6. An overview of eye organizers. (A) Dorsal-ventral and anterior—posterior organizers in the eye imaginal disc are
maintained by the Notch and the Hedgehog signalling pathway respectively. Eye discs stained to see the dorsal-ventral
organizer with a-Eyg (blue), a-Wg (red) and Boi-LacZ (green) and the anterior-posterior organizer with a-Wg (green) and a-
Ci (blue) (B) The alteration of Notch signalling during eye development produces viable flies with reproducible phenotypes
of overgrown or reduced eyes. Notch loss-of-function, caused by the overexpression of the glycosyltransferase Fringe,
produces an undergrown eye phenotype compared to a control eye. Notch gain of function due to overexpression of its
ligand Delta promotes the expansion of the ventral compartment in the eye, originating an overgrown eye phenotype.

3.3. Drosophila compound eye, screen design, and concept of 'cooperative oncogenesis'.

Specific overexpression of Notch signalling pathway alone in the eye of Drosophila produces a mild
overgrowth of the eye tissue that does not correspond to the tumour-like overgrowth produced by
the oncogenic dysfunction of the Notch signalling pathway, as seen in Figure 6B. This observation
suggests that Notch does not work alone. To find the endogenous genetic determinants that may
limit Notch-driven tumorigenesis in vivo, Dolors Ferrés-Marcé and Maria Dominguez (Ferres-Marco
et al., 2006) carried out an unbiased (genome-wide) screen looking for loci that converted DI-
induced mild eye overgrowth into severe overgrowths or secondary eye growths throughout the
body, using the UAS-Gal4 and the Gene Search system.



Introduction

° The GAL4—-UAS system for directed gene expression:

The yeast transcriptional activator Gal4 can be used to regulate gene expression in
Drosophila in combination with its upstream activating sequence (UAS), situated next to a gene of
interest (gene X) (Fischer et al., 1988). The GAL4 gene has been inserted at random positions in the
Drosophila genome to generate 'enhancer-trap' lines that express GAL4 under the control of nearby
enhancers, and there is now a large collection of lines expressing GAL4 in a huge variety of cell-type
and tissue-specific patterns (Brand et al., 1993). Therefore, the expression of gene X can be driven in
any of these patterns by crossing the appropriate GAL4 enhancer-trap line to flies that carry the
UAS—gene X transgene. This system has been adapted to carry out genetic screens for genes that
give rise to phenotypes when misexpressed in a particular tissue (Rorth, 1996) (Figure 7).

Gal4
enhancer
Tissue-specific Transcriptional activation
expression of Gal-4 of gene X

Figure 7. The Gal4-UAS system. 'Enhancer-trap' lines that express GAL4 under the control of nearby enhancers have been
generated by the insertion of GAL4 at random positions in the Drosophila genome. Crossing the appropriate GAL4
enhancer-trap line to flies that carry the UAS—gene X transgene we can express the gene X. This system has been adapted
to carry out genetic screens for genes that give rise to phenotypes when misexpressed in a particular tissue.

For the high throughput genetic screen previously done in the laboratory, the Notch ligand
DI was overexpressed in all eye cells during the proliferative phase of the disc using the regulatory
sequences of the eyeless (ey) gene and a UAS-DI transgene (eyeless-Gal4>UAS-DI), used before in
(Dominguez et al., 1998). These flies were crossed with flies carrying individual insertions of the
original transposable P-element GS (Toba et al., 1999)(Figure 8) to screen for genes that provoked
tumour-like growth when co-expressed with the Notch ligand Dl in the proliferating eye tissue.

° The Gene Search (GS) System:

The GS vector is similar to the EP element constructed by (Rorth, 1996). It contains
sequences of the mini-white gene as a marker, five tandem Gal4 binding sites (UAS) capable of
overexpressing or misexpressing gene(s) located on either side of the GS insertion, followed by the
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gene hsp70 minimal promoter (Figure 8). The GS transposable P-elements allow Gal4-dependent
inducible expression of sequences flanking the insertion site in both directions, so that the nearest
gene in the opposite direction can also be expressed. It systematically generates gain-of-expression
mutations (Toba et al., 1999).

This method of combining misexpression via GS or EP lines in the DI overexpression induced
overgrown background is worldwide accepted to identify and validate genes for cancer induction
and suppression.
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..o l o.‘
R _@@_le@:@_

Adult eye scoring of ey-Gal4 UAS-Delta + GS flies
Cloning and mapping eye tumours hits

Retest tumour hits

Figure 8. Scheme of a high throughput genetic screen. (A) Scheme of the Gene Search (GS) vector with the sequences of
the mini-white gene in red, five tandem repetitions of the UAS binding sites in blue triangles and minimal promoter of the
hsp70bB in green. (B) Notch ligand DI was overexpressed in all eye cells during the proliferative phase of the disc using the
regulatory sequences of the ey gene and a UAS-DI transgene (eyeless-Gal4>UAS-DI). These flies were crossed with flies
carrying individual insertions of the original transposable P-element GS to screen for genes that provoked tumour-like
growth when co-expressed with the Notch ligand DI in the proliferating eye tissue. The GS vector contains five tandem Gal4
binding sites (upstream activating sequences, UAS) capable of overexpressing gene(s) lying on either side of the GS
insertion.

The high throughput genetic screen started with a GS line inserted in the second
chromosome. The GS element was mobilized and the individual new insertions generated were
tested for their capacity to convert Dl-induced mild eye overgrowth into severe overgrowths or
secondary eye growths throughout the body. In the original screen, 1514 GS lines were generated
with independent insertions in the genome (Ferres-Marco et al., 2006; Toba et al., 1999). Among
these lines approximately 0.2% induced secondary eye growth when combined with DI
overexpression.
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| have divided this Thesis in two parts, in which | will describe in detail the molecular
mechanisms underlying the interaction between two of these GS lines, GS(2)518ND2 and GS88AS,
and DI in our tumour-like growth model.

4. microRNAs, and the conserved miR-7 microRNA in Delta-induced tumorigenesis.

GS(2)518ND2 can convert Dl-induced eye overgrowth (Figure 9B) into severely overgrown eyes
(ey>DI>GS(2)518, Figure 9C). As a control of the influence of Notch overexpression, in the absence of
DI, GS(2)518ND2 does not increase eye size (ey>GS(2)518; Figure 9D).
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Figure 9. The microRNA miR-7 cooperates with Notch in Drosophila melanogaster oncogenesis. (A-B) D/ expression under
the control of ey-Gal4 results in a mild overgrowth in the eye (130% larger than wild type size). (C) Introducing the
GS(2)518ND2 line enhanced overgrowth by D/ (>320%). (D) The overexpression of the GS(2)518ND2 line alone causes no
eye overgrowth. (E) Scheme of the GS(2)518ND2 insertion. (F) Overexpression of the GS(2)518ND2 line driven by ptc-Gal4
showed the typical wing vein L3—-L4 fusion. Adult heads overexpressing mir-7 driven by ey-Gal4 in the presence (G) or the
absence (H) of the UAS-DI transgene.

The GS(2)518ND2 line carries a 3.1 kb insertion upstream of the mir-7 microRNA (miRNA)
gene (Figure 9E), which is transcribed from an internal promoter within a 3’ intron of the
bancal/heterogeneous nuclear ribonucleoprotein K (bl/hnRNP-K) gene (Aboobaker et al., 2005). A set
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of EP elements in the vicinity of G5(2)518ND2 has been previously described to induce proximal
fusion of longitudinal (L) veins 3 and 4 (Aboobaker et al., 2005; Charroux et al., 2006; Li et al., 2005)
by overexpressing miR-7. In the same way, expressing GS(2)518ND2 along the anterior-posterior
compartment boundary in the wing imaginal disc using patched (ptc)-Gal4, caused similar L3-L4
fusion as that reported (ptc>GS(2)518; Figure 9F). In addition, direct overexpression of miR-7
together with DI (UAS-mir-7) provoked overgrown ey>DI>mir-7 larval eye discs, resulting in adult
overgrown eyes similar to that of the GS(2)518ND2 flies (Figure 9G). As a control, there was no
increase in eye size when UAS-mir-7 alone was overexpressed by ey-Gal4 (ey>mir-7; Figure 9H).

As a conclusion we can say that miR-7 cooperates with Delta to produce tumour
formation in the Drosophila eye.

4.1 microRNAs processing and mechanisms of action.

miRNAs are small non-coding RNA molecules (containing about 22 nucleotides) found in plants,
animals, and some viruses, which function regulating the levels of mRNA or protein of a specific
target gene.

miRNAs are part of a genetic silencing mechanisms that was initially discovered in
Caenorhabditis elegans by Victor Ambros' laboratory in 1993 (Lee et al., 1993) while studying the
gene lin-14. At the same time, Gary Ruvkun laboratory identified the first miRNA target gene
(Wightman et al., 1993). Those two ground-breaking discoveries identified a novel mechanism of
post-transcriptional gene regulation. However, the recognition of the non-coding RNA molecule lin-
14 as a microRNA and its importance was brought to light seven years later when Ruvkun and
Horvitz laboratories identified a second miRNA, named let-7, in the same model nematode species
(Pasquinelli et al., 2000; Reinhart et al., 2000) in addition to the discovery of another class of short
RNA (siRNA) involved in the process of RNA interference. Both short RNA shares some members of
their processing pathway.

Since its discovery, an increasing number of miRNAs have been recognized in mammals. In
humans alone over 700 miRNAs have been identified and fully sequenced, and the estimated
number of miRNA genes in a human genome is more than one thousand. Current estimations
suggest that about one-third of human mRNAs appear to be miRNA targets (Lewis et al., 2005). Each
vertebrate miRNAs target about 200 transcripts and more than one miRNA might co-ordinately
regulate a single target (Krek et al., 2005).

The formation of a mature miRNA strand requires several steps, as seen in Figure 10. The
majority of miRNA negatively regulate the expression of a gene by different processes such as
translation inhibition by binding to the Untranslated Regions (UTRs) or in the Open Reading Frame
(ORF) of target messenger RNAs or mRNA degradation. The last one is observed in yeast and plants
(Wu et al., 2008). However, it has been demonstrated that miRNAs are also able to positively
regulate the genetic expression. Particularly, they have been shown to stimulate gene translation
when cells are subjected to conditions that induce cell growth arrest, but the mechanisms regulating
this phenomena still remain unknown (Vasudevan et al., 2007).
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Figure 10. The microRNAs mechanisms of action. Pri-
miRNAs are generated by the transcription of miRNA
genes in the nucleus forming a hairpin containing the
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4.2 microRNAs in cancer

miRNAs have been described to have roles in developmental timing, neuronal cell fate, cell
death, cell proliferation, regulation of insulin secretion, hematopoietic cell fate and stem cell
division, etc.(Ambros, 2004; Bartel, 2004; He et al., 2004). Among other roles, the influence of
miRNA in stem cell division, cell proliferation and cell death is extremely interesting, due to the
connection between these cellular processes and cancer development. For example, several works
have demonstrated a relationship between miRNAs and other members of the processing pathway
with stem cell self-renewal, from humans to Drosophila (Hatfield et al., 2005; Houbaviy et al., 2003;
Suh et al., 2004). As stem cells have the capacity to continuously divide, similar to what occurs in
tumour cells, there is an increasing interest in the study of the mechanisms used by miRNA to
control cell cycle progression.

The first human disease known to be associated with miRNA deregulation was chronic
lymphocytic leukaemia (Calin et al., 2002) and many miRNAs have subsequently been found to have
links with various types of cancer (Esquela-Kerscher et al., 2006; Hammond, 2006; Johnson et al.,
2005; Michael et al., 2003; Mraz et al., 2012; Mraz et al., 2009). As they regulate the expression of
protein-encoding genes it is not surprising that studies directly implicating miRNAs in cancer are
emerging.

The miRNAs related with cancer development can have an anti-tumorigenic or pro-
tumorigenic function. In humans, decreased levels of the anti-tumorigenic (tumour suppressor
miRNAS) miR-15 and miR-16 provoke chronic lymphocytic leukaemia (Calin et al., 2002; Cimmino et
al., 2005). They can also have a pro-tumorigenic function (oncomiRs) (Kent et al., 2006) including a
cluster formed by seven miRNAs (miR-17-92) amplified in different types of lymphoma (Hayashita et
al., 2005) (Figure 11).
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Regarding miR-7, it has a dual role, both as an oncogene (Chou et al., 2010; Foekens et al.,
2008) and as a tumour suppressor, which may reflect the participation of the microRNA in distinct
pathways. This can be due to the regulation of discrete target genes in different cell types, such as
the gene Fos in mouse (Lee et al., 2006), and Pakl (Reddy et al., 2008), IRS-2 (Kefas et al., 2008),
EGFR (Kefas et al., 2008; Webster et al., 2009), Raf-1 (Webster et al., 2009), a-synuclein (Junn et al.,
2009), CD98 (Nguyen et al., 2010), IGFR1 (liang et al., 2010), bcl-2 (Xiong et al., 2011), PI3K/AKT
(Fang et al., 2012; Xu et al., 2013), and YY1 (Zhang et al., 2013) in humans.

In this Thesis we aimed to reveal the mechanisms behind miR-7/Delta cooperation in tumour
progression, as well as the target genes involved in this process.

5. Epigenetic repressors in cancer and BTB-containing Pipsqueak in epigenetic
regulation and cancer.

The GS88AS8 line has been very well characterized and studied in the laboratory (Ferres-Marco et al.,
2006). The phenotype caused by its expression was called “eyeful” due to the formation of tumours
and secondary eye growths when combined with DI overexpression (Figure 121). This vector is
inserted in an intron of the gene longitudinals lacking (lola) (Figure 12A). The GS P-element induces a
Gal4-dependent expression of lola and also the nearest gene in the opposite direction to
transcription, pipsqueak (psq). Isolated point mutations that reverted the phenotype caused by
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deregulated expression of lola and psq showed an unequal contribution in tumour formation, being
Psqg the most important factor (Ferres-Marco et al., 2006).

psq is a ubiquitously expressed gene that encodes eleven mRNA variants produced by
alternative splicing and by the use of different promoters (Ferres-Marco et al., 2006; Grillo et al.,
2011; Horowitz et al., 1996; Lehmann et al., 1998). These mRNA variants originate long and short
protein isoforms that share a number of repetitive aminoacid sequences. These sequences include
several OPA repeats (the sequence triplet CAX where X is either Glycine (G) or Alanine (A)) (Wharton
et al., 1985), regions enriched with serine/glycine (S/G), two regions containing poly- Glutamine (Q)
stretches and a motif rich in histidine (H) residues, followed by four tandem copies of a conserved
helix-turn-helix (HTH). This last motif is a sequence-specific DNA-binding domain called Psq DNA-
binding motif (Horowitz et al., 1996; Lehmann et al., 1998), that binds to GAGA sequences and that,
when discovered, defined a new family of DNA-binding proteins (Figure 12B). In addition to this, the
long isoforms have a BTB/POZ domain (Broad-Complex, Tramtrack and Bric a brac/Poxvirus and Zinc
finger (Bardwell et al., 1994; Godt et al., 1993; Zollman et al., 1994)), which is a protein-protein
interaction domain (Figure 12B). Both the BTB and the DNA-binding domain of Psq are essential for
its oncogenic function, as mutations in either domain rescue the tumorigenic phenotype (Ferres-
Marco et al., 2006). In this Thesis we will use PsqBTB to refer to all long isoforms of Psq and non-BTB
Psq for all the short isoforms.

The BTB domain was first found in some viral genes (Koonin et al., 1992) and since then, it
has been found in proteins of a variety of species from slime moulds (Escalante et al., 1997) to
humans (Albagli et al., 1995). Lehman and colleagues (Lehmann et al., 1998) demonstrated that a
truncated form of Psq that lacks an essential part of the BTB domain showed strong binding to GAGA
sequences, whereas binding of Psq with this domain could not be detected. This inhibition appears
to be the result of oligomerization through protein-protein interactions mediated by the BTB
domain. The tendency of BTB proteins to oligomerize in solution and their localization in distinct
nuclear substructures (Bardwell et al., 1994; Horowitz et al., 1996; Koonin et al., 1992; Raff et al.,
1994) suggests that they might act by modifying chromatin structure (Albagli et al., 1995; Croston et
al., 1991; Dorn et al., 1993; Kerrigan et al., 1991).

Regarding the function of this gene, psq has pleiotropic functions during development of
Drosophila melanogaster. It is required early during oogenesis, and it is also one of the posterior
group genes responsible for pole cell formation, proper abdominal segmentation and establishment
of the dorsal-ventral axis of the embryo (Horowitz et al.,, 1996; Siegel et al., 1993). During
metamorphosis, psq is required for the formation of photoreceptors R3/R4 in the eye and for the
proper differentiation of other adult structures, such as wings and legs (Weber et al., 1995). Psq
nuclear localization suggests that it acts, like many other BTB proteins, through binding to DNA
(Horowitz et al., 1996). In this line, Psq was described to encode a transcription factor essential for
sequence-specific targeting of a Polycomb group protein complex (Huang et al., 2004; Huang et al.,
2002) to its corresponding sequences called Polycomb/Trithorax Response Elements (PREs/TREs),
being member of one of the three major protein complexes found in PcG (PCR1). PREs and TREs
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respectively mediate epigenetic inheritance of silent and active chromatin states throughout
development (reviewed in (Muller et al., 2006; Schwartz et al., 2007)).
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Figure 12. PipsqueakBTB induces tumour-formation in cooperation with Delta in the GS88A8 line. (A) Scheme of the
insertion of the GS88A8. The GS P-elements induces a Gal4-dependent expression of lo/a and also the nearest gene in the
opposite direction to transcription, psq. See the different isoforms of psq and lola genes (B) Psq gives rise to long and short
protein isoforms that share a number of repetitive aminoacidic sequences. These sequences include several OPA repeats
(the sequence triplet CAX where X is either Glycine (G) or Alanine (A) and one Threonine (T)), regions enriched with
serine/glycine (S/G), two regions containing poly- Glutamine (Q) stretches and a motif rich in histidine (H) residues,
followed by four tandem copies of a conserved helix-turn-helix Psq repeats. Long isoforms have a BTB/POZ domain, which
is a protein-protein interaction domain. (C-J) Control adult eyes (C-G, ey>, ey>DI, ey>UAS-Psq-IR, ey>GS88A and ey>UAS-
PsgBTB) and the effect of the loss (H) and gain of function of Psq using GS88A8 (l) and UAS-PsqgBTB (J) constructs. The loss
of function of Psq in combination with DI overexpression produces also overgrowth (H).
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5.1 General role of Polycomb/Trithorax response elements in cellular memory.

All cells that form part of our bodies have the same genetic information but only a fraction of genes
is expressed in a given cell type. It is the ability to select those genes and maintain the choice
throughout multiple cell divisions which allows the existence of multiple morphologically distinct cell
types in complex multicellular organisms. Epigenetics mechanisms are responsible for the
maintenance of this cellular memory through cell generations without a change in DNA sequence
and in the absence of their initiating signals.

Polycomb group (PcG) and Trithorax group (trxG) proteins mediate epigenetic changes
conferring long-term, mitotically heritable memory by sustaining silent and active gene expression
states respectively, playing a pivotal role in the dynamic regulation of many key developmental
genes (called the Ying and Yang of gene regulation) (Klymenko et al., 2004; Poux et al., 2002). To
silence or activate gene expression, PcG and trxG proteins bind to specific regions of DNA and direct
the posttranslational modification of histones. These groups were discovered in Drosophila
melanogaster as repressors and activators of Hox genes, a set of transcription factors that specify
cell identity along the anterior-posterior axis of segmented animals (Maeda et al., 2006; Ringrose et
al., 2004; Schumacher et al., 1997; Soshnikova et al., 2009).

The PcG and TrxG proteins act in several large multiprotein complexes, which have many
variants (reviewed in (Lanzuolo et al., 2012; O'Meara et al., 2012; Schuettengruber et al., 2011;
Simon et al., 2013) and Supplementary information, and reviewed in (Steffen et al., 2014)).
Regarding PcG, three major protein complexes have been described:

e  PhoRC, which contains the Drosophila DNA-binding protein Pho (the homolog in mammals is
YY1).

e Polycomb Repressive Complex 2 (PRC2), with histone methyltransferase activity and
primarily trimethylates histone H3 on lysine, a mark of transcriptionally silent chromatin.

e Polycomb Repressive Complex 1 (PRC1), which recognizes these methylation marks.

In the TrxG group several proteins can be found:

e Proteins that bind to DNA in a sequence-specific manner and help to recruit chromatin-
remodelling and histone-modifying complexes to regulate transcription.

e large multimeric complexes that modify histones composed of SET domain factors like
Drosophila Trx and Ash1 and vertebrate MLL, as well as their associated proteins.

e large multimeric complexes that contain ATP-dependent nucleosome-remodelling activity
like the SWI/SNF or the NURF complexes, and includes proteins specifically capable of
reading the histone methylation marks laid down by the SET domain proteins.

For simplicity, in this Thesis we will only consider the PcG complexes PRC1, PRC2 and the
TrxG Ash1 and Trx (Figure 13).
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Given the antagonistic activities of PcG and TrxG, it is clear that histone modifications
deposited by the two opposing groups of proteins can antagonize each other. For example, histone
Lys methylation at Lys4 and Lys36 of histone H3 (H3K4 and H3K36), catalysed by Trx and Ashi,
respectively, inhibits PRC2-mediated trimethylation at Lys27 of H3 (H3K27) (Schmitges et al., 2011;
Yuan et al., 2011). These H3K27 methylation is also antagonized by H3K27 acetylation by CREB-
binding protein (CBP) (Tie et al., 2014; Tie et al., 2009), being impossible for both modifications to
coexist in the same residue (Jung et al., 2010; Pasini et al., 2010) (Figure 13).

A second antagonistic mechanism is found in the function of Polymerase Il (Pol II). PRC1-
mediated histone H2A Lys ubiquitylation adds a large molecule to the histone—DNA interface, which
correlates with the presence of an unproductive Pol Il state, which is phosphorylated at Ser5 and
then pauses in a process referred to as promoter-proximal pausing (Brookes et al., 2012; Stock et al.,
2007). Conversely, other proteins different from vertebrates to Drosophila, can phosphorylate Pol |l

at Ser2 promoting elongation (Devaiah et al., 2012) (Figure 13).
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Figure 13. Overview of the Polycomb/Trithorax Group proteins. PcG and TrxG antagonize each other by histone
modifications. PRC2-mediated H3K27me3 is inhibited by the methylation at Lys4 and Lys36 of histone H3 (H3K4 and
H3K36), catalysed by Trx and Ash1, respectively. Moreover, the coexistence on the same residue of the antagonistic
histone H3K27ac, and the methylation of H3K27 by PRC2, is impossible. A second antagonistic mechanism is found in the

function of the Pol Il.

Polycomb/Trithorax response elements in Drosophila (PREs/TREs, here called only as PREs
for simplicity) are regulatory DNA elements that recruit both the PcG and TrxG proteins and their
ability to switch between PcG and TrxG function may be essential for orchestrating a balance
between proliferation and differentiation during normal development and also in cancer (Buszczak
et al., 2006; Pasini et al., 2004; Ringrose, 2006; Valk-Lingbeek et al., 2004). Although several fly PREs
have been reasonably well characterized, their mammalian counterparts have been elusive.
Recently, several vertebrate elements have been shown to share some properties of fly PREs (Kassis
etal., 2013).
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Analysing the DNA sequences present within PREs, different binding proteins were
identified: GAGA Factor (GAF, encoded by the tr/ gene), Pipsqueak (Psq), Zeste and Pho/Pho-like
proteins ((Ringrose et al., 2004) information review in (Steffen et al., 2014) supplementary material).
The GAF and Psq proteins bind to similar DNA sequences. In vivo imaging indicates that Psq co-
localizes with GAF, both recognizing GAGA sequences, over hundreds of loci in polytene
chromosomes (Schwendemann et al., 2002). Both proteins operate in concert over many targets,
including the homeotic genes (Decoville et al., 2001; Hodgson et al., 2001; Horard et al., 2000;
Huang et al., 2002; Strutt et al., 1997). They can be immunoprecipitated from nuclear extracts in a
BTB mediated manner (Schwendemann et al., 2002). Like Zeste, GAF, which was identified to have
an important function within the TrxG proteins (Katokhin et al., 2001), and Psq appear to function in
both silencing and activation of genes adjacent to PRE/TREs (Bejarano et al., 2004; Busturia et al.,
2001; Decoville et al., 2001; Hagstrom et al., 1997; Horard et al., 2000; Huang et al., 2002; Mishra et
al., 2001; Ringrose et al., 2004).

Incorrect regulation of PcG and TrxG also plays a role in cancer initiation and progression
(Richly et al., 2011; Richly et al., 2010). For example, in humans, the increased activity of PcG genes
(EZH2, PC1, SU(Z)12 and BMI1, among others) is associated with invasive breast and prostate
carcinomas, lymphomas and leukaemia (Bracken et al., 2003; Chang et al., 2012; Gil et al., 2005;
Kirmizis et al.,, 2003; Kleer et al., 2003; Raaphorst et al., 2001; Varambally et al., 2002).
Overexpression of PcG genes (as in the case of Psq in the “eyeful” phenotype) possibly contributes to
cancer formation by the aberrant silencing of tumour suppressor genes. Thus, it is paramount to
understand the origin of the malignant epigenetic alterations in cancer precursor cells and the
connection with other oncogenic pathways such as Notch.

5.2 Impact of altered BTB-containing Pipsqueak in epigenetic deregulation and
tumours.

The study of the enhancement or suppression of the heterozygous Polycomb® (Pc’/+)
phenotypes that cause de-repression of Hox genes silencing (developing an extra sex comb on the
second and third legs, as well as showing antenna-to-leg and halter-to-wing transformations at low
penetrance) (Duncan et al., 1975), permitted the identification of novel PcG or TrxG members,
respectively. Lola and Psq mutations affect PcG-mediated epigenetic maintenance of gene silencing
enhancing these phenotypes and suggesting that both Psg and Lola are members of the PcG family.

Furthermore, deregulation of psqg-lola is sufficient to transmit epigenetic inheritance of a
silenced state. Transposon silencing is a well-known phenomenon that is mediated by PcG. Gal4-
induced overexpression of psg-lola with the GS88A8 insertion caused transposon silencing in 20% of
the flies tested, revealed by the inactivation of the mini-white gene within the transposon (Figure
14). Transposon gene silencing was reverted by both psq and/or lola mutations and the best
revertants of the tumour phenotype (Psq revertants) were also the best revertants of the
transposon gene silencing phenotype. lola encodes different transcription factors that share also a
BTB domain and all but one of these contain zinc-finger motifs (Giniger et al., 1994; Madden et al.,
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1999; Ohsako et al., 2003). This protein contributes also to the tumour phenotype and acts as an
epigenetic silencer but only Psqg contribution seems to play a predominant role in this process.

Figure 14. The GS88A8 line inactivates the mini-white gene
within the transposon. One of the effects that characterize the
GS88AS line is the silencing of the mini-white gene (20% of the
total flies in these crosses show silencing). Transposon gene

silencing was reverted by both psqg or/and lola mutations and the

N \
With mini-white g-ene Without mini-white gene
silencing silencing

best revertants of the tumour phenotype (Psq revertants) were
also the best revertants of the transposon gene silencing

phenotype.

ey> GS88A8

The epigenetic origin of the “eyeful” phenotype has been previously described (Ferres-Marco
et al., 2006). Like several human oncogenic proteins, such as PLZF (Promyelocityc Leukaemia Zinc
Finger) or Bcl-6 (B cell ymphoma 6), which associates with PcG repressors through their BTB domain
(Melnick et al., 2002), Psq also interacts via its BTB domain with PcG repressors to recruit these
complexes to particular genes (for example homeotic genes with GAGA sequences). Deregulation of
psq induces tumorigenesis through aberrant epigenetic silencing of genes that contribute to the
uncontrolled growth of tumour cells, shown by the loss or strong reduction of the active or open
chromatin mark H3K4me3 in the developing eye tissue from which the tumour arises. This suggests
that the chromatin in the mutant tissue has been condensed or silenced. Additionally, reducing the
dosage of genes related to gene silencing and chromatin condensation, like Rpd3/HDAC, E(z),
Su(var)3-9, Pc, and Esc, impeded tumour development. Finally, it was demonstrated that the
increase in epigenetic silencing reduced the expression of the Retinoblastoma family protein (Rbf)
gene, a well-known tumour suppressor gene, and this downregulation was shown to be necessary
for tumour development. In summary, results from our laboratory confirmed that overexpression of
Psq combined with DI overexpression act as epigenetic regulators of PcG family in the formation of
highly invasive tumours (Ferres-Marco et al., 2006).

Based on this work, psq works as an oncogene, however there is evidence pointing also to a
tumour suppressor function. First, the loss of function of all Psq isoforms in the same DI
overexpression background also produces hyperplasic eyes (Figure 12H). Second, in an epidermal
growth factor receptor (EGFR) overexpression context, the knock-down of Psq also led to tumour
formation (Herranz et al., 2014). All together, these data suggests multi-faceted and apparently
contradictory functions of Psqg in tumorigenesis. To understand this riddle would represent a big step
forward in the comprehension of cancer, as it could serve as a model to unveil how other BTB
proteins with such dual roles exert their functions and contribute to tumour development. In the
second part of this Thesis work we set out to address this paradox.
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6. BTB-containing protein interactions.

The BTB domain is a protein—protein interaction motif that determines a unique tri-dimensional fold
with a large interaction surface. The exposed residues are highly variable and allow dimerization and
oligomerization, as well as interaction with a number of other proteins. BTB-containing proteins are
numerous and control cellular processes that range from actin dynamics to cell-cycle regulation
(Perez-Torrado et al., 2006).

Already in 1994 (Zollman et al., 1994) a set of BTB-domain families were described, where
one particularly conserved subgroup is apparent, the ttk group (exclusively formed by Drosophila
members). This group includes: the Broad-Complex, Bric a brac, GAF, Lola like, Fruitless, PsqBTB and
Mod(mdg4), as well as Tramtrack, the first to be identified. This BTB-domain family is known to
mediate the formation of multimers between different BTB proteins and it contains several highly
conserved sequences not found in other BTB domains (Bonchuk et al., 2011). As shown previously,
the BTB domain of GAF can interact with the BTB domains of Lola like (Faucheux et al., 2003; Mishra
et al., 2003), PsqBTB (Schwendemann et al., 2002), Tramtrack (Pagans et al., 2002) and Mod(mdg4)
(Melnikova et al., 2004), the last one implicating GAF in the insulator function (Schweinsberg et al.,
2004) among other multiple functions: transcription derepression/activation (Biggin et al., 1988;
Tsukiyama et al., 1994), repression (Hagstrom et al., 1997; Mishra et al., 2001), barrier formation
(O'Donnell et al., 1994), enhancer blocking (Ohtsuki et al., 1998), and insulator bypass (Melnikova et
al., 2004).

Insulators were defined as DNA-protein complexes that are experimentally classified by their
ability to block enhancer-promoter interactions and/or serve as barriers against the spreading of the
silencing effects of heterochromatin (Gaszner et al., 2006). But they have been recently
characterized as multi-protein DNA complexes capable of facilitating long-range inter-chromosomal
and intra-chromosomal interactions, being crucial players in constructing appropriate three-
dimensional nuclear architectures (reviewed in (Schoborg et al., 2014; Van Bortle et al., 2013)).
There are different subclasses of Drosophila insulators and each subclass contains a different DNA
binding protein that may define the specific function of the corresponding subclass (reviewed in
(Gurudatta et al., 2009)) and common BTB proteins that seem to mediate the contacts between
individual insulators sites. We can find at least five insulators studied in detail. One of the most
extensively studied insulators is located in the 5 UTR region of the Drosophila gypsy
retrotransposon. Many of the spontaneous mutations caused by gypsy elements are due to the
blocking of enhancer-promoter interactions attributable to this insulator sequence (Dorsett, 1993;
Gdula et al., 1996; Geyer et al., 1992; Geyer et al., 1986; Modolell et al., 1983). A 430-bp fragment of
gypsy, termed “the gypsy insulator,” placed between an enhancer and its target promoter was
sufficient to block enhancer stimulation (Parnell et al., 2000; Smith et al., 1992; Wei et al., 2000). In
Drosophila, several insulator binding proteins have been identified and characterized since then,
including for example, the Drosophila homolog of CTCF (dCTCF), Boundary Element Associated
Factor of 32 kDa (BEAF-32), and Suppressor of Hairy wing (Su(Hw)) (Gurudatta et al., 2009). These
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DNA-binding proteins require additional proteins for functional insulator activity, including
Centrosomal protein 190 (CP190) and Modifier of mdgd4 (Mod(mdg4)) (Gerasimova et al., 2007,
Ghosh et al., 2001; Pai et al., 2004). The mod(mdg4) gene encodes 29 different isoforms that arise by
alternative cis- and trans-splicing (Buchner et al., 2000). Mod(mdg4)2.2, one of the isoforms of the
Mod(mdg4) group, interacts with the Su(Hw) protein and is involved in the enhancer-blocking
activity of Su(Hw)-dependent insulators such as the gypsy insulator (Ghosh et al., 2001; Golovnin et
al., 2012). Mod(mdg4)2.2 is essential for functional insulator activity (Pai et al., 2004) and with its
BTB domain in the N-terminal region mediates homo- and hetero-multimerization with other
insulator components such as CP190. Although the BTB domain of Drosophila CP190 protein was not
initially classified as a member of the ttk group (Bonchuk et al., 2011) it was later described as
essential for its association with the Su(Hw)-Mod(mdg4) insulator complex, and the interaction
between Mod(mdg4)2.2 and CP190 BTBs, which mediates clustering of insulator complexes (Ghosh
et al.,, 2001; Oliver et al., 2010) (Summary in table 1 of published interactions between BTB

proteins).

GAF | Lola Like Mod(mdg4) PsqBTB | CP190
GAF + CH T +
Lola Like v + + - +
Mod(mdg4) + AINIYER +
PsqBTB + + +
CP190 + +

Table 1. Known interactions between BTB-containing proteins. The BTB domains of GAF and Lola like formed a wide range
of complexes and interact with other BTB domains tested, forming stable high-order multimeric complexes. The interaction
between Mod(mdg4)2.2 and CP190 BTB domains mediates clustering of insulator complexes.
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The general objectives of this work are to expand our understanding of the fundamental
mechanisms of tumorigenesis with a focus on the Notch pathway. Specifically, using an
interdisciplinary approach, we have investigated the molecular mechanisms underlying the tumour
initiation and progression by two factors that facilitate Notch-driven tumorigenesis, involving a
conserved microRNA (miR-7) and a BTB-containing transcriptional regulator (Pipsqueak).

This work is presented in two sections (1 & 2):

e Section 1. Conserved microRNA miR-7 orchestrates the activities between two growth
organizers and when deregulated it facilitates Notch-induced tumorigenesis.

e Section 2. Epigenetic regulator Pipsqueak is a multifaceted transcription factor that binds
chromatin insulators and sites with potential wider roles in chromatin remodelling than
anticipated.
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Results

Section 1. Conserved microRNA miR-7 facilitates Notch-induced tumorigenesis by
orchestrating the activities between opposed organizers.

1. Interference Hedgehog is the functional relevant target of miR-7 in
tumorigenesis.

As previously mentioned in the introduction, miRNAs are small noncoding RNAs that negatively
regulate gene expression by binding to the UTRs or in the ORF of target messenger RNAs, inhibiting
translation or driving mRNA degradation. Considering these mechanisms, we can assume that mir-7
overexpression and its tumour phenotype induced in the context of DI overexpression, would be
mimicked by the endogenous downregulation of its functionally relevant target genes in the same
context. We can select a bona fide miR-7 target gene considering only those that do not produce any
effect when downregulated in the context of the endogenous or unaffected Notch signalling. For this
purpose, we used RNA interference (RNAI) (Table S1 in Appendix I) to downregulate in vivo a set of
Drosophila genes predicted to be miR-7 targets in silico by several algorithm, as was previously
described (Maziere et al., 2007). The UAS-IR or RNAI transgenes produce the degradation of specific
MRNA transcripts with the generation of double-stranded RNA fragments complementary to the
transcript driven by GAL4/UAS system (Dietzl et al., 2007; Ni et al., 2011).

A miRNA can potentially bind and regulate multiple mRNA molecules and, at the same
time mMRNA molecules can be regulated by different microRNAs, making the validation and the
search of target genes a very difficult task. There are several algorithms to computationally identify
target mRNA of miRNAs from different Drosophila species (Enright et al., 2003; Stark et al., 2003) to
humans (miRanda http://www.microrna.org/microrna/home.do, PICTAR http://pictar.mdc-
berlin.de/, TARGETSCAN http://www.targetscan.org/). The important parameters in the application
of an algorithm are: complementarity between miRNA and mRNA in the first eight nucleotides, the
conservation of the binding site among species and the number of binding sites in the 3'UTR
sequence of the mRNA. Every algorithm generates a list of candidates suspected of being regulated
by a miRNA which should be subsequently validated in a certain cellular context (Enright et al.,
2003).

In Drosophila, multiple cell-specific targets for miR-7 have been previously validated via
luciferase or in vivo eGFP-reporter sensors or less extensively via functional studies (Aparicio et al.,
2015; Huang et al., 2013; Lai et al., 2005; Li et al., 2005; Li et al., 2009; Pek et al., 2009; Stark et al.,
2005; Stark et al., 2003; Tokusumi et al., 2011; Yu et al., 2009). Although microRNAs are thought to
regulate multiple target genes, only a subset of the in vivo tested targets respond in a given cellular
context.
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Figure 15. The Hedgehog co-receptor interference hedgehog (ihog) is a predicted target of microRNA miR-7 and its
repression induces tumour formation with the Delta transgene. (A—C) Adult heads of female control UAS-ihog-IR (A) and
combinations of UAS-ihog-IR and ey-Gal4 in the presence (B) or the absence (C) of the DI transgene. (D-E) Relative mRNA
levels of ihog (D) and boi (E) in larvae expressing different UAS-ihog-IR and UAS-boi-IR under a tubulin-Gal4 line, as a
control of an effective knock-down of these genes.

Only two genes of the 39 candidate target genes tested robustly cooperated with DI-
Notch signalling to provoke severely overgrown and folded eyes. A previously validated target of
miR-7, hairy (Stark et al., 2003) was capable of converting DI-induced mild overgrowth into tumour
growth. The expression of the endogenous levels of hairy and its GFP-3’UTR sensor were described
to be subtly reduced by miR-7 (Stark et al., 2003). Thus, we focused our interest on other gene,
interference hedgehog (ihog), whose downregulated in Dl-overexpressing cells provoked robust
overgrowth and increased cell proliferation quantified by PH3 immuno-staining (Figure 15, Figure 16
and Table $1:80% of severe overgrown eyes, n=200) mimicking the miR-7 induced overproliferation
(Figure 16C-D’ and H). As was previously described in the introduction, iHog is one of the two
functionally redundant co-receptors of the Hh signalling pathway in Drosophila (coded by the genes
ihog and boi) which initiates the signalling cascade after the binding of the Hh secreted protein. We
can mimic the boost in the levels of proliferating cells produce by the loss of function of iHog with
the reduction in the amount of the downstream Hh signalling effector, Ci activator (Figure 16G).
Moreover, the expression of ihog RNAI alone during eye development has no effect on the normal
size of this organ (ey>ihog-IR; Figure 15C), confirming that the tumour phenotype is a consequence
of the cooperation between miR-7 through lhog and the overexpression of the Notch signalling
pathway.
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Figure 16. Overgrowth in eye discs co-expressing DI and the knock-down of Hh signalling. Confocal images show the
mitotic marker PH3 (blue in A=E; pink in F and green in G), neuronal marker Elav (green, A-F and red in G), and Wg (red, A—
D and pink in F) staining of third instar eye-antennal imaginal discs of wild-type ey-Gal4 (ey>, A=A"), ey-Gal4 UAS-DI (ey>DlI,
B-B'), ey-Gal4 UAS-DI/+; UAS-mir-7/+ (ey>DI>mir-7, C-D'), ey-Gal4UAS-DI/+; UAS-ihog-IR/+ (ey>DI>ihog-IR, E-F), and ey-
Gal4 UAS-DI/+; UAS-ci-IR/+ (ey>DI>ci-IR, G). The asterisks point to undifferentiated outgrowth of the eye discs (C, F, and G).
Eye disc overgrowth is also accompanied by an aberrant retinal differentiation, seeing by the ey-Gal4 transgene (driving
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expression anterior to the MF (white arrowhead in A), where eye disc cells proliferate asynchronously). Posterior to the
MF, subsets of cells start differentiating into photoreceptor neurons visualized Elav (green, A) and the remaining cells
divide one last time synchronously (row of PH3 cells behind the MF). (H) Quantitation of the eye imaginal disc size of the
indicated genotypes. The area for each disc was calculated in pixel using the software ImageJ and values were normalized
with those of the corresponding to antennal disc or eye disc part. As expected, co-expressing DI with the RNAi against ihog
or ci with ey-Gal4 provoked overgrowth similar to the one observed when miR-7 is overexpressed. (I) Quantitation of the
number of PH3 positive cells in the anterior region to the morphogenetic furrow reveals a statistically significant enrich of
these cells in the tumour phenotype compared to its controls. (J) Control of the expression of the mature mir-7 levels with
the UAS-mir-7 construct expressed by hsp70-Gal4 line with (red bar) or without a heat shock (blue bar).

Thus, specific down-regulation of endogenous ihog, a predicted target of miR-7, facilitates
overgrowth by DI overexpression similar to the phenotype observed when mir-7 is overexpressed in
this context.

2. Direct silencing of Interference Hedgehog by miR-7 in vitro and in vivo.

To assess whether the genes corresponding to the co-receptors iHog and Boi are directly
regulated by miR-7, we made a luciferase reporter-based cellular assays in vitro and in vivo (Figure
17).
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Figure 17. miR-7 directs repression of interference hedgehog (ihog). (A) Computer predicted consequential pairing of ihog
target region (top) and miRNA (bottom). The conserved seed match in the 3'UTR of ihog is in red. (B) Luciferase assay in S2
cells co-transfected with mir-7 (red bars) or the empty vector (blue bars), together with a firefly luciferase vector
containing the ihog3’'UTR (ihog3'UTR), or the luciferase vector with mutations in the seed sequence (asterisks in A,
ihog™'3'UTR) or control boi3'UTR (boi3'UTR). Firefly luciferase activity was measured 48 hr after transfection and
normalized against Renilla luciferase. The values represent the mean + s.e.m. of three independent experiments.
Differences in ihog™" and boi luciferase levels were not statistically significant between treatments. (B’) Quantitation of
relative mir-7 levels in S2 cells transfected with a plasmid act-Gal4 in combination with (red bar) or without (blue bar) the
plasmid UAS-mir-7. (C-G) Confocal images of mid third instar wing discs overexpressing mir-7 by en-Gal4 and DsRed::mir-7
(en>DsRed::mir-7, red). This genetic combination causes reproducible in vivo downregulation of eGFP in a tub-eGFP::ihog-
3’UTR (C) but not in a tub-eGFP::boi-3’UTR sensor (D). The same result was obtained using tub-luc::ihog-3’UTR (F) but not
the tub-luc::ihogmut3’UTR sensor (G) with the overexpression of mir-7 by en-Gal4 (en>DsRed::mir-7, red) and stained with
a-luciferase antibody (green). (H) Differences in ihog mRNA levels assessed by gRT-PCR between hsp70>mir-7 larvae
subjected to heat shock treatment (red bar) or not (blue bar). Values represent the mean * s.e.m. of three independent
experiments. P values were calculated by the unpaired Student's t test.

There is a single conserved miR-7 binding site in the 3’UTR of ihog (but not in boi) (Figure
17A). We observed that in S2 cells overexpressing mir-7, there was 45% less activity of a luciferase
reporter containing the full-length ihog 3’ UTR downstream of the firefly luciferase coding region
driven by the tubulin promoter (tub-luc::ihog-3’UTR, Figure 17B) than the control ihog 3’UTR
construct carrying point mutations in the miR-7 binding site (tub-luc::ihog(mut)-3’UTR Figure 17B).
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Moreover, luciferase activity was unaffected by mir-7 overexpression in S2 cells expressing a tub-
luc::boi-3’UTR construct (Figure 17B).

After validating the direct regulation of ihog mRNA 3’UTR by miR-7 in vitro, we injected
the tub-luc::ihog(mut)-3’UTR construct in flies to test if this regulation also occurred in vivo. To
monitor ihog expression in this experiment we used a luciferase antibody or an eGFP construct (tub-
eGFP::ihog-3’UTR) and a GFP antibody. In these conditions, we observed a specific in vivo repression
of the tub-luc::ihog(mut)-3’UTR construct in the posterior compartment cells of third instar wing
discs overexpressing mir-7 driven by engrailed (en)-Gal4 (Figure 17C and F). This repression was not
visible when we used using the luciferase ihog 3’UTR construct that carried the mutations in the
seed sequence (Figure 17G) or in the case of boi 3’"UTR eGFP sensor (tub-eGFP::boi-3’'UTR) (Figure
17D).

Finally, using heat shock induction of mature mir-7 overexpression (hsp70-Gal4 UAS-mir-
7) and performing qRT-PCR, we demonstrated that endogenous ihog mRNA was reduced 55% by
miR-7 in vivo (Figure 17E).

These data provided the evidence that miR-7 is capable of directly repress ihog, both in
vitro and in vivo. Thus, the synergism between miR-7 and the DI-Notch pathway activity in eye
overgrowth appears to be owing to the silencing of ihog.

3. RNAi-based silencing of other Hedgehog components and endogenous
mutations mimics the effects produced by miR-7 overexpression in Notch
induced tumorigenesis.

To further support the previously described results we replicated the tumour formation in the
context of DI overexpression by disrupting the expression of the different Hh signalling pathway
components.

As a reminder, in Drosophila, the Hh signalling pathway begins with the binding of Hh
molecule to its receptors iHog and Boi producing the release of the inhibition exerted by Ptc over
Smo inducing the transcription of Hh target genes by the active form of Ci (Ci-155 or CiA). In the
absence of Hh, Ptc inhibits Smo, leading to the proteolytical processing of Ci into a truncated form
(Ci-75 or CiR) inhibiting Hh target genes transcription.

Combining the overexpression of the Notch ligand DI with the loss of function of the Hh
signalling pathway produced by the knock-down of smo (80% flies exhibited eye tumour-like growth,
n >200), c¢i (100%, n>200) or hh secreted protein (30%—100%, n>200) or with the overexpression of
the repressor form of ci-75 or CiR (75% n = 100), mimics the tumour formation produced by the loss
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of function of the initially found member of the Hh signalling pathway, iHog (Figure 18B-H). In the
same way, the up-regulation of the Hh signalling pathway, through hh and ci activator form
overexpression, in the context of DI-miR7 expressing cells, causes a significant reduction in tumour
eye size in flies ey>DI>mir-7>hh (100% rescue, n>100 Figure 18K) and also in flies ey>DI>mir-7>ciA
(100% rescue, n>100 Figure 18L). In addition to the RNAi experiments, we also generated marked
clones of cells homozygous for hh"“ (a null allele) in the ey>DI background (hh"/hh" ey>DlI; Figure
18 1-J). Eye discs carrying small patches of hh" cells were larger than control wild-type eye discs
(Figure 18J) or ey>DI without hh" clones eye discs (see Figure 18I).
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Figure 18. Deregulation of Delta with other elements in the Hedgehog pathway cooperates to tiger tumour growth in
the Drosophila eye. (A) Schematic representation of Hh signalling showing the UAS transgenes used to downregulate by
RNAI (IR) or activate Hh pathway components. (B-D, H, and K-L). Adult heads of female flies of combinations of the
indicated UAS transgenes and ey-Gal4. (E-F) Fluorescent images of Drosophila pupae of sibling control (ey>DI, E) or
ey>DI>ci-IR (F). (G) Adult fly of ey>DI>ci-IR with a metastatic (met) growth in the abdomen. Eye tissue in the endogenous
site (green arrowheads) and distant site (white arrowheads) is labelled by the retinal-specific GMR-myrRFP marker (E, F) or
the retinal-specific red pigments (G). (1-J’) Third instar wild type of sized eye disc (l) and ey>DI eye disc carrying clones of
hh*C labelled by the absence of arm-lacZ (Rgal, red in (J) and grey in (J')). Arrowhead points to a clone and its associated
twin spot (high red staining). Genotype in (J) is: yw ey-Flp; ey-Gal4 UAS-DI/+; FRT82B hh"“/FRT82B arm-lacZ.



Results

Interestingly, downregulation of c¢i by RNAI (ci-IR) using ey-Gal4 flies, caused a metastatic
overproliferation of eye tissue in the context of DI gain of function, resulting in flies with secondary
eye growths within the thorax and abdomen (Figure 18E—G and Table S2 in Appendix I). This invasive
overgrowth is also observed when DI and the ci RNAI transgene are expressed in the wing imaginal
discs using a dpp-Gal4 enhancer trap (Figure 19).

Epithelial-to-mesenchymal transition (EMT) is a process in which cells lose their epithelial
character and acquire a migratory mesenchymal phenotype (Thiery et al., 2009). Although being
crucial for normal development, EMT (and the reverse process mesenchymal-to-epithelial transition
MET) is thought to be recapitulated in metastasizing cancer cells (Yilmaz et al., 2009). Loss of the cell
adhesion molecule E-Cadherin is considered a hallmark of EMT (Yang et al., 2008). As it occurs in the
case of cells overexpressing DI in combination with a knock-down of c¢i and undergoing EMT, it has
been reported that the RNAi-mediated knockdown of GLI1 (the mammal counterpart of Ci activator),
abolished characteristics of epithelial differentiation and increased cell motility to induce EMT. This
phenomenon occurs in pancreatic ductal adenocarcinoma and lung squamous cell carcinomas via
direct regulation of E-cadherin transcription (Joost et al., 2012; Tang et al., 2015; Yue et al., 2014).
However, the conjunction of this phenomenon with the up-regulation of the Notch signalling
pathway still remains unsolved.

Figure 19. The loss of Cubitus active form and the co-expression of Delta produced invasive growth in the wing
primordium. (A) Wild-type third instar wing imaginal discs. dpp-GAL4 (dpp>) drives expression of UAS-GFP (green) in a
narrow band of anterior cells along the anterior-posterior compartment boundary. Expression of mitotic marker a-PH3
(blue) and a-En (red) are also shown. (B) Expression of the RNAI transgene against ci (dpp>ci-IR) led to anterior expansion
of the dpp domain visualized by GFP (green) and ectopic posterior cells (grey in B’) in the anterior territory at the dorsal-
ventral boundary, but the disc was not overgrown. (C) Co-expression of DI along with ci-IR led to extensive overgrowths.
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4. Notch pathway and miR-7 converge on Hedgehog inhibition.

Although boi mRNA expression was not affected in the ihog-IR lines and boi does not appear to be a
target of miR-7, there is a well-documented functional overlap in the roles of lhog and Boi, and a
genetic inactivation of both genes is necessary to induce hh loss-of-function phenotypes (Camp et
al., 2010; Yao et al., 2006; Zheng et al., 2010). Indeed, the human homologs of these proteins, CDON
(named after Cell adhesion Molecule-related/down-regulated by oncogenes) and BOC (Brother of
CDON), also act as obligatory co-receptors for Hh signalling (Allen et al., 2011; Camp et al., 2010;
Cohen, 2010; lzzi et al., 2011; Kavran et al., 2010; McLellan et al., 2008; Okada et al., 2006; Tenzen et
al., 2006; Zhang et al., 2011; Zheng et al., 2010).

Only the concomitant loss of both ihog and boi leads to a loss of eye tissue (Camp et al.,
2010) so we hypothesized that a similar situation might occur with respect to the DI-ihog-IR
overgrowth. The levels of both boi and iHog must be affected in the tumour phenotype by other
mechanisms unrelated to miR-7, as we found that the expression of a boi RNAI transgene did not
enhance Dl-induced eye overgrowth (ey>DI>boi-IR; Figure 20A-B and Table S2; boi-IR effectively
reduces boi but not ihog mRNA levels by 65%; p = 0.0005; data not shown)).

Chr X:2,338,200..2,364,036 -]
Placw10111

antena

ey=eyqg

49



Results

J p<0.05
- 25 % 25 - 05
Q;" p<0.01 a‘) r
oL 2 p<0.05 E 2 4
< z
= — o
15 E 151
£ o
S (=]

o 1 ESE
2 2
®05 T 05
] [}

o o

0 0 -
> & g o
Y & N
& o
Q‘(I a{’

Figure 20. Notch signalling represses brother of ihog in the Drosophila eye. (A-B) Female flies overexpressing UAS-DI/
and/or UAS-boi-IR with ey-Gal4. (C) Map of PlacW10111 P-element insertion into the boi locus. (D-I) boi expression in wild-
type (D, E, F, and H) and Notch pathway mutant (G and I) eye-antennal discs. The use of the gene wingless (a-Wg, in red)
serves to orient the eye disc in the dorsal-ventral axis. Expression of Boi (green) in the eye disc is repressed along the
dorsal-ventral organizer (D and E), marked by the expression of the gene eyg (blue, E and F). Retinal differentiation
(neuronal marker a-Elav, magenta) is first detected at the posterior end of the eye disc and progresses in an anterior
direction (H). The arrow points to the MF. (G and 1) Expression of boi-lacZ (boi-Z, green) and wingless (a-Wg, red) in ey>eyg
(G) and ey>fng (l) eye discs. The discs in (H) and (1) are from the same stage and magnification. The enlarged antennal disc
in (1) and a reduced eye disc (white asterisk), is an effect of the undergrowth of the eye disc, caused in part by defective
Notch activation in the dorsal-ventral organizer due to fng overexpression. (J) gRT-PCR analyses of boi (left) and ihog (right)
in ey-Gal4 (white bar), ey>DI (blue bar), and ey>DI>mir-7 (red bar) late third instar eye discs. Two independent experiments
of three replicates are shown in each case. Data were normalized to rp49. mRNA isolated from 50 pairs of eye-antennal
discs per genotype. Data was analysed by a two-tailed unpaired t test. Error bars represent s.e.m. of three replicates. (K)
Adult fly head showing no eye overgrown induced by DI and mir-7 when boi is overexpressed by a transgene (UAS-boi,
100% penetrance of rescue).

In our tumour phenotype there is a combination of two genetic alterations:
Overexpression of the miRNA miR-7 and overexpression of the Notch signalling pathway. Our
experiments show that miR-7 down-regulates the levels of iHog without affecting boi. It could be
possible that Notch signalling pathway is involved in regulating the levels of the co-receptor boi in a
miR-7 independent manner, thus explaining the previous result. To test this hypothesis we verified
the status of boi transcription in relation to eye disc growth

We studied the spatial domain of boi in the developing eye disc in vivo using a B-
galactosidase enhancer trap inserted in boi (Figure 20D). Interestingly, we saw that in eye discs
double labelled with a-Eyg [(a dorsal-ventral organizer-specific response gene and an obligatory
Notch’s effector in eye growth (Dominguez et al., 2004; Tsai et al., 2004)] and anti-R-galactosidase
(boi-lacZ in green), the expression of eyg is complementary to that corresponding to boi (Figure 20E—
F). This led us to speculate that expression of boi is negatively regulated by Notch-Eyg at the growth-
promoting organizer. To determine the veracity of this assumption we monitored the spatial domain
of boi-lacZ in mutants of the dorsal-ventral organizer and measured boi mRNA levels by qRT-PCR
analyses. For this purpose, we overexpressed the effector eyg, which expands the dorsal-ventral
organizer domain (Dominguez et al., 2004; Tsai et al., 2004). Under these conditions, we observed an
extended domain lacking boi-lacZ expression (Figure 20G). To explore the opposite situation, we
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used the ubiquitous expression of the modulator fng which causes defective Notch receptor
activation by its ligands and results in the thinning or loss of the dorsal-ventral organizer (Dominguez
et al., 1998; Gutierrez-Avino et al., 2009; Tsai et al., 2004). Under these conditions, the expression of
boi was uniform throughout the eye disc due to the absence of the organizer in charge of repressing
this gene in wild-type eye discs (Figure 20l). Furthermore, gRT-PCR analyses confirmed
downregulated boi but not ihog transcripts in eye discs overexpressing DI transgene alone by ey-
Gal4 (ey>Dl; left in Figure 20J). Importantly, both boi and ihog mRNA levels were downregulated in
eye discs that co-expressed DI with the microRNA miR-7 (ey>DI>miR-7; Figure 20J).

Taken together, these results demonstrate that boi is negatively regulated by Notch’s organizer
activity.

Eyg has been already described as a transcriptional repressor (Salvany et al., 2012; Yao et
al., 2005), so in this context it could be directly repressing boi gene transcription. This Hh co-receptor
contains a consensus Eyg-binding site (TCACTGA (Yao et al., 2005)) at position chrX: 2.359.784.
Unfortunately, we could not validate the direct binding of Eyg to the boi promoter region by
chromatin immunoprecipitation (ChIP) using embryos and already published procedures from Cavalli
laboratory http://www.igh.cnrs.fr/equip/cavalli/link.labgoodies.html.

The phenotype observed in ihog /boi” flies was rescued using a boi transgene (UAS-boi)
(Hartman et al., 2010) fully suppressing the overgrowth induced by the combination of mir-7/DI
(Figure 20K, 100% penetrance, n = 100).

5. Dampening hedgehog signal transduction also enhances Delta-induced
overgrowth in the wing.

As the overexpression of Notch signalling pathway alone in the eye produces a mild overgrowth that
cannot be considered as a tumour phenotype, we can speculate that the loss of function of the Hh
signalling pathway can be enhancing the DI- Notch signalling activity. To test this hypothesis we
carried out several tests using a very well established system in the wing disc.

As has been mentioned above, wing disc growth and patterning is also organized by Hh
and Notch-mediated organizers (Irvine et al., 2001), with Hh secreted by cells in the posterior
compartment inducing short-range targets in anterior cells near the anterior-posterior boundary
(e.g., ptc, blue staining in Figure 21A) (Chen et al., 1996; Tabata et al., 1994). Notch signalling is
activated locally along the dorsal-ventral boundary by its ligands DI and Ser, and it induces
symmetric expression of targets in boundary cells (e.g., wg, red staining in Figure 21A; reviewed in
(Irvine et al., 2001).
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To investigate the effects of the antagonistic interaction between loss of Hh and gain of
Notch we used the wing imaginal discs to generate clones. As can be seen in Figure 5B in the
introduction, DI-expressing clones in the wing induce ectopic wg expression in dorsal cells, where
fgn is expressed (which induces this DI-Notch receptor interaction), whereas ventrally situated
clones did not activate wg due to the lack of the expression of this gene (e.g., (Baonza et al., 2005;
de Celis et al., 1997; de Celis et al., 1996; Doherty et al., 1996; Pitsouli et al., 2005). We ectopically
induce wg in different regions of the wing disc to examine DI activity in homozygous MARCM clones
for a smo allele (smo®/smo?), allowing us to test the effects of the loss of function of Hedgehog over

Notch signalling pathways in the wing disc.

As shown in Figure 21, we found that ventrally situated anterior cells homozygous for
smo’ and expressing DI expressed high levels of Wg, similar to the levels of Wg induced by dorsally
situated clones, in contrast with most smo® DI-expressing clones situated ventrally in posterior cells
away from the boundary (Figure 21B and C) or clones of smo’ cells that did not overexpress DI
(Figure 21A).

Clones of smo’cells abutting the anterior-posterior boundary often sort to the posterior
compartment territory (Blair et al., 1997; Rodriguez et al., 1997). As seen in Figure 5B in anterior-
posterior organizers, the loss of smo activity in anterior cells at the boundary fail to up-regulate Ci
expression and did not induce ptc transcription non cell- autonomously (Chen et al., 1996). The
clones at the anterior-posterior boundary overexpressing wg (asterisks in Figure 21A”’—B”’) are of
anterior origin as they retain the anterior features (low levels of Ci protein) characteristic of the loss

of smo activity in anterior cells.

& , sma3/smo3
fub>PI>

tub>DI>GFP

Figure 21. Loss of Hedgehog signalling by smoothened enhances Delta-Notch signalling activity in the wing. (A-B")
Confocal images of wing discs bearing MARCM GFP (green)-labelled clones homozygous for smo® without (A) or with (B) DI
overexpression. Mosaic discs were stained for Wg (red in A and B, and grey in A’ and B’), and Ci (blue) and Ptc-lacZ (Ptc-Z,
blue). (C) A schematic summary of clones in (B). Asterisks in (A”) and (B”) point to “posteriorly” situated clones that were of
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anterior origin as denoted by the failure to induce Ptc and the low levels of Ci protein (white line delineates the anterior-
posterior boundary in the discs in B). Clones were generated at 24—42 hr after egg laying by a 1 h heat shock at 37°C (n = 60
clones analysed). Genotypes: (A) yw hsp70-Flp tub-G4 UAS-GFP; tub-Gal80 FRT40A/smo’ FRT40A ptc-lacZ and (B) yw
hsp70-Flp Tub-G4 UAS-GFP; Tub-Gal80 FRT40A/smo3 FRT40A ptc-lacZ; UAS-DI/+.

Taken together, these findings show that DIl-expressing cells unable to transduce the Hh
signal behave as if they expressed hyperactivated DI. Coupled with the analysis of RNAi transgene,
these results confirm that the loss of Hh signalling enhances DI-Notch signalling activity.

6. miR-7 overexpression and Hedgehog Signalling regulation is context-
dependent.

microRNAs are thought to regulate multiple target genes; however, when tested in vivo in a
determined cellular context, it often occurs that only a subset or even only one of the targets act as
the main effector of the activity of the microRNA. For this reason we tested whether ihog also acts
as the main target of miR-7 in DI-induced tumorigenesis in other tissues.

mir-7 misexpression driven by ptc-Gal4 (ptc>mir-7) has been reported to produce wing
margin notches and a reduction of the space between vein L3 and L4 (Bejarano et al., 2012; Stark et
al., 2003). Both phenotypes were attributed to defects in Notch signalling (Lai et al., 2005; Stark et
al., 2003), but we noted that L3—-L4 fusion is very reminiscent to the phenotype produced by hh loss-
of-function mutations. Since we have previously shown that iHog is a direct target of miR-7, we
depleted ihog using RNAI driven by ptc-Gal4, but did not produce a defect as it occurs with mir-7
overexpression (Figure 22E). The lack of effect of ihog RNAI is almost certainly due to the activity of
the other Hh co-receptor, boi, which is expressed at high levels in the wing margin and in the
presumptive L3 vein territory (boi-lacZ in green; Figure 22F). Hh loss-of-function can be also
produced by ci cell mutation, producing a truncated form of Ci which behaves as a constitutive
repressor (Methot et al., 1999). Indeed, we observed a clear downregulation of Ci protein levels in
ptc>mir-7 cells (Figure 22A and B), which are precisely the cells receiving endogenous Hh signals,
stabilizing Ci protein levels and preventing the conversion of Ci-155 or CiA into truncated Ci
repressor (Ci-75 or CiR). Plots of fluorescence intensity profiles from the wild-type and ptc>mir-7
discs are shown in Figure 22A’" and 22B”. The weak downregulation of Ci by mild RNAi expression
using ptc-Gal4 mimicked the L3-L4 fusion defect of ptc>mir7 (Figure 22C -D and Figure 9F).

These results raised the possibility that like ihog, ci is also a direct target of miR-7. Indeed,
ci mRNA does contain a presumptive miR-7 binding site in the ci 3’UTR, although this site is not
conserved across Drosophila species. Thus, the Ci low protein levels in ptc>mir-7 wing discs could
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reflect the direct repression of ci by the microRNA or the dampening of Hh signalling response by an
indirect miR-7-mediated effect.

In agreement with this indirect regulation of Ci by miR-7, ectopic expression of miR-7
away from the normal Hh secreting cells (the posterior compartment cells marked by the absence of
Ci green in Figure 22G), using the Beadex (Bx)-Gal4 driver produced no change in Ci protein levels
(Figure 22G). Therefore, it can be that either Ci is not a target of miR-7 or that this regulation is
context dependent. It is generally considered that when an individual miRNA affects the expression
of various proteins in the same pathway, it does so in a rather mild manner (Uhlmann et al., 2012).

A Cilrep]

a
Ci[act]

wi

|

ptc>DsRed::mir-7 ptc>ci-IR

E

o]

e |

ptc=DsRed:mir-7 ptc>ihog-IR

Figure 22. miR-7 silencing of Hedgehog signalling explains veins L3-L4 fusion in the wing. (A) Ci protein (green) is
distributed across the entire anterior compartment of the discs. Hh signals from posterior cells induce high levels of Ci in
cells along the anterior-posterior border blocking Ci proteolysis into the repressor form thereby allowing the Ci activator to
accumulate. (B-B') Overexpression of mir-7 denoted by red labelling (UAS-DsRed::mir-7) driven by patched (ptc)-Gal4
downregulates Hh signalling as visualized by low Ci levels (green; white arrowhead). Insets show magnifications. Engrailed
(En) staining in blue serves to mark the posterior compartment in (A-B”). Plots of fluorescence intensity profiles of the
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anterior-posterior compartments from the WT (A) and ptc>DsRed::mir-7 (B') discs are shown in (A’) and (B"), respectively.
Green trace, Ci; blue trace, En; red trace, DsRed. (C) Adult wild-type wing. The shaded area denotes the domain of
expression of the ptc-Gal4 reporter. (D) ci-IR expression by ptc-Gal4 mimicking the L3—-L4 fusion defect seen in adult wings
that is caused by mir-7 overexpression. (E) Adult wing expressing ihog-IR driven by ptc-Gal4. (F-F") The expression of boi-
lacZ (green) defines all longitudinal veins (L2—L5). Note the high boi-lacZ expression (green in F) along L3, marked by high Ci
(red in F) and DI (magenta in F”). (G=G") Overexpression of mir-7 (in red) by Bx-Gal4 did not alter Ci protein levels (green).

To sum up we can say that we have identified cooperation between the microRNA miR-7
and Notch in the Drosophila eye. miR-7 acts over its direct target ihog in this context, being its co-
receptor in the Hh signalling pathway, boi, a target of Notch-mediated activity at the dorsal-ventral
eye organizer, although whether this regulation is direct or indirect remains unknown. We have
discovered an unanticipated tumour suppressor activity of the endogenous Hh signalling pathway in
the context of gain of DI-Notch signalling that is also apparent during wing development. See next
Figure 23 for a schematic summary of these results.

Hh signalling cells

Hh
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[ =]
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Responding cells Kmm

” Delta

Figure 23. Model of regulatory interactions among the microRNA, Notch pathway, and the Hh receptors iHog and Boi.
There is cooperation between the microRNA miR-7 and Notch: miR-7 acts over its direct target ihog, and its co-receptor in
the Hh signalling pathway, boi, is a target of Notch-mediated activity.

7. Human miR-7 also targets Hedgehog signalling pathway.

In both flies and humans, Hh signalling relieves the inhibition exerted by Patched (Ptc/PTCH1) on the
intermediate pathway component Smoothened (Smo/SMO), allowing Smo to stabilize full-length Ci,
which acts as a transcriptional activator (CiA or Ci-155 in flies; Gli2,3 in mammals) and inhibiting the
processing of CiA to the truncated transcriptional repressor (CiR or Ci-75, in flies; Glil in mammals)
(Ingham, 2012). In addition to these core components, as has been said before, the two Hh co-
receptors iHog and Boi have the human counterparts CDON and BOC that also act as obligatory co-
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receptors for Hh signalling (Allen et al., 2011; Beachy et al., 2010; Cohen, 2010; Izzi et al., 2011;
Kavran et al., 2010; McLellan et al., 2008; Okada et al., 2006; Tenzen et al., 2006; Yao et al., 2006;
Zhang et al., 2011; Zheng et al., 2010). As their counterparts in Drosophila, these co-receptors were
also shown to act as tumour suppressors in vitro (Kang et al., 1997). Moreover, recurrent somatic
mutations in the Hh pathway were identified in human pancreatic cancers through global genomic
studies, affecting GLI/1, GLI3, and BOC (Jones et al., 2008).

To test if, as in Drosophila, the human miR-7 is controlling the expression of some of the
two Hh receptors, we performed a luciferase assay testing the effects of human mir-7
overexpression, over the activity of luciferase reporters containing the full-length 3’UTRs of CDON
and BOC. We also introduced point mutations in miR-7 binding sites (two in CDON 3’UTR and one in
BOC 3’UTR, CDON™" and BOC™") to use these constructs as controls (Figure 24A). This luciferase
assay was done in human cells available in the laboratory such as pancreatic cancer cells (PC3) and
non-tumorigenic human pancreatic cells (PNT1A) to discard the possibility of variations between
different cell lines. The overexpression of human mir-7 produced a significant reduction in the
luciferase activity of CDON 3’UTR, while the CDON™" 3'UTR showed no change. In the case of BOC
constructs, mir-7 overexpression did not affect luciferase activity, both in the wild type and mutated
versions of the construct (Figure 24B).

CDON 3’UTR (1,4 Kb)

CDON 3' UTRWTS' ...UCUGCUUAUGACUUCGUCUUCCA... , CDON 3' UTRWTS' .UUGGGGUGGGCGAAUGUCUUCCU...
111 GACATGC CDON3'UTRmut Il GACATGC CDON 3'UTRmut
3' UGUUGUUUUAGUGAUCAGAAGGU hsa-miR-7 3 UGUUGUUUUAGUGAUCAGAAGGUhsa-miR-7

BOC 3'UTR (647bp)

BOC3' UTR WT 5' ... CUAAAUAAAUGUUUAGUCUUCCC...
I 1] GACATGC — BOC3'UTRmut
3' UGUUGUUUUAGUGAUCAGAAGGU hsa-miR-7
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Figure 24. MicroRNA mir-7 inhibits in vitro the transcription of the human homolog of iHog, CDON. (A) Computer
predicted consequential pairing of CDON and BOC target regions and miRNA miR-7. The conserved seed match in the 3'UTR
of CDON and BOC is in red. (B) Luciferase assay in PC3 cells co-transfected with mir-7 (red bars) or the empty vector (blue
bars), together with a firefly luciferase vector containing the CDON 3'UTR or BOC 3’UTR, or the luciferase vector with
mutations in the seed sequence (red nucleotides in A, CDONmut 3'UTR and BOCmut 3’UTR). Renilla luciferase activity was
measured 48 hr after transfection and normalized against Firefly luciferase. The values represent the mean * s.e.m. of
three or four independent experiments. Differences in CDON™", BOC™" and BOC luciferase levels were not statistically
significant between treatments. P values were calculated by the unpaired Student's t test.

To test the effects of miR-7 over its target CDON we used PC3 cells to overexpress mir-7.
The mRNA levels of CDON are mild but consistently reduced, as reported by qRT-PCR (Figure 26 A-B).
This result confirms the luciferase results and CDON is a direct target of human miR-7. Nevertheless,
BOC mRNA levels were slightly higher but not significantly different after the overexpression of mir-
7. These two receptors can be redundantly acting in order to maintain constant levels of the
Hedgehog signalling pathway.

As in Drosophila, the human counterpart of iHog, CDON, is a direct target of human miR-7,
demonstrated by measuring the relative luciferase levels of a CDON 3’UTR construct and the mRNA
levels of CDON by qRT-PCR. The expression of its Hh co-receptor BOC is not affected.
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Figure 26. Levels of CDON are consistently reduced by miR-7. (A) Relative mRNA levels of CDON and BOC measured in PC3
cells transfected with a control vector (blue bars) or overexpressing the microRNA miR-7 (red bars). (B) Effects over the
microRNA levels of miR-7 after its overexpression. P values were calculated by the unpaired Student's t test. The values

represent the mean + s.e.m. of three independent experiments.

Subsequently, we search for human tumorigenic cell lines with high levels of Notch
signalling. PC3 cells overexpress the Notch signalling pathway due to an upregulation of Jagged (the
human ligand of Notch signalling pathway and homolog of Serrate in Drosophila) compared the non-
tumorigenic prostate cell line PNT1A (Vallejo et al., 2011). To further characterize these cell lines, we
measured the levels of BOC and CDON by qRT-PCR. We observed that the mRNA levels of CDON, are
consistently increased in PC3 compared to PNT1A, but mir-7 levels are not significantly different.
Regarding BOC, there is a mild but consistent reduction of its mRNA levels compared to the levels
observed in PNT1A. This result is consistent with the negative regulation of boi induced by the
overexpression of Notch signalling pathway seen in Drosophila (Da Ros et al., 2013) (Figure 25A and
B). To confirm this regulation, we studied the presence of Notch-effector binding sites within the
BOC genomic region.
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Figure 25. Characterization of the prostatic cancer cell line (PC3) compared to its non-tumorigenic prostatic cell line
(PNT1A). The levels of Serrate in the PC3 cells had been previously reported to be higher in comparison with the levels
found in non-cancerous prostatic cell line PNT1A. (A) Correlating with the results obtained in Drosophila where the Notch
pathway is negatively regulating the levels of BOC. BOC levels are decreased in PC3 (blue bars) compared to PNT1A (red
bars). The levels of CDON are increased although the amount of miR-7 observed in these cells is not significantly different
(B). P values were calculated by the unpaired Student's t test. The values represent the mean * s.e.m. of three independent

experiments

The obligatory effector of Notch in Drosophila eye growth, eyg is one of the four
Drosophila Pax6 orthologous, which shares functional homology with the vertebrate Pax6(5a)
isoform. Pax proteins are defined by a conserved DNA-binding domain called the paired domain. An
alternative splicing event in the sole PAX6 gene in humans and rodents creates the isoform PAX6(5a)
(Epstein et al., 1994; van Heyningen et al., 2002). Like the human PAX6(5a) isoform, the fly Eyg
protein has similar DNA sequence-recognition characteristics (Czerny et al., 1993; Epstein et al.,
1994; Jun et al., 1998). The TCA C TGA consensus sequence forms a palindromic sequence that is
very similar to either half of the Pax-6 5a binding site. This binding site is made of two direct repeats
of an 11-bp sequence (Epstein et al., 1994). We analysed the genomic region of BOC, looking for Pax-
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6(5a) binding sites. To do a fast analysis of binding motives in the promoter of human BOC we used
the webpage Pscan http://159.149.160.51/pscan/. Among the sites identified, we found Pax6 sites
with lower score (hence, lower probability to be a bona fide functional binding site), than in the case
of other proteins as Pax5 or Pax2 sites. A detailed analysis using bioconductor
http://www.bioconductor.org/help/workflows/generegulation/ and a complementary ChIP-seq can
be formed. It must be considered the possibility that the different mRNA levels of BOC between
these two cell lines might be also produced by other mechanisms not related with the Notch
signalling pathway.

8. Drawing parallels in human cancer cells.

To answer the question if in humans, like in our Drosophila model, the loss of Hh signalling pathway
is able to enhance Notch signalling, we made use of the luciferase tools to report the state of these
pathways.

As has been previously described, the human counterparts of Ci in Drosophila are Glil, 2
and 3. Glil has only an activator domain, so that, it can only act as an activator. Gli2 and 3 have an
activator and a repressive domain having a dual function in the absence or presence of CDON/BOC
ligands (Buttitta et al., 2003; Ding et al., 1998; Hui et al., 1993; Matise et al., 1998; McDermott et al.,
2005; Pan et al., 2007; Pan et al., 2009; Wang et al., 2010; Wang et al., 2007).

To modulate the levels of the Hh and the Notch signalling pathway, we used a Gli3
repressor construct without its activator domain (Gli3Rep) and a dominant active form of the murine
Notch-1 (here called NotchDE) (Oswald et al., 2002), in combination with two luciferase reporters,
GLI and RBP. Mammalian GLI proteins are known to encode a nuclear protein, containing five zinc
finger motifs, which binds to DNA in a sequence-specific manner (Kinzler et al., 1990). The human
GLI reporter form (Sasaki et al., 1997) is a construct containing 8 repetitions of this sequence-specific
binding sites before a firefly luciferase coding region (Kamachi et al., 1993). The luciferase reporter
plasmid RBP-J (Jung et al., 2013; Minoguchi et al., 1997; Oswald et al., 2002) contains a 50-bp
oligonucleotide harbouring RBP-J binding sites, the fly homolog of Su(H) and the main transcriptional
mediator of Notch signalling. The transfections performed are described in detail in materials and
methods chapter.

In PC-3 cells the expression of NotchDE produced, as expected, an increased luciferase
signal of the RBP luciferase reporter compared to an empty vector (Figure 27A). Conversely, this
increase was not significantly changed by the co-expression of the repressive form of Gli3. This result
does not correlate with what we saw with smo’/smo® MARCM clones in the wing disc (Figure 27A),
where the loss of function of Hh signalling pathway in combination with DI overexpression, induced
the ectopic expression of wg (Notch signalling pathway) in clones located in the ventral part of the
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wing disc, where wg endogenously cannot be activated as the fng gene is not expressed. Gli3
repressor alone caused a mild increase of the basal levels of RBP™ luciferase reporter activity and

could not be used as a control.

Gli3 repressor is correctly working, as it causes a decrease in the level of luciferase activity
of the Gli reporter compared to the empty vector control (Figure 27B) and no changes were found
when the expression of the repressive form of Gli3 was combined with the constitutive active form
of Notch intracellular domain (Figure 27B). To discard a false result due to the effect of the luciferase
reporters, | measured the mRNA levels of different NOTCH1 target genes and no changes were
reported before and after the expression Gli3 repressive form alone or in combination with NotchDE
(Figure 27C).
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Figure 27. No changes of the Notch signalling pathway can be reported with the loss of the Hedgehog signalling in
human cells. (A - B) The loss of Hh signalling pathway (red bars) is unable to enhance the Notch signalling compared to the

control condition (blue bars), as what happens previously shown model using Drosophila imaginal discs, due to the fact
that luciferase assays using PC3 cells showed no changes in the Notch signalling pathway (here reported by the RBP
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luciferase reporter) with the inhibition of the Hh signalling pathway expressing the repressive form of Gli3 (Gli3rep). The
combination of the Gli3rep and NotchDE (violet bars) does not significantly change the luciferase signal of Notch signalling
pathway or the Hh signalling pathway. (C) No changes were reported in the levels of expression of different Notch-induced
genes with the combination Gli3rep+NotchDE compared to the conditions of both constructs alone (green and red bars).
The values represent the mean + s.e.m. of three or four independent experiments. P values were calculated by the

unpaired Student's t test.
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Section 2. Pipsqueak acts as an unexpected multifaceted transcription factor with wider
than anticipated roles in chromatin remodelling.

1. Discovery of new Pipsqueak partners using Yeast-two-Hybrid and
Chromatin Immunoprecipitation coupled with massively parallel DNA
sequencing.

The gene psq has a dual role, acting as an oncogene in the context of DI overexpression in the
“eyeful” phenotype (Figure 121), and as a tumour suppressor, since the loss of function of all its
isoforms causes a phenotype of hyperplastic eyes with 100% penetrance (Figure 12H). This tumour
suppressor role has also been reported in a context of EGFR overexpression, where psq knockdown
induces tumour formation (Herranz et al., 2014). To understand this riddle, which suggests a multi-
faceted function of Psq, we performed several assays: Yeast Two-Hybrid (Y2H) and Chromatin
immunoprecipitation coupled with massively parallel DNA sequencing (ChIP-Seq) to find new
functional partners of Psq.

1.1 A Yeast-two-Hybrid assay identifies interactions between the BTB-containing
Pipsqueak isoform and new Pipsqueak partners.

The Y2H technique allows detection of the interaction between two proteins through the activation
of a reporter gene (Figure 28). Classically, a eukaryotic transcriptional activator contains a domain
that specifically binds to DNA (binding domain) and a domain that recruits the transcription
machinery (activating domain). In the Y2H system, these domains are separated in two different
polypeptides, each of them fused to different proteins that will act as bait or prey. The basis of this
assay is that the transcription of the reporter gene only occurs if bait and prey interact, bringing
together both parts of the transcriptional activator (further reviewed in (Bruckner et al., 2009)). We
used as prey a Drosophila embryo library from Hybrigenics Services, which consist of a pool of two
cDNA libraries prepared from 0-12 hr and 12-24 hr embryo mRNA. Each cDNA was cloned in frame
with the Gal4 transcription factor activation domain (Figure 28).

The BTB domain of Psq is essential for its oncogenic function (Ferres-Marco et al., 2006) and
it mediates oligomerization with other BTB proteins. Thus, in order to find new Psq partners, we
used as bait for the Y2H the coding sequence of PsqBTB isoform B, spanning aa 1-720 (which
contains the BTB and the central region of this protein, between the BTB and the DNA binding
domain) (Figure 28 and table S3 in Appendix I). See materials and methods for a detailed description
of the Y2H.
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The sequence between the BTB and Psq DNA-binding domain contains several regions that
are particularly rich in certain amino acid residues, including two glutamine rich (Q) regions and a
region of 17 histidine (H) residues alternating with other residues. These regions were chosen in
addition to the BTB binding domain because they are believed to serve as interfaces for protein-
protein interactions (Janknecht et al., 1991; Stott et al, 1995) and are frequently found in
transcription factors (Frigerio et al., 1986; Karlin et al., 1996). Poly-glutamine tracts, in particular,
have the potential to interact with components of the basal transcriptional machinery and can thus
act as transcriptional activation domains (Triezenberg, 1995).

BTB domain Psq repeats
1 1064 PsqBT8 Figure 28. Yeast-two-Hybrid
Q S/G (HX)y Q G performed using as bait aa 1-720 of
L Y J PipsqueakBTB isoform B. Scheme of

Pipsqueak bait: aa 1-720 the aminoacidic region of PsqBTB

GaldAD used as bait in the Y2H assay and the
Q domains present within. Several OPA
repeats can be found between these
domains (the sequence triplet CAX

where X is either Glycine (G) or

No growth on medium Alanine (A) and one Threonine (T),
OFF NN

lacking Histidine . . . . .
DNA-BD LexA regions enriched with Serine/Glycine

(S/G), two regions containing poly-

Promoter His3

Glutamine (Q) stretches and a motif
rich in Histidine (H) residues. The

Gl diagram illustrates the Y2H system

, Transcriptional
machinery using the HIS3 reporter gene (growth

P

assay without histidine).

ON Growth on medium

lacking Histidine
DNA-BD LexA

Promoter His3

Comparison of the cDNA sequence of all the fragments corresponding to a given protein that
interact with Psq in the Y2H, allowed us to identify a common sequence called Smallest Interaction
Domain (SID), which very likely contains all the structural determinants required for the interaction
with Psq.

1.1.1 The spindle matrix and chromatin insulator protein, Chromator, interacts with the
BTB domain of Pipsqueak.

From all the BTB-containing proteins interactions described in the Introduction and associated with
Psq, only Lola-like appears in our Y2H screen as well as Psq, as a positive control (see Table S4 in
Appendix 1). Additionally, we found the insulator protein Chromator (Chro) in the list of interactors
with nine positive clones and a Predicted Biological Score (PBS) of A (very high confidence of
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interaction). Only two of the nine clones were fully sequenced reducing the accuracy in the
establishment of the SID of this protein with Psq, which is situated in the C-terminal domain of Chro
(Figure 29A).

Chro was originally identified as an interaction partner of putative spindle matrix
components, and localizes to the spindle and the centrosomes during mitosis (Rath et al., 2004; Yao
et al., 2014), directly affecting spindle function and chromosome segregation as is a novel tubulin
binding protein. Full co-localization of Chro with the interband-specific zinc-finger protein Z4 and Jil-
1 kinase have implicated this protein in mantaining chromatin structure (Eggert et al., 2004; Gan et
al., 2011; Rath et al., 2006). Moreover, Chro was first identified as an insulator (Gan et al., 2011;
Sexton et al., 2012) and its insulator function was subsequently confirmed being required to form
higher-order DNA interactions (Golovnin et al., 2014; Vogelmann et al., 2014). Chro can be divided
into two main domains, a C-terminal domain containing a nuclear localization signal and a N-
terminal domain containing a chromo-domain (ChD) required for proper localization to chromatin
during interphase (Yao et al., 2012). This C-terminal domain has been described to interact with the
BTB domain of other BTB insulator proteins, such as CP190 (Vogelmann et al., 2014) and Mod(mdg4)
(Golovnin et al., 2014). Figure 29A shows a diagram of the SID of Chro with the PsqBTB isoform B in
the C-terminal domain of Chro.

To determine which region of Psq mediates the interaction with Chro, we performed a 1-by-
1 Y2H assay using different fragments of Psq protein as baits: aa 1-720 (BTB and the central region
between the BTB and the DNA binding domain), aa 1-131 (BTB region) and aa 132-720 (central
region) (Figure 29B). As prey for the assay we used the full protein Chro, which contains the SID with

Psq.
A
Chromator cDNA 1 ; . 2781
| |
Clone 1 1284 i | 1929
1 1
Clone 2 1428 1 : 2102
: |
1428 SID with Psq 1929
C-Terminal Domain
220 275 ’ 504 670 \
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Chromodomain M
SID
B
BTB domain Psq repeats
1 ! 1064 PsqBTB
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Figure 29. Chromator interacts with the BTB domain of Pipsqueak. (A) Results from the Y2H assay show an interaction
between Chro and aminoacid residues 1-720 of Psq. The SID region of interaction between both proteins (in green) has
been obtained using two fully sequenced clones and localized to the C-terminal domain of the protein Chro, a region of
known interaction with other BTB proteins and out of the chromodomain region (in blue). (B) A 1-by-1 Y2H assay has been
performed using two different fragments of the 1-720 aminoacid region of Psq: aal-131, aa132-720 (lines in blue). The 1-
720 aminoacid region of Psq contains the BTB domain (in grey) and several Glutamine and Histidine rich regions (white
boxes), and not the DNA binding domain (green). (C) The following interaction pairs were tested: i) positive control
(Colland et al., 2004). ii) empty LexA bait vector / empty prey vector (negative control). iii) empty LexA bait vector / AD-
Chro (negative control). iv) LexA-Psq (Psq 1-720)/ empty prey vector (negative control). v) LexA-Psq (Psq 1-720)/ AD-Chro.
vi) LexA-Psq (Psq 1-131)/ empty prey vector (negative control). vii) LexA-Psq (Psq 1-131)/ AD-Chro. viii) LexA-Psq (Psq 132-
720)/ empty prey vector (negative control). ix) LexA-Psq (Psq 132-720)/ AD-Chro. The DO-2 selective medium lacking
Tryptophan and Leucine was used as a growth control and to verify the presence of both the bait and prey plasmids.
Different dilutions of yeast were also spotted on a selective medium without Tryptophan, Leucine and Histidine (DO-3).
Different concentrations of 3-aminotriazole (3-AT), an inhibitor of the HIS3 gene product, were added to the DO-3 plates to
increase stringency. (D) Psg-Chro co-immunoprecipitations in S2 Drosophila cells. As indicated, the constructs pMT, pMT-
Chro::GFP and/or pMT-3xFlag::BTBPsq::tRFP were transiently transfected and their expression has been induced with 1.4
mM CuSO, to the culture medium, 24hr after transfection. Cells were collected and lysed 48hr after transfection. The IP
was performed using the protocol described in materials and methods. The protein lysates were immunoprecipitated with
a-Flag or a-GFP antibodies, and the immunoprecipitates were analysed in WB probed with antibodies against anti-Flag or a-

Chro, for Psq and Chro detection respectively.

This 1by1 Y2H is based on the HIS3 reporter gene (growth assay without Histidine), and it
was performed as described in Material and Methods (Yeast Two-Hybrid). The assay shows that the
N-terminus of Psq (Psq 1-131) interacts with Chro in the presence of 1mM 3-AT (Figure 29C 1-by-1
Y2H, columns vi and vii). The other two Psq fragments tested Psq 1-720 and Psq 132-720,
autoactivate the Y2H system on DO-3 medium (Figure 29C 1-by-1 Y2H, columns iv and viii), since we
observe growth of yeast clones in the absence of prey. However, on DO-3 medium supplemented
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with 1mM 3-AT, we observed a decreased growth for the negative control (Figure 29C 1-by-1 Y2H
columns vi and viii) and a similar decrease for the interaction assay with Chro (Figure 29C 1-by-1 Y2H
columns v and ix). Therefore, we cannot trust the interaction detected between these two Psq
fragments and Chro. This autoactivation domain is located in the region between the BTB and the
DNA binding domain and it was also reported in previous 1-by-1 Y2H done in the laboratory with Psq
but the origin of this autoactivation remains unknown.

The interaction between Psq and Chro was confirmed also by co-immunoprecipitation
(Figure 29D). S2 cells were transfected with CuSO, inducible constructs, pMT control vector; pMT-
Chro::GFP and/or pMT-3xFlag::BTBPsq::tRFP. On figure 29D, in lane 6 of the upper gels we can
observe that by immunoprecipitating PsqBTB with the a-FLAG antibody, we are able to detect both
the endogenous and the GFP tagged Chro. The same occurs when we immunoprecipitate Chro with
a-GFP and we detect PsqBTB (Figure 29D lower gels, lane 6). These results demonstrate that Chro
interacts with Psq, specifically with a BTB containing isoform, further supporting the results obtained
in the 1-by-1 Y2H.

To sum up, our biochemistry experiments demonstrate that Chro interacts with the BTB
domain of Psq through a region located in its C-terminal part, spanning aa 504-670. This Chro region
has been previously involved in mediating the interaction with other BTB insulator proteins, such as
CP190 and Mod((mdg4) (see Table 2 with a summary of BTB-protein interactions).

GAF | Lola Like | Mod(mdg4) PsqBTB | CP190  Chromator
e FIRAN| &0 JF 1 291 T8 i
Lola Like + ' + + 4 +
Mod(mdg4) + + ‘ + + i +
CP190 ' \ ¥ -

Table 2. Summary of interactions between different BTB proteins. In previous works, different experiments showed that
the BTB proteins GAF, Lola like, Mod(mdg)4 and CP190 are able to interact with each other. Our results add evidences for
PsqBTB and Chro to also join this group of proteins, pointing to a possible new role of Psq in chromatin insulation.

1.2 Pipsqueak out of the spindle matrix during mitosis.

To study the functional significance of the interaction between Chro and PsqBTB, we tested their co-
localization in polytene chromosomes, to see if they co-localize in different bands or interbands, and
throughout the cell cycle, due to the roles of Chro during mitosis.

Immunohistochemistry of polytene chromosomes was performed using an antibody that
recognizes both isoforms of Psq (with and without the BTB domain). This a-Psq total polyclonal
antibody was generated against a fragment located between aa 453-552 of Psq protein, which is
common to all Psq isoforms. Inmunohistochemistry shows a partial co-localization of Psq and Chro in
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interbands (Figure 30A, marked by the absence of DAPI in figure 30A’), regions with low
concentrations of condensed chromatin and characterized by active transcription.

However, Psq seems to not interact with Chro during mitosis. In mitotic cells, as has been
described in (Schwendemann et al., 2002), Psq and GAF co-localize and are associated with the
centromeric regions of chromosomes (Figure 30D-D’ marked with CID: CENP-A centromere marker)
throughout the cell cycle of S2 cells, derived from a primary culture of late stage (20-24 hr old)
Drosophila embryos (Figure 30B-C, endogenous Psq fully co-localizing with chromosomes, DAPI in B-
B’ Phosphohistone3 in 30C-C’ and CID in 30D and its single stack in D’). In Drosophila, these
centromeric regions are characterized by the presence of GAGA-rich regions (Brutlag, 1980; Lohe et
al., 1993). Since GAF and Psq have been shown to bind directly to GAGA -rich DNA sequences
(Lehmann et al., 1998; Soeller et al., 1993), it is not rare to find GAF and Psq in these centromeric

regions.

aseydelan

aseydeuy

aseydelan

Figure 30. Pipsqueak binds to different bands in polytene chromosomes and it is present in centromeric regions of
chromosomes. (A) Polytene chromosomes show a co-localization of Psq and Chro in certain bands. Polytene chromosomes
have been squashed using the technique described in materials and methods and stained with Psq total and Chro
antibodies and the DNA marker DAPI. (B-D’) Psq total isoforms have been localized in centromeric regions of chromosomes
during mitosis using different mitotic markers, such as tubulin, to see the mitotic spindle (green) (B-B’), Phosphohistone 3
showing mitotic chromosomes (green) (C-C’) and the centromere-specific histone variant CENP-A (CID in Drosophila, in

blue), (D-D’) used to unveil the co-localization of Psq in centromeric regions.

Although Psq is present throughout the cell cycle, it does not co-localize with Chro, which is
known to be a member of the mitotic spindle matrix (Rath et al., 2004; Yao et al., 2014) away from

chromosomes, since it is a tubulin binding protein (shown in Figure 31A-B” in different phases of

mitosis).

68
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Figure 31. Chromator and Pipsqueak
have different locations within the
cell during mitosis. (A-B”) Chro
(green) is a member of the mitotic
matrix in charge of the correct
establishment of the mitotic spindle,
whereas Psq (in red) localizes at
centromeric regions of chromosomes,
as seen in Drosophila S2 cells with
antibodies against Chro and all
isoforms of Psg. (A-A”) S2 cells in
metaphase and (B-B”) S2 cells in
telophase.

Psq and Chro co-localize in a subset of interbands of polytene chromosomes, where actively
transcribed genes are present, suggesting that these two proteins may interact in order to regulate
gene expression rather than mitotic events. In this way, we focused our efforts on unveiling the
possible relation between both proteins at the transcriptional level. For that, we performed several
Chromatin Immunoprecipitations coupled with massively parallel DNA sequencing (ChlP-seq) in other
to study their chromatin distributions.

1.3 Mapping BTB- and non-BTB Pipsqueak binding sites in the genome.

1.3.1 Bioinformatic analysis of Pipsqueak ChIP-seq data reveal potential and
specific roles of the BTB-containing Pipsqueak as a chromatin insulator.

Due to the evidences we have regarding Psq relationship with PcG, where it acts as a recruiter to
PREs (Huang et al., 2002), and its relationship with insulator members like Chro, we wanted to
determine its genome-wide distribution to unravel the roles of the different Psq isoforms in
transcriptional regulation. For that we performed several ChlIP-seqs taking advantage of the
homogeneous population of Kc167 cultured cells, as recently carried out for several DNA-binding
factors (Heger et al., 2013; Sanyal et al., 2012; Soshnev et al., 2013; Van Bortle et al., 2012; Van
Bortle et al., 2012; Xu et al., 2011). In this way, we count with a long list of ChIP-seqgs from different
histone modifications and transcription factors, performed in these Drosophila cells, to characterize
the genomic distribution of the different Psq isoforms.

We designed an antibody that recognizes the BTB isoforms of Psq alone, since all the

previously described work has been performed with an antibody against Psq that recognizes both
short and long isoforms, with and without the BTB domain. It is not possible to obtain antibodies

69
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specific to short isoforms because the entire sequence of non-BTB Psq is contained in PsqBTB. These
BTB-isoforms have never been studied alone before. All the data published from Psq usually includes
both types of isoforms, attributing a functional role without distinctions or only speculating about
the origin of this role mediated by the BTB domain. To further explore whether non-BTB Psq and
PsgBTB have the same or different functions, we looked for differences in their genomic distribution
by ChIP-seq. The specificity of Psq antibodies was first tested in the wing disc using the Gal4-UAS
system by knocking-down all isoforms of Psq under MS1096-Gal4 and overexpressing PsqBTB under
dpp-Gal4 (Figure 32).

MS1096>Psqg-IR

MS1096>Psq-IR

Figure 32. Antibodies for all isoforms of Pipsqueak and PipsqueakBTB show their specificity for Pipsqueak isoforms. (A)
a-Psqg antibody recognizing both forms of Psq has been tested by using the UAS-Gal4 system knocking-down by RNAi both
forms under the MS1096-Gal4 line expressed at higher levels in the dorsal compartment of the mature third-instar disc
than in the ventral compartment. No signal can be detected for Psq in the dorsal compartment after the knock-down
induction. (B) The a-PsqBTB antibody cannot detect levels of PsqBTB in the WT wing. These isoforms can only be detected
with the overexpression under the dpp-Gal4 line. The schemes show the expression region of the RNAi and the UAS-line
under MS1096 and dpp in the wing imaginal disc.

Chromatin immunoprecipitation followed by sequencing, first described in 2007 (Barski et
al., 2007; Johnson et al., 2007; Mikkelsen et al., 2007; Robertson et al., 2007), allows in vivo
determination of where a protein binds the genome, which can be transcription factors, DNA-
binding enzymes, histones, chaperones, or nucleosomes. ChlP-seq first cross-links bound proteins to
chromatin, fragments the chromatin, captures the DNA fragments bound to one protein using an
antibody specific to it, and sequences the ends of the captured fragments using next-generation
sequencing. Once we validated the specificity of both Psqg antibodies, we used them to perform
ChlP-seq experiments using Kc167 Drosophila cells (See Materials and Methods). Peaks reflecting
DNA binding points and levels of occupancy of each protein, were identified using MACSv1.4.2 with
P-value cut-off of 10°, and those found in two biological replicates were analysed further (final
number n= 2191 conserved peaks for PsqBTB and n= 4136 for Psq total ChIP-segs). The sites in the
genome where Psq is present in the Psq total data set (containing both BTB and non-BTB isoforms),
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but absent in the PsqBTB data should be specific for the non-BTB Psq isoform (n= 3219). That is to
say, the non-BTB Psq data will contain sites where these isoforms are present without PsqBTB. This
number had to be close to, but higher than, the expected non-BTB Psq 1945 peaks, if both
antibodies were completely efficient and specific. The discrepancy between expected and observed
results suggests that the a-PsqBTB antibody recognizes some sites that are not recognized by the Psq
total antibody. Only 917 peaks of 2191 from PsqBTB overlap with Psq total binding sites. This can be
due to the fact that the amount of PsqBTB in Kc167 cells is lower than that of the non-BTB Psq
isoform and PsqBTB peaks, recognized by the Psqg total antibody, are not identified by MACS.
Additionally, since the peak height reflects the levels of occupancy of each protein bound to a
specific site, small peaks identified by PsqBTB antibody that are recognized by the Psq total antibody
as high and very well defined peaks were considered as sites with PsqBTB and non-BTB Psq at the
same time. In the thesis, to simplify the information presented, sites with both types of isoforms will
be considered only if they add relevant information.

° The binding motif of both isoforms of Pipsqueak reveals different locations

throughout the chromatin.

To study the general binding of the BTB and non-BTB Psq isoforms, we determined the enriched
consensus sequence motifs by MEME-ChIP using default settings (Machanick et al., 2011)
considering Psq total and PsqBTB summits of the binding peaks +200 bp.

We observed that there is an enrichment of the GAGA sequence for Psq total binding sites
(77% of total binding sites) (Figure 33A). This motif was already described for GAF binding sites
(Lehmann et al., 1998) and also attributed to Psq, since they both are found complete overlapping
on polytene and mitotic chromosomes (Schwendemann et al., 2002).

Regarding PsgBTB alone, we can see an enrichment of the Su(Hw) motif (53% of total
binding sites) and not enrichment in GAGA sequences (Figure 33B). This Su(Hw) motif was also found
in the Psq total data but not really enriched in the peak summit and only detected with lower
probability (Figure 33A Psq total 400 bp window). The Su(Hw) motifs predict a co-localization of
PsqBTB with other insulator proteins in addition to the Chro protein found by Y2H, as it has been
described in the introduction of BTB-containing protein interactions (See Table 1 and Table 2).

Peaks present in the Psq total data set that are not present in the PsqBTB ChIP-seq should be
specific for the non-BTB Psq isoforms. Thus, these peaks were identified using the public available
intersect tool in Galaxy software (Blankenberg et al., 2010; Giardine et al., 2005; Goecks et al., 2010)
after detecting the overlap between Psq total and PsqBTB binding sites. Using MEME-ChIP we then
obtained the motif enriched in the binding sequences of this isoform (81% of total binding sites).
Analysing the distribution of both proteins using the Interactive Genomic Viewer (IGV) software
from the Broad Institute (http://www.broadinstitute.org/software/igv) we can see in Figure 33C (for
example in Chromosome 3L form site 17,812,349 to site 19,288,134) that non-BTB Psqg (in the
absence of PsgBTB) shows almost the same finger print over the chromatin as the protein GAF.
However, there is not a full overlap between their summits, as can be seen also in the data obtained
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by MEME-ChIP (Figure 33C). This finding can correlate with the new DNA binding domain proposed
for Psq total binding sites, which is similar but not identical to the GAGA sequence (Kasinathan et al.,
2014). Detailed and complementary bioinformatics analysis can be performed to obtain the non-BTB
Psg binding motif in the centre of the summit using, for example, the strategy developed by
Kasinathan and colleagues (Kasinathan et al., 2014) searching non- previously described motives.
Other software programs, such as Regulatory Sequence Analysis Tools (RSAT), give similar binding

motives for the different isoforms of Psq.

These results are consistent with the finding of Lehman and colleagues (Lehmann et al.,
1998), who show that a truncated form of Psq lacking an essential part of the BTB domain has
stronger binding affinity for GAGA sequences than the full-length isoforms, raising the possibility
that both types of isoforms encoded by psqg have two different roles in chromatin biology.

Motif found
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Figure 33. Both types of isoforms of Pipsqueak differentially locate throughout the chromatin. (A) For total binding sites
of Psq (here referred to as Psq total) there is an enrichment of the GAGA sequence (77% of total binding sites) almost at
the centre of the summit, as can be seen in the probability vs. distance to the summit observed for this motif. (B) For
PsgBTB alone there is an enrichment of Su(Hw) motifs (53% of total binding sites) and not for GAGA sequences. This motif
was also found in the Psq total data (A) but not really enriched in the peak summit and with lower probability. (C) Peaks
present in the Psq total data set that are not present in the PsqBTB ChIP-seq should be specific for the non-BTB Psq
isoform. The GAGA motif is enriched in the binding sequences for this short isoform (81% of total binding sites). Analysis of
the distribution of both proteins using the Interactive Genomic Viewer (IGV) from Broad Institute in (C) (Chromosome 3L
form site 17,812,349 to 19,288,134) shows that non-BTB Psq (red, not overlapping with PsqBTB in green) binds to the same
regions as GAF (blue). However, there is not full overlap between their summits. This information has been obtained by
using MEME-ChIP and confirmed with other predictor programs such as Regulatory Sequence Analysis Tools (RSAT).

° ChIP-seq data show different clusters of proteins co-localizing with Pipsqueak

isoforms.

To study the binding regions and co-localizing proteins characterizing Psq, the binding peaks of Psq
total and PsqBTB identified by MACS in two biological replicates (n = 5115 and n= 2355 respectively),
were used as anchors to generate heatmaps. The heatmaps were then K-means clustered using
Cluster 3.0 in 3 clusters and viewed in Java Treeview. Each column in Figure 34 corresponds to one
heatmap and represents the distribution of ChIP-seq signal for an individual protein or histone
modification in relation to the location of the Psq total binding sites used as anchors in a +/- 2 kb
region. In the case of Psq total in the first column, this distribution is manifested as a red line in the
centre of the column. The different shades of red inside each column represent different amounts of
protein present in the +/- 2 kb region of the genome around the peak summits of Psq total used as
anchors. Other columns in Figure 34 represent the distribution of other proteins or histone
modifications in the same regions of the genome with respect to the location of Psq total.
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Figure 34. Pipsqueak isoforms are differentially located along the chromatin. (A-C). Heatmaps show the localization of the
different proteins or histone modifications around the genomic locations corresponding to Psq total (data from both
isoforms) in (A), to PsqBTB in (B) or to non-BTB Psqin (C)). Heatmaps were generated using the peaks obtained in Kc167
cells of Psq total, PsqBTB and non-BTB Psq identified by MACS as anchors. The heatmaps were then K-means clustered
using Cluster 3.0 in 3 clusters and viewed in Java Treeview using key features of active enhancer elements (H3K4mel and
H3K27ac produced by CBP and no H3K4me3) and promoters (H3K4me3 and no H3K4mel). All these Psq isoforms are
located at enhancers and promoters but PsqBTB is present in an extensive region of the genome (marked by ? in panel B)

that cannot be classified as enhancers or promoters based on this analysis.

Hereafter, we study the presence of Psq at enhancers and promoters, or co-localizing with
Pc, GAF and insulators, including Chro.

Enhancers and promoters:

PsgBTB and non-BTB Psq (and consequently Psq total) are present at enhancers and promoters
(Figure 34A, 34B and 34C), suggesting that this transcription factor has a wide variety of roles in
transcriptional regulation. As seen in Figure 34B, in the heatmap done with PsqBTB as an anchor
there is an enrichment of Psq total binding sites at enhancers, showing that non-BTB Psq and PsqBTB

co-localize at enhancers.

Precise regulation of gene expression in time and space is required for development,
differentiation and homeostasis (Bulger et al., 2010). Sequence elements within or near promoter
regions contribute to regulation, but promoter distal regulatory regions like enhancers are essential
in the control of cell-type specificity (Bulger et al., 2010). Enhancers were originally defined as
remote elements that increase transcription independently of their orientation, position and
distance to a promoter (Banerji et al., 1981). They were only recently found to initiate Pol Il
transcription, producing the so-called eRNAs (Kim et al., 2010). Genomic locations of enhancers can
be detected by mapping their chromatin marks and transcription factor binding sites using

chromatin immunoprecipitation.
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Genomic studies have identified several key features of enhancer elements. Specifically, they
correlate with the location of mono-methylated lysine 4 of histone H3 [H3K4mel (Heintzman et al.,
2009; Lupien et al., 2008; Schnetz et al., 2010) (Barski et al., 2007; Heintzman et al., 2007) (Xi et al.,
2007)]. Although a large number of regions in the genome display these characteristics, only a
fraction of the H3K4mel-marked elements are actively engaged in modulating transcription in a
given cell type (Creyghton et al., 2010; Heintzman et al., 2009; Rada-Iglesias et al., 2011). These
elements are referred to as active enhancers, characterized additionally by the presence of H3K27ac.
Other H3K4mel-marked enhancers modulate transcription in response to differentiation cues or
other cellular stimuli and are thus considered poised (Creyghton et al., 2010; Rada-Iglesias et al.,
2011). The initial clustering presented in Figure 34 suggests that there are significant numbers of Psq
peaks at regions enriched for H3K4mel and lacking H3K4me3 (promoter histone modifications
characteristic of enhancers). To further explore the presence of Psq at these sequences, a previously
published set of enhancers from STARR-Seq project (also known as self-transcribing active regulatory
region sequencing (Arnold et al., 2013)) was used to generate enrichment heatmaps of Psq total,
PsqBTB and H3K27ac, a histone modification found at active enhancers (Figure 35A). Although all
regions with H3K4mel enrichment may be enhancers, the correlation of Psq binding with the
H3K27ac modification, carried out by the histone acetyltransferase CBP, supports a role in active
transcription (Tie et al., 2009).
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To further investigate the role of Psq present in regions enriched in H3K4me3 presumed to
be promoters, TSSs from the genome annotation data at UCSC Genome Bioinformatics
(https://genome.ucsc.edu/) were used as anchors to obtain a heatmap. Both forms of Psq are
present at transcription start sites (Figure 35B). The presence of Psq at promoters suggests an
involvement of this protein in transcription activation. This conclusion is supported by the Y2H (see
table S3 in Appendix |) and experiments performed by Dr. Verdnica Miguela showing that Psq
interacts with Bip2 (Bric-a-brac interacting protein 2, the fly homolog of TAF3). Bip2 is a histone fold
and a homeodomain containing subunit of Transcription factor Il D (TFIID). TFIID is one of several
general transcription factors that make up the Pol Il pre-initiation complex (PIC) at promoters.

Insulator proteins:

PsgBTB is present in regions of the genome that cannot be classified as enhancers or promoters,
based on the clustering analysis described above, and that do not overlap with Psq total (Figure 34B
region classified as “?”). Since we found the Su(Hw) binding motif to be present in PsqBTB binding
sites by MEME-ChIP, we used ChlIP-seq data from Su(Hw) and its interacting partners CP190 and
Mod(mdg4)2.2 to perform a clustering analysis. Results from this analysis show that PsqBTB sites
that do not correspond to enhancers or promoters co-localize instead with the specific Su(Hw)

binding sites along the genome (Figure 36).
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Figure 36. PipsqueakBTB co-localizes with insulator proteins at Su(Hw) binding sites. PsqBTB, Su(Hw), CP190 and
Mod(mdg4)2.2 (insulator protein found in the gypsy insulator) co-occur at what we call here Su(Hw) binding sites.
Information obtained using PsqBTB binding sites as anchors and adding new information to the enhancer and promoter

features: active enhancer elements and promoters.



Results

This finding may involve PsqBTB in the BTB- induced 3D structure of the chromatin or in
insulator-mediated enhancer-blocking activity, supported also by the interaction with Chro.

Chromator binding sites:

We also analysed the protein interaction between PsqBTB and Chro predicted by Y2H. Insulators are
sometimes present at promoter regions (Raab et al., 2010). As an insulator protein interacting with
other BTB insulators, we can find Chro and its partner Z4 (Eggert et al., 2004; Gan et al., 2011) co-
localizing with all isoforms of Psq (PsqBTB and non-BTB Psq Figure 41B and 41C), further confirming
the interaction observed between these two proteins in the Y2H assay performed in the laboratory
(Table S3).
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Figure 41. Pipsqueak isoforms co-localize with Chromator and its partner Z4 at promoters. Using Psq total (for both
isoforms) (A), PsqBTB (B) and Psq non-BTB isoforms (C) as anchors for the heatmaps, it is shown that Chro and the protein
described to interact with Chro (Z4) are found with Psq isoforms at promoters, not enhancers or Su(Hw) binding sites.
Features for active enhancer elements and promoters were used. Dotted lines only delimit the different regions present in
the heatmaps and the “?” is probably the Su(Hw) insulator protein region, here not identify since we did not include this

protein in this analysis.

Using Chro as an anchor to generate a heatmap, we can see that all Chro binding sites, which
are situated at promoters, have Psq total and PsqBTB (Figure 42), so that Chro fully co-localizes with
Psq along promoters.
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To gain a deeper understanding of how Psq and Chro interact with insulator proteins, we
analysed a specific region in chromosome 3L using the IGV software (Figure 43) as an example of a
region showing the previously described Chro-interacting proteins (Z4, Jil-1, GAF and CP190 (Eggert
et al., 2004; Gan et al., 2011; Rath et al., 2006)) and both isoforms of Psqg. Again, our data from the
1-by-1 Y2H and Co-IP experiments suggest that PsqBTB interacts with Chro through its BTB. This
interaction can be attributed to the BTB mediated insulator protein interaction (red asterisk in Figure
43). Likewise, non-BTB Psq can be co-localizing with Chro at promoters acting through other
unrelated proteins and functions (Red square in Figure 43).

Jil-1 1 .
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Figure 43. The co-localization between Chromator and Pipsqueak isoforms can be demonstrated analysing their binding
sites. Using IGV we can see that both PsqBTB and non-BTB Psq (red not overlapping with PsqBTB in green) are found with
Chro (yellow) and its interacting proteins (Jil-1 black and Z4 blue, red square) along the genome. PsqBTB (green) aligns with
insulator proteins such as CP190 (orange, red asterisk) or GAF (brown). At these sites non-BTB Psq is absent (isoform seen
with a-Psq total antibody for both isoforms of Psq in the absence of PsqBTB). Two examples are shown in chromosome 3L
from site 19,047,540 to 19,093,657 (right) and from site 2,579,424 to 2,602,482.
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Polycomb response element- related proteins:

Heatmaps with Psq total binding sites show its presence in a region where there is a high enrichment
of PcG proteins (two data sets of Pc protein ChIP-seq using two different antibodies obtained from V.
Pirrota, and R. Jones VP and RJ in Figure 37), and their direct repressive H3K27me3 marks are in the
surrounding chromatin environment, which are then bound by Polycomb proteins to promote
silencing. These types of regions have been previously described as classic PREs, where we can also
find GAF, described as a Psq recruiter partner (Figure 37A and in 37C, the region between dashed
lines).
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Figure 37. Pipsqueak isoforms co-localize with GAGA Factor and Polycomb along the chromatin. (A-B) Heatmaps for Psq
total (both isoforms of Psq) (A), PsqBTB (B) and non-BTB Psq (C) show their co-occurrence with GAF and Pc (a polycomb-
group member) along the genome, but only non-BTB Psq shows its presence at Polycomb Response Elements (PREs,
regions characterized by the enrichment in Pc and the repressive histone modification H3K27me3) shown between dashed
lines in (B and C). Features for active enhancer elements and promoters were used.
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The Psq isoforms present at PREs seems to be mainly the non-BTB Psq isoform as we can
find a region with the same characteristics between dashed lines in Figure 37C, not found for PsqBTB
in Figure 37B. Supporting this finding, the MEME-ChIP analysis shows that the presence of the GAF
motif (GAGA sequences) in PsqBTB binding sites is very low (Figure 33B). The presence of the non-
containing BTB forms of Psq in GAGA binding sequences, adds new insights to the predicted BTB-
mediated functional relation of Psq with PcG (Huang et al., 2002; Schwendemann et al., 2002).

Using the Pc protein as an anchor for the heatmap, we can see that this protein co-localizes
with Psq at all sites in the genome (Figure 38). Apart from the reduced set of Pc sites classified as
PREs (Figure 38 dashed lines), Psq and Pc are also present at promoters and enhancers showing a
high correlation with active transcription. Although the best known functions of Polycomb proteins
are those in which it functions as part of the PRC1 complex, activities as individual subunits are also
reported, for instance in gene activation events: In prostate cancer cells, EZH2 HMTase from PRC2
and homolog 2 of the Drosophila Enhancer of zeste [E(z)], is needed for gene expression (Xu et al.,
2012). Likewise, EZH1 (enhancer of zeste homolog 1) inactivation in a tissue cultured model of
skeletal differentiation interacts with Pol Il and acts as a positive regulator of transcriptional

elongation (Mousavi et al., 2012).
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Figure 38. The co-localization between Pipsqueak and Polycomb is not only restricted to its repressive function. Using Pc
binding sites as anchor for this heatmap is evident that this protein highly co-localizes with non-BTB Psq and less with
PsqBTB all over the genome. This co-occurrence is not restricted to PREs, Psq can also be found with Pc at promoters and
enhancers showing a high correlation with active transcription. Features for active enhancer elements and promoters were

used.

All the isoforms of Psq co-localize also with GAF binding sites at enhancers and promoters
showing multiple roles of Psq and GAF outside of the PRE recruitment function (Figure 37). They
regulate many genes independently of the PcG/TrxG system, and thus functional sites occur in many
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regulatory regions that are not PREs. Using GAF as an anchor (Figure 39), we can see that Psq total
co-localizes widely with GAF and only a fraction of PsqBTB sites share GAF sequences (as also seen in
Figure 38B using PsgBTB as an anchor). We can find GAF also at PREs (dashed lines Figure 39).
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In summary, and taking into account the MEME-ChIP results for Psq isoforms, we can
conclude that non-BTB Psq has a higher percentage of overlapping binding sites with GAF than the
BTB isoforms and probably part of the data published until now for repressive GAGA binding sites
and the confluence of Psq and GAF corresponds to the non-BTB isoforms. This result adds new
perspectives to what was predicted for the “eyeful” phenotype and the human oncogenic BTB-
proteins, PLZF and BCL-6. In these contexts, their oncogenic function was associated to their BTB,
interacting with histone-deacetylases (HDACs), co-repressors and PcG proteins ((Melnick et al.,
2002) and citations therein), not correlating with the insulator relation, found for the BTB-oncogenic
form of Psq.

As GAF has been previously described in the literature to interact with Psq through its BTB
domain (Bonchuk et al., 2011; Schwendemann et al., 2002), we wanted to study in detail their
possible co-localization, apart from the interaction found for non-BTB Psq. We can observe co-
localization of GAF and PsgBTB in the heatmap, and coordinates extracted from the overlapping sites
of both proteins show an enrichment of GAGA sequences using MEME-ChIP. Moreover, having a
closer look of both proteins using the IGV software we can see that there are some regions where
PsqBTB is present at GAF-Mod(mdg4)2.2-Su(Hw)-CP190 proteins binding sites (red asterisks in Figure
40), showing the previously described relation of GAF with insulators (Table 1 and Table 2). PsqBTB
found co-localizing with GAF without the above mention insulators in the genome (red square in
Figure 40) is part of the sites containing both types of isoforms of Psq. This means that although it
has been published that the BTB-interaction of both proteins mediates their repressive function
(Bonchuk et al., 2011; Schwendemann et al., 2002), PsqBTB and GAF are interacting mainly in an
insulator related manner. Additionally, the presence of both types of isoforms of Psq in sites that co-
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localize with GAF may reflect the processing of PsqBTB, previously described in our laboratory
(Thesis of Dr. Verdnica Miguela), in a non-BTB containing form, very similar to the non-BTB isoforms
of Psq.
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Figure 40. PipsqueakBTB also co-localizes with GAGA Factor but to a lesser extent than the non-BTB isoform. Using the
IGV to see the binding sites of Psq total (for both isoforms, in red), PsqBTB (green) and GAF (blue) there are some PsqBTB
that overlap with GAF. Some of them are there because its co-occurrence with other insulator proteins (Mod 2.2, CP190
and Su(Hw) red asterisk) and some of them not. An example of chromosome 2L from site 12,890,524 to 13,056,468 is
above depicted.

GAF is one of the DNA-binding BTB-proteins used by the Fab 7 insulator located in the
Bithorax complex (Schweinsberg et al., 2004) and is present and required for the function of the SF1
insulator found in the Antennapedia complex (Belozerov et al., 2003). The interaction between
PsgBTB and GAF can be due to their possible insulator function (Hagstrom et al., 1997; Melfi et al.,
2000; Mishra et al., 2001; O'Donnell et al., 1994) as will be subsequently described in the following
sections.

1.3.2 PipsqueakBTB forms a complex with Suppressor of Hairy-wing.

Results from the genome-wide analysis of the distribution of PsqBTB with Su(Hw) insulator proteins
(CP190 and Mod(mdg4)2.2), suggest the following:

1. PsqBTB Sites are enriched in Su(Hw) binding motifs (Figure 34B).

2. PsqBTB co-localizes genome-wide with Su(Hw) and its partners Mod(mdg4)2.2 and
CP190 (Figure 36).

3. Using the location of Mod(mdg4)2.2 or CP190 as anchors, the overlapping sites
between PsqBTB and Su(Hw) correspond to those in which Su(Hw) is most abundant (Figure 44A,
44B, 44C).
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Figure 44. CP190, Mod(mdg4)2.2 isoform and Su(Hw) are found with PipsqueakBTB at specific Su(Hw) binding sites. The
co-localization between Su(Hw) and other insulator proteins (CP190 (A), Su(Hw) (B) and Mod(mdg4)2.2 isoform ,here
called Mod2.2 for simplicity (C)) can be demonstrated using them as anchors to generate heatmaps. Features for active
enhancer elements and promoters were also used. Heatmaps were generated by K-means clustered using Cluster 3.0 and
viewed in Java Treeview.

To further characterize the relationship between Psq and these insulator proteins, Co-IPs
were performed using antibodies against PsqBTB, Su(Hw), CP190 and Mod(mdg4)2.2. In Figure 45A-
B, we observed that we can detect PsqBTB when Mod(mdg4)2.2 and CP190 were
immunoprecipitated with specific antibodies. Conversely, we can get all the elements of the complex
inmunoprecipitated with PsqBTB. Moreover, this interaction is specific as we cannot significantly
immunoprecipitate a control protein such as the EcR (the inmunoprecipitated EcR band is much
lower that the input control). Further evidences supporting the co-localization between these
proteins and PsqBTB can be seen in preparations of polytene chromosomes immunostained with
antibodies against Mod(mdg4)2.2 isoform and PsqBTB (Figure 45C).
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Figure 45. PipsqueakBTB co-immuprecipitates with all the members of the Su(Hw) insulator complex. (A) Psq can be Co-
IPed with antibodies against CP190, and Mod(mdg4) 2.2 isoform but not with Su(Hw). In (A’) we can see the control of the
immunoprecipitation of each antibody. (B) All these proteins can co-immunoprecipitate with the endogenous PsqBTB using
the Ecdysone Receptor (EcR) as a negative control. (C-C’) Inmunohistochemistry of Polytene chromosomes using PsqBTB
(red) and Mod(mdg4)2.2 isoform (green) show the confluence of both proteins in certain bands.

The results presented up to this point add new elements in the interrelation between
different BTB proteins. Psq specific function as insulator will be tested and discussed in subsequent
sections of this Thesis.

1.3.3 PipsqueakBTB insulator function tested with the gypsy insertion.

The role of Psq as an insulator was evaluated using a gypsy insertion mutation that causes adult
phenotypes: the cut wing phenotype on the ct® mutation (Figure 46A). ct® wing margins lack bristle
cells (Figure 46A). This method permits the evaluation of a protein as strong or weak insulator,
depending of the level of suppression of the ct® phenotype. For example, the ct® margin phenotype
is almost completely suppressed in a mod(mdg4)2.2-deficient background (mod(mdg4)™ nonsense
mutation), which specifically disrupts functioning of the Mod(mdg4)2.2 protein, leading to loss of
insulator function (Gerasimova et al., 1995).

For psq we used a loss-of-function allele called psq®*®

, Which is a P[lacZ; ry+] insertion into
the largest psqBTB intron that creates an aberrant fusion BTB protein (Horowitz et al., 1995) and a
deficiency called Df(2R)psqg-lola A18 (here shown as dfA18), which is an excision that deletes a site in
the largest intron of psgBTB, deleting all DNA between psqg and lola (Horowitz et al., 1996). The
combination of this mod(mdg4)2.2 deficient background with these two lines has not an evident
visual effect in the ct® phenotypes when looking at the pictures of adult wings (Figure 46B).
Additionally, we used the combination of ct® in a background of psq®*® allele over dfD18 to

completely remove PsgBTB isoforms (Huang et al., 2002), but we could not significantly supress the

84
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ct® phenotype observed in the wing (Figure 46B). Altogether, with these results we cannot confirm

the insulator function of PsqBTB.
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Figure 46. The role of PsqBTB as an insulator can be demonstrated using the repression of the expression of the cut gene
assayed in the wing. (A) Scheme of the gypsy insulator inserted between the enhancer and the promoter of the ct gene.
The loss of function of this gene causes the cut wing phenotype with wing margins lacking bristle cells (ct® phenotype). This
method permits the evaluation of a protein as strong or weak insulator depending of the level of suppression of the ct®
phenotype. For example, the ct® margin phenotype is almost completely suppressed in a mod(mdg4)2.2-deficient

background, mod(mdg4)T6. (B) Pictures of adult wings of ct® with homozygous mod(mdg4)76, heterozygous psqms or dfA18

and psqous/delS. No evident visual changes can be reported.

1.3.4 PipsqueakBTB co-localizes with other insulator proteins at architectural
protein binding sites and at the borders of H3K27me3 domains.

Multiple studies suggest that many insulator elements are not capable of enhancer-blocking or
chromatin barrier activity (Schuettengruber et al., 2013; Schwartz et al., 2012; Van Bortle et al.,
2012), and may instead be reserved for other activities such as gene repression, activation, or
enhancer-promoter interactions (Sanyal et al., 2012; Soshnev et al., 2013; Xu et al., 2011).
Architectural proteins are associated with insulator function, and are referred to insulators only
when they are in a genomic location at which they are capable of enhancer-blocking activity (Van
Bortle et al., 2014).
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The use of 3C-derived approaches to detect intra- and inter-chromosome interactions reveals
that chromosomes are divided into distinct regions of highly interacting chromatin called
topologically associating domains (TADs), and architectural proteins are actively involved in the
three-dimensional organization of the genome, probably due to their ability to mediate interactions
between distant loci by forming chromatin loops (Nora et al., 2012). They contribute to the
formation of TAD borders and mediate the chromatin interactions between enhancers, promoters
and PREs within TADs (Bonora et al., 2014; Li et al., 2013; Li et al., 2015). To date, several
architectural proteins have been identified in Drosophila and these proteins co-localize in different
combinations at architectural protein binding sites (APBSs) (Van Bortle et al., 2014). These proteins
include Rad21 (cohesin), CAP-H2 (condensin Il), Drosophila homolog of CTCF (dCTCF), Boundary
element associated factor of 32 kDa (BEAF-32), Su(Hw), GAF, CP190, Zeste white 5 (Zw5),
Mod(mdg4), the chromo-domain protein Chro and Z4, previously shown to co-localize and co-
immunoprecipitate with BEAF-32 (Gan et al., 2011), and the tumour suppressor L(3)mbt protein,
recently shown to co-localize with CP190 (Richter et al., 2011) (Figure 47). We performed two new
heatmaps to see if PsqBTB belongs to the group of architectural proteins and if it is therefore
present at APBSs.
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Figure 47. PipsqueakBTB is found with architectural proteins at architectural protein binding sites. (A) Heatmap obtained
with PsqBTB as an anchor and ChIP-seq data for the architectural proteins Rad21, CAP-H2, dCTCF, BEAF-32, Su(Hw), GAF,
CP190, Zw5, Mod(mdg4), Mod(mdg4)2.2, Chromator, Z4 and L(3)mbt. PsqBTB is located at a subclass of APBSs containing
Su(Hw) and also at APBSs containing other architectural proteins. (B) Using a list of APBSs as anchors for the heatmap we
can see the presence of PsqBTB in the same regions as Su(Hw) and co-localizing less with other architectural proteins such
as dCTCF or BEAF-32. Heatmaps were generated by K-means clustered using Cluster 3.0 in 3 clusters and viewed in Java
Treeview.
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The heatmap in Figure 47 shows that PsqBTB is present at three classes of sites:

1. Sites containing GAF, cohesin (Rad21) and a Mod(mdg4) isoform, different from 2.2 isoform
(not characterized).

2. A subclass of APBSs containing Su(Hw), Mod(mdg4)2.2 and CP190. These are the APBSs
present in gypsy insulator, in Figure 47 shown as Su(Hw) binding sites.

3. A subclass of APBSs containing BEAF-32, Chro, Z4, CAPH2, Rad21, L3mbt, CP190 and
Mod(mdg4).

Drosophila APBSs also border domains of H3K27me3 mediating long-range intrachromosomal
contacts, observed between PcG domains throughout the Drosophila genome (Sexton et al., 2012).
In mammals, broad domains of repressive H3K27me3 characterized by Polycomb, have been shown
to silence clusters of developmentally important genes (Bracken et al., 2006; Pauler et al., 2009) and
a similar repression of developmental genes has been shown in H3K27me3 domains in Drosophila
(Negre et al., 2011). Genes within H3K27me3 domains are highly enriched for developmental genes
in Kc167 cells, including the even-skipped (eve) gene, which encodes a homeodomain-containing
transcription factor involved in segmentation (Macdonald et al., 1986), and other early-stage
developmental genes such as eyes absent (eya) and hybrid sterility gene Odysseus- site homeobox
(OdsH) (Figure 48). In Figure 48, PsqBTB is present at APBSs located at the borders of H3K27me3
domains with other architectural proteins.

Although the insulator protein function of PipsqueakBTB cannot be demonstrated in vivo, we
reveal the co-localization of these BTB-containing isoforms with other insulator proteins at
architectural protein binding sites and at the borders of H3K27me3 domains.
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Figure 48. PipsqueakBTB is present with architectural proteins at the borders of H3K27me3 domains. (A-C) Domains of
repressive H3K27me3 characterized by Polycomb have been shown to silence clusters of developmentally important genes
in Drosophila. Genes within H3K27me3 domains are highly enriched for developmental genes in Kc167 cells, including the
even-skipped (eve) gene (A). This model for insulator alignment at H3K27me3 domain borders is consistent throughout the
genome, including hybrid sterility gene Odysseus- site homeobox (OdsH) (B) and early-stage developmental gene eyes
absent (eya) (C). (D) Average read intensity for H3K27me3 and insulator proteins at H3K27me3 domain borders, +2 kb.
Comparison of insulator profiles normalized by total read numbers.

1.4 'Repressor' Pipsqueak is involved in active gene transcription.

The implication of Pc and GAF proteins in transcriptional repression and activation (Farkas et al.,
1994; Mousavi et al., 2012; Ringrose et al., 2004; Strutt et al., 1997; Xu et al.,, 2012) made us
consider the effect of Psq isoforms on transcription. Pol Il transcription is regulated primarily at two
steps early in the production of mRNA (Nechaev et al., 2011). First is the recruitment of Pol Il to
promoters where, with the aid of the general transcription factors (TFs), Pol Il rapidly initiates
transcription (Core et al., 2012). The second is promoter-proximal Pol Il pausing and the subsequent
escape into productive elongation. As has been already described in the introduction, the C-terminal
domain (CTD) of Pol Il is firstly recruited to the promoter and its CTD becomes phosphorylated at
Ser5 (Pol Il ser5) (Feaver et al., 1991; Lu et al., 1992; Serizawa et al., 1995). It then pauses in a
process referred to as promoter-proximal pausing. Pol Il is released when phosphorylated in the CTD
at Ser2 (Pol Il ser2), marking the onset of productive elongation (Marshall et al., 1996). Moreover,
studies in Drosophila suggest that histone H3S510 phosphorylation may be required for the
transcription of most genes in this organism, as it is a modification that occurs at the promoter-
proximal pause and is required for the release of polymerase into transcription elongation during
interphase (lvaldi et al., 2007). In Drosophila this modification is attributed to Jil-1 (Jin et al., 1999)
and its release of the polymerase has been demonstrated measuring its levels of phosphorylation at
Ser2 and H3S10ph establishing new transcriptional programs: Heat-shock and the Ecdysone
inducible gene expression system (lvaldi et al., 2007; Kellner et al., 2012; Nowak et al., 2000) in the
presence or absence of Jil-1, using homozygous mutant flies (Jil-1?%). Furthermore, Jil-1 and H3510ph
are also present at enhancers defined by the presence of H3K4mel and H3K27ac, suggesting that
the Jil-1 kinase is a regulator of histone dynamics at enhancers and promoters genome-wide (Figure
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49), including Ecdysone-induced genes (Kellner et al., 2012). It is required for transcription of most
Drosophila genes, since flies homozygous for Jil-1? show a reduction in the levels of Pol Il Ser2 and in
the transcriptional levels of Ecdysone response genes (lvaldi et al., 2007).

As can be seen in Figure 49 there is full co-localization between Jil-1 and all isoforms of Psq.

We subsequently tested if, in general, Psq was involved in transcription acting upstream (pausing
transcription) or downstream (activating transcription) of Jil-1.
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Figure 49. Pipsqueak co-localizes with Jil-1 at enhancers and promoters. (A-B) Heatmaps were obtained using Jil-1 and
Psq total binding sites as anchors. Psqtotal highly co-localizes with Jil-1 at enhancers and promoters. Here two types of
enhancers are shown, characterized by the presence or absence of Pol Il (Enhancers 1 or 2 respectively). 14-3-3 has been
added to the heatmap as it has been shown to act downstream of Jil-1 in transcriptional activation. Features for active
enhancer elements and promoters were used. Heatmaps were generated by K-means clustered using Cluster 3.0 in 3
clusters and viewed in Java Treeview.

To test the possible general role of Psq in transcriptional activation we studied as a reference
14-3-3. This protein is a well characterized phospho-binding protein, which binds H3S10ph upon
transcriptional activation, recruited to active genes in a JiL-1-dependent manner and is required for
phosphorylation of Pol Il Ser2 (Macdonald et al., 2005). The genome-wide loss of Jil-1 in the JiL-1?
mutant produces a genome-wide loss of 14-3-3 binding to the chromosomes (Macdonald et al.,
2005). To test whether Psq acts, as 14-3-3, downstream of Jil-1 in the release of the promoter-
proximal pausing, we performed several ChIP-seq of Psq total in the presence and in the absence of
Jil-1, but no differences were detected between these two data sets (Figure 50).

This result suggests that Psq acts before the binding of Jil-1 at the promoter, thus we subsequently
tested its possible role in the promoter-proximal pausing process upstream of Jil-1, pausing Pol Il
with GAF or helping in the recruitment of Jil-1.
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Figure 50. Pipsqueak is not affected by eliminating Jil-1 from Drosophila Kc167 cells. (A) The knock-down of Jil-1 has been
correctly done with dsRNA but the ChlIP-seq performed with these Kc167 cells does not report changes in the binding
patterns of Psq total to the chromatin. Here we show an example of Psq total binding sites around the Ecdysone response
gene Eip75B. The transcriptional level of this gene is reduced in the absence of Jil-1. (B). Asterisk (*) denotes control Kc167
cells and two asterisks (**) indicate Kc167 cells with the knock-down of Jil-1.

Sequence-specific transcription factors such as GAF have been implicated in pausing. GAF
and its binding motif, the GAGA sequence, are enriched on paused genes in Drosophila, but only
about 20% of paused genes are GAF-bound (Hendrix et al., 2008; Lee et al., 2008) and enriched for
developmental genes (Fuda et al., 2013). Since non-BTB Psq has been functionally related with GAF,
we expect the same function for these non-BTB isoforms of Psq. We therefore calculated the
pausing index of genes associated with Psq total and GAF-associated Psq (Core et al., 2008). The
pausing index is defined as the difference between Pol Il levels at TSSs and Pol Il levels in the gene
body. The pausing index of paused genes is higher than that of non-paused genes, since Pol Il levels
in the gene body are lower than Pol Il levels at TSS.
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Figure 51. Schematic of RNA Polymerase Il during transcription initiation. Pol Il transcription is regulated primarily at two
steps early in the production of mRNA. First is the recruitment of Pol Il to promoters where, with the aid of the general
transcription factors (TFs), Pol Il rapidly initiates transcription. The second, is promoter-proximal Pol Il pausing and the
subsequent escape into productive elongation. The C-terminal domain (CTD) of Pol Il is first phosphorylated at Ser5 (Pol Il
ser5). Pol Il then pauses in a process referred to as promoter-proximal pausing. Pol Il is released when phosphorylated in
the CTD at Ser2 (Pol Il ser2), marking the onset of productive elongation.
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Pausing index = Pol Il levels at TSS— Pol Il levels at gene bodies

Gene Pausing: Pol Il levels at gene bodies < Pol Il levels at TSS

Gene transcription: Pol Il levels at gene bodies > Pol Il levels at TSS

The Pausing index of Psq total and GAF-associated genes was calculated using ChIP-seq
datasets of Pol Il in Kc167 cells obtained from modENCODE. Pol Il levels at TSS was considered as the
mean enrichment of Pol Il in the £200 bp region around each TSS of Psq and GAF binding sites. Pol Il
levels at gene bodies was considered as the mean enrichment of Pol Il from +200 bp to the end of
the corresponding gene (Figure 51).

Using the global distribution of Pol Il binding sites all over the genome as a control
(downloaded from modENCONDE), we can compare the pausing index of other protein-associated
genes. Genes associated with GAF show a higher pausing index than the control, indicating that GAF
is preferentially associated with paused genes (pale blue in Figure 52 A-B). When examined, genes
associated with Psq total have a higher pausing index than Pol Il in the control of all genes, but lower
than the pausing index levels calculated for GAF (green in Figure 52 A-B). When we separate the
genes that share the presence of Psq and GAF at the same time (mainly the non-BTB Psq), we can
see that their pausing index levels are the same as for GAF alone (purple in Figure 52 A-B).

Non-BTB Psq associated with GAF may be involved in transcription pausing. Additionally,
PsqBTB or the non-associated Psq with GAF might have an additional role in the release of pausing,
contributing negatively to the total pausing index levels of Psq total containing genes.
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Figure 52. GAGA Factor-associated Pipsqueak is preferentially associated with paused genes. (A) Chart showing the
general pausing index distribution of different protein-associated genes. In red we can see the total distribution of Pol Il all
over the genome (all genes). In green, the pausing index of genes associated with all the isoforms of Psq (Psq total). In pale
blue, the pausing index of genes associated with GAF (GAF) and in purple, the pausing index of genes associated with Psq
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and GAF at the same time (Psq+GAF). Psq and GAF are preferentially associated with paused genes. The pausing index of
genes containing Psq and GAF was calculated using ChIP-seq datasets of Pol Il in Kc167 cells obtained from modENCODE,
considering Pol Il levels at TSS as the mean enrichment of Pol Il in the £200 bp region around each TSS of Psq and GAF
binding sites. Pol Il levels at gene bodies was considered as the mean enrichment of Pol Il from +200 bp to the end of the
corresponding gene. (B) We found significant differences between the levels of Pol Il along the genome and in Psq total-
containing genes (p< 0.0001), and between general Pol Il binding and GAF or GAF+Psq containing genes (p<0.0001), as has
been calculated for each condition with Prism6 software (t-unpaired test).

To test the general effect of all the isoforms of Psq in gene pausing we depleted all these
isoforms in Kc167 cells by using dsRNA against psqg mRNA. Then we tested its effects on the levels of
Ser5 and Ser2 phosphorylation in the CTD repeat YSPTSPS of Pol Il (Figure 53A-B) and the levels of
H3S10ph (Figure 53C) by WB. We tried to test the consequences of depleting PsqBTB isoforms alone,
however the different dsRNA designed for this assay did not work properly. As can be seen in Figure
53A and C, the knock-down of Psq total in Kc167 cells (see Figure 53B for efficiency of dsRNA
transfection) reduces the levels of Pol Il Ser2 and H3S10ph, while the phosphorylation of Pol Il Ser5
remain unchanged (Figure 53A).

From figure 53A-C we can conclude that transcription initiation can take place independently
of Psq as shown by the normal levels of Pol Il Ser5 phosphorylation. Regarding gene pausing, if Psq is
causing the pause, then in the absence of Psq, Pol Il should not pause and we would see an increase
in Pol Il Ser2 phosphorylation. If it is involved in the release, then in the absence of Psq, Pol Il would
not go into elongation and we would see less phosphorylation of Pol Il Ser2. Thus, although non-BTB
Psq is found associated with GAF in paused genes, it is not necessary to pause Pol Il, since we see
decreased levels of Pol Il Ser2 phosphorylation after the knock-down of Psq total, instead of an
increase (Figure 53 A). Therefore, PsqBTB may be implicated in the release of pausing, up-stream of
Jil-1, as the levels of H3S10ph are also reduced (Figure 53C).

We calculate the pausing index of genes associated with Jil-1 and PsqBTB, and both at the
same time. Since lJil-1-associated genes show a lower pausing index than the control (orange in
Figure 53D-E), Jil-1 is associated with non-paused genes (it is required for phosphorylation of H3510,
releasing Pol Il from its paused state). Although all the PsqBTB associated genes have a higher
pausing index than the control (green in Figure 53D-E), when we isolate the Jil-1 + PsqBTB-associated
genes, we see that they are associated with non-paused genes (blue in Figure 53D-E). As PsqBTB
binding sites have a very high percentage of regions at Su(Hw) binding sites, that cannot be classify
as enhancers or promoters, this sites may contribute to the deviation of the pausing index of
PsqBTB-associated genes.
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Figure 53. Pipsqueak is required for promoter-proximal release of pausing. (A) WB images of the effect of knocking-down
psq on Pol Il phosphorylation found in the Ser5 and Ser2 of the CTD. Its knock-down reduces the levels of Pol Il Ser2
phosphorylation while the Pol Il Ser5 phosphorylation remains unchanged (n=3). (B) WB showing that the dsRNA decreases
Psq protein levels as expected, as can be seen by using the Psq total and PsqBTB antibodies. (C) WB image of the effect of
the knock-down of both forms of psg on the levels of H3510ph (n=3). An asterisk (*) has been used to denote control Kc167
cells and two asterisks (**) have been used to indicate Kc167 cells with reduced levels of psq. B-actin has been used as a
loading control in the WB assay. (D) Pausing index of genes containing Jil-1 (orange), PsqBTB (green) and Jil-1+PsqBTB at
the same time (blue). In red we can see the total distribution of Pol Il all over the genome (all genes). (E) We found
significant differences between the levels of Pol Il along the genome and in Jil-1-containing genes (p< 0.0001), and
between general Pol Il binding and PsqBTB containing genes (p<0.0001), as has been calculated for each condition with
Prism6 software (t-unpaired test). The different intensities of WB bands has been quantified using ImageJ.
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To gain further insights into the role of Psq in transcriptional regulation, we established a
new transcriptional program in Kc167 cells inducing Ecdysone response genes expression as a model
to test if Psq also regulates the expression of Ecdysone-induced genes. Ecdysone-induced genes are
paused in Kc167 cells and in the presence of Ecdysone, Jil-1 is recruited for transcriptional activation
of Ecdysone-responsive genes (Kellner et al., 2012). During this assay cells are treated with the active
form of the steroid hormone Ecdysone, 20-HE, which binds to the Ecdysone receptor complex (EcR-
C), a classic nuclear receptor complex (Riddiford et al., 2000). The EcR-C contains two nuclear
receptors: the EcR (Koelle et al., 1991) that binds directly to 20-HE and its heterodimer partner
Ultraspiracle (USP) (Yao et al., 1993). These receptors can function as repressors in the absence of a
ligand molecule and maintain target gene repression by using co-repressor complexes. In the
presence of hormones, co-activator proteins are recruited and co-repressors are displaced, resulting
in the activation of the target genes (Chawla et al., 2001; King-Jones et al., 2005; Mangelsdorf et al.,
1995). This treatment results in G2-arrest within 12—24 hr and morphological changes. Kc167 cells
are plasmatocytes and they differentiate into macrophages after Ecdysone treatment (Cherbas et
al., 2011). Treatment of cultured cells with 20-HE allows analysis of changes of individual genes.

We performed several ChIP-seq using Kc167 cells before and after the treatment with 20-HE
adding it directly to the medium (20-HE 41 puM for 24 hr (Gauhar et al., 2009) or 20-HE 0,5 uM for 3
hr (Wood et al., 2011)) with Psq total, PsqBTB and EcR antibodies. See figure 54 for an example of
the Psq and EcR binding sites at the early Ecdysone-induced gene Eip75B. After the addition of 20-HE
to the medium there is an increase in the initial amount of Psq total and EcR in two regions marked
by a red asterisk in the Eip75B gene (Figure 54A). Both proteins are present around these genes
before the 20-HE treatment, however after the treatment we can detect an increase in the amount
of both proteins at these sites. PsqBTB binding sites are not affected by the treatment with 20-HE
(Figure 54B).
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Figure 54. The treatment of Kc167 cells with 20-HE produces changes in the binding patterns of Pipsqueak to the
chromatin around the Ecdysone response genes. (A) Binding site of the EcR and Psq total (for both isoforms of Psq)
around the early Ecdysone response gene Eip75B at chromosome 3L. Several treatments have been performed: 3hr 20-HE
0,5 uM and 20-HE 41 uM for 24 hr, with a-Psq total (red) and a-EcR (green) antibodies. Red asterisks mark the differences
of Psq total binding sites at the Eip75B gene. (B) PsqBTB (red) shows no changes after Ecdysone treatment.

It has been shown that there is an increase in the number of binding sites of CP190 at the
Eip75B gene after 20-HE exposure (48 hr 0,5 puM and not after 24 hr) (Wood et al, 2011)
accompanied by a parallel increase of its mMRNA levels reported by qRT-PCR. CP190 seems to be
necessary for the stabilization of specific chromatin loops and for proper activation of transcription
of genes regulated by this steroid hormone (Wood et al., 2011). In the same way, we performed
several gRT-PCRs of samples treated with 41 uM of 20-HE during 24 hr (our ChIP-seq conditions) and
0,5 uM during 48 hr (Wood et al., 2011), or with ethanol used as a solvent. mRNA levels of Psq total
do not change in the cells treated with 20-HE compared with the total levels of Psq in the control
samples (See figure 55A). The mRNA levels of Eip75B were measured as a control. In addition, we
tested the levels of Eip75B before and after the knock-down of all isoforms of psq in Kc167 cells with
or without adding 20-HE to the Kc167 growth medium (Figure 55B and 55C). This result shows an up-
regulation of the mRNA levels of these early induced genes (Eip-75B isoform RA, EcR and Vri) in the
absence of Psq compared to the control conditions. The control of the knock-down of psq with
dsRNA in these cells can be seen in Figure 55B’.
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Figure 55. Pipsqueak relocates to the vicinity of Ecdysone-induced genes after 20-HE treatment. (A) Kc167 cells treated
with 20-HE 0,5 uM for 24hr (red bar) and 48hr (purple bar), and no change in the levels of mRNA of all the psq isoforms
was detected. The treatment with 20-HE works properly, as the Eip75B mRNA levels increase after 24hr and 48hr
treatment compared to the control (24hr (blue bar) and 48hr (green bar) of ethanol treatment). (B-B’) The knock-down of
all psq isoform, done with dsRNA, produces an increase of the Eip75B mRNA levels after a treatment of 3hr with 0,5 mM
20-HE (purple bar), compared to the same treatment with 20-HE in the presence of Psq (green bar). (B) The depletion of
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psq by dsRNA transfection was correctly done (significant difference between the control (blue bar) and the dsRNA
transfection (red bar) (B’). (C-C’) The depletion of all psq isoforms in Kc167 cells increases the mRNA levels of EcR and Vri,
Ecdysone-induced genes (purple bars compared with green bars). The values represent the mean * s.e.m. of six
independent experiments. P values were calculated by the unpaired Student's t test.

The previous experiments show that non-BTB Psq (Psq total in the absence of PsqBTB)
increases its levels around the Ecdysone-induced genes after the treatment with Ecdysone. mRNA
and protein levels of Psq remain unchanged, suggesting a relocation of Psq protein to the vicinity on
Ecdysone-induced genes. Control of the Ecdysone response in flies is vital since this steroid hormone
coordinates postembryonic development. Here we show the effects of Psq in Kc167 cells acting in the
tight control of the levels of Ecdysone response genes during the 20-HE treatment. Eliminating Psq
we note an increase in cell response to Ecdysone exposure, suggesting that Ecdysone limits its own
response by recruiting non-BTB Pipsqueak repressor to Ecdysone responsive genes.

Larval development progresses through three instars, each marked by an Ecdysone pulse
(see in the introduction). Ecdysone is a steroid hormone which coordinates postembryonic
development in insects (Review in (Gilbert, 1996; Riddiford, 1993)). To test the role of Psq in the
regulation of Ecdysone-induced genes and its possible implication in the control of Drosophila
development, we tried to reproduce the experiment done for Jil-1? homozygous mutants and
measure the levels of Eip75B mRNA before and after the larval exposure to 20-HE. Unfortunately,
larvae homozygous for psq mutations are not viable at this stage of development. Other strategies
such as heat-sock or Gal80 promoters to induce the loss of function of Psq during a certain time of
development will be needed to address this issue in the future.

2. Antibodies specific to PipsqueakBTB unveil the low presence of these
isoforms in proliferative tissues.

We studied PsqBTB expression for the first time within the larval tissue, thanks to the PsqBTB
specific antibody obtained in our laboratory.

Immunohistochemistry of larval tissue with this PsqBTB antibody reveals its presence in
the polytene chromosomes of salivary glands, fat body, ovaries and in differentiated post-mitotic
cells called enterocytes in the gut, characterized by their bigger size compared to other cell types in
the gut (Figure 56A-D). PsqBTB protein levels are under the detection limit of this antibody in
proliferative tissues, such as imaginal discs (wing or eye discs), and cannot be detected unless we
overexpress it (Figure 56E-F). PsqBTB is present in these tissues but at very low levels, since use of a-
Psqg total and a-PsqBTB antibodies in WB of concentrated protein samples obtained from ~20-30
wing discs, allows the detection of the 150KD band of the PsqBTB protein (Figure 57C).
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Figure 56. PipsqueakBTB levels are tightly regulated in proliferative tissues.(A-C’) Immunohistochemistry with the a-
PsgBTB antibody (red) in non-proliferating tissues such as fat body (A), ovaries (B) and polytene chromosomes from
salivary glands (C). (D) PsqBTB is expressed in differentiated post-mitotic cells called enterocytes in the gut, distinguished
by the size of these cells compared to the other cell types within this organ. (E-F’) PsqBTB levels in imaginal discs cannot be
distinguished from the background.

In proliferative tissues such as the wing imaginal disc, the RNAi against both types of
isoforms of psq (UAS-psg-IR) under the MS1096-Gal4 line, reducing the levels of the transcribed
protein in the wing pouch, produces growth defects (Figure 57A). As previously shown, the MS51096-
Gal4 line produces the knock-down of psq in the dorsal compartment in the wing disc (see Figure
32A). The loss of function of Psq in this region produces a reduction in the proliferation of these
dorsal cells, giving rise to an adult wing with a smaller dorsal surface, compared to the ventral
(curved wings in Figure 57A). This phenotype produced by the RNAI line in the wing disc (where
PsqBTB cannot be detected) can be hypothesized to be mainly caused by the loss of non-BTB Psq
isoforms. It has been described that PcG complexes are involved in cell cycle control in Drosophila,
where a repressive PRE regulates CycA expression (Martinez et al., 2006). We found Pc at the
promoter of CycA with GAF and non-BTB Psq proteins in Kc167 cells (Figure 57B). Since Psq has been
described as a recruiter of PcG and TrxG at PREs, we analysed by WB the effect of the loss of
function of both Psq isoforms in the wing discs with MS1096>Psg-IR and in Kc167 cells with a down-
regulation performed by dsRNA. In these assays we report a downregulation of the CycA protein
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levels (Figure 57C) showing an activator function of Psq in the context of the regulation of cycA
expression. We cannot discard in this case the fact that Psq may be acting through other
mechanisms different from its PRE-related function.
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Figure 57. The non-BTB isoforms of Pipsqueak regulate CycA. (A) Picture of a wild type wing and a wing with reduced
levels of both isoforms of Psq under the MS1096-Gal4 line using the UAS-Gal4 system. (B) A picture taken with the IGV
from the Broad Institute of CycA and the binding peaks of Psq total binding sites (red), GAF (brown) and Pc (blue) to its
promoter in Kc167 cells. (C) The reduction of the protein levels of Psq in the wing and in Kc167 cells produces a reduction
in the protein levels of CycA, shown by WB. An asterisk * has been used for wild type conditions and two asterisks ** have
been used for the loss of function of Psq. B-Actin has been used as a loading control in the WB assay.

In summary, non-BTB Psq expression has a positive effect in expansion of cell population in
proliferating tissues (here shown in the wing imaginal disc), since its absence blocks this process, for
example, by reducing directly or indirectly the levels of CycA. The reason why the levels of PsqBTB in
proliferating cells are tightly controlled remains unknown, but its overexpression alone or in
combination with DI has big and opposite effects over cell proliferation (See Figure 12G,I and J).
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3. Linking the knowledge gained by ChIP-seq data to tumorigenesis:
PipsqueakBTB and architectural proteins align in the gene fruitless, a BTB
transcription factor that induces sex determination and courtship
behaviour.

To further explore the transcriptional deregulation model mediating tumour formation, an
oligonucleotide microarray has been performed in the laboratory and published in the Gene
Expression Omnibus (GEO) repository (accession GSE35471). My colleagues carried out an analysis
comparing data from ey>DI>GS88A8 versus DI>GS88A8 (Garelli et al., 2012). See materials and
methods for the raw data analysis and Table S5 in Appendix | for genes up-regulated and down-
regulated with respect to the control.

Analysis of the results indicate that dilp8 (CG14059) is among the genes up-regulated in cells
displaying the original tumour phenotype induced by the GS88A8 line. This gene has been described
to be autonomously activated in tumour imaginal discs causing abnormal growth and postponing
maturation (Garelli et al., 2012).

A second gene up-regulated in tumour cells is CG9925. It is expressed exclusively in the
germline of both female and male flies early during gametogenesis (Ying et al., 2012). This protein
acts as a read-out of the overexpression of PsqBTB isoforms (but not non-BTB Psqg) and in the
laboratory we have observed that its overexpression with ey>D/ does not produce tumour
formation. This gene can be directly or indirectly up-regulated by different PsqBTB overexpressing
constructs in Kc167 and S2 cells, but we cannot find a peak of PsqBTB at the promoter of this gene in
Kc167 cells by ChIP-seq (See Figure 58A). Therefore, it is possible that its regulation by Psq is indirect.
We have also tried to perform several ChIP-seq experiments in the context of the overexpression of
PsqBTB with a pUASt-PsqBTB-tRFP-3xFlag construct and using a-Flag and a-RFP or a-PsqBTB
antibodies, but the efficiency of transfection has not been sufficient to observe differences in the
ChlP-seq signal of PsqBTB in transfected cells, compared to the control. As observed in Figure 58B-C,
gRT-PCR of the different samples from eye disc shows an evident up-regulation in the transcription
of CG9925 by PsqBTB and GS88A8 under the ey promoter, but not with the overexpression of non-
BTB Psq, being the BTB domain essential for the derepression of this gene (Figure 58B-C).
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Figure 58. CG9925 acts as a specific read-out for the BTB isoforms of Pipsqueak. (A) Presence of Psq total (red), PsqBTB
(green), GAF (brown) and Su(Hw) insulator proteins (Su(Hw) blue, CP190 orange and Mod(mdg4)2.2 isoform in black) at
the promoter of the CG9925 gene. Although PsqBTB induces its transcription it does not directly bind to its promoter in
Kc167 cells. (B) Measurement by qRT-PCR of the CG9925 mRNA levels in different conditions in eye imaginal discs. The
overexpression of PsqBTB has been done with the UAS-PsqBTB (red bar) or with GS88A8 (green bar) lines. Overexpression
of DI does not produce the up-regulation of this gene (purple bar), so the increased levels observed in the “eyeful”
phenotype (pink bar) are induced by PsqBTB. Non-BTB Psq (yellow bar) cannot induce the transcription of CG9925. (C)
Relative mRNA levels of PsqBTB are shown in ey>UAS-PsqBTB (red bar), ey>UAS-non-BTB Psq (yellow bar) and ey>GS88A8
(green bar) conditions. The values represent the mean + s.e.m. of three - four independent experiments. P values were
calculated by the unpaired Student's t test.

It has been described in the introduction that epigenetic silencing may be the cause of the
GS88A8/Dl-induced tumour growth (Ferres-Marco et al., 2006). In this paper my colleagues showed
that Rbf was aberrantly silenced in the “eyeful” phenotype. As they show, this gene is subtly
repressed by DI overexpression alone and this repression is significantly increased in the tumour
combination, overexpressing both DI and Psq. Overexpression of Rbf rescued the tumour phenotype,
probably due to its function in cell cycle control (Weinberg, 1995). However, we cannot discard an
influence over this phenotype by PsqBTB-mediated overexpression of some other genes, more so if
we consider the multiple and unpredicted effects that the overexpression of PsqBTB can have over
chromatin remodelling and transcription regulation. That is why we continue the search of new
genes selectively affected in the tumour phenotype compared to the non-tumour condition, and
inducing this “eyeful” phenotype.
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Combining the data from the analysis of up-regulated or down-regulated genes in the
microarray and the Notch/GS screen looking for oncogenes or tumour suppressors enhancing the DI
overgrowth, we found by chance another BTB-containing transcription factor called fruitless (fru).
Interestingly, this gene shows, additionally in Kc167 cells, multiple binding sites for both forms of
Psq, suggesting a transcriptional regulation mediated by either of the two protein groups (insulators
or polycomb proteins) (Figure 59L). fru has been characterized by the laboratory of Sarah Bray
(Djiane et al., 2013) as a Notch-induced gene. It is required for proper development of several
anatomical structures necessary for courtship, including motor neurons that innervate muscles
needed for fly sexual behaviours (Demir et al., 2005). It does not have an obvious mammalian
homolog, but appears to function in sex determination in species as distant as the mosquito
Anopheles gambiae (Gailey et al., 2006). By gRT-PCR we reported a significant increase in its total
MRNA levels (not distinguishing males or females, as both present tumour phenotypes) measured in
the tumour condition compared to ey>DI or ey>GS88A8 samples (Figure 59A), characteristics of the
perfect oncogene candidate to be influencing the induction of the tumour phenotype.

The fru gene has been cloned and examined at the nucleotide level by two research groups
(Ito et al., 1996; Ryner et al., 1996), who have each found it to encode a predicted BTB-family
transcription factor. The organization and functions of the about 140 kb fru locus are complex: It has
at least four promoters, it codes for male-specific, female-specific, and sex-nonspecific transcripts,
which are selectively translated; and the 3’region of fru encoding the DNA-binding zinc fingers is
alternatively spliced (Anand et al., 2001; Ito et al., 1996; Ryner et al., 1996; Usui-Aoki et al., 2000).

Preliminary results show that the general overexpression of this gene in combination with DI
produces tumour overgrowth (Figure 59F and 59H 53% tumour eyes; n>200 results average for
different UAS-fru lines overexpressing different fru isoforms) with secondary eye growth (~3% of
total flies; n>200). The knock-down of all isoforms of fru in the “eyeful” phenotype reduces the
incidence of the tumour (Figure 59H from 70% to 44%; n>200), taking into account that a RNAi line
does not completely eliminate the expression of a gene and complementary mechanisms may be
involved in the tumour phenotype, considering the multiple and unpredicted effects that the
overexpression of PsqBTB can have over gene expression. Moreover, the overexpression of the male
or female specific isoform of fru induces tumour formation in a sex-dependent manner (Figure 59I
FruB female specific isoform and FruBM male specific isoform). Although these are very preliminary
results and we do not know which isoform of fru is responsible for the “eyeful” phenotype, Fru can
explain the higher probability of development of tumour eyes in females, observed in the case of the
“eyeful” phenotype. A more extensive study should be carried out to validate the role of PsqBTB on
the expression of fru (see the binding of Psq isoforms to the gene region in Figure 59L). Moreover,
the epigenetic origin of the “eyeful” phenotype should be revised and linked to the insulator
function of PsqBTB here proposed.
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Figure 59. The expression of the BTB-protein Fruitless is specifically induced in the “eyeful” phenotype. (A) mRNA levels
of all the fru isoforms were measured by qRT-PCR in eye discs overexpressing G88AS8 (red bar), UAS-DI (green bar), or both
(yellow bar). The graph shows an up-regulation of this gene in the “eyeful” condition. (B-G) Adult heads of ey>, ey>UAS-Fru,
ey>GS88A8 and ey>Dl flies as controls of ey>UAS-Fru>UAS-DI tumour phenotype and the “eyeful” phenotype. (H-K) The
loss of function of Fru at the “eyeful” phenotype produces a reduction of the incidence of tumour eyes from the 70% to
44% (H). The male specific fru isoform (UAS-FruBM) induces tumour formation specifically in males and the same occurs
with the female specific isoforms (UAS-FruB) (l). Levels of total fru mRNA have been measured in order to verify the
overexpression induced by the UAS-Fru line (male or female specific) (J) and its depletion by the UAS-Fru-IR line (K). A
further analysis of the isoform involved in the “eyeful” phenotype can explain the higher percentage of females suffering
from overgrown eyes. (L) IGV image of the binding sites of Psq total (red) and PsqBTB (green) around the fru gene, also
showing their two main groups of interacting proteins (Su(Hw) and PRE recruiters, in Kc167 cells.
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1. microRNA miR-7: A new Notch cooperating oncomiR.

To understand the oncogenic function mediated by signalling pathways, such as Notch and Hh, it is
necessary to unveil the complex cross-talk, cooperation, and antagonism between these signalling
pathways in the appropriate contexts.

Studies performed in different models such as flies, mice, and human cell lines, have
revealed critical insights into the contribution of Notch to tumorigenesis. These studies highlight that
oncogene Notch does not work alone, needing additional mutations or genes in the process of
tumour initiation and progression (e.g., (Bossuyt et al., 2009; Ferres-Marco et al., 2006; Fre et al.,
2009; Herz et al., 2010; Liefke et al., 2010; Ntziachristos et al., 2012; Pallavi et al., 2012; Vallejo et al.,
2011; Vidal et al., 2006; Weng et al., 2004)). In this sense, we propose here that miR-7 cooperates
with Notch-induced tumour-like overgrowth in the Drosophila eye and wing.

Several microRNAs have been implicated in the initiation or progression of human cancers
(e.g., (Calin et al., 2006; Cho, 2007; lorio et al., 2007; Lee et al., 2015; Ma et al., 2008)) and in the
case of miR-7 it has been postulated to have oncogenic (Chou et al., 2010; Foekens et al., 2008) or
tumour suppressor functions, participating in distinct pathways (Erkan et al., 2011; Jiang et al., 2010;
Kefas et al., 2008; Reddy et al., 2008; Skalsky et al., 2011; Webster et al., 2009).

In Drosophila, multiple cell-specific targets for miR-7 have been previously validated via
luciferase, in vivo eGFP-reporter sensors or via functional studies (Lai et al., 2005; Li et al., 2005; Li et
al., 2009; Pek et al., 2009; Stark et al., 2005; Tokusumi et al., 2011; Yu et al., 2009). In general,
although different target genes can be described for the different microRNAs, when tested in vivo
not all the expected targets respond to the microRNA in a given cellular context. The same occurs
with miR-7 target genes, as from 49 predicted targets only ihog fully mimicked the effect of miR-7
overexpression in the transformation of DI-induced mild overgrowth into tumour-like growth. In this
way, we confirmed that endogenous ihog is directly silenced by miR-7 through its binding to
sequences in the 3'UTR of ihog both in vivo and in vitro. Nevertheless, we cannot discard that other
miR-7 target genes may contribute to the cooperation of DI-Notch pathway with ihog. In the Table
S1in Appendix | section of this Thesis, we can see genes such as hairy and Tom among others, which
show subtle effects that should be considered in the context of DI- induced overgrowth.

While miR-7 can directly silence hairy in the wing and it is capable of converting DI-induced
mild overgrowth into tumour-like growth, these effects have been shown to be very modest (Stark
et al., 2003). hairy is involved in eye development (Brown et al., 1995) retinal differentiation (Brown
et al., 1995) and is a target of Hh that negatively sets the pace of MF progression (Heberlein et al.,
1995; Pappu et al., 2003), and although it might contribute to DI-induced tumorigenesis, it is unlikely
to be essential in this tumour model. Regarding the gene Tom, two of the RNAI lines tested, one did
not modify Dl-induced overgrowth and the other caused tumours in less than 40% of the progeny
(Table S1 in Appendix I). Tom is required to counteract the activity of the ubiquitin ligase Neuralized
in regulating the Notch extracellular domain, and DI in the signal emitting cells. (De Renzis et al.,
2006). However, the moderate enhancement of DI that is induced when Tom is downregulated by
RNAI, suggests that miR-7-mediated repression of Tom may contribute to the oncogenic effects of
miR-7 in the context of DI gain of function cooperating with ihog.
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In conclusion, we have discovered cooperation between the microRNA miR-7 and the Notch
signalling pathway in the Drosophila melanogaster eye, and we have identified and validated ihog as
a direct target of the miR-7 in this context. The functional co-receptor of iHog in the Hh signalling
pathway, boi, is a target of Notch-mediated activity at the dorsal-ventral eye organizer being this
regulation either direct or indirect, as we could not demonstrate the direct binding of Eyg to the boi
promoter by ChIP-seq.

Although these are very preliminary results, we have demonstrated in vitro, that in human
PC3 and in its non-tumour control PNT1A, the human counterpart of iHog, CDON, is downregulated
in the context of human mir-7 overexpression. Further supporting this result, miR-7 is unable to
downregulate CDON when we mutate its putative binding sites at CDON 3’UTR. Also, its functional
co-receptor BOC is not affected by the microRNA. The consistent reduction of CDON expression by
miR-7 might add new information to explain the mechanisms behind tumour induction mediated by
CDON loss of function. CDON expression is a constraint for tumour progression in the human
pathology (Delloye-Bourgeois et al., 2013). The high-throughput sequencing consortia have reported
the presence of a large number of sprayed missense mutations in the coding sequence of CDON in
human cancers (see http://cancer.sanger.ac.uk/cosmic/gene/overview?In=CDONN). All these data
support that CDON is a bona fide tumour suppressor that does not seem to have a causal implication
in tumour progression (Delloye-Bourgeois et al., 2013).

To answer the question if in humans, like in our Drosophila model, the loss of Hh signalling
pathway is able to enhance Notch signalling, we made use of the luciferase tools to report the state
of these pathways, but we could not reproduce the Drosophila results. All these discrepancies can be
explained due to a difference in the crosstalk between both organizers when comparing Drosophila
organizer function in the context of imaginal discs development, to human cell lines. Another
explanation can be that the antagonistic crosstalk seen in the Drosophila discs is the result of a direct
effect in their effort to maintain, during development, the correct size and morphology of a future
adult organ.

In a further step, we will work with a circular RNA also called sponge RNA. Animal
microRNAs directly bind to target mRNAs by complementary base pairs and can trigger cleavage of
mMRNAs depending on the degree of complementarity. Both artificial and natural sponges RNAs
contain complementary binding sites to a miRNA of interest. Due to a sponge’s binding sites are
specific to the miRNA seed region, these RNAs can “sponge up” miRNAs of a particular family,
thereby serving as competitive inhibitors that suppress the ability of the miRNA to bind its mRNA
targets (Ebert et al., 2010; Ebert et al., 2010). Mammals have thousands of circular RNAs with
predicted microRNA binding sites. For instance, CDR1as/ciRS-7 is encoded in the genome antisense
to the human CDR1 gene locus (namely CDR1as), and targets miR-7 (namely ciRS-7: circular RNA
sponge for miR-7) (Hansen et al., 2013; Memczak et al., 2013). We can use this ciRS-7 to reduce the
levels of free miR-7 in miR-7-induced cancer cells and quantify its effect over the endogenous CDON
mMRNA levels present in human cells.
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2. miR-7 exposed an unanticipated tumour suppressor role for the Hedgehog
signalling pathway.

We have shown that the Hh tumour suppressor role is revealed when components of the Hh
pathway are lost in conjunction with a gain of DI expression in both the eye and wing discs.

To date, Hh has not yet been perceived as a tumour suppressor, although it is noteworthy
that human homologs of ihog, CDON, and BOC were initially identified as tumour suppressors (Kang
et al., 1997). Importantly, both CDON and BOC are downregulated by RAS oncogenes in transformed
cells (Kang et al., 1997) and their overexpression can inhibit tumour cell growth in vitro (Kang et al.,
2003; Kang et al., 1997; Kang et al., 2002). Since human RAS regulates tumorigenesis in the lung by
overexpressing mir-7 in an ERK-dependent manner (Chou et al., 2010), it is possible that RAS
represses CDON and/or BOC via this microRNA. Indeed, as occurs with Drosophila iHog, the 3'UTR of
both CDON and BOC contain predicted binding sites for miR-7 (www.targetscan.org), and in this
Thesis we show that CDON is negatively regulated by this microRNA in PC3 human cells.

There are additional clinical and experimental evidences relating elements of the Hh
pathway with tumour-suppression. The function of Growth Arrest Specific gene 1, a Hh ligand-
binding factor, overlaps that of CDON and BOC (Allen et al., 2011; lzzi et al., 2011) and its
downregulation is positively associated with cancer cells (Jiang et al.,, 2010) and melanoma
metastasis (Gobeil et al., 2008), while its overexpression inhibits tumour growth (Lopez-Ornelas et
al., 2011). More speculative is the association of some cancer cells with the absence of cilium, a
structure absolutely required for Hh signal transduction in vertebrate cells (Ingham, 2012).

In Drosophila, Hh and Notch respectively establish signalling centres along the anterior-
posterior and dorsal-ventral axes of the disc to organize global growth and patterning, as has been
extensively described in the introduction of this Thesis. At the point where the organizer domains
meet, there is a specification of the position of the MF in the eye disc and the proximodistal
patterning in the wing disc (Cavodeassi et al., 1999; Li et al., 2005; Stark et al., 2003). Our results
suggest that the antagonistic interaction between Hh and Notch signalling pathways might help to
ensure correct disc growth. Thus, we show that Hh signalling limits the organizing activity of DI-
Notch signalling, as the loss of Hh signalling enhances a non-cell autonomous oncogenic role of DI-
Notch pathway. Competitive interplay as the one described here between Notch and Hh may not be
more common than expected among core growth control and cancer pathways that act within the
same cells at the same or different time to exert multiple outputs (such as growth and cell
differentiation). Moreover, context-dependent tumour suppressor roles could explain the recurrent,
unexplained, identification of somatic mutations in Hh pathway in human cancer samples (e.g.,
(Jones et al., 2008)). Indeed, our findings stimulate a re-evaluation of the signalling pathways
previously considered to be exclusively oncogenic, such as the Hh pathway.

3. Conserved miR-7 tumour model as a potential pre-clinical paradigm.
Cancer is increasing as a cause of death worldwide. The uncontrolled malignant growth of cells can

combined with secondary metastatic tumours, being these last ones the more difficult to detect and
control. Secondary tumours can spread via the blood or lymphatic system and are highly invasive
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and aggressive. The metastatic process involves several biological steps: loss of cellular adhesion,
increased motility and invasiveness, entry and survival of tumour cells in the circulation, exit into
new tissue, and colonization of a distant site (Chambers et al., 2002; Gupta et al., 2006). All these
steps require an Epithelial-to-Mesenchymal Transition (EMT). This is a process in which cells lose
their epithelial character and acquire a migratory mesenchymal phenotype (Thiery et al., 2009). EMT
and the reverse process (Mesenchymal-to-Epithelial Transition (MET)) are essential also for normal
development of multiple tissues and organs. They also contribute to tissue repair and are thought to
be recapitulated in metastasizing cancer cells (Yilmaz et al., 2009). Loss of the cell adhesion molecule
E-Cadherin is considered a hallmark of EMT (Yang et al., 2008). A challenge to understand the
genetic processes behind metastasis formation and the role of the microenvironment is to develop
therapeutic strategies to treat metastatic cancers and develop model systems that permit fast drug
screens and the easy monitoring of metastatic invasion (Hanahan et al., 2011; Nguyen et al., 2009;
Yang et al., 2008).

Over the last decade, the fruit fly Drosophila melanogaster has become an important model
system for cancer studies determining the molecular characterization of important signalling
cascades, developmental and growth control processes. Several characteristics make this animal
suitable model for cancer research. Among others, we can highlight a reduced redundancy in its
genome compared with that of humans, the facility to conduct large-scale genetic screens in this
organism and long-time of usage and development of a wide variety of genomic tools. Moreover,
epithelial cells within imaginal discs have many similarities with mammalian stem cells and, as they
do, they can produce tumour masses (neoplasm) (Gateff, 1978; Plaglianiri et al., 2003). Tumours
within imaginal discs present cancer cells properties: (1) uncontrolled proliferation; (2) evasion of
programmed cell death; (3) invasion and metastasis associated with the breakage of the basal
membrane; loss of E- cadherin expression and metaloprotease production. Regarding the processes
of invasion, dissemination and metastasis, should be mentioned that there are important
physiological differences between Drosophila and mammals, so that Drosophila is not the perfect
model to study certain aspects of cancer dissemination. The open circulatory system of the fly will
permit, in theory, the passive dissemination of tumour cells. This type of dissemination only occurs
in certain types of tumours present in highly irrigated tissues as lung or pancreas. Dissemination of
cancer cells occurs in an active way and implicates processes such as the intra- and extra-vasation,
blood and linfatic vessel circulation, processes that do not occur in the epithelial tumour in
Drosophila. However, the initial steps (local invasion) and the final steps (distant metastatic organ
growth) of metastasis can be modelled in Drosophila. Results from different laboratories, including
ours, clearly show the molecular and cellular conservation of these processes between Drosophila
and mammals, being the Drosophila studies relevant for human cancer.

Models of tumour formation and cell invasion have been created in Drosophila using a wide
variety of gene targeting strategies used through this Thesis, such as loss-of-function mutations and
tissue-specific RNAi knockdown, as well as transgenic overexpression of activated oncogenes found
in human cancers. We use the pseudostratified epithelia of the Drosophila larval wing and eye
imaginal discs, since they are ‘two-hit’ models of tumour overgrowth and invasion, caused by miR-7
in combination with DI/ overexpression. Alterations in microRNAs have been implicated in the
initiation or progression of human cancers (e.g., (Calin et al., 2006; Cho, 2007; lorio et al., 2007)),
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although such roles of microRNAs have rarely been demonstrated in vivo (e.g., (Foekens et al., 2008;
He et al., 2004; Voorhoeve et al., 2007)). Here we work with models that are susceptible to be used
for pharmacological screening.

In the case of the PsqBTB-induced tumour-metastatic model in combination with DI driven
overexpression by the GS88AS8 line (Ferres-Marco et al., 2006), pigmented or fluorescent cells
coming from the compound adult eye (under the ey-Gal4 promoter) suffering an EMT
transformation can be easily seen throughout the body of the animal. Additionally in this Thesis, we
propose tumour-metastatic combination of DI with the loss of function of the active form of Ci (the
fly counterpart of the human Glil) under the dpp-Gal4 promoter as a potential pre-clinical paradigm.
Crossing dpp-Gal4>UAS-Fluorescent protein flies with different UAS-lines we can easily monitored
metastasis following the fluorescent cells that migrate out of the dpp region. Human Gli loss-of-
function has also been previously described as a metastatic inducer in different contexts such as
pancreatic ductal adenocarcinoma and lung squamous cell carcinomas (Joost et al., 2012; Tang et al.,
2015; Yue et al., 2014)). Complementary screens and mammal extrapolations should be performed
in the constant fight to find new hallmarks of cancer progression.

4. BTB- and non-PipsqueakBTB link up Polycomb, and Chromatin Insulators in
unsuspected ways:

4.1. PipsqueakBTB as a possible chromatin insulator protein.

The origin of the “eyeful” phenotype has been attributed to the epigenetic silencing mediated by the
protein-protein interaction domain of Psq (Ferres-Marco et al., 2006), as occurs with the oncogenic
BTB-proteins in humans, PLZF (promyelocytic leukaemia zinc finger) and BCL-6 (B cell lymphoma 6),
that associate with histone deacetylases (HDACs), co-repressors, and PcG repressors through their
BTB domain (Melnick et al., 2002). Extrapolating this results to the “eyeful” phenotype it has been
proposed that it is possible that Psq and/or Lola (which also possesses a BTB domain), interact
through their BTB with histone deacetylases (HDACs) and PcG repressors to recruit this complexes to
particular genes, for example to homeotic genes with GAGA sequences (Ringrose et al., 2004). In the
case of Psq, it has been previously described to be bound to these sequences co-localizing with GAF
(Lehmann et al., 1998; Schwendemann et al., 2002). Psq is found in a complex with Polycomb
proteins, where Psq may be responsible for the sequence-specific targeting of a Polycomb-group
(PcG) complex that contains HDAC activity (Ringrose et al., 2004). So deregulation of psg might
induce tumorigenesis through aberrant epigenetic silencing of genes that contribute to the
uncontrolled growth of tumour cells. Supporting this proposal, there is a loss or strong reduction of
the open chromatin mark H3K4 trimethylation (H3K4me3) in the developing eye tissue from which
the tumour arises in the “eyeful” flies, suggesting that the chromatin in the mutant tissue has been
condensed or silenced (Ferres-Marco et al., 2006). Additionally, reducing the dosage of genes
related to gene silencing and chromatin condensation, like Rpd3/HDAC, E(z), Su(var)3-9, Pc, and Esc,
impeded tumour development. Finally, it was demonstrated that the increase in epigenetic silencing
reduced the expression of the retinoblastoma family protein (rbf) gene, a well-known tumour
suppressor gene, necessary for preventing tumour development.
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Our results add new perspectives to what was predicted for the “eyeful” phenotype. In these
contexts, the oncogenic function of Psq was associated to their BTB, interacting with histone-
deacetylases (HDACs), co-repressors and PcG proteins (Ferres-Marco et al., 2006), not found in our
Y2H with Psq aal-720 and not correlating with the insulator relation found for the BTB-containing
forms of Psq. We have demonstrated that PsqBTB can directly interact with Su(Hw) insulator protein
members and with Chro, adding new insights into the composition of insulator-mediated structures
present in the genome. See Table 3 with a summary of the known and the new BTB interactions
presented in this Thesis work.

GAF Lola Like Mod(mdg4) PsqBTB | CP190 | Chromator
GAF + + + +
Lola Like + + + +
Mod(mdg4) + + o + ay
PsqBTB + + +
CP190 + + +

Table 3. Table with the summary of the known BTB interactions and the new interactions obtained from this work in red
boxes.

We cannot forget to take into account the limitations of extrapolating the results found in
Drosophila Kc167 cells to animal tissue. It is the first time that we can study PsqBTB and non-BTB Psq
isoforms individually, as we designed antibodies that specifically recognise each of them, allowing us
to study them individually. Through Y2H and co-immunoprecipitations we first revealed the possible
relation of PsqBTB with insulator proteins through it interaction with Chro. Afterwards, ChlIP-seq
data analyses unveil differences between both types of Psq isoforms (with or without the BTB),
regarding the sequence of their respective binding sites in the genome.

All the previously described data known for Psq about its binding to GAGA sequences
present in the chromatin, its co-localization with GAF and the recruitment of PcG, seems to belong
to the non-BTB Psq isoforms. This assumption is endorsed by the information obtained with
different heatmaps and a motif enrichment analysis within the non-BTB Psq binding sequences.
Although this data locates this short isoform co-localizing with GAF, a new binding motif should be
searched through additional methods (different to the programs available in internet as MEME-ChIP
or RSAT), as the only motif attributed to these binding sites is GAGA and is not directly enriched at
the peak summit. A new motif for Psq total was published in 2014 and obtained by ChIP-seq without
the traditional PFA crosslink (Kasinathan et al., 2014), and it might be the same as the corresponding
to our non-BTB data.

We can find co-immunoprecipitated PsqBTB with other members of the insulator family
apart from Chro. This family is known as Su(Hw) insulator proteins and they were first described as
the gypsy insulator binding proteins. They include two BTB proteins (Mod(mdg4)2.2 and CP190) and
Su(Hw) (Ghosh et al., 2001; Golovnin et al., 2012). CP190 and Mod(mdg4) isoforms are also common
proteins of other chromatin insulator complexes (Gerasimova et al., 2007; Ghosh et al., 2001; Pai et
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al., 2004). Regarding the tendency of BTB proteins to oligomerize (Bardwell et al., 1994; Horowitz et
al., 1996; Koonin et al., 1992; Raff et al., 1994) different authors suggested that they might act by
modifying chromatin structure (Albagli et al., 1995; Croston et al., 1991; Dorn et al., 1993; Kerrigan
et al., 1991), and this is the basis of insulator proteins behaviour. The insulator function of PsqBTB
has been tested using the gypsy insulator situated between the promoter of the cut gene and its
enhancer (ct®). Unfortunately, measuring the total area of adult wings, we cannot detect a significant
suppression of the ct® phenotype. With these results we cannot confirm the insulator function of
PsgBTB, not surprisingly since, as it will be described in Figure 56F-F, we could not detect the
presence of this protein in the larval wing imaginal disc. These BTB isoforms must be present at wing
discs but in a very low level, since it can be detected by WB in concentrated wing disc protein
extracts (Figure 57C). Other possibility could be that this protein is present and helps insulator
function in maintaining the differentiated state of adult wing cells, but it is not essential in the
insulator function, as its depletion does not show a direct effect over enhancer-blocking activity. The
possible insulator function of PsqBTB seems to depend on larval tissue or developmental stage.
Further analysis will be performed using other insulator constructs affecting the expression of genes
showing phenotypes in tissues characterized by the presence of PsqBTB. As we can find these BTB
isoforms at, for example, in the fat body, we can use a previously described strategy (Wei et al.,
2001) to address the effects of the insulator on basal transcription. This strategy consists of using
constructed reporter genes with spacing between the insulator and a minimal alcohol
dehydrogenase gene (adh) promoter, and to analyse alcohol dehydrogenase activity after transient
transformation of larval fat body (McKenzie et al., 1994; Wei et al., 2000).

PsgBTB is part of the called architectural proteins (known to be regulators of 3D genome
organization in cell fate (Gomez-Diaz et al., 2014)), possibly mediating the interaction between
different TADs along the chromatin and at the borders of the repressive H3K27me3 domains. The
correct establishment of repressive chromatin states within a cell are so crucial that they need to be
strictly controlled. It seems that both isoforms of Psq converge in the control of the formation of this
chromatin states through different mechanisms depending on the presence or the absence of the
BTB-interaction domain.

In Figure 60, we propose a model for the location and function of the BTB and non-BTB Psq
isoforms. PsqBTB isoforms are probably co-localizing with architectural proteins at APBSs and with
Su(Hw) insulator proteins, while non-BTB Psq co-localizes with GAF recruiting PcG and TrG proteins
to PRE/TREs. We have seen that non-BTB Psq isoforms seems to co-localize with GAF all over the
genome, being possibly regulated with other functions of GAF.

A full understanding of the origin of a tumour-like growth caused by the overexpression of
different transcription factors will be a very challenging task due to the unpredicted effect of this
context far from an endogenous situation. However, all the data proposed in this thesis work, lead
us consider the possible relation between the epigenetic changes observed in the “eyeful”
phenotype and its insulator function. Since long ago, it has been shown that insulators control the
behaviour of PcG proteins (Cai et al., 2001; Comet et al., 2006; Mallin et al., 1998; Muravyova et al.,
2001; Sigrist et al., 1997) supporting recent models wherein chromatin insulators are involved in
mediating long-range interactions important for Polycomb-mediated repression (Pirrotta et al.,
2012). We will perform complementary studies testing the effects of insulator proteins over the
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epigenetic origin of the “eyeful” phenotype, as for example, testing the impact of the depletion of
different insulator proteins by RNAi or loss-of-function alleles over the “eyeful” context.

Insulator function

Architectural proteins Su(Hw) insulator

\Mod(mdg4)2.2 .Su[Hw) . CP190 PquTB .NOn-BTBPsq
h : Mod(mdg4
l L(3)mbt ” dCTCF oar MR, BEAF-32 D Chromator \ s

Polycomb Response elements

Promoter

Figure 60. Model for the function of the different protein isoforms of Pipsqueak. See the here represented insulator
function of PsqBTB (yellow), accompanied by architectural proteins, localized in APBSs, or with Su(Hw) insulator proteins,
possibly mediating the interaction between distant sequences of the chromatin, through the formation of topological
associated domains. Non-BTB Psq is associated with GAF in the recruitment of PcG and TrG proteins to PRE/TREs, and also,
but not represented here, it is associated with GAF along the genome probably involved in its additional functions. In the
figure legend is represented the identity of each form in the scheme.

4.2. Pipsqueak and its effect in transcription.
The simultaneous implication of Pc and GAF in transcription repression and activation, within and/or

out PREs (Farkas et al., 1994; Mousavi et al., 2012; Ringrose et al., 2004; Strutt et al., 1997; Xu et al.,
2012), forces the revision of the functional relevance of Psq isoforms in transcription. Both forms of
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Psq are located at active enhancers and at transcription starting sites, suggesting a function in active
transcription. However, PsqBTB and its relation with insulators, suggests an enhancer-blocking
insulator function, so an implication in transcriptional repression cannot be discarded. The same
occurs with non-BTB Psq with its co-localization with GAF and the epigenetic machinery all over the
genome.

Eliminating the non-BTB isoform in a context where PsqBTB cannot be detected
(proliferative tissues such as imaginal discs) slows cell proliferation directly or indirectly reducing the
levels of CycA. This Cyclin has been reported to count with a classical PRE at its promoter, showing
non-BTB Psqg co-localizing with GAF and Pc at this site. However, in this case we have a scenario
where Psq is acting as an activator collaborating preferably with the TrxG instead of the PcG, similar
to the bifaceted function of GAF at these sites. The additional information we can extract from these
findings is that non-BTB Psq is selectively expressed in proliferative tissues as its expression seems to
be paramount for the expansion of cell population. PsqBTB expression is tightly controlled in these
tissues due to unknown reasons, and its overexpression (like in the case of the “eyeful” phenotype)
unbalances its effect over these cells, making them more susceptible to respond to the
overexpression of DI resulting in hyper-proliferation.

Psqg total biding sites are not affected by the absence of Jil-1 in Kc167 cells. This protein is
involved in the release of Pol Il from its paused state, and so activating transcription. This result
leads us to study the effect of Psq up-stream in the transcriptional regulation cascade, specifically in
the relation of Psq with the process of Pol Il pausing where GAF has been implicated.

Calculating the pausing index of genes characterized by the presence of GAF and Psq (mainly
the non-BTB isoforms), reveals a possible relation of Psq in gene pausing. However, the negative
deviation of pausing indexes for genes containing total Psq (non-associated with GAF or PsqBTB)
involves PsqBTB in the opposite process. In relation to this result, the knock-down of Psq total in
Kc167 cells shows a reduction in the released form of Pol Il (reduced levels of Pol Il Ser2 and H3S10
phosphorylation). This result combined with the pausing index calculated for PsqBTB and lJil-1
containing genes, suggests that PsqBTB is helping in the release of Pol Il from its paused state up-
stream of Jil-1. PsqBTB through its interaction with Chro (demonstrated by Co-IP and 1-by-1 Y2H) can
be implicated in the release of Pol II, since the complex formed by Chro and Z4 has been involved in
the recruitment of Jil-1 (required for phosphorylation of H3510) (Gan et al., 2011; Rath et al., 2006).
In this regard, we will study the distribution of Jil-1 along the genome, in the absence of PsqBTB.

Additionally, we used another two strategies to test the effect of transcription factors, such
as Psq, in transcription induction: Heat-sock experiments and 20-HE treatment.

Heat-shock of Kc167 cells did not show a modification of Psq total binding sites, but the
treatment of these cells with 20-HE in different conditions highlights an effect over the levels of non-
BTB Psq bound around Ecdysone-induced genes (no changes were reported for PsqBTB). Indeed, the
absence of Psq in these cells during the treatment with 20-HE, shows an up-regulation of early
Ecdysone-induced genes, such as Eip57B, EcR and vri. This result suggests that Ecdysone limits its
own response by recruiting non-BTB Psq repressor to Ecdysone-responsive genes. This finding takes
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on far greater significance when extrapolated to the coordination of Drosophila development, but
the lethality of the Psq loss-of-function alleles, makes it difficult to work with them. Further analysis
will be done with Gal80 or heat-sock-GAL4 strategies. Additional repressive proteins, such as GAF or
Pc, could be studied in this context in order to discover additional the proteins involved in this

process.

Like all other holometabolous insects, the size of Drosophila adult flies is set by the size of
the larvae prior to metamorphosis, at the time of pupariation. The major developmental hormone in
Drosophila, 20-HE is required for all the developmental transitions needed for metamorphosis
(Thummel, 1995; Thummel, 1996; Thummel, 2001). Ecdysone is produced in and released by the
prothoracic gland (PG), a component of the ring gland, endocrine glands located in the prothorax
(McBrayer et al., 2007; Zitnan et al., 2007). Ecdysone release is controlled by a complex combination
of upstream factors, including peptide hormones and neuropeptide signals. For example,
Prothoracicotropic hormone (PTTH) from the central nervous system is required to regulate the
synthesis and release of Ecdysone from the endocrine gland PG (McBrayer et al., 2007). Ecdysone
pulses from the PG are required for all aspects of morphogenesis, starting with the formation of the
body plan during embryogenesis, hatching and development of the first larval instar, and for cuticle
moulting at the end of the first and second instars larvae. It has been demonstrated that Torso acts
as the receptor of PTTH (Rewitz et al., 2009). In this work, they show that torso is expressed
specifically in the PG, and its loss phenocopies the removal of PTTH. The activation of Torso by PTTH
stimulates extracellular signal-regulated kinase (ERK) phosphorylation, and the loss of ERK in the PG
phenocopies, the loss of PTTH and Torso, concluding that PTTH initiates metamorphosis by
activation of the Torso/ERK pathway. At the same time, it has been shown that the control of
germline torso expression by Psq is required for embryonic terminal patterning in Drosophila (Grillo
et al., 2011). In our laboratory we have observed an up-regulation of the transcription of this gene in
response to the overexpression of both forms of Psq in cell culture and imaginal discs (data not
shown). Considering all these data, it is reasonable to connect Psq, Torso and PTTH in the Drosophila
development. To explore the possible implication of Psq in this paramount process we measured the
developmental acceleration or delay of Drosophila pupariation time when we overexpress or
decrease psq levels in the PG. Preliminary results show that the loss of function of Psq total in the PG
has no effect over the pupariation time. On the other hand, overexpression of PsqBTB isoforms,
which has been reported to also activate the transcription of torso, was lethal and caused the death
of L2 instar larvae. We are planning to overexpress non-BTB Psqat the PG, which is not so larval
lethal.

In summary, the results described in this Thesis show Psg as a multifaceted transcription
factor with isoforms implicated in different processes. This, in addition to its assumed repressive
function, may explain the riddle of Psq ability to act in the same context as an oncogene or as a
tumour suppressor.
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5. Unexpected partnership between PipsqueakBTB, and chromatin insulators may be
relevant to tumorigenesis: The case of Fruitless.

In this work, we have reported the up-regulation of another BTB protein Fru by the synergistic effect
of the overexpression of DI and Psq, the last one driven by the expression of the GS88A8 line
(overexpressing two other BTB-family genes proteins, psq and lola) in the Drosophila eye. The up-
regulation of fru has been shown in other tumour contexts, combined with the up-regulation of
other genes belonging to the BTB family such as broad, tramtrack, chinmo, abrupt or lola (Doggett et
al., 2015). The tumour growth we have shown, produce by the overexpression of the gene fru in
combination with a Notch gain of function has also been recently confirmed (Doggett et al., 2015).
BTB proteins are increasingly implicated in the aetiology of human cancers, as both tumour
suppressors and oncogenes, and are also highly oncogenic in Drosophila when ectopically over-
expressed. Taking into account our results regarding Psq function as an insulator, missregulated
expression of these BTB-containing proteins may produce an insulator-related rearrangement of 3D
chromatin organization and the subsequent changes in general transcriptional regulation.

With all this data and inspired by a paper from Dr. Victor Corces group (Li et al., 2015), |
venture to say, just as pure speculation, what can be happening in a BTB-mediated tumour
condition. In this paper, they study the origin of the dramatic changes in the general transcription
profile produced by temperature stress. Expression of most active genes is quickly repressed,
whereas a few previously silenced genes, the heat shock genes, are upregulated (Gonsalves et al.,
2011; Guertin et al., 2012). They show that this stress induces relocalization of architectural proteins
from TAD borders to inside TADs, reducing TAD border strength and allowing for an increase in long-
distance inter-TAD interactions. This produces a dramatic rearrangement in the 3D organization of
the nucleus that increases contacts among enhancers and promoters of silenced genes, which
recruit Pc and form Pc bodies in the nucleolus, increasing subsequently the general chromatin
silencing. These results suggest that the TAD organization of metazoan genomes is plastic and can be
reconfigured quickly. | venture to extrapolate these results to our tumour context in “eyeful”,
characterize by the overexpression of BTB-proteins and an increase in transcriptional repression. The
ability of these BTB-proteins to oligomerize may rearrange architectural protein contacts, changing
TAD interactions that can increase contacts among enhancers and promoters of silenced genes. This
may produce an increase in transcriptional repression in response to the new far-from-endogenous
situation.

On other hand, alternative splicing of fru transcripts produces sex-specific proteins. The sex-
biased tumorigenesis observed in this work and produced by fru is interesting given that gender
differences in tumorigenesis have not yet been reporter for any tumour type in Drosophila. This
opens the possibility that gender differences in Fru function can also impact on the different
response of female and male imaginal disc cells to tumours. Importantly, our preliminary data
suggest that loss of endogenous fru via RNAI transgenic expression can partially rescue the PsqBTB
(“eyeful”) phenotype, further implicating fru in this tumour model.

In summary, the work presented in this Thesis broadens our knowledge on Psq activity
respect to the work of (Ferres-Marco et al., 2006), unveiling new mechanisms underlying Psqg-
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mediated tumorigenic function and adds a new microRNA acting as an oncomir in the context of
Notch induced tumorigenesis. The miR-7 project has been already published (see Appendix II).
However, to prove some of the hypothesis suggested in this manuscript and to verify if PsqBTB could
serve as a model to understand how other BTB-oncogenes carry out their functions during
oncogenesis, we will have to perform further experiments.
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The conclusions drawn from this Thesis work are the following:

Related to Section 1:

1. Luciferase reported-based cellular assays in vitro and in vivo show that the conserved
microRNA miR-7 directly silences the Hedgehog receptor ihog by binding to a single conserved miR-7
binding sites in its 3' UTR region.

2. Delta-Notch signalling represses expression of Boi, the second functionally redundant
Hedgehog receptor, either directly or indirectly via the Pax6-related transcription factor Eyegone.

3. The synergy between miR-7 and the Delta-Notch pathway activity converged on the
dampening of Hedgehog signalling activity.

4, Tumour formation in the eye and wing imaginal discs can be provoked by cooperative
activation of Notch signalling and reduced activity of Hedgehog signalling.

5. Increasing Hedgehog signalling or the loss of Cubitus interruptus repressor form can
suppress tumorigenesis by miR-7/Delta cooperation.

6. Loss of Hh signalling enhances DI-Notch signalling activity.

7. The human counterparts of the receptor iHog (CDON), is similarly repressed by the human
miR-7 by binding to the seed sequences in its 3' UTR as shown by our assays in vitro in human
prostate cancer cells PC3 cells.

Related to Section 2:

8. Y2H experiments reveal that Chromator insulator protein is a binding partner of
PipsqueakBTB.

9. PipsqueakBTB isoforms interact through the BTB domain with the C-terminal domain of
Chromator, as revealed in 1-by-1 Y2H experiments.

10. PipsqueakBTB and Chromator fully co-localize in the genome at promoter regions as
revealed by ChlIP-seq.

11. Pipsqueak bound to Polycomb Response Elements seems to be the non-BTB Pipsqueak
isoforms.

12. Resolution of ChIP-seq assay unveils that GAGA factor binding sites align closely to non-BTB
Pipsqueak binding sites.

13. PipsqueakBTB may be implicated in the release of RNA polymerase Il pausing.
14. PipsqueakBTB may act as a chromatin insulator protein.

15. PipsqueakBTB directly binds to Suppressor of Hairy Wing insulator members.
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16. PipsqueakBTB binds at architectural protein binding sites at the borders of H3K27me3

domains.
17. Non-BTB Pipsqueak binding sites co-localize with Ecdysone receptor sites.
18. Ecdysone limits its own response by recruiting non-Pipsqueak repressor to Ecdysone-

responsive genes.
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Las conclusiones derivadas de este trabajo de tesis, se detallan a continuacion:

Relacionadas con la Seccidn 1:

1. El microRNA miR-7, conservado desde Drosophila hasta humanos, silencia directamente el
receptor de la via de Hedgehog ihog, a través de la unidon de este microRNA a un Unico sitio en la
region 3’UTR de este gen. Como se ha demostrado en ensayos con reportero de luciferasa in vivo e
in vitro.

2. La via de sefalizaciéon Delta-Notch reprime la expresion de Boi, el segundo receptor
funcionalmente redundante de la via de Hedgehog, de manera directa o indirecta, a través del factor
de transcripcién relacionado con Pax6, Eyegone.

3. miR-7 y la via de Notch convergen y sinergizan reduciendo la actividad de la via de
Hedgehog.
4. La formaciéon de tumores en los discos imaginales de ojo y ala estdan producidos por la

cooperacion entre la activacién de la via de seiializacién de Notch y la reducciéon de la via de
Hedgehog.

5. El aumento de la sefalizacion de la via de Hedgehog o la pérdida de la forma represora de
Cubitus interruptus suprimen la formacion del tumor producida por la cooperacion miR-7/Delta.

6. La pérdida de la via de sefializacién de Hedgehog aumenta la actividad de la via se
sefializacién DI-Notch.

7. El homdlogo en humano del receptor iHog (CDON), es reprimido por el micrcoRNA miR-7 de
humano uniéndose a sus regiones seed en el 3’UTR in vitro en células de cancer de préstata PC3.

Relacionadas con la Seccidn 2:

8. La proteina aislante (insulator en inglés) Chromator se une a PipsqueakBTB, como revela un
ensayo de Y2H.

9. La isoforma PipsqueakBTB interacciona a través de su dominio BTB con la region C-termina
de Chromator, como se ha visto a través de experimentos de 1-by-1 Y2H.

10. PipsqueakBTB y Chromator co-localizan en el genoma en regiones promotoras como se ha
visto a través de ChlIP-seq.

11. La forma de Pipsqueak unida a Elementos de respuesta a Polycomb (PREs en inglés) no
contiene el dominio BTB.

12. Los sitios de unidn de la forma corta de Pipsqueak (sin el dominio BTB) solapan con los sitios
de unién de GAGA Factor.

13. PipsqueakBTB parece estar implicado en la liberacidn de la polimerasa Il de su estado
pausado.
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14. PipsqueakBTB probablemente actie como una proteina insulator.
15. PipsqueakBTB se une directamente a Suppressor of Hairy Wing insulators.
16. PipsqueakBTB se une a los sitios correspondientes a proteinas arquitectdnicas en los bordes

de los dominios de H3K27me3.

17. Las isoformas de Pipsqueak sin el dominio BTB co-localizan con los sitios de unién del
receptor de la hormona Ecdisona.

18. La Ecdisona limita su propia respuesta reclutando la forma sin el BTB de Pipsqueak hasta sus
genes de respuesta.
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1. Fly genetics.
1.1 Drosophila Husbandry.

miR7 project: The GS(2)518ND2 line was isolated in a genetic screen for enhancers or suppressors of
a mild overgrown eye phenotype induced by DI overexpression when driven by the eye specific ey-
Gal4 driver (ey-Gal4 UAS-DI). The PlacWP10111 stock was a gift from Dr C. Klambt (Munster
University, Munster, Germany). The other Drosophila stocks used in this project were: UAS-mir-7
and UAS-DsRed::mir-7 (Li et al., 2005), UAS-boi (Hartman et al., 2010), UAS-ci (Dominguez et al.,
1996) and UAS-ci-75 (Aza-Blanc et al., 1997; Methot et al., 1999). A detailed description of the stocks
and transgenic flies used in this study can be found at http://flybase.org/ for ey-Gal4, ptc-Gal4, en-
Gald, hsp70-Gald, Bx-Gald, UAS-DI, UAS-fng, UAS-hh, UAS-eyg, EP(X)1447 (boi), hh*® and smo® or at
http://flystocks.bio.indiana.edu/ and http://stockcenter.vdrc.at/control/main for the BDSC and VDRC
RNAI stocks, respectively. Clones of hh*¢ surrounded by DI-expressing tissue were generated by the
ey-Flp in eye-antennal imaginal discs of the genotype: yw ey- Flp;, ey-Gal4 UAS-DI/+; FRT82B
hh*“/FRT82B arm-lacZ. The MARCM GFP-labelled clones of smo’/smo® only or smo’/smo’ tub-Gal4
UAS-DI cells were induced in larvae 48-72 hr after egg laying by 1 hr heat shock at 37°C at 48-72 hr
after egg laying in larvae: yw tub-Gal4 UAS-GFP hsp70-FLP122; smo®> FRT40A ptc-lacZ/ tub-Gal80
FRT40A and y w tub-Gal4 UAS-GFP hsp70-FLP122; smo> FRT40A ptc-lacZ/ tub-Gal80 FRT40A; UAS-
DI/+, respectively.

All the combinations of Gal4, GS and the different UAS transgenic lines and mutants were
raised at 26.5°C.

GS-element and PlacW Mapping Genomic DNA flanking the P-element insertion in the
GS(2)518ND2 and the PlacWP10111 stock were recovered by inverse PCR using the Pwht'/Plac’ and
PIw*'/Pry 4 primers, respectively (http://www.fruitfly.org/about/methods/inverse.pcr.html), and
they were subsequently sequenced. A BLAST search with the sequence produced perfect matches to
the genomic region on chr2R:16491078 for GS(2)518ND2 and on chrX: 2364036 for PlacWwP10111.

Pipsqueak project: A detailed description of the stocks and transgenic flies used in this study
can be found at http://flybase.org/, the Bx-Gald, ey-Gald, UAS-DI, psq”* and Df(2R)psq-lola A18
(Grillo et al., 2011; Horowitz et al., 1996; Huang et al., 2002; Schwendemann et al., 2002; Siegel et
al., 1993) and Df(2R)psqg-lola A18 (Horowitz et al., 1996; Huang et al., 2002) or at
http://flystocks.bio.indiana.edu/ and http://stockcenter.vdrc.at/control/main for the BDSC and VDRC
RNAI stocks, respectively.

Other stocks used here were: UAS-psq™* (PsqBTB) from laboratory of Dr. Maria Dominguez,
UAS-psq” (Psq non BTB) from (Grillo et al., 2011), UAS-88A8 from (Ferres-Marco et al., 2006),
y’ct’:Mod(mdg4)™/Mod(mdg4)'™, y’ct’;cP190*/TM6 and y’ct®;Su(Hw)"/TM6 a gift from laboratory
of Dr. Victor Corces (Emory University in Atlanta) (Capelson et al., 2005) and UAS-fruitless a gift from
the laboratory of Dr. Daisuke Yamamoto.
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1.2 Image acquisition.

Drosophila images (eyes and wings of adult flies) were captured on an optical microscope ZEISS
Axiophot, using a MicroPublisher 5.0 camera (QImaging) and the QCapture software (Qlmaging). All
pictures were taken using a 5X objective with 1.5X zoom. Each image is a composite of 15 to 25
images of the same sample focused at different heights of the specimen. The in-focus composites
were generated using the software AutoMontage Essentials 5.0.

2. Yeast two-hybrid experiments.

2.1 Yeast two-hybrid screen.

The coding sequence for aa Met1-GIn720, which contains the BTB and the central region of the
Drosophila Psq protein (GenBank accession number gi: 24652499, FlyBase ID FBgn0004399),
specifically the isoform B, was used as bait for the assay.

The sequence was PCR-amplified and cloned in frame with the LexA DNA-binding domain
(DBD) into plasmid pB29 (orientation N-bait-LexA-C). pB29 bait plasmid derives from the original
pBTM116 (Vojtek et al., 1995). The DBD constructs were checked by sequencing the entire inserts.
The bait plasmid was transformed in the yeast strain L40AGal4 (mata) (Fromont-Racine et al., 1997).

As prey we used a Drosophila embryo library from Hybrigenics Services, which is an
equimolar pool of two cDNA libraries prepared from 0-12 hr (zygotic + maternal mRNA) and 12-24 hr
embryo mRNA. The different cDNA were cloned in frame with the Gal4 activation domain (AD) into
plasmid pP6, derived from the original pGADGH (Bartel et al., 1993). The AD constructs were
checked by sequencing the insert at its 5" and 3’ ends.

Interaction assays are based on the reporter gene HIS3 (growth assay without histidine). The
general logic of the assay is as follows: upon physical binding of protein X with protein Y, the DNA
Binding Domain (DBD) of a transcriptional activator is brought in close proximity to its Activation
Domain (AD) counterpart. Reconstitution of a functional transcription factor activates the
production of an auxotrophy marker (HIS3 in this assay), which in turn allows His- yeast cells to grow
on a selective medium lacking histidine. The DBD constructs were transformed in L40AGal4 (mata)
yeast cells and the AD constructs in Y187 (mata) yeast strain. The interactions were then tested
using a mating approach to generate diploid yeast that will express both fusion proteins, as
previously described (Fromont-Racine et al., 1997). The screen was first performed on a small scale
to test the autoactivation of the bait, its toxicity and to select the most appropriate selective
medium for the assay. The selective medium DO- 2, which lacks tryptophan and leucine, was used as
a growth control. DO-3 medium, which lacks tryptophan, leucine and histidine, was used to test
protein interaction. The full-size screen was performed using 50mM of 3-aminotriazol (3-AT), an
inhibitor of imidazole glycerol phosphate dehydrates the product of the HIS3 reporter gene. This
increases stringency and reduces possible autoactivation by the bait proteins.

Following the procedure described in (Formstecher et al., 2005), 78.2 million interactions
were tested, from which 154 positive clones were selected on DO-3 selective medium plus 3-AT. The
corresponding prey fragments were amplified by PCR and sequenced at their 5" and 3’ ends. They
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were identified by sequence comparison with the release 3.1 of Berkeley Drosophila Genome Project
(BDGP) using BLASTN (Altschul et al., 1997). For the complete list of positive clones see Table S3
Appendix I.

For each interaction, a Predicted Biological Score (PBS) was computed to assess interaction
reliability. This score represents the probability of an interaction being non-specific. The scores are
divided into four categories, from A (lowest probability) to D (highest probability). A fifth category, E,
specifically tags interactions involving highly connected prey domains. This category represents
highly likely two hybrid artefacts. The PBS has been shown to positively correlate with the biological
significance of protein interactions (Colland et al., 2004; Formstecher et al., 2005; Terradot et al.,
2004).

2.2 One-by-one yeast two-hybrid experiments.

The coding sequence for aa Met1-GIn720, Met1-Asp131 and Alal32-GIn720 of the Drosophila Psq
protein (FlyBase ID FBgn0004399), specifically isoform B (containing the BTB domain), were PCR-
amplified and cloned in frame with the LexA DBD into plasmid pB29 (orientation N-bait-LexA-C). The
DBD constructs were checked by sequencing the entire inserts, and then transformed in L40AGal4
(mata) yeast cells, as in the case of the yeast two-hybrid screen.

A prey fragment, corresponding to the full Drosophila Chromator protein (FlyBase ID
FBgn0044324), was extracted from the yeast two-hybrid screening of Psq (aa Met1-GIn720) against
Hybrigenics Services Drosophila embryo cDNA library. The Chromator sequence was cloned in frame
with the Gal4 AD into plasmid pP6. The AD construct was checked by sequencing the insert at its 5’
and 3’ ends, and then transformed in Y187 (mata) yeast strain. The interaction pairs were tested
using a mating approach as previously described (Fromont-Racine et al., 1997). Interaction pairs
were tested in duplicate, as two independent clones from each mating reaction were picked for the
growth assay.

For each interaction, several dilutions (107, 102, 10° and 10®) of the diploid yeast cell
culture normalized at 5x10* cells and expressing both bait (DBD fusion) and prey (AD fusion)
constructs were spotted on several selective media (DO-2 and DO-3). Six different concentrations of
the inhibitor 3-AT were added to the DO-3 plates to reduce the background generated by baits that
activate transcription alone (so-called autoactivating baits). The following 3-AT concentrations were
tested: 1, 5, 10 and 50mM.

3. Cell culture and transfections.

Schneider 2 (S2) cells (Invitrogen, ref. #10831-014), were maintained in Express Five serum free cell
culture medium (Invitrogen, ref. #10486-025), and supplemented with L-Glutamine (LabClinics, ref.
#M11-004) and penicillin/streptomycin stock of antibiotics (Sigma, ref. #P4333-100ML). Kc167 cells
(DGRC cat. no. 1) were maintained in Schneider’s Drosophila Medium (Gibco, ref. #21720-024),
supplemented with 10% inactivated fetal bovine serum (Invitrogen, ref. #10108-165) and
penicillin/streptomycin stock of antibiotics (Sigma, ref. #P4333-100ML).
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S2 and Kc167 generated from spontaneously immortalized cells in cultures of mechanically
dissociated embryos, were grown in an incubator at 252C without CO,. For transient transfection
experiments, 6 well plates were used in which 8 x 10° cells were placed per well in 2 ml of Express
Five serum free medium or Schneider’s Drosophila Medium, depending on the cell line used,
supplemented with L-Glutamine and no antibiotics or serum. 1ug of total DNA was added per well.
The amount of each plasmid was adjusted to obtain equimolar concentrations. Cells were
transfected using Cellfectin Il Reagent (Invitrogen, ref. #10362-100). In transfections including
plasmids with the metallothionein promoter (pMT), activation of the promoter was induced by
adding 1.4 mM CuSO, to the medium 24 hr after transfection. Cells were lysed 24 hr after CuSO,
addition (48 hr after transfection).

Human prostate cancer cells (PC-3) and human prostate non-transformed epithelial cells
(PNT1A: obtained from ATCC) were cultured in RPMI-1640 + Glutamax medium (Gibco)
supplemented with 10% FBS incubated at 372C in 5% CO,. They were transfected with
Lipofectamine2000 reagent (Invitrogen) following manufacturer instructions into PC-3 cells at a
density of 5x10° cells per well in 24-well plates with 500ng of total DNA. Cells were incubated 48 hr
and then collected for experiments.

dsRNA transfections were performed with Cellfectin Il Reagent. (Invitrogen, ref. #10362-
100), following the manufacturer’s instructions. dsRNA was generated using the Megascript T7 High
Yield Transcription Kit (Ambion NC. Ref# 1404051) and the primers used for the RNAi KK recognizing
all isoforms of Psq were obtained from Drosophila Vienna Stock Centre (For 5’-
TAATACGACTCACGCTGCCCTGCTTA-3’; Rev 5’- TAATACGACTCACAAGGCTCACAATG-3’).

4. Construction of Sensor Transgenes.

The tub-luc::ihog3’UTR or tub-luc::boi3’UTR constructs were generated by cloning the full
length 3’ UTR of the Drosophila ihog or boi genes into the 3" end of the tub-firefly luciferase plasmid.

To construct the tub-luc::ihogmut3’UTR reporter, 3 nucleotides of the predicted binding-site
for miR-7 in the ihog 3’'UTR were mutated using the QuickChange Site-Directed Mutagenesis kit
(Agilent Technologies Inc.). The tub-eGFP::ihog3’UTR or tubeGFP:: boi3’UTR constructs were
generated by cloning the full length 3’UTR of ihog or boi genes into the 3" end of the tub-eGFP
reporter vector (a gift from Dr Cohen). The final constructs were verified by sequencing. Transgenic
eGFP and luciferase sensor flies were generated on a w1118 background by standard transformation
into Drosophila embryos (BestGene Inc.).

The BOC and CDON 3'UTR constructs were generated by cloning the full length 3'UTR of BOC
and CDON into the pRL-TK plasmid after the T7 promoter (Promega). Target sites were mutated
using the QuickChange Site-Directed Mutagenesis kit (Stratagene). All primer lists are in the Table S4
in Appendix I.
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5. Luciferase Reporter Assays.

Luciferase is a generic term for the class of oxidative enzymes responsible for
bioluminescence. The luciferase assays performed for this project were done with the objective to
report a direct regulation of a protein over a target gene or sequence. For that we prepare
constructs with the DNA region of interest controlling a firefly luciferase or the sea pansy Renilla
luciferase coding region under a specific promoter, using one of them as a control (firefly luciferase
pRL-TK from Promega as experimental reporter and the Renilla luciferase plasmid pGL3 from
Promega as a control). The luciferase or Renilla activity was measured with a commercial kit (in vitro)
or with a luciferase antibody (in vivo) anti-luciferase (luci27) (Mouse 1:200, Thermo Scientific Ref#
12556).

The following reaction happens in in vitro assays (Figure 61):

Recombinant Firefly

HO . COOH Luciferase e s. N2
\@N; ﬁsj/ +ATP+O, N S]/ +AMP+PP.+CO,+Light

Mgz-i-

Beetle Luciferin Oxyluciferin

0 /—< >_°H Renilla O{O*OH

| \N +0, Luciferase N +CO,+Light
| " I |
N N
HO HO

Coelenterazine Coelenteramide

AHEEMAGI_BA

Figure 61. Firefly luciferase is a 61kDa monomeric reporter protein that catalyses the oxidation of beetle luciferin in a
reaction that requires ATP, Mg2+ and O, and produces light. Renilla luciferase is a 36kDa monomeric protein and catalyses a
bioluminescent reaction that uses O, and coelenterazine.

For Drosophila S2 cell luciferase assays, cells were plated in 24-well plates and co-
transfected as described previously in materials and method-transfections with the Renilla luciferase
plasmid (75 ng) for normalization, and different combinations of the following plasmids: actin-Gal4
(400 ng), pUAS-mir-7 or empty pUAST (400 ng; (Stark et al., 2003), tub-luc::ihog3’UTR, tub-
luc::boi3’UTR or tub-luc::ihogmut3’UTR (25 ng). The relative luciferase activity was measured 48 hr
after transfection using the Dual-Glo Luciferase Reporter Assay system (Promega) according to the
manufacturer's instructions.

In the case of the luciferase experiments with human cells we used two different human
prostatic cell lines, immortalized non-malignant prostatic cell line PNT1A (Mitchell et al, 2000) and
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metastatic PC-3 cells. Cells were co-transfected in 24-well plates with the pRL-TK-BOC-UTR, pRL-TK-
CDON-UTR or pRL-TK-BOC-UTR-mut, pRL-TK-CDON-UTR-mut construct (200 ng) and the pGL3-
control plasmid (20 ng; Promega) for normalization, using mirVec with or without the human mir-7
expression (from Dr. Brabletz laboratory). The relative luciferase activities were determined 48 hr
after transfection and in all cases, luciferase activity was measured using Dual-Glo Luciferase Assay
system (Promega).

PC-3 cells were transfected as previously described with the plasmids kindly gifted by Dr.
Tilman Borggrefe and Dr. Mathias Lauth. Mammalian GLI proteins are known to encode a nuclear
protein, containing five zinc finger motifs, which binds to DNA in a sequence-specific manner (Kinzler
et al., 1990). The human GLI reporter form (Sasaki et al., 1997) is a construct containing 8 repetitions
of this sequence-specific binding sites cloned upstream of a firefly luciferase coding region
controlled by a minimal promoter in a pd&1Lucll from (Kamachi et al., 1993) (200ng transfected).
The luciferase reporter plasmid RBP-J (Jung et al., 2013; Minoguchi et al., 1997; Oswald et al., 2002)
contains a 50-bp oligonucleotide harbouring RBP-J binding sites in a TP1 promoter in pGa981-6
(200ng), and the mutant version was cloned by Francesca Ferrante in the laboratory of Dr. Tilman
Borggrefe. Gli3 repressor construct without its activator domain (Gli3Rep)(140ng transfected) was a
gift from Dr. Mathias Lauth and a dominant active form of the murine Notch-1 pcDNA3 mN1 deltaE
IC+OP (here called NotchDE)(140ng transfected) was obtained from (Oswald et al., 2002); all using
20ng of renilla luciferase control plasmid pRL-CMV (Promega).

The results of the luciferase assays are shown as the mean * standard error of the mean of
three independent experiments that were analysed by a two-tailed unpaired t-test.

6. Co-immunoprecipitation assays.

To detect the interaction between Pipsqueak and Chromator, CP190, Mod2.2 and Su(Hw), Kc167
cells were grown in 10 cm plates with Express Five serum free medium (gibco) supplemented with L-
Glutamine and no antibiotics. For each condition, one plate with 5x10° cells in 10 ml medium was
used.

In the case of the Psq and Chro Co-IP, the cells were transiently transfected with pMT-
3xFlag::Psq::tRFP (Maria Dominguez) and pMT-Chromator::GFP (Gift Kristen Johansen) according to
the protocol described above. Cells were collected from the plate using a cell scrapper and
centrifuged for 5 minutes at 1100 r.p.m. in a centrifuge cooled to 42C to separate them from the
medium. Then, 1500 pl RIPA buffer was added to each sample (20 mM Tris-HCI [pH 7.4], 150 mM
NaCl, 1% Triton and 5mM EDTA) supplemented with protease and phosphatase inhibitors (2 mM
Pefabloc (Sigma-Aldrich), 1X cOmplete Mini EDTAfree protease inhibitor cocktail (Sigma-Aldrich),
1mM NazVO,and 1ImM NaF).

After addition of the cell lysis buffer, the samples were sonicated using a Biorruptor
sonicator (Diagenode). In order to completely break the cells, especially the nuclear membrane, the
samples underwent 7 cycles of 30 seconds ON/OFF at maximum power. After sonication, the lysates
were incubated in ice for 30 minutes and then cleared adding magnetic beads conjugated with
Protein A (rabbit antibodies) or G (mouse antibodies) (Millipore, ref. #16-661). After this, the
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samples were incubated overnight at 42C in a rotating shaker (slow rotation). The cleared lysates
were incubated with 1pg of the primary antibodies a-FLAG (Sigma, ref. #F3165), a-GFP (Abcam,
ref#ab290) for 2 hr at 49C in a rotating shaker (slow rotation). After the incubation, 30 pl of magnetic
beads conjugated with Protein A or G were added to each sample and incubated for 2 hr at 42Cin a
rotating shaker (slow rotation). The samples were then washed three times with native buffer
without inhibitors (20 mM Tris-HCI [pH 7.4], 150 mM NacCl, 1% Triton and 5mM EDTA). The samples
were finally resuspended in 30 pl of 6X SDS loading buffer (300 mM Tris-HCI [pH 8.8], 12% SDS, 0.6%
bromophenol blue and 30% glycerol) with B-mercaptoethanol (1 ul for each 50 pl of 6X SDS buffer)
and boiled for 10 minutes at 952C. Using a magnet, the magnetic beads were separated from the
sample to be analysed by WB as it will be described below.

The Co-IPs between PsqBTB and all the other insulator proteins were done using
endogenous protein levels and the following antibodies: 5ug of the rabbit anti-Mod(mdg4)2.2, rabbit
anti-CP190 and rabbit anti-Su(Hw) (all three a gift from the laboratory of Dr. Victor Corces), rabbit
PsgBTB and rabbit Psq total (both designed in the laboratory of Dr. Maria Dominguez and
synthetized by SDIX company using SDIX Genomic Antibody Technology® and Eurogentec).

7. Western blot.

To prepare the cell lysates, cells were collected from the plate using a cell scrapper and mechanically
lysed in RIPA buffer (20 mM Tris-HCI [pH 7.4], 150 mM NaCl, 1% Triton and 5mM EDTA),
supplemented with protease and phosphatase inhibitors (2 mM Pefabloc, 1X cOmplete Mini
EDTAfree, 1ImM NasVO,and 1mM NaF). The lysates were incubated for 30 minutes at 42C. Total cell
lysates were stored at -802C after the incubation.

Supernatant and pellet were separated and 150ul of RIPA buffer were added to the pellet
samples. Protein concentration of the samples was determined using BCA Protein Assay Kit (Pierce,
ref. #23227). 25 ug of protein sample were resuspended in 6X SDS loading buffer (300 mM Tris-HCl
[pH 8.8], 12% SDS, 0.6% bromophenol blue and 30% glycerol) with B-mercaptoethanol (1 pl for each
50 ul of 6X SDS buffer), and boiled for 10 minutes at 95°C.

Protein samples were separated in 8% SDS-PAGE gels and transferred to a PVDF membrane
(Inmovilon-P Transfer membranes, Millipore, ref. #/PVH00010). Membranes were blocked in PBS
with 0.1% Tween-20 and 3% BSA for 1 hr at room temperature. After that, membranes were
incubated with the primary antibodies: polyclonal rabbit anti-Psq aa 453-552 (1:2000) and polyclonal
rabbit anti-PsqBTB aa 92-106 (1:2000), (both designed in the laboratory of Dr. Maria Dominguez and
synthetized by SDIX company using SDIX Genomic Antibody Technology® and Eurogentec), a-FLAG
(Sigma, ref. #F3165, 1:1000), a-actin (Sigma, ref. #A2066, 1:500), a- GFP (Abcam, ref#ab290), mouse
a-Chromator (1:1000) (a gift from laboratory of Dr. Kristen Johansen), mouse anti-CyCA (1:2000,
DSHB Ref #A12) and rat a-Mod(mdg4)2.2 (1:2000), rabbit a-CP190 (1:2000) and rabbit a-Su(Hw)
(1:2000) a gift from the laboratory of Dr. Victor Corces; all diluted in PBS with 0.1% Tween-20 and 3%
BSA. After overnight incubation at 42C, membranes were incubated during 1 hr at room temperature
with secondary antibodies: HRP-conjugated rabbit a-IgG (Sigma, ref. #A9169, 1:10000), HRP-
conjugated mouse a-IgG (Jackson, ref. #115-035-062, 1:5000) or HRP-conjugated Rat a-1gG (Jackson
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REF# 712-035-153); all diluted in PBS with 0.1% Tween-20 and 3% BSA. Proteins were detected using
the chemiluminescent substrate ECL (Pierce, ref. #32209), the detector LAS-100 (Fujifilm) and the
Image Reader LAS-1000 software (FujiFilm).

8. Immunohistochemistry and microscopy analysis.

miR7 project: Third instar imaginal discs were fixed and stained by standard procedures
using the following primary antibodies (dilutions, sources): a-Eyg (guinea pig 1:100, (Junn et al.,
2009), a-Elav (mouse 1:100, DSHB Ref# 9F8A9), a-Wg (mouse 1:100, DSHB Ref# 4D4), a-En (mouse
1:100, DSHB Ref# 4D9), a-phospho-H3 (a-PH3; rabbit 1:500, Sigma Ref#t H0412), a-GFP (rabbit
1:1000, Invitrogen Ref#t A11122), a-B-galactosidase (mouse 1:2000, Cappel), a-Cut (rat 1:5000, DSHB
Ref# 2B10), a-DE-cad (rat 1:50, DSHB), a-Dac (mouse 1:100, DSHB Ref#t mAbdac2-3), a-Ci (rat 1:5; a
gift from Dr. Holgrem), a-luciferase (luci27) (mouse 1:200, Thermo Scientific Ref#f 12556) and a-
DsRed (rabbit 1:2000, Clontech Ref# 632496). The secondary antibodies used were conjugated to
AlexaFluor-488, -555, -647 (Molecular Probes), and diluted at 1:400. Discs were mounted in
Fluoromount G (Southern Biotechnology) and the images were captured on a Leica TCS-NT Confocal
microscope.

Pipsqueak project: Third instar imaginal discs, ovaries and guts, were fixed and stained by

standard procedures using the following primary antibodies (dilutions, sources): a-Psq total (Rabbit
1:200, Dr. Maria Dominguez), a-PsqBTB (Rabbit 1:200, Dr. Maria Dominguez), 6H11 (Mouse 6H11 a-
Chromator 1:200, Dr. Kristen Johansen), a-tubulin (Rabbit 1:200, Abcam Ref# ab15246), a-CID
(Chicken the Drosophila homologue of the CENP-A centromere-specific H3-like proteins 1:200,
Abcam Ref# ab10887), a-phospho-H3 (Rabbit 1:500, Sigma Ref# H0412), a-Mod(mdg4)2.2 (Rabbit
1:200, Dr. Victor Corces).

For polytene chromosomes immunostaining 3" instar larvae were dissected in 0,7% NaCl
and salivary glands were placed immediately in fixative solution (3,7% formaldehyde + 45% acetic
acid in PBT). After 2min they were transferred to a drop of 45% acetic acid diluted in water on Poly-
L-Lysine coated slide with a coverslip on top. A hammer was used to “squash” the chromosomes.
After checking their integrity under a phase microscope, slides were frozen in liquid nitrogen and the
coverslip was removed with a razor blade. The subsequent immunofluorescence was done using
standard procedures. The primary antibodies used were (rabbit anti-Psq total 1:200, and mouse
6H11 a-Chromator 1:200, Dr. Kristen Johansen).

To perform immunohistochemistry of cells in culture, we placed over night a million of cells
over a small coverslip inside a 24-plate well with complete medium. Afterwards, cells were washed
twice with PBS and fixed with new prepared 4% PFA, during 20 minutes at room temperature. After
washing twice with PBS we blocked cells for 1 hr with PBT+3%of PSA, and treated with primary
antibodies for 1 hr. After washing twice with PBS, secondary antibodies were added (1hr) and the
coverslip was then flipped and placed over a slip and sealed with nail varnish.

Adult wings were dissected and mounted in a drop of glycerol over a slip after rinse them
first in ethanol 100% and then in glycerol+ethanol 70%.
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9. Image capture and processing

Drosophila images (eyes and wings) were captured with light microscope ZEISS Axiophot using the
software CoolSnap. Images 3D coupling was performed using Automontage Essentials software.
Image analysis (area calculation, density profiles and cell countering) was performed using Image)
software (Rasband, W.S., Imagel, U. S. National Institutes of Health, Bethesda, Maryland, USA,
http://rsb.info.nih.gov/ij/, 1997-2005).

10. RNA extraction, retrotranscription, and quantitative PCR

Total RNA from S2, Kc167, PC3 and PNT1A cells or larval tissue disrupted by TissuelLyser LT - QIAGEN
(all tissue samples were stored in RNAlaterTissueProtect Tubes (Qiagen) until used), was isolated
using the RNeasy Mini Kit (Quiagen, ref.# 74106) according to the manufacturer’s protocol. RNA
samples were treated with DNase (TURBO DNA-free Kit, Applied Biosystems, ref.# AM1907) to
eliminate the remaining DNA from the samples, as indicated in the manufacturer’s protocol. 1 ug of
RNA was reverse-transcribed using SuperScript Il Reverse Transcriptase (Invitrogen, ref.# 18080-
093) and Oligo(dT) Primers (Invitrogen, ref## 18418-020). Quantitative PCRs were performed using
Power SYBR Green PCR Master Mix (Applied Biosystems, reff#t 4367659), 10 ng of template cDNA,
and gene-specific primers (222 nM) (Table S4 Appendix), under the following conditions: 10 minutes
at 95°C, and then 40 cycles of 15 seconds at 95°C and 40 seconds at 60°C. Real-time PCR reactions
were performed using a 7500 Real-Time PCR system (Applied Biosystems), according to the
manufacturer’s recommendations. The results were normalized to endogenous Rp49 (Drosophila) or
GAPDH (human) expression levels. Three separate samples were collected from each condition and
triplicate measurements were conducted. Primers were designed using the Primer Quest online tool
(http://eu.idtdna.com/PrimerQuest/Home/Index). Data are presented as mean * standard error of
the mean; statistical analyses were performed using two tailed Student’s t-test.

To assess the levels of mature microRNA, specific primer sets were obtained from Applied
Biosystems. Products were amplified from 10 ng of total RNA (extracted from cultured cells using
miRNeasy-Mini Kit, Quiagen) with the “TagMan MicroRNA Assay”. cDNA was synthesized using an
oligo-dT primer and SuperScript RTIII (Invitrogen). Mature microRNA levels were normalized to U14
snRNA.

11. ChIP-seq

Chromatin immunoprecipitation was performed using the protocol follow in the laboratory of Dr.
Victor Corces:

80x10°cells/ChIP were collected in 12ml of cultured media. 333ul of 37% the PFA stock was
added and incubated on rotator for 10 min at room temperature. Cells were quenched for 5min by
adding 1,2ml of 1,25M glycine to final concentration of 0,125M. After spinning down the cells 3-
4min at 42C 2000rpm cells were resuspended in 2ml cell lysis buffer plus protease inhibitors (PIPES
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pH8 5mM, NaCl 85mM, Nonidet P40 0,5%, 1ImM PMSF and 1x cOmplete Mini EDTAfree) and
incubated for 15min. After collecting them 4000rpm 8min 42C they were resuspended in 1,5ml of
lysis buffer 3 (EDTA 1mM, EGTA 0,5mM, Tris-HCl;pH8 10mM, NaCl 100mM, Na-Deoxycholate 0,1%,
N-lauroyl sarcosine 0,5%,1mM PMSF and 1x cOmplete Mini EDTAfree) plus protease inhibitors and
incubated for 20 min. Crosslinked cells were sonicated in the Biorruptor Diagenode with
temperature controller at 42C, 30sec on/30 sec off 25 cycles, maximum power. Tryton was added to
a final concentration of 1%. To pellet cellular debris we centrifuged at maximum speed in
mircocentrifuge for 10 min at 49C. After washing the Protein A or G Dynabeads with lysis buffer 3
30ul of beads were added for preclearing 1-2 hr at 42C. After that, beads were removed from the
medium. 50pl of the supernatant were taken to test the quality of the sonication (QC) and 5ul of the
primary antibody ( rabbit a-Psq total and rabbit a-PsqBTB from laboratory of Dr. Maria Dominguez
and mouse a-EcR hybridoma bank Ref# DDA2.7) were added to the total supernatant and incubated
over night at 42C. Then, 30ul of Protein A or G beads were added and incubated during 3 hr at 42C.
After that beads were washed:

- 3times with 1ml Low Salt Wash Buffer (SDS 0,1%, Trition X-100 1%, EDTA.Na, pH8 2mM,
TrisHCl pH8 20mM and NaCl 150mM) 5 min each on rotation at room temperature.

- 2 times with 1ml High Salt Wash Buffer (SDS 0,1%, Trition X-100 1%, EDTA.Na2 pH8
2mM, TrisHCIl pH8 20mM and NaCl 500mM) as above.

- 2times with 1ml of LiCl buffer (TrisHCl pH8 10mM, EDTANa, pH8 1mM, LiCl 0,25M, NP40
1% and sodium deoxycholate SDC or deoxycholic acid DOC 1%) as above.

- 1time with 1ml of TE buffer (TrisHCl pH8 10mM and EDTA Na, pH8 1mM) as above.

Elution was performed two time with 200pl freshly prepared IP elution Buffer (0,1M NaHCO;
and 1%SDS) 5 min at 502C.To revert the crosslink we added 20ul of NaCl 5M, 8ul of EDTA 0,5M, 16yl
of TrispH8 1M and incubated overnight at 652C (444ul final volume). For QC we added IP dilution
buffer (SDS 0,01%, Trition X-100 1.1%, EDTA.Na, pH8 1.2mM, TrisHCI pH8 16.7mM and NaCl 167mM)
to the 50ul taken before to a final volume of 200ul final volume and also revert the crosslink as
above, with half volume of each reactant.

After incubating for 2hr at 502C with 8ul of Proteinase K we extracted one time with
phenol:chloroform:isoamyl (25:24:1) equal volume and after a top spin centrifugation for 5 min and
we added to the top aqueous layer 2ul of 20mg/ml glycogen, 1/10 volume of Sodium Acetate 3M,
2,5 volumes of iced cold ethanol 100% and incubated the samples at -802C for 1 hr to overnight.
After a spin at 15000rpm in 42C we washed once with cold 70% ethanol to remove salts and we let
air dry the pellet and finally dissolve it in 25,5ul of Elution Buffer (Tris pH 8,5 10mM).

To generate sequencing libraries, ChIP DNA was prepared for adaptor ligation by end repair
(End-1t DNA End Repair Kit, Epicenter Cat# ER0720) and addition of ““A” base to 39 ends (Klenow 39—
59 exo—, NEB Cat# M0212S). Illumina adaptors (lllumina Cat# PE-102-1001) were titrated according
to prepared DNA ChIP sample concentration and ligated with T4 ligase (NEB Cat# M0202S). Ligated
ChlP samples were PCR-amplified using Illumina primers and Phusion DNA polymerase (NEB Cat# F-
530L) and size selected for 200—-300 bp by gel extraction. ChIP libraries were sequenced at the
HudsonAlpha Institute for Biotechnology, using an Illlumina HiSeq 2000.
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12. ChIP-seq and bioinformatics analyses

Two biological replicates were used for ChIP-seq experiments, and only peaks found in both
replicates were considered for further analyses. Sequences were mapped to the dm_r6.01 genome
with Bowtie 0.12.3 (Langmead, 2010) using default settings. Peaks were then called with MACS 1.4.0
alpha2 using equal numbers of unique reads for input and ChIP samples and a P-value cut-off of 1 x
10° with an equivalent number of reads from sonicated input sequences. ChIP-seq data sets for
H3K4me3, H3K4mel (GSE36374), H3K27me3 (GSE37444) and insulator proteins dCTCF, BEAF-32,
Su(Hw) have been described previously (Kellner et al., 2012; Van Bortle et al., 2012; Wood et al.,
2011) and all the additional data sets were provided by the laboratory of Dr. Victor Corces . Negative
values for ChIP data were set to zero (white colour) due to the fact that only positive values are
obtained for ChIP-seq data. +2 kb from each peak summit was K-means clustered using Cluster 3.0
(de Hoon et al., 2004) and visualized by Java Treeview (Saldanha, 2004). Primary motifs of Psq were
identified by MEME-ChIP using default settings (Machanick et al., 2011).

To calculate the pausing index of genes associated with different proteins, we use the peak
data from ChIP-seqs of the different proteins, to intersect them (using the Genomic Hyperbrowser)
with a list of TSSs. Afterwards, using the R software, we merge this protein-TSSs with a gene file
containing the data of all genes (chromosome, start, end, length and gene ID). This merged file is
then used to calculate the Pausing index of each gene containing the specific protein. The Pausing
index was calculated using ChIP-seq datasets of Pol Il in Kc167 cells obtained from modENCODE. Pol
Il levels at TSS was considered as the mean enrichment of Pol Il in the £200 bp region around each
TSS containing the desired protein. Pol Il levels at gene bodies was considered as the mean
enrichment of Pol Il from +200 bp to the end of the corresponding gene.

13. Eye imaginal disc microarray analysis.

Raw data processed with the gcRMA method and differentially expressed genes were detected by
SAM (Significance Analysis of Microarrays) with a 0.1378 FDR, and using the Benjamini and Hochberg
correction for multiple hypothesis testing. 196 probesets were found to be differentially expressed
(46 up and 150 down-regulated). We curated the 46 upregulated probesets, which included
probesets against repetitive elements (transposons), non-coding RNA, or multiple isoforms of the
same gene, and ended up with 47 transcripts from which coding sequences were obtained in FlyBase
(www.flybase.org), batch-translated with EMBOSS Transeq
(http://www.ebi.ac.uk/Tools/emboss/transeqg/index.html), and submitted to signal peptide analyses
using a Neural networks model available in SignalP 3.0 (22). SignalP 3.0 predicted a signal peptide in
21/47 proteins encoded by the upregulated genes, 19 of which were encoded at unique loci (i.e., the
Spn4 locus encoded three Spn4 isoforms with predicted signal peptides: isoforms Spn4—PD, -PE, and
-PF). List in Table S5 in supplementary materials shows these positive hits ordered by average fold-
change (R fold) between tumour and control eye disc samples.
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Table S1. |dentification of candidate tumour-suppressor gene(s) of Drosophila melanogaster In Silico
predicted miR-7 target genes in the gain of Delta context.

Gene® RNAi Stock Phenotype ° Incidence
Collection”  Number FlyBase ID FlyBase Genotype ey-Gal4>DI>dcr2 (n>50)d

5-HT18 VDRC 46485 FBst0466727  w''®; P(GD17040) v46485/TM3 N.C.

5-HT18 BL 25833 FBst0025833  y'V'; P(y[+t7.7]v[+t1.8]=TRiP.JF01851)attP2 N.C.
aop BL 34909 FBst0034909  y'sc* v'; P(TRiP.HMS01256)attP2 Early lethal 100%
aop BL 26759 FBst0026759  y'v'; P(y[+t7.7v[+t1.8]=TRiP.JF02323)attP2/TM3 N.C.
ato BL 26316 FBst0026316  y'v';; P(TRiP.JF02089)attP2 Hypo 100%

BobA VDRC 29796 FBst0458154  w'™*®; P(GD15234)v29796 N.C.
bow! BL 27074 FBst0027074  y'v'; P(TRiP.JF02419)attP2 Hyper 10%
bow! VDRC v102050  FBst0473922  P(KK110520)VIE-260B T 70%

Cad87A BL 28716 FBst0028716  y'v'; P(TRiP.JF03143)attP2 N.C.

Cad87A VDRC 105901  FBst0477727  P(KK104234)VIE-260B N.C.

Cad87A VDRC 8578 FBst0471146  w''*; P(GD3637)v8578 Hyper 40%

CG10444 VDRC 4722 FBst0467144  w'%; P(GD2104)v4722 N.C.
CG10444 VDRC 107008  FBst0478831  P(KK101545)VIE-260B N.C.
CG11319 VDRC 7621 FBst0470766 ~ w''®; P(GD954)v7621 N.C.
CG12488 VDRC 105028  FBst0476856  P(KK113020)VIE-260B N.C.
CG13908 BL 28645 FBst0028645  y'v'; P(TRiP.JF03060)attP2 N.C.
CG13908 VDRC 47179 FBst0467118  w''%; P(GD16461)v47179 N.C.
CG18549 VDRC 107272  FBst0479094  P(KK102196)VIE-260B N.C.
CG31472 VDRC 105941  FBst0477767  P(KK107976)VIE-260B N.C.
CG32103 VDRC 108078  FBst0479890  P(KK100089)VIE-260B N.C.

CG7272 VDRC 8375 FBst0471046  w''*; P(GD2471)v8375 N.C.

CG9368 BL 28292 FBst0028292  y'v'; P(TRIiP.JF02922)attP2 N.C.

CG9368 VDRC 29786 FBst0458148  w''®; P(GD15225)v29786/Cy0 Hyper 60%
cpa VDRC 100773  FBst0472646  P(KK108554)VIE-260B Hypo 100%
da BL 29326 FBst0029326  y'v'; P(TRiP.JF02488)attP2 Hypo 100%
da VDRC 105258  FBst0477086  P(KK104800)VIE-260B Hypo 100%

dachs BL 27664 FBst0027664  y'v'; P(TRiP.JF02743)attP2 N.C.

dachs VDRC 102550  FBst0474419  P(KK111964)VIE-260B N.C.
da BL 26319 FBst0026319  y'v'; P(TRiP.JF02092)attP2 Hypo 100%
gho VDRC 106929  FBst0478752  P(KK102658)VIE-260B Pupal lethal 100%
h BL 27738 FBtp0052562  y'v'; P(TRIiP.JF02822)attP2 T 100%

HLHm3 BL 25977 FBst0025977  y'v'; P(TRiP.JF01999)attP2 N.C.

HLHm4 BL 29378 FBst0029378  y'v'; P(TRiP.JF03310)attP2 N.C.

HLHmS5 BL 26201 FBst0026201  y' v'; P(TRiP.JF02099)attP2 N.C.

HLHm5 VDRC 47124 FBst0467079  w''*; P(GD16281)v47124 N.C.

HLHmS5 VDRC 101948  FBst0473820  P(KK110311)VIE-260B N.C.

HLHmy BL 25978 FBst0025978  y'v'; P(TRiP.JF02000)attP2 N.C.

HLHm& VDRC v13077  FBst0450833  w'''; P(GD4458)v13077 Hypo 100%

HLHm& VDRC v100056  FBst0471930  P(KK103234)VIE-260B T 30%

ihog VDRC v29897  FBst0458215  w'''®; P(GD14317)v29897 T 80%
ihog VDRC v102602  FBst0474471  P(KK112149)VIE-260B T 100%
jbug VDRC 102221  FBst0474090  P(KK111138)VIE-260B N.C.

jbug VDRC 28471 FBst0457492  w''*; P(GD13033)v28471 N.C.

Lama VDRC 31312 FBst0031312  y'Vv'; P(TRiP.JF01259)attP2 Hyper 100%
mbc VDRC 16044 FBst0452122  w''*; P(GD6965)v16044 N.C.

Racl BL 28985 FBst0028985  y'v'; P(TRiP.JF02813)attP2 e* N.C.
Ssadh VDRC 106637  FBst0472903  P(KK106637)VIE-260B N.C.

Such VDRC 101554  FBst0473427  P(KK109063)VIE-260B N.C.

Tehl VDRC 46364 FBst0466655  w''*; P(GD2891)v46364 N.C.
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Tehl VDRC 102816  FBst0474681  P(KK103880)VIE-260B N.C.
Tom VDRC v101652  FBst0473525  P(KK105340)VIE-260B N.C.
Tom VDRC v36614 FBst0461768  w''*; P(GD14880)v36614 T 40%

“ Genes sorted by alphabetic order. Notice that some RNAIi lines targeting the same gene showed different phenotype.

® VDRC: Vienna Drosophila RNAi Centre (http.//stockcenter.vdrc.at/control/main), BL: Bloomington Drosophila Stock Centre
(http://fly.bio.indiana.edu/)

°T: Tumour; Hyper: Hyperplasia; Hypo: Hypoplasia, NC: No Change. Phenotype obtained from the cross between males from the different
RNAI lines and females ey>DI>dcr2.

1 = total number of eyes counted.

The list above contains genes that are predicted to be target for D. melanogaster miR-7 by the following databases: CBIO
(http://cbio.mskcc.org/mirnaviewer/), TargetScan (http://www.targetscan.org/fly_11/), PicTar (http:// http.//pictar.mdc-berlin.de/cgi-
bin/PicTar_fly.cgi?species=fly/) and MirBase (http://microrna.sanger.ac.uk/sequences/).

Table S2. Direct Inhibition by RNAi Expression of Core Hedgehog Pathway Genes in the Gain
of Delta Context

a . b Stock Phenotype” Incidence
Gene RNA:i Collection FlyBase ID  FlyBase Genotype "
Number ey-Gal4>DI>dcr2 (n>200)
boi VDRC 108265 FBst0480077 P(KK103113)VIE-260B N.C.

ci VDRC 51479  FBst0020742 w'%; P(GD1403)v51479 Hyper 100%
ci VDRC 105620 FBst0026821 P(KK100760)VIE-2608 T 100%
ci BL 28984  FBst0032272 y'Vv'; P(TRiP.JFO1715)attP2 Met 10%
hh BL 25794  FBst0025794 y'Vv'; P(TRiP.JF01804)attP2 T 100%
hh VDRC 1402  FBst0451269 w''*%; P(GD193)v1402 T 30%
smo BL 27037  FBst0027037 y'Vv'; P(TRiP.JF02363)attP2 T 78%
smo VDRC 9542  FBst0471542 w''*®; P(GD577)v9542 T 80%
pka-C1 VDRC 101524  FBst0473397 P(KK108966)VIE-2608B Hypoplasia 100%

“ Canonical positive (boi, ci, hh, smo) and negative (pka-C1) Hh pathway genes sorted by alphabetic order. Note that generally the KK lines

provoke stronger phenotypes than GD lines.
® VDRC: Vienna Drosophila RNAi Centre (http.//stockcenter.vdrc.at/control/main), BL: Bloomington Drosophila Stock Centre

(http://fly.bio.indiana.edu/)
“Met: Metastasis; T: Tumour; Hyper: Hyperplasia; NC: No Change. Phenotype obtained from the cross between males from the different

RNAi lines and females ey>DI>dcr2.
1 = total number of eyes counted.

Table $3. List of positive clones obtained in the yeast two-hybrid.

The full list of the 154 positive clones identified in the Y2H is presented in the following
tables, as well as a table with a description of the Predicted Biological Score (PBS) categories used to
assess the interaction reliability of the interactions detected. Clones identifying the same gene are

clustered together.
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Global PBS (for Interactions represented in the Screen)
Very high confidence in the interaction

23.8%

High confidence in the interaction

14.3%

Good confidence in the interaction

4.8%

Moderate confidence in the interaction

This category is the most difficult to interpret because it mixes two classes of
interactions :

- False-positive interactions

- Interactions hardly detectable by the Y2H technique (low representation of the mRNA
in the library, prey folding, prey toxicity in yeast)

52.4%

Interactions involving highly connected prey domains, warning of non-specific
interaction. The threshold for high connectivity is 10 for screens with Human, Mouse,
Drosophila and Arabidopsis and 6 for all other organisms. They can be classified in
different categories:

- Prey proteins that are known to be highlivhaeonnactad due to their biological function

- Proteins with a prey interacting domain that contains a known protein interaction motif
or a biochemically promiscuous motif

N/A

- All the fragments of the same reference CDS are antisens

- The 5p sequence is missing

- All the fragments of the same reference CDS are either all OOF1 or all OOF2
- All the fragments of the same reference CDS lie in the 5' or 3' UTR

[E] Experimentally proven technical artifacts 0 0.0%
Non Appliable

The PBS is a score that is automatically computed through algorithms and cannot be attributed for the following reasons :

[ Clone Name | Type Seg | Gene Name (Best Match) __| __Start.Stop (nt) _| Frame |

pB29_A-18 5p/3p Drosophila melanogaster - Arc70 366..2837 IF
pB29_A-115 5p Drosophila melanogaster - Ac70. 366 IF
pB20_A-11  5p Drosophila melanogaster - Arc70 387 IF
pB29_A-82  5p/3p BT e 10042 2236..1668 »
pB29_A-113 5p/3p Drosophila melanogaster - CG17090 2256..3068 IF
pB29_A61 Sp B e e 2025 4944,.5451 IF
PB20 AO1 5P DO e e o 5103.6121 IF
pB29_A-87 Sp Drosophila melanogaster - CG7185 2141 B
pB29_A-121 Sp D T N O T e 7
pB29_A-106 5p Drosophila melanogaster - Chro 1485 IF
pB20_A-130 5p/3p Drosophila melanogaster - EDTP  507..-275 ”
pB29_A-28 5p/3p Drosophila melanogaster - Eb1 898..405 ??
pB29_A-15 5pi3p Drosophila melanogaster - Eno 136..1183 OOF1
pB29_A-152 5p Drosophila melanogaster - FerfHCH  -79 IF
pB29_ A2  3p Drosophila melanogaster - MICAL 5826 7
pB20_A-19  5pi3p Drosophila melanogaster - MICAL ~ 4326..5061 IF
pB29_A-85 5p Drosophila melanogaster - MICAL 4341 IF
pB29_A-37 5pi3p Drosophila melanogaster- MICAL 43415503 IF
pB29_A-124 5pi3p Drosophila melanogaster - MICAL ~ 4341..5503 IF
pB29_A-105 S5p Drosophila melanogaster - MICAL 4365 IF
pB20_A-148 S5p Drosophila melanogaster - MICAL 4797 IF
pB29_A-78  S5pi3p Drosophila melanogaster - MICAL ~ 4797..5529 IF
pB29_A-58 5pi3p Drosophila melanogaster - MICAL ~ 4797..5529 IF
pB29_A-89 5p Drosophila melanogaster - MICAL 4797 IF
pB29_A-142 3p Drosophila melanogaster - PR2 ..3087 7
pB29_A-24 S5pi3p Drosophila melanogaster - Rbp2 1898..1548 ”

(Sens|_%ld 5p |
99.0

= =

93.6
96.8

87.5
97.2
86.9

917
846
68.9

844
994
94.8
934
85.2

96.0
89.8
99.3
96.0
943
96.8
87.8
913
86.2

86.3
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95.0

89.9
91.2

79.7

98.7
89.6
86.0

98.7
89.8

93.2
94.6
93.9

91.5

95.0
88.2

N/A

N/A

5

23

=
£




Appendix |

m&m

pB29_A-186
pB29_A-86

pB29_A-75
pB29_A-170

pB29_A-109

pB29_A-41
pB29_A-21
pB29_A-161
pB29_A-126
pB29_A-165
pB29_A-20
pB29_A-25
pB29_A-168
pB29_A-73
pB29_A-127
pB29_A-163
pB29_A-62
pB29_A-98
pB29_A-80
pB29_A-131
pB29_A-38
pB29_A-185
pB29_A-77
pB29_A-64
pB29_A-30
pB29_A-39
pB29_A-40
pB29_A-53
pB29_A-16
pB29_A-35
pB29_A-84
pB29_A-60
pB29_A-76
pB29_A-166
pB29_A-34

pB29_A-160

pB29_A-176
pB29_A-79
pB29_A-104
pB29_A-42
pB29_A-172
pB29_A-66
pB29_A-139
pB29_A-81
pB29_A-156
pB29_A-43
pB29_A-112

5p
5p

5p/3p
5p

Sp

Sp/3p
Spl3p
Sp
5p/3p
5p/3p
5p/3p
Sp/3p
5p
5p
5p/3p
5p
5p/3p
Sp/3p
5p
5p
5p/3p
5p
Spl3p
Sp
Spl3p
5p/3p
5p/3p
5p/3p
5p/3p
Sp/3p
5p
sp
5p
5p/3p
5p/3p
5p
5p
5p
5p/3p
5p/3p
5p/3p
Sp/3p
Sp
Sp/3p
5p
5p/3p
5p/3p

Drosophila melanogaster - RpS3A

?aosophlla melanogaster - Su(var)2-
Dcr,osophila melanogaster - Su(var)2-
1

I_?Cr,osophila melanogaster - Su(var)2-

I%osophila melanogaster - Su(var)2-

Drosophila melanogaster - Taf8
Drosophila melanogaster - Xbp1
Drosophila melanogaster - abs

Drosophila melanogaster - abs

Drosophila melanogaster - abs

Drosophila melanogaster - abs

Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bip2
Drosophila melanogaster - bol

Drosophila melanogaster - crm

Drosophila melanogaster - dCG6923-

PA [Drosophilamelanogaster]

Drosophila melanogaster - ed

Drosophila melanogaster - hdc
Drosophila melanogaster - lolal
Drosophila melanogaster - lolal
Drosophila melanogaster - lolal
Drosophila melanogaster - lolal
Drosophila melanogaster - lolal
Drosophila melanogaster - lolal
Drosophila melanogaster - lolal
Drosophila melanogaster - lolal
Drosophila melanogaster - lolal

755
1086

1086..1805

1086

1224

-41..836
484..1034
738
738..1874
738..1874
739..1874
957..3046
1515

1515
1782..3053
1818
1920..3198
1920..3198
1920

1920
1923..2634
1941
1941..3192
2262
2262..3945
2421..4209
24243252
24243252
2424.3252
24243252
2448
2520
2520
636..-136
267..683

735

3172
2301
-95..561
-95..486
-80..506
-77..865
-71..571
-71..573
=71
-71..573
-71..1016

X X X

G G TR

X X

XXXXXX

77.9
89.7

87.4
98.3

96.5

97.2
89.1
96.4
80.2
935
92.7
87.4
89.7
99.7
80.9
7.7
98.3
818
96.6
96.5
93.0
87.4
93.1
90.3
g7.2
98.6
87.4
91.2
83.2
85.9
89.5
95.4
81.6
89.1
97.6

80.5

86.0
7.9
89.9
80.5
97.3
96.5
91.9
90.4
95.5
85.4
98.0
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845
936

79.9
94.0
100.0
98.0

89.3

86.7
75.5

86.1

828

86.5
76.8
7
85.2
84.7
916

82.3
97.2

826
794
90.6
72.5

88.9

85.1
99.6

N/A
B

2 Z
> >r

/

=
b

/)

N/A
NIA
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
N/A
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pB29_A-4 5p/3p Drosophila melanogaster - lolal -65 743 N/A
pB29_A-96 5p Drosophila melanogaster - lolal -56 00F2 89.8 N/A
pB29_A-188 5p/3p Drosophila melanogaster - mam 1989..1061 ?? N 94 4 96.9 N/A
pB29_A-46 5p/3p Drosophila melanogaster - ovo 2331..1603 ?? N 83.1 80.0 N/A
pB29_A-8 5p Drosophila melanogaster - psq -23 O0F2 96.1 A
pB29_A-90 5p Drosophila melanogaster - psq -15 OOF1 B82.5 A
pB29_A-6 5p/3p Drosophila melanogaster - rdx -21..373 OOF1 922 96.5 N/A
pB29_A-33  5p/3p Drosophila melanogaster - ry 3461..3071 ?? N 96.9 80.9 N/A
pB29_A-181 5p Drosophila melanogaster - sca 2431 ?? N 79.7 N/A
pB29_A-29 3p Drosophila melanogaster - sta ..252 ?? N 91.7 NA
pB29_A-175 5p Drosophila melanogaster - tou 1854 IF 94.0

pB29_A-71  5p/3p Drosophila melanogaster - tou 1857..2961 IF 85.8 98.3
pB29_A-17 5p/3p Drosophila melanogaster - tou 1857..2961 IF 95.3 95.5
pB29_A-97 5p/3p Drosophila melanogaster - tou 2052..3135 IF 936 88.9
pB29_A-114 5p Drosophila melanogaster - tou 2052 IF 95.5

pB29_A-85 5p Drosophila melanogaster - tou 2130 IF 91.9

pB29_A-70 5p Drosophila melanogaster - tou 2136 IF 80.4

pB29_A-14 5p Drosophila melanogaster - tou 2136 IF 80.6

pB29_A-184 5p Drosophila melanogaster - tou 2136 IF 77.8

pB29_A-119 5p/3p Drosophila melanogaster - tou 2136..2699 IF 99.1 78.7
pB29_A-110 5p Drosophila melanogaster - tou 2136..2701 IF 96.4

pB29_A-47 5p/3p Drosophila melanogaster - tou 2136..2699 IF 93.2 90.8
pB29_A-88 5p Drosophila melanogaster - tou 2136 IF 80.9

pB29_A-144 5p Drosophila melanogaster - tou 2136 IF 99.2

pB29_A-49 5p Drosophila melanogaster - tou 2136 IF 99.2

pB29_A-55 5p/3p Drosophila melanogaster - tou 2157..3132 IF 85.3 95.3
pB29_A-99 5p/3p Drosophila melanogaster - tou 2157..3132 IF 84.1 87.6
pB29_A-32 5p Drosophila melanogaster - tou 2157 IF 90.6

pB29_A-48 5p Drosophila melanogaster - tou 2157 IF 99.8

pB29_A-103 5p Drosophila melanogaster - tou 2157 IF 100.0

pB29_A-182 5p/3p Drosophila melanogaster - tou 2184..2985 IF 88.8 83.7
pB29_A-167 5p Drosophila melanogaster - tou 2184 IF 87.4

pB29_A-155 5p Drosophila melanogaster - tou 2205..2722 IF 94.8

pB29_A-143 5p Drosophila melanogaster - tou 2205 IF 93.1

pB29_A-83 5p/3p Drosophila melanogaster - tou 2205..2720 IF 96.1 99.8
pB29_A-187 5p/3p Drosophila melanogaster - tou 2205..2720 IF 94.6 85.7
pB29_A-27 5p/3p Drosophila melanogaster - tou 2205..2720 IF 926 95.7
pB29_A-164 5p Drosophila melanogaster - tou 2205 IF 842

pB29_A-74 5p Drosophila melanogaster - tou 2205 IF 90.8

pB29_A-56 5p Drosophila melanogaster - tou 2205 IF 88.3

pB29_A-94 5p/3p Drosophila melanogaster - CG1472  1677..2250 IF 88.6 94.2
pB29_A-177 5p/3p Drosophila melanogaster - CG14438 7048..5754 7 N 96.8 97.7 N/A
pB29_A-95 3p Drosophila melanogaster - CG1244  ..3410 ?7? 964 H
pB29_A-134 5p Drosophila melanogaster - CG1244 630 IF 952 A
pB29_A-92  5p/3p Drosophila melanogaster - CG1244  630..1439 IF 94.1 035 K
pB29_A-3 5p Drosophila melanogaster - CG1244 2346 IF 97.0 A
pB29_A-133 5p Drosophila melanogaster - CG1244 2472 IF 93.0 A
pB29_A-189 5p/3p Drosophila melanogaster - CG1244  2502..3859 x IF 96.1 832 A
pB29_A-137 5p Drosophila melanogaster - CG1244 2502 IF 95.3 (A
pB29_A-93  5p/3p Drosophila melanogaster - CG1244  2547..3247 IF 915 sss K
pB29_A-140 5p Drosophila melanogaster - CG1244 2547 IF 91.5 A
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Gene Name (Best Match Start.Stop (nt) | Frame |Sens| %ld5p | %Id3p | PBS |

pB29_A-45 5p/3p Drosophila melanogaster - CG1244  2547..3247 915 91 B
pB29_A-101 5p/3p Drosophila melanogaster - CG1244  2577..3550 x IF 875 945
pB29_A-51 5p Drosophila melanogaster - CG1244 2577 IF 928
pB29_A-5 Spl3p Drosophila melanogaster - CG1244  2577..3550 x IF 947 89.8
pB29_A-138 5p Drosophila melanogaster - CG1244 2601 IF 94.0 (A
pB29_A-107 5p Drosophila melanogaster - CG1244 2601 IF 96.0 A
pB29_A-129 5p/3p Drosophila melanogaster - CG1244  2724..3686 x IF 97.5 94 KA
pB29_A-13 5p Drosophila melanogaster - CG32046 3667 ?? N 933 N/A
pB29_A-67 5p Drosophila melanogaster - CG3252 1938 ?? N 974 N/A
pB29_A-162 5p Drosophila melanogaster - CG14991 271 ?? N 97.7 N/A
pB29_A-154 5pf3p Drosophila melanogaster - CG5708  93..800 x IF 88.7 88.1
pB29_A-31 3p Drosophila melanogaster - CG10712 ..1915 2? a71 B
pB29_A-111 5p Drosophila melanogaster - CG10712 1266 IF 97.0 A
pB29_A-183 5p Drosophila melanogaster - CG10712 1266 IF 83.7 A
pB29_A-141 5p Drosophila melanogaster - CG10712 1266 IF 93.3 Al
pB29_A-44 5p Drosophila melanogaster - CG10712 1266 IF 93.8 A
pB29_A-52 5p/3p Drosophila melanogaster - CG10712  1284..1929 IF 90.6 ss9 A
pB29_A-120 5p Drosophila melanogaster - CG10712 1404 IF 875 A
pB29_A-69 5p Drosophila melanogaster - CG10712 1428 IF 855 A |
pB29_A-12  5p/3p Drosophila melanogaster - CG10712  1428..2102 IF 99.0 g9s
pB29_A-63 5p Drosophila melanogaster - CG12505 1625..1946 X OOF2 975 N/A
pB29_A-153 3p Drosophila melanogaster - CG8332  ..-15 ?? N 88.7 N/A
pB29_A-158 5p Drosophila melanogaster - CG17295 -18..220 OOF1 992 NIA
pB29_A-148 5p Drosophila melanogaster - CG12207 614 ?? N 924 N/A
pB29_A-128 5p Drosophila melanogaster - CG17612  -30 OOF1 95.8 N/A
pB29_A-151 5p Drosophila melanogaster - CG4019  75..374 IF 98.0
pB29_A-26  5p/3p Ereopiigslanogaster - ConvEY B S * X F 9538 99.2
pB29_A-132 5p e mis i enMakh IF 100.0
pB20.A-100 Spigp | DIOSCPETIEMIERANEs- SenRRD iy 843 X F 969 901
pB29_A50 3p Droscki e JeamaGsiss fenMatch. | 443 2 100.0 N/A
Table S4. Primer list:
Primer sequences Primer name Use
5-GGCTATGTCTGTATGGTCGATTC-3' Gli3 For qRT-PCR
5-GTCCGTCCCTTCTCTCTAACT-3' Gli3 Rev gRT-PCR
5'-CTGAGCGGCCGCTTTTGAAACACCACCTCTCA-3' 3’UTR BOC For subcloning
5"ACGTGCGGCCGCAAGAAAATGCTGACTCACA-3' 3’UTR BOC Rev subcloning
5'-TCCCAAAGTGCGAGGATTAC-3' CDON For gRT-PCR
5'-CGTCAGCCAGGTCTGTTATT-3' CDON Rev gRT-PCR
5'-CCTAAGATGCCCATGAGAACAG-3' BOC For gRT-PCR
5'-CAGAGATATGTTGCCACGGATTA-3' BOC Rev gRT-PCR
5'-CTAGCGGCCGCTCCAAAAGCATTGTGGTTCA-3' 3’UTR CDON For subcloning
5'-CTTGCGGCCGCCCAAGATCCTGCTCCTTCAG-3' 3’UTR CDON Rev subcloning
5 BOC mut For Directed
AAACACTGTAACTTCTAAATAAATGTTTAGACATGCCTGTAACCTTCAAACTGAGTCA-3' mutagenesis
5" BOC mut Rev Directed
TGACTCAGTTTGAAGGTTACAGGCATGTCTAAACATTTATTTAGAAGTTACAGTGTTT-3' mutagenesis
5-AGCTCTGCTTATGACTTCGACATGCTGAGGTCCACATTTCTCCCC-3' CDON mut 1 For Directed
mutagenesis
5'-GGGGAGAAATGTGGACCTCAGCATGTCGAAGTCATAAGCAGAGCT-3' CDON mut 1 Rev Directed

mutagenesis
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5-GTGATTGGGGTGGGCGAATGACATGCTCTGAAATTCTTTGGAACC-3' CDON mut 2 For Directed
mutagenesis

5'-GGTTCCAAAGAATTTCAGAGCATGTCATTCGCCCACCCCAATCAC-3' CDON mut 2 Rev Directed
mutagenesis

5’-GAA GCA CCT CCG GAA CCT -3’ hHes1 For gRT-PCR

5-GTCACCTCG TTC ATG CACTC-3’ hHes1 Rev qRT-PCR

5’-GTC CCCACT GCCTTT GAG -3’ h HERP3 For gRT-PCR

5-ACC GTCATC TGC AAG ACCTC-3’ h HERP3 Rev qRT-PCR

5’-CAG GCA CTT ACG AAA CACGA -3’ hHey2 For gRT-PCR

5’-CCA GCA GTG CAT CAG TAT GTC-3’ hHey2 Rev qRT-PCR

5-AGCCACATCGCTCAGACAC-3' GAPDH For gRT-PCR

5'-GCCCAATACGACCAAATCC-3' GAPDH Rev qRT-PCR

5’-TCAGTCTAAAATCCCATAATAAGTGC-3’ lhog For gRT-PCR

5-AAACCGGAATTGCTTCGAG-3’ lhog Rev qRT-PCR

5-TGCCTAAAGAGACGGGAAAA-3’ Boi For gRT-PCR

5-ATGTGTTCCAATTGCGGTTT-3" BoiRev qRT-PCR

5’- TGTCCTTCCAGCTTCAAGATGACCATC-3’ Rp49 For gRT-PCR

5’-CTTGGGCTTGCGCCATTTGTG-3" Rp49 Rev qRT-PCR

Table S5: List of genes up-regulated (blue) and down-regulated (red) in the tumour condition
compared to the control ey>DI>GS88A8 versus >DI,GS88A8 (Garelli et al., 2012):

probeset_id accnum symbol R.fold rawp

1641174 _at CG7361-RA RFeSP 32.56 4.47E-05
1632525_at CG9925-RA CG9925 25.66 1.79E-05
1625664_at CG14059-RA CG14059 13.39 1.88E-04
1633959 _s_at TRANSPOSON NA 7.26 8.93E-06
1627936_s_at TRANSPOSON NA 5.36 1.60E-03
1636658 _at CG6955-RA Lep65Ad 4.74 9.82E-05
1624269 _at CG8825-RA gkt 4.62 1.25E-04
1631349 _s_at TRANSPOSON NA 4.54 5.36E-05
1633998 s_at TRANSPOSON NA 4.48 8.93E-05
1640975_at CG10534-RA Lep65Ag2 3.80 1.59E-03
1637945_at RE67734 NA 3.29 4.11E-04
1636758 s_at CG11205-RA phr 3.06 2.32E-04
1640733 _at CG14321-RA CG14321 2.91 1.43E-03
1623349 x_at TRANSPOSON NA 2.90 7.14E-05
1639181_at CG14598-RA CG14598 2.73 5.45E-04
1628835_at CG14534-RA TwdlE 2.65 4.20E-04
1626934 _a_at CG15288-RA wb 2.64 4.73E-04
1630621_at CG15212-RA CG15212 2.62 2.23E-04
1640104_at CG7014-RA RpS5b 2.55 2.14E-04
1626142 _at CG10533-RA Lep65Af 2.48 1.20E-03
1624543 s_at TRANSPOSON NA 2.46 1.66E-03
1639902 _at CG33200-RA ventrally-expressed- 2.40 2.50E-04

protein-D
1639694 _s_at CG10102-RA CR10102 2.39 1.09E-03
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1626850_s_at
1629083 _at
1624859 _at
1639042_at
1639597 _at
1638783 _at
1623776_s_at
1633383 _at
1623459 _at
1641282 _at
1633809_at
1635109_at
1636925_at
1628275_at
1633843 at
1633094 _a_at
1637654_at
1624763 _at
1623036_a_at
1633299 _at
1634372 _at
1635336_at
1635163 _at
1636865_at
1628235_at
1638505_at
1630761_at
1633607_at
1631053 _at
1641746_at
1639401_at
1634115 _a_at
1632650_at
1636268_at
1628950_at
1635266_at
1631252_a_at
1626287_at
1625616_at
1641729 _at
1625255_at
1631561_s_at
1623327 _at
1622946_at
1635817 _at

CG31953-RA
CG16704-RA
CG4319-RA
CG6414-RA
CG2297-RA
CG17642-RA
CG11094-RB
CG10704-RA
CG9453-RC
CG6536-RB
CG13046-RA
CG5888-RA
CG31477-RA
CG9343-RB
CG31672-RA
CG11186-RB
CG10566-RA
CG2556-RA
CG10249-RC
CG1689-RA
CG9490-RA
CG7554-RA
CG5731-RA
CG3250-RA
CG7203-RA
CG12120-RA
CG11854-RA
CG2444-RA
CG18087-RA
CG2555-RA
CG8696-RA
CG4791-RA
CG5867-RA
CG10570-RA
CG10178-RA
CG12023-RB
CG12023-RB
CG12023-RA
CG14566-RA
CG13043-RA
CG11029-RA
CG4607-RA
S
CG6908-RA
CG11131-RA

CG31953
CG16704
rpr
CG6414
Obp44a
mRplL48
dsx

toe

Spn4
mthl4
CG13046
CG5888
CG31477
Trl
CG31672
toy
CG10566
CG2556
CG10249
Iz

Ddr
comm?2
CG5731
Os-C
CG7203
t
CG11854
CG2444
Sgs7
Cpr1lB
Mal-A1
Cpr31A
CG5867
CG10570
CG10178
GV1

GV1

GV1
CG14566
CG13043
CG11029
CG4607
NA
CG6908
CG11131

2.34
2.12
2.08
2.04
1.97
1.96
1.95
1.92
1.89
1.84
1.84
1.83
1.83
1.76
1.76
1.75
1.72
1.58
1.54
1.53
785 3
1.45
1.37
0.76
0.07
0.07
0.15
0.16
0.17
0.19
0.19
0.19
0.23
0.25
0.26
0.27
0.48
0.51
0.27
0.29
0.29
0.29
0.30
0.31
0.32

5.18E-04
1.54E-03
1.00E-03
2.95E-04
4.64E-04
6.43E-04
1.71E-03
1.21E-03
1.68E-03
5.00E-04
5.27E-04
4.29E-04
1.52E-03
1.05E-03
1.14E-03
7.86E-04
3.57E-04
1.65E-03
1.29E-03
9.56E-04
1.38E-03
1.19E-03
1.75E-03
2.44E-03
1.61E-04
8.04E-05
2.41E-04
8.66E-04
1.86E-03
1.34E-04
2.86E-04
7.68E-04
2.68E-04
4.38E-04
1.55E-03
3.57E-05
9.38E-04
1.77E-03
4.02E-04
2.05E-04
1.26E-03
6.25E-04
1.03€-03
5.63E-04
1.96E-04
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1630067_a_at
1623971 _at
1641062_at
1626088 _at
1638477 _at
1627568 _at
1624732_at
1638240 s_at
1640004_at
1627855 _at
1628052_at
1629346 _at
1640377 _s_at
1633443 s_at
1623364_at
1631394 _at
1632527 _at
1634084_at
1629906_s_at
1640170 _at
1630653 _a_at
1627000 s_at
1632633_at
1640553 _at
1635494_at
1637631 _at
1634636_at
1631701 _a_at
1640675_at
1635227 at
1639439 _at
1636879 _at
1633582_at
1623060 _at
1636603_a_at
1633592 _a_at
1637353_at
1632432 _at
1624362_at
1623522 _at
1633703 _s_at
1630020 _at
1630968_at
1632648 _at
1635838_at

CG7052-RA
CG9150-RA
CG1851-RA
CG2177-RA
CG13403-RA
CG14109-RA
CG17527-RA
CG8785-RA
CG9726-RA
CG9792-RA
CG10241-RA
CG1443-RA
CG2849-RB
CG2082-RA
CG4250-RA
CG31324-RA
CG13705-RA
CG4213-RA
CG33045-RA
CG10311-RA
CG1743-RB
CG6231-RC
CG6514-RA
CG13063-RA
CG5779-RA
CG15427-RC
CG6426-RA
CG8502-RC
HDC02560
CG10160-RA
CG2471-RA
CG14356-RA
CG8585-RA
CG15757-RA
CG9297-RA
CG5413-RB
CG3318-RA
CG9850-RA
CG15361-RA
CG11668-RA
CG1668-RA
CG13041-RA
CG13907-RA
CG32922-RA
CG13545-RA

Tepll
CG9150
Ady43A
CG2177
CG13403
CG14109
GstE5
CG8785
PH4alphaMP
yellow-e
Cyp6al7
CG1443
Rala
CG2082
CG4250
CG31324
CG13705
CG4213
Kaz1-ORFB
CG10311
Gs2
CG6231
TpnC25D
CG13063
proPO-A1
tutl
CG6426
Cpr49Ac
CG34165
ImplL3
Sclp
CG14356
Ih
Cpri2A
CG9297
CREG
Dat
CGY9850
Nplp4
CG11668
Pbprp2
CG13041
CG13907
CG14681
CG13545

0.33
0.33
0.33
0.34
0.34
0.34
0.35
0.35
0.35
0.35
0.36
0.36
0.37
0.37
0.37
0.37
0.38
0.38
0.38
0.38
0.39
0.39
0.39
0.40
0.40
0.40
0.40
0.41
0.41
0.41
0.41
0.42
0.42
0.42
0.42
0.42
0.43
0.43
0.43
0.43
0.43
0.44
0.45
0.45
0.45

3.84E-04
2.51E-03
1.43E-04
1.33E-03
3.66E-04
1.07E-04
7.06E-04
9.29E-04
2.23E-03
1.16E-04
3.30E-04
8.40E-04
5.89E-04
2.66E-03
9.02E-04
1.62E-03
2.28E-03
2.90E-03
1.06E-03
3.24E-03
9.65E-04
2.62E-03
1.01E-03
1.38E-03
1.47E-03
3.13E-04
1.52E-04
9.82E-04
1.79E-04
6.70E-04
4.55E-04
3.39E-04
1.37E-03
1.95E-03
1.07E-03
5.81E-04
5.98E-04
8.13E-04
3.04E-04
9.73E-04
5.54E-04
1.83E-03
6.88E-04
4.82E-04
1.70E-03
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1626196_at
1628536_s_at
1628678 _at
1640057_at
1632852 _s_at
1626109 _a_at
1637414_at
1633048_at
1637113 s_at
1625658 _at
1636668_at
1638818 _at
1635073 _at
1631635_at
1634440_s_at
1636392_at
1628884 _at
1629903 _at
1626910_at
1631432 _at
1631779 _s_at
1639660_s_at
1627759 _at
1623900_a_at
1623092_at
1632685_at
1635792_a_at
1625185_at
1627647 _at
1625894 _at
1627430_at
1631217 a_at
1634669 _at
1629383 a_at
1632121_a_at
1641508 s_at
1634296_s_at
1624363 _at
1630084_at
1635272 _a_at
1633481_at
1629674 s_at
1628888 _at
1641476 _a_at
1632533 at

CG5809-RA
CG11880-RA
CG13920-RA
CG9192-RA
CG2718-RB
CG9023-RA
CG4455-RA
CG8193-RA
CG15105-RB
CG5181-RA
CG9972-RA
CG33149-RA
CG17108-RA
CG7294-RA
LP01487
CT36057
CG11709-RA
CG30359-RA
CG15282-RA
CG15786-RA
CG2841-RB
CG10550-RB
CG30080-RA
CG14935-RA
CG3440-RA
CG32603-RA
CG7021-RA
CG6906-RA
CG3940-RA
CG11370-RA
CG8888-RA
CG7930-RA
CG32333-RA
CG6416-RG
CG6416-RE
CG12844-RA
CG17646-RB
CG15201-RA
CG10205-RA
CG10205-RB
CG14394-RA
CG10999-RA
CG7180-RA
CG6281-RA
CG6281-RB

CaBP1
CG11880
CG13920
CG9192
Gsl

Drip
CG4455
CG8193
abba
CG5181
spz5
MIp60A
CG17108
CG7294
Eip74EF
CG15785
PGRP-SA
Mal-A5
CG15282
CG15786
ptr
CG10550
CG30080
Mal-B2
Pcp
CG32603
Ela

CAH2
CG3940
CG11370
CG8888
TpnC73F
CG32333
Zasp66
Zasp66
Tsp42Eh
CG17646
CG15201
CG10205
CG10205
CG14394
CG10999
CG7180
Timp

Timp

0.46
0.46
0.47
0.47
0.47
0.47
0.47
0.48
0.48
0.49
0.49
0.50
0.50
0.50
0.50
0.51
0.51
0.52
0.53
0.53
0.53
0.53
0.53
0.53
0.54
0.54
0.54
0.55
0.56
0.56
0.56
0.56
0.56
0.57
0.62
0.58
0.58
0.58
0.59
0.63
0.59
0.59
0.59
0.60
0.65

1.35E-03
1.18E-03
1.46E-03
1.15E-03
2.59E-04
1.71E-03
3.22E-04
1.44E-03
2.72E-03
1.36E-03
8.93E-04
1.50E-03
7.32E-04
6.07E-04
1.23E-03
1.45E-03
6.97E-04
6.52E-04
1.70E-04
9.47E-04
9.91E-04
1.88E-03
4.47E-04
8.84E-04
3.48E-04
2.06E-03
7.50E-04
2.77E-04
7.77E-04
1.49E-03
7.41E-04
6.61E-04
2.12E-03
9.20E-04
1.13E-03
8.48E-04
2.64E-03
1.63E-03
1.51E-03
2.82E-03
1.88E-03
1.02E-03
1.91E-03
1.21E-03
1.56E-03
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1640181_at
1630256 _at
1630418 s_at
1635975 s_at
1626616_at
1627844 _at
1624969 s_at
1640642 _at
1624057_at
1623342 _at
1635460_a_at
1631222 at
1634978 _at
1628927 _at
1625279 _a_at
1641259 at
1636174 _at
1633483 a_at
1640202_at
1639287 at
1628188_at
1623094 _at
1641325 _s_at
1625950 a_at
1626984_at
1623016 _at
1638697 _at
1639532 _at
1625833 _at
1630509 _at
1626416_a_at
1635584 s_at
1623883_at
1626439 _at
1640462_at
1638405 _at
1629235 _s_at
1638869 _at

CG13044-RA
CG2958-RA
CG31374-RB
RE54004
CG7465-RA
CG2060-RA
CG17041-RA
CG5192-RB
CG16713-RA
CG8369-RA
CG17927-RG
CG11641-RA
CG13117-RA
CG17914-RA
CG10619-RA
CG5210-RA
CG10091-RA
CG14207-RA
CG4475-RA
CG9877-RA
S
CG12843-RA
CG4843-RA
CG7777-RA
CG1152-RA
CG1299-RA
CG5597-RA
CG5391-RA
CG9896-RA
CG4696-RA
CG4533-RB
CG4898-RB
CG18661-RA
CG15353-RA
CG14716-RA
CG9338-RA
CG7178-RA
CG10112-RA

CG13044
lectin-24Db
sals

NA
CG7465
Cyp4e2
CG42319
Rh6
CG16713
CG8369
Mhc
pdm3
CG13117
yellow-b
tup

Chit
GstD9
CG14207
Idgf2
CG9877
NA
Tsp42Ei
Tm2
CG7777
Gld
CG1299
CG5597
CG5391
CG9896
Mp20
1(2)efl
Tmi
CG18661
CG15353
Ho
CG9338
WupA
Cpr51A

0.60
0.60
0.60
0.61
0.61
0.61
0.61
0.62
0.62
0.62
0.63
0.63
0.63
0.63
0.63
0.64
0.64
0.64
0.64
0.64
0.65
0.65
0.65
0.65
0.66
0.67
0.67
0.67
0.68
0.68
0.68
0.68
0.68
0.69
0.69
0.71
0.73
0.73

2.97E-03
3.25E-03
6.16E-04
1.42E-03
1.98E-03
8.75E-04
4.91E-04
1.46E-03
8.22E-04
1.29E-03
2.10E-03
2.46E-03
1.72E-03
1.89E-03
1.08E-03
1.84E-03
2.22E-03
2.81E-03
1.13E-03
2.87E-03
6.79E-04
1.22E-03
3.26E-03
1.63E-03
1.74E-03
1.55E-03
2.76E-03
2.47E-03
2.05E-03
1.76E-03
2.01E-03
1.94E-03
2.42E-03
7.23E-04
2.93E-03
2.70E-03
2.79E-03
2.88E-03
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Dampening the Signals Transduced through Hedgehog
via MicroRNA miR-7 Facilitates Notch-Induced

Tumourigenesis

Vanina G. Da Ros, Irene Gutierrez-Perez, Dolors Ferres-Marco, Maria Dominguez*

Instituto de Neurociencias, CSIC-UMH, Alicante, Spain

Abstract

Fine-tuned Notch and Hedgehog signalling pathways via attenuators and dampers have long been recognized as important
mechanisms to ensure the proper size and differentiation of many organs and tissues. This notion is further supported by
identification of mutations in these pathways in human cancer cells. However, although it is common that the Notch and
Hedgehog pathways influence growth and patterning within the same organ through the establishment of organizing
regions, the cross-talk between these two pathways and how the distinct organizing activities are integrated during growth
is poorly understood. Here, in an unbiased genetic screen in the Drosophila melanogaster eye, we found that tumour-like
growth was provoked by cooperation between the microRNA miR-7 and the Notch pathway. Surprisingly, the molecular
basis of this cooperation between miR-7 and Notch converged on the silencing of Hedgehog signalling. In mechanistic
terms, miR-7 silenced the interference hedgehog (ihog) Hedgehog receptor, while Notch repressed expression of the brother
of ihog (boi) Hedgehog receptor. Tumourigenesis was induced co-operatively following Notch activation and reduced
Hedgehog signalling, either via overexpression of the microRNA or through specific down-regulation of ihog, hedgehog,
smoothened, or cubitus interruptus or via overexpression of the cubitus interruptus repressor form. Conversely, increasing
Hedgehog signalling prevented eye overgrowth induced by the microRNA and Notch pathway. Further, we show that
blocking Hh signal transduction in clones of cells mutant for smoothened also enhance the organizing activity and growth
by Delta-Notch signalling in the wing primordium. Together, these findings uncover a hitherto unsuspected tumour
suppressor role for the Hedgehog signalling and reveal an unanticipated cooperative antagonism between two pathways
extensively used in growth control and cancer.
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Introduction

A fundamental question in biology is what instructs cells to stop
growing when the proper size is attained to commence terminal
differentiation. Indeed, this issue is relevant not only to size
regulation but also to cancer. One strategy that organisms use to
promote the growth of organs involves the establishment of
spatially confined domains called organizers, conserved signalling
centres established along the dorsal-ventral (DV) and anterior-
posterior (AP) axes of the organs, often involving members of the
Notch (DV organizers) and Hedgehog (Hh) (AP organizers)
families. Organizers act as a source of graded signals (e.g.,
Wingless/Wnts, and BMP/Dpp) that promote global organ
growth and subsequently, or concurrently, cell fate specification

PLOS Biology | www.plosbiology.org

along the DV or AP axes [1,2]. Although how individual
organizing pathways promote growth has been studied compre-
hensively (e.g., [3-5]), our understanding of how orthogonal
organizers are integrated and of the cross-talk between them
remains limited. Tumourigenesis may occur if the finely balanced
growth-promotion and termination is disrupted. Yet little attention
has been paid to the issue of how growth by organizers is
terminated.

To discover mechanisms of Notch-induced tumourigenesis in an
m viwo context, we used the fruit fly Drosophila melanogaster
compound eye. This tissue provides a particularly powerful tool
to define novel oncogenes and tumour suppressor networks via
unbiased genome-wide screens. Particularly, the early stages of eye
development seem to recapitulate molecular mechanisms in
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Author Summary

Growth control mechanisms ensure that organs attain the
correct final size, generally averting tumour growth. This
control is often linked to spatially confined domains
known as organizers (conserved signalling centres), estab-
lished along the dorsal-ventral and anterior-posterior axes
of the organ by the Notch and Hedgehog pathways,
respectively. The organizers emit signals that dictate
growth, cell fate specification, and differentiation. Howev-
er, how the distinct organizing signals received are
integrated by cells within a growing organ remains a
mystery. By studying how Delta-Notch signalling drives
tumorigenesis, we identified the conserved microRNA miR-
7 as a co-operative element in tumorigenesis mediated by
Delta. We found that the cooperation between the
microRNA and Delta-Notch pathway converged on the
silencing of two obligatory and functionally redundant
Hedgehog receptors, interference hedgehog and brother
of ihog. Downregulation of other hedgehog pathway
genes via RNA interference or genetic mosaics revealed a
tumour suppressor role for Hedgehog signalling in the
context of the oncogenic Notch pathway. Given the
conservation of miR-7, as well as of the Notch and
Hedgehog pathways, the conclusions we have drawn from
these studies on Drosophila may be applicable to some
human cancers.

human NOTCHI-induced oncogenesis (e.g., [6-10]). Human
NOTCHI can function either as an oncogene or a tumour
suppressor depending on the cellular context, which often reflects
the physiological role of NOTCHI in the particular stage or cell
type. During early development of the fly eye, the pleiotropic
Notch pathway plays a predominant role in growth promotion.
Consequently, this tissue and stage is useful to identify contextual
factors that may synergize with Notch to foster benign and/or
invasive tumour growth i vio.

The growth in the compound eye, which is derived from the
centre of the eye imaginal disc, depends on a conserved DV
Notch-mediated growth-promoting organizer, which is established
early in the second larval instar by the asymmetric activation of the
Notch receptor by its ligands Delta and Serrate (DLL1,2,4, and
JAG1,2 in humans) along the DV boundary (reviewed in [11]).
Downstream of the organizer, eyegone (eyg) gene is expressed
spectfically in the organizer cells and it controls global eye size
[12,13]. A similar DV organizer has been found in a variety of
contexts, including the fly and vertebrate limbs, although the
expression of ¢yg is restricted to the fly eye. Eyg is functionally
related to the human PAX6(5a) oncogene [13] and acts as a
transcriptional repressor [14,15] though complementary patterns
of expression of the organizer in developing eyes have never been
reported.

Growth and retinal differentiation in the eye field is spatially
and temporally coordinated. Retinal differentiation depends on a
separate organizer, the AP organizer, which is associated with the
morphogenetic furrow (MF). The MF begins to form at the
posterior margin of the early third instar eye disc, and as it moves
in an anterior direction, it leaves differentiated retinal cells in its
wake. Just anterior to the MF, eye cells arrest in G1 of the cell
cycle prior to the start of differentiation, and most cells then go
through a synchronous round of cell division before they
terminally exit the cell cycle [16]. The initiation and progression
of the MF, and of G1 arrest, is positively regulated by Hh [17-24].
Though the initiation and progression of the MF in the developing
eye disc follows that of the DV organizer [25], the expression of /A
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gene starts earlier in second instar [19] and hence overlaps in time
with the DV growth-promoting organizer (Figure Sl). Early
studies of ectopic Hh signalling led to the idea that this signal
ultimately contributes to retinal patterning and also directly
regulate eye growth [18], although more recently it has been
shown that when the Hh pathway is constitutively activated (via
nactivation of downstream repressors) in cells confined to a
clone, the surrounding wild-type cells overproliferate but the
cells within the clone show growth disadvantage and eventually
are eliminated by apoptosis [26]. The influence of Hh on
growth in Notch-mediated growth regulation needs to be
investigated by loss-of-function approaches in the appropriate
context.

In both flies and humans, Hh signalling relieves the inhibition
exerted by Patched (PTCHI in humans) on the intermediate
pathway component Smoothened (Smo/SMO), allowing Smo to
stabilize full-length Clubitus interruptus (Ci), which acts as a
transcriptional activator (Ci-155: Gli2,3 in mammals) and
inhibiting the processing of Ci-155 to the truncated transcriptional
repressor (Ci-75, in flies) [27]. In addition to these core com-
ponents, two related members of the immunoglobulin/fibronectin
type III-like superfamily have recently been identified as Hh co-
receptors in  Drosophila, with functionally overlapping roles:
Interference hedgehog (Ihog) and Brother of Thog (Boi) [28-32].
Indeed, the human counterparts of these proteins, CDO (named
after CAM-related/down-regulated by oncogenes) and BOC
(Brother of CDO), also act as obligatory co-receptors for Hh
signalling [28,32—41]. While overactive Hh signalling is unreserv-
edly oncogenic, making Hh a prime target for therapeutic
interventions, there is evidence that loss-of-function of some
components of the Hh pathway may exert a tumour-suppressor
role. A notable example is that of CDO and BOC, which were
initially isolated on the basis of their downregulation by RAS
oncogenes in transformed cells, and that were shown to act as
tumour suppressors in vitro [42]. More recently, recurrent somatic
mutations in the sonic Hh pathway were identified in human
pancreatic cancers through global genomic studies, affecting
GLII1, GLI3, and BOC [43]. However, the role of these mutations
in cancer remains untested.

Here, we describe the identification of the conserved microRINA
(miRNA) miR-7 as a gene that enhances Notch pathway-induced
eye overgrowth in D. melanogaster. miRNAs are small noncoding
RNAs that negatively regulate gene expression by binding to
“seed” sequences in the untranslated regions (UTRs) and/or in
the open reading frame of target messenger RNAs, thereby
mnhibiting translation and, at times, indirectly driving mRNA
degradation. Although miRNAs are in the front line of cancer
research, their role in cancer is often unconfirmed m vivo. We
identified the thog gene as a functionally relevant, direct target of
miR-7 in Notch-mediated tumourigenesis @ vivo. Further, we
provide evidence that the microRNA mir-7 and Notch pathway
cooperatively dampen Hh signal transduction via down-regulation
of its receptors thog and bot, respectively. As a consequence, we
hypothesize that tumours form by the cooperation between the
gain of DI-Notch signalling and a deficiency to transduce Hh
signal. We validated this hypothesis by showing that the inhibition
of endogenous Hh core components similarly enhanced DI-Notch-
mediated organizing activity resulting in severe overgrowth both in
the eye disc and the wing disc. Conversely, increasing Hh signal
transduction pathway suppressed eye tumour-like growth by DI
and the microRNA. Given the conservation of these pathways,
similar cooperative antagonistic interactions between oncogenic
Notch and loss of Hh signalling might play a role in human
cancers.
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Results

MicroRNA miR-7 Cooperates with Delta to Trigger Severe

Overgrowth in Drosophila Eye

To identify endogenous genetic determinants that may limit
Notch-driven tumourigenesis ¢ vivo, we carried out an unbiased
(genome-wide) gain-of-expression screen for loci that converted
Dl-induced mild eye overgrowth into severe overgrowths (benign
tumour-like growth: eye tissue is overgrown and folded) or
metastatic tumours (provoke secondary eye growths throughout
the body). A Gene Search (GS) transposon system was employed
to systematically generate gain-of-expression mutations as in [44],
using the eyeless (¢9)-Gal4 to drive expression of UAS-containing
transgenes and the GS lines in the imaginal disc cells of the
growing eye (the precursors of the adult fly eye; Figure 1A-B). In
this way, we identified a GS line (GS(2)518ND2) that converted DI-
induced modest eye overgrowth (Figure 1C; adult eyes are 130%
bigger than control wild type eyes) into severely overgrown and
folded eye tissue (¢-Gal4 UAS-DI GS(2)518ND2, hereafter
ey>DI>GS(2)518) (250%-320% larger than wild-type eyes; 54%
penetrance, n=200 eyes; Figure 1D). Differentiation and growth
defects of third instar eye discs of ey>DI[>GS(2)518 are shown in
Figure S3. In the absence of DI overexpression, the overexpression
or misexpression of the gene(s) affected by GS(2)518ND2 did not
increase eye size (¢9>GS(2)518; Figure 1E).

The GS(2)518ND2 line carried an insertion 3.1 kb upstream of
the mir-7 miRNA gene (Figure 1F), which is transcribed from an
internal promoter within a 3’ intron of the bancal/ heterogeneous
nuclear ribonucleoprotein K (bl/hnRNP-K) gene [45]. A set of EP
elements in the vicinity of GS(2)518ND2 has been previously
described to cause mir-7 overexpression, and to induce proximal
fusion of longitudinal (L) veins 3 and 4, as well as distal wing
notching or bristle tufting [45-47]. Indeed, expressing GS(2)518ND2
along the AP compartment boundary in the wing imaginal disc
using patched (ptc)-Gal4 caused similar L3-—1.4 fusion as that reported
following mur-7 overexpression in this domain (pic>GS(2)518;
Figure 1G). Conversely, the direct overexpression of mir-7 together
with DI (hereafter, ey>DI[>mir-7), using a mur-7 transgene that does
not contain any b/ sequences (UAS-mir-7), provoked overgrown
larval eye discs ey>D{>mir-7 (Figure 1H; compare with sibling wild
type eye discs, Figure 1) associated with significant increased cell
proliferation (Figure 1J and Figure S4C—D,H), resulting in adult
overgrown and folded eyes similar to that in the GS(2)518ND2 flies
(70% of adult ey>DI[>mir-7 animals displayed eye benign tumour-
like growth, 7 =200; Figure 1K and Figure S2A-C). There was no
increase in eye size when UAS-mir-7 alone was overexpressed by ey-
Gal4 (ey>mur-7; Figure 1L).

Identification of Candidate Tumour Suppressor Targets
of miR-7 by in Vivo RNAi Screening in the Delta
Overexpression Model

In the wing disc, the miR-7 microRNA is thought to silence
target genes of the Notch pathway [47,48]. However, downreg-
ulation of Notch signalling alone might not explain the synergism
between mir-7 and DI overexpression in eye overgrowth as we did
not detect reduction of the organizing signalling by DI-Notch in
these discs (Figure S3). Therefore, we sought to identify miR-7
target gene(s) that might be relevant to the cooperation with DI-
Notch signalling in eye overgrowth and tumourigenesis. As such,
we systematically assayed a set of 39 D. melanogaster genes predicted
to be miR-7 targets in silico (Table S1, [49]). We used RNA
interference (RNAi) UAS-driven transgenes (UAS-IR) to down-
regulate candidate and previously validated miR-7 target genes i
vivo. The UAS-IR transgenes silence specific mRNA transcripts by
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provoking their degradation, which is triggered by the generation
of double-stranded RNA fragments complementary to the
transcript driven by GAL4/UAS system [50,51]. Here, we
employed ¢y-Gal4 to drive simultaneously the overexpression of
the UAS-IR and the UAS-DI transgene (Table S1).

We hypothesized that mir-7 overexpression would be mimicked
by endogenous downregulation of the functional relevant target
gene(s) in the context of D/ overexpression. The assay would not,
however, distinguish between a bona fide miR-7 target gene and
those genes that are required normally for restricting tissue
growth. To identify the former, we considered that a bona fide miR-
7 target gene would not produce any effect when downregulated in
the context of normal Notch signalling. Nevertheless, we took into
consideration that RNAi silences mRNA more efficiently than
microRNAs, and thus, we considered that UAS-IR lines of bona
fide candidate genes would produce phenotypes similar to those of
miR-7, or more severe. We tested candidate target genes predicted
by several algorithms ([52]; see Materials and Methods) and that
contain the conserved Drosophila miR-7 binding sites, which
normally reduces the number of false positive target predictions.

Of the 39 candidate target genes assayed in conjunction with D/
overexpression, only reduction of two genes robustly cooperated
with DI-Notch signalling to provoke severely overgrown and
folded eyes. A previously validated target of miR-7, kairy [48] was
capable of converting Dlinduced mild overgrowth into tumour-
like growth (Table S1). However, since miR-7 only very subtly
reduces the expression of endogenous hairy and a GFP-3'UTR
hairy sensor [48], we focused our interest on the gene, wnterference
hedgehog (thog), that when downregulated in Di-overexpressing cells
provoked robust overgrowth (Figure 2, Figure S4E-F,H, and
Table S1).

Although not previously characterized as a target gene of miR-
7, the downregulation of i#10g by RNAi concomitant with the gain
of DI function consistently produced enlarged eye discs (Figure
S4E-T) similar to that in eye discs co-expressing D/ and mir-7
(Figure S31-J), resulting in adults with overgrown and folded eyes
(e9>DI>1hog-IR: 80% of severe overgrown eyes, n = 200; Figure 2B
and Table SI). This phenotype was seen with the two
independently generated #og-IR transgenic lines available, both
yielding identical results. Moreover, the expression of 7hog RNAi
alone during eye development did not alter the size or retinal
patterning of this organ (ey>ihog-IR; Figure 2C). We confirmed
that the #0g-IR transgenes inhibited ¢og transcription 10-fold by
quantitative reverse transcription-polymerase chain reaction
(qRT-PCR; Figure S5A). Furthermore, the mRINA levels of brother
of thog (bot) were unaffected by these thog-IR lines (Figure S5B).
Thus, specific down-regulation of endogenous g, a predicted
target of miR-7, facilitates overgrowth by DI/ overexpression
similar to those that develop when mir-7 is overexpressed in this
context (Figure 1, Figure 2, and Figure S4H).

Validation of Interference Hedgehog as a Direct Target of
miR-7 in Vitro and in Vivo

Since the #hog gene encodes a receptor of Hh in the embryo,
including the imaginal eye disc [30], we assessed whether it is
directly regulated by miR-7 in luciferase reporter-based cellular
assays in vitro and in vivo (Figure 2). There is a single conserved
miR-7 binding site in the 3'UTR of iog (Figure 2D) and in
Drosophila Schneider (S2) cells overexpressing mur-7, there was 45%
less activity of a luciferase reporter containing the full-length 70g 3’
UTR downstream of the firefly luciferase coding region driven by
the o-tubulin promoter (lub-luc::thog-3' UTR Figure 2E and Figure
S5C). By contrast, when the kg 3"UTR construct carried point
mutations in the miR-7 binding site (tub-luc::thog(mut)-3' UTR),
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Figure 1. The Conserved MicroRNA miR-7 co-operates with Notch in D. melanogaster oncogenesis. (A) A schematic outline of the Gene
Search (GS) gain-of-expression screen for Notch co-operating oncogenes in the developing Drosophila eye. (B-E and K-L) Adult heads of control
female ey-Gal4 wild-type eye size (B) and combinations between GS line, UAS transgenes, and ey-Gal4 are shown. (C) DI expression under the control
of ey-Gal4 results in a mild overgrowth in the eye (130% larger than wild type size). (D) Introducing the GS(2)5718ND2 line enhanced overgrowth by D/
(>320%, see also Figure S2). (E) The overexpression of gene(s) affected by the GS5(2)518ND2 line alone causes no overt eye overgrowth. (F) Scheme of
the GS5(2)518ND2 insertion. (G) Overexpression of the GS(2)518ND2 line driven by ptc-Gal4 showed the typical wing vein L3-L4 fusion. (H-1") Confocal
images of third instar eye-antennal discs stained for the mitotic marker PH3 (red), Wg (blue) to define the DV axis, and the neuronal marker Elav
(green) of the indicated genotypes. White arrowheads indicate the position of the MF. The co-expression of UAS-mir-7 with UAS-DI causes eye disc
overgrowth and a front of retinal differentiation highly disorganized (H, compare with control sibling eye disc in I). (J) Quantification of mitotic cells
labelled by PH3 anterior to the MF of the genotypes: ey>DI>mir-7 (red bar), ey>DI (green bar), and wild-type sibling discs +/UAS-mir7 (>mir-7, blue
bar). Data shown represent the mean = s.e.m. of total PH3 measurement in 20 eye discs per genotype. P values were calculated by the unpaired
Student'’s t test. (K-L) Adult heads overexpressing mir-7 driven by ey-Gal4 in the presence (K) or the absence (L) of the UAS-DI transgene. See also
Figures S2 to S4 for supplementary data.

doi:10.1371/journal.pbio.1001554.g001
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Figure 2. Tumourigenesis promoted by miR-7 via direct
repression of interference hedgehog (ihog). (A-C) Adult heads of
female control UAS-ihog-IR (A) and combinations of UAS-ihog-IR and ey-
Gal4 in the presence (B) or the absence (C) of the DI transgene. (D)
Computer predicted consequential pairing of ihog target region (top)
and miRNA (bottom). The conserved seed match (8 mer) in the 3’UTR of
ihog is in red. (E) Luciferase assay in Drosophila Schneider (S2) cells co-
transfected with mir-7 (red bars) or the empty vector (blue bars),
together with a firefly luciferase vector containing the ihog3’UTR
(ihog3'UTR), or the luciferase vector with mutations in the seed
sequence (asterisks in D, ihog™"3'UTR) or control boi3'UTR (boi3'UTR).
Firefly luciferase activity was measured 48 h after transfection and
normalized against Renilla luciferase. The values represent the mean +
s.e.m. of three or four independent experiments. Differences in
ihog(mut) and boi luciferase levels were not statistically significant
between treatments. (F-G) Confocal images of mid third instar wing
discs carrying the tub-luc:ihog-3'UTR (F) or the tub-luc:ihog™3'UTR
sensor (G) and overexpression of mir-7 by en-Gal4 (en>DsRed::mir-7,
red) and stained with anti-luciferase antibody (green). (H) Differences in
ihog mRNA levels assessed by RT-gPCR between hsp70>mir-7 larvae
subjected to heat shock treatment (red bar) or not (blue bar). Values
represent the mean *= s.e.m. of three independent experiments. P
values were calculated by the unpaired Student’s t test.
doi:10.1371/journal.pbio.1001554.9g002

luciferase activity was the same as in control cells (Figure 2E). In
addition, luciferase activity was unaffected by mir-7 overexpression
in a control tub-luc::boi-3' UTR construct, indicative that the
functional similar boi was not a target of miR-7 (Figure 2E).

In addition to the direct regulation of the 720¢ mRNA 3'UTR by
miR-7 in vitro, there was specific in vivo repression of the tub-
luc::thog-3' UTR construct but not the #og 3'UTR construct that
carried the mutations in the seed sequence (Figure 2FG) and of an
ihog 3"UTR eGFP sensor (tub-eGFP::ihog-3' UTR) but not a similar
boi 3'UTR eGFP sensor (ub-¢GFP::boi-3' UTR) (Figure S6AB) in
the posterior compartment cells of third instar wing discs
overexpressing mur-7 driven by engrailed (en)-Gal4. Finally, we
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demonstrated that endogenous tog mRNA was inhibited by miR-
7 in vivo as heat shock induction of mature mir-7 overexpression
(hsp70-Gal4 UAS-mir-7) provoked a 55% reduction in 70g mRNA
transcripts in larvae when assayed by qRT-PCR (Figure 2H and
Figure S2D). Overall, these data provide convincing evidence that
miR-7 is capable of directly repressing ¢og, both in vitro and in
vivo. Thus, the synergism between miR-7 and the DI-Notch
pathway activity in eye overgrowth would appear to be largely due
to the silencing of #og.

brother of ihog Is Negatively Regulated by Notch
Signalling during Eye Growth

Although boi mRNA expression was not affected in the thog-IR
lines and Boi does not appear to be a target of miR-7, there is a
well-documented functional overlap in the roles of Ihog and Boi.
Moreover, genetic inactivation of both the bo: and thog genes is
typically required to induce Ak loss-of-function phenotypes
[28,30,32]. However, unlike #0g-IR, we found that expressing an
RNAI transgene against boi (boi-IR effectively reduces boi but not
thog mRNA levels by 65%; p=0.0005; Figure S5A-B) did not
enhance Dl-induced eye overgrowth (ey>DI[>boi-IR; Figure 3A-B
and Table S2). Since only the concomitant loss of both g and boz
leads to a loss of eye tissue [30], we reasoned that a similar
situation might occur with respect to the #og-IR-induced severe
eye overgrowth (Figure 2B). Consequently, we verified the status of
bot transcription in relation to eye disc growth. Interestingly, the
spatial domain of bo in the developing eye disc in vivo using a B3-
galactosidase enhancer trap inserted in bo: (P-lacW stock 10111
Figure 3C) unveiled that boi is expressed nonuniformly in the
region anterior to the MF with a weakest expression within the DV
organizer (Figure 3D-E,H: the MF is denoted by an arrow in H).
Indeed, in eye discs double labelled with anti-Eyg (a DV
organizer-specific response gene and an obligatory Notch’s
effector in eye growth [13,53]) and anti-B-galactosidase (boi-lacl
in green), we found that the expression of Eyg precisely borders the
“negative” domain of boi (Figure 3E-F). This led us to speculate
that expression of boi is negatively regulated by Notch-Eyg at the
growth-promoting organizer, which we investigated by monitoring
the spatial domain of boi-lac in mutants of the DV organizer and
by assessing boi mRINA levels by qRT-PCR analyses.

We assayed the ubiquitous expression of the Notch DV
organizer transcriptional effector Eyg, which provokes a wider
DV organizer domain [13,53] and observed an extended domain
lacking boi-lacg expression under these conditions (Figure 3G).
Conversely, the ubiquitous expression of the modulator fringe (fng)
causes defective Notch receptor activation by its ligands and results
in the thinning or loss of the DV organizer [53-55]. Under these
conditions, the expression of bo: was uniform throughout the eye
disc due to the absence of the “central domain” that represses this
gene in wild-type eye discs (Figure 3I). Thus, bo: is negatively
regulated by Notch’s organizer activity or it at least reflects this
activity negatively. Since Eyg encodes a transcriptional repressor
[14,15], it may directly repress bo: transcription. This Hh co-
receptor does contain a consensus Fyg-binding site for repression
(TCACTGA [14]) at position chrX: 2.359.764, although we could
not validate the direct binding of Eyg to the boi promoter region by
chromatin immunoprecipitation (unpublished data). Nevertheless,
it is possible that Eyg might bind through other nonconsensus sites.
Furthermore, qRT-PCR analyses confirmed downregulated bot
but not thog transcripts in eye discs overexpressing D/ transgene
alone by ¢y-Gal4 (ey>DI; left in Figure 3]). Importantly, both bo:
and 7hog mRINA levels were downregulated in eye discs that co-
expressed D/ with the microRNA mir-7 (epy>DI[>mir-7; Figure 3]J).
boi and thog RNA was isolated from whole eye-antennal disc
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Figure 3. Notch signalling represses brother of ihog (boi) expression in the dorsal-ventral growth organizer in Drosophila eye. (A-B)
Adult heads of female flies overexpressing UAS-DI and/or UAS-boi-IR and ey-Gal4. (C) Map of PlacW10111 P-element insertion (triangle) into the boi
locus. (D-I) boi expression in wild-type (D, E, F, and H) and Notch pathway mutant (G and I) eye-antennal discs. The patterning gene wingless (a-Wg,
in red) serves to orient the eye disc in the dorsal (D)/ventral (V) axis. Expression of Boi (green) Hh co-receptor at the early third larval stage is repressed
along the DV organizer (D and E), as defined by the expression of the DV organizer gene eyg (blue, E and F). Retinal differentiation (neuronal marker a-
Elav, magenta) is first detected at the posterior end of the eye disc (to the right) and progresses in an anterior direction (H). The arrow points to the
MF. (G and I) Expression of boi-lacZ (boi-Z, green) and wingless (a-Wg, red) in ey>eyg (G) and ey>fng (1) eye discs. The discs in (H) and (1) are from the
same stage and magnification. The enlarged antennal disc in (I) is an effect of the undergrowth of the eye disc, caused in part by defective Notch
activation in the D/V organizer due to fng overexpression. (J) gRT-PCR analyses of boi (left) and ihog (right) in ey-Gal4 (white bar), ey>DI (blue bar),
and ey>DI>mir-7 (red bar) late third instar eye discs. Two independent experiments of three replicates are shown in each case. Data were normalized
to rp49. mRNA isolated from 50 pairs of eye-antennal discs per genotype. Data analysed by a two-tailed unpaired t test. Error bars represent s.e.m. of
three replicates. (K) Adult fly head showing no eye overgrown induced by DI and mir-7 when boi is overexpressed by a transgene (UAS-boi, 100%
penetrance of rescue).

doi:10.1371/journal.pbio.1001554.9003

complexes; thus, the mRINA levels are the sum of all regions of the
discs, including the antenna, which is not affected by ¢y>DI or
ey>mir-7. Hence expression differences with control may be
significant underestimations of the actual differences of each gene
in the eye disc parts in the different genotypes. Nevertheless, the
gRT-PCR comparisons between the different genotypes showed a
trend in boz and thog expression response to DI overexpression that
explains the cooperation between the miR-7 and D/ signalling,
since there is the concomitant downregulation of the two
functionally redundant Hh receptor genes, thog and bot.

PLOS Biology | www.plosbiology.org

Animals homozygous for mutations in g and boi exhibit a
phenotype typical of the loss of /4 function (e.g., [30]). The defect
in thog boi  animals can be rescued by expressing a UAS-thog::myc
transgene with weak constitutive expression in the absence of Gal4
activity [30]. Surprisingly, we could not overcome overgrowth by
mir-7/Dl using this transgene (unpublished data). This may
perhaps reflect that the elevated levels of Thog expected by
Gal4-induced expression of the transgene may exert a dominant
negative effect on Hh signalling [31]. A boi transgene (UAS-bor)
[56] fully suppressed the overgrowth induced by the combination
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of mir-7/Dl (Figure 3K, 100% penetrance, n=100). The same
result was obtained using the EP(X)1447(bot) that misexpresses
endogenous boi gene (unpublished data).

Blocking Core Hedgehog Signalling Components or
Expressing Ci/GLI Repressor Mimics the Effect of the
MicroRNA in Delta-Induced Tumourigenesis

To confirm that silencing Hh signal transduction facilitates a
tumorigenic response to DI-Notch overactivation, we next assayed
the effects of directly downregulating core Hh signalling elements
with RNAI transgenes driven by ¢y-Gal4, including smo, ci, and hh
itself. As noted above, Gal4 drives expression throughout early eye
disc development anterior to the MF, a region of undifferentiated
proliferating eye cells that act on signals from the Notch-mediated
DV organizer, and Gal4 expression terminates before cells exit the
cell cycle at the MF [54]. We down-regulated each of these Hh
signalling components by RNAI, assaying several independent
lines in which the use of ey-Gal4 avoided the possible effects of a
loss of Hedgehog signal transduction on retinal differentiation that
might confound the results (Table S2).

The downregulation of smo (80% flies exhibited eye tumour-like
growth, n >200), ¢ (100%, #>200), or Ak (30%—-100%, n>200) in
conjunction with D/ overexpression provoked a tumour phenotype
similar to that of RNAI of zkog but stronger than the overexpression
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of mir-7 (compare Figure 1 and Figure 2 with Figure 4B-D; see
also Table S2). Furthermore, downregulation of ¢z by RNAI (¢i-/R)
by ey-Gal4 stimulated a metastatic overproliferation of eye tissue in
the context of the DI gain of function, resulting in flies with
secondary eye growths within the thorax and abdomen (Figure 41—
G and Table S2). This invasive overgrowth is also observed when
Dl and the ¢z RNAI transgene are expressed in the wing imaginal
discs by the dpp-Gal4 (Figure S7). Like the mur-7 and thog-IR lines
(Figure 1L and Figure 2C), none of the above RNAI lines were
capable of inducing overgrowth by themselves.

In all contexts, in the absence of Hh signal or its reception, the
transcription factors of the Ci/Gli family (in Drosophila, full-length
Ci-155) can be proteolytically processed into a truncated (N-
terminal 75 kDa in Drosophila—Ci-75) transcriptional repressor of
the Hh pathway (Ci, Gli3, and to a lesser extent Gli2) (Figure 4A).
The bifunctional nature of Ci [57-59], and of the mammalian
homologues Gli2 and Gli3, could fulfil oncogenic or tumour
suppressor roles in function of the status of the Hh signalling. As ci-
IR downregulates both activator and repressor forms, we next
assessed the contribution of the truncated Ci repressor that forms
in the absence of Hh signalling, testing the effect of overexpressing
DI with a transgene of the constitutive Ci repressor form (UAS-c-
75). Co-overexpression of D/ and ¢i-75 induced eye tumour-like
growth in 75% of fly eyes (ep>DI>¢i75; n=100; Figure 4H), in
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Figure 4. Downregulation of elements in the Hh pathway or overexpression of the repressor form of ¢/ co-operates with D/
overexpression to trigger tumour growth in the Drosophila eye. (A) Schematic representation of Hh signalling and the UAS transgenes used
to downregulate by RNAI (IR) or activate Hh pathway components. (B-D, H, and K-L) Representative adult heads of female flies of combinations of
the indicated UAS transgenes and ey-Gal4 are shown. (E-F) Fluorescent images of Drosophila pupae of sibling control (ey>Dl, E) or ey>DI>ci-IR (F).
(G) Adult fly of ey>DI>ci-IR with a metastatic (met) growth in the abdomen. Eye tissue in the endogenous site (green arrowheads) and distant site
(white arrowheads) is labelled by the retinal-specific GMR-myrRFP marker (E, F) or the retinal-specific red pigments (G). (I-J’) Third instar wild type of
sized eye disc (I) and ey>DI eye disc carrying clones of hh"' labelled by the absence of arm-lacZ (Bgal, red in J and grey in J'). Arrowhead points to a
clone and its associated twin spot (high red staining). (M) Model of antagonistic interaction between Hh and Notch signalling in normal eye imaginal
disc (left) and model of regulatory interactions among the microRNA, Notch pathway, and the Hh receptors ihog and boi (right). Genotype in (J) is: yw
ey-Flp; ey-Gal4 UAS-DI/+; FRT82B hh*“/FRT82B arm-lacZ.

doi:10.1371/journal.pbio.1001554.g004
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contrast to the overexpression of Ci full length (UAS-¢) that acts as
an activator in Hh receiving cells and did not provoke eye tumour
(unpublished data).

To further verify these findings with the RNAI transgenes, we
generated marked clones of cells homozygous for A*“ (a null
allele) in the ¢y>DI background (4'“/hi'“ ey>DI; Figure 4]). Eye
discs carrying small patches of 2 cells were 170% larger than
control wild-type eye discs (Figure 4I) and 126% larger than ¢y>DI
without 44 clones eye discs (see Figure S4B). Using the MARCM
technique [60], we also examined GFP-labelled clones of cells
overexpressing DI and homozygous for sme’ (an amorphic allele)
(sma” /smo” tub>DI>GFP; Figure S8). Whereas clones of smo” do not
delay the MI [61] and clones of Di-expressing cells normally cause
autonomous advancement of the MF [62], we found that clones of
smo® Di-expressing cells led to advancement of the MF also in
surrounding wild-type cells (Figure S8B) and the disc was overall
overgrown (unpublished data). The advanced MY is seen in ¢y>DI
eye discs with downregulation of Hh signalling via overexpression
of mir-7 or direct downregulation via RNAI transgenes (Figures S3
and S4). Thus, interfering with Hh signalling exacerbates the
organizing activity of DI-Notch signalling in eye imaginal discs and
can foster invasive tumour growth (Figure 4F-G, Figure S7C-D,
and Table S2).

Increasing Hedgehog Signal Prevents Tumourigenesis by
Delta and miR-7

In normal early eye development, when the Notch organizer
induces a dramatic increase in cell proliferation in the disc, 44 gene
1s expressed in a thin line of cells along the eye disc margin
([19,20,25]; see Figure S1). Previously, it has been shown that
clones of eye disc cells lacking PKA, Ptc, or Cos2 proteins that
normally prevent the inappropriate activation of Hh signal
transduction exhibit within the clone a growth-disadvantage and
are eliminated by apoptosis [26]. This negative influence of Hh
signal was also hinted at by the small eye defect associated with
overexpression of UAS-hh by ey-Gal4 [25] and is complementary to
our findings.

The Thog/Boc family proteins normally enhance Hh binding to
Ptc, the 12-pass transmembrane protein involved in sensing
extracellular Hh concentrations. Binding of Hh to Ptc relieves
inhibition of Smo by Ptc and blocks the production of Ci
repressor. Hence, the downregulation of #h0g/bot levels by DI/miR-
7 (see Figure 3J) might reduce the interactions of Hh with Ptc. We
therefore investigated whether increasing Hh signal via a UAS-hh
transgene to counterbalance thog/boi deficit could rescue the
overgrowth by DI/mur-7. Indeed, we detected significant reduction
in eye size in flies ey>DI>mir-7>hh (Figure 4K; 100% rescue,
n>100; see Figure S9 for scheme of genetic test for rescuing
experiment) and also in flies that expressed Ci full length
(ep>DI>mur-7>ct; Figure 4L). Note that when Ci full length is
expressed in the context of D/ and mir-7 overexpression, although
many eyes are substantially reduced in size they still exhibit
abnormal patterned growth (see Figure 4L) and other exhibited
enhanced tumorigenesis. We interpret these findings as Ci full length
can be converted into the repressor form owing to the reduced Hh
signalling caused by DI and miR-7 depletion of g and boi.

Hh signal stimulates the maturation of Ci full length into a
short-lived nuclear activator, while the PKA negative regulator
opposes this event and when mutated results in constitutive Hh
pathway activity. The undergrowth defect of knock-down of pka by
RNAIi expression in the D/ overexpressing eye discs (ey>>DI>pka-
IR; Table S2) further support the tumour suppressor activity of Hh
pathway in the context of gain of DI-Notch signalling in the
context of the eye primordium. We suggest here that in healthy

PLOS Biology | www.plosbiology.org

A Novel Tumour Suppressor Role for Hh Pathway

flies the release of Hh by these eye disc marginal cells sets eye size
in conjunction with the DI-Notch organizer (Figure 4M, left
scheme), and thereby dampening Hh signalling in the context of
DI overexpression (Figure 4M, right) fosters the developing eye
tumours or overgrowth beyond the normal eye size.

Hedgehog Signal Transduction Also Attenuates Delta

Signalling and Overgrowth in the Wing

Wing disc growth and patterning is also organized by Hh and
Notch-mediated organizers [2], with Hh secreted by cells in the
posterior (P) compartment inducing short-range targets in anterior
(A) cells near the AP boundary (e.g., ptc, blue staining in Figure 5A)
[63,64]. Notch signalling is activated locally along the DV
boundary by its ligands DI and Serrate (Ser), and it induces
symmetric expression of targets in boundary cells (e.g., wg, red
staining in Figure 5A; reviewed in [2]). Hence, we investigated
whether the antagonistic interaction between loss of Hh and gain
of Notch apparent in the eye imaginal discs can also be applied to
the wing discs.

Dl-expressing clones in the wing induce ectopic wg expression in
D cells, where the fringe gene is expressed, whereas ventrally
situated clones did not activate wg (e.g., [65-69]). Enhancing DI
activity by co-expressing D/ with the E3 ubiquitin ligase Neuralized,
which promotes the endocytosis and signalling activity of DI, can
induce wg in ventrally situated clones [69]. Hence, we assayed
ectopic induction of wg to examine DI activity in smo” /smo” clones.
As shown in Figure 5, we found that ventrally situated A cells
homozygous for smo” and expressing D/ expressed high levels of
Wg, similar to the levels of Wg induced by dorsally situated clones,
in contrast with most smo’ Di-expressing clones situated ventrally
in P cells away from the boundary (Figure 5B-C) or clones of smo’
cells that do not overexpressed D/ (Figure 5A). Nonautonomous
overgrowth is also evident in ventrally situated clones of smo” /smo”
Di-expressing (Figure S8C). Clones of smo® cells abutting the AP
boundary often sort to the P compartment territory [70,71].
MARCM clones do not label the twin spot (sma*/sma"); therefore,
the inference that the clones at the AP boundary (asterisks in
Figure 5A"-B’) are of anterior origin is supported by the finding
that they retain anterior features (low levels of Ci protein). Loss of
smo activity in A cells at the boundary fail to up-regulate Ci
expression and do not induce pfc transcription. These clones cause
an anterior shift in the distribution of ptc and up-regulated Ci non-
cell-autonomously [64]. We occasionally found ambiguously
positioned clones of smg®/smo” tub>DI cells in which the anterior
part of the clone exhibited ectopic wg expression while the
posterior of the clone did not (Figure S8D). Taken together, these
findings show that D/-expressing cells unable to transduce the Hh
signal behave as they express hyperactivated D1. Coupled with the
analysis of RNAI transgenes, these results confirm that the loss of
Hh signalling enhances DI-Notch signalling activity.

Loss of Hedgehog Signalling in miR-7 Overexpression in
the Wing

microRNAs are thought to regulate multiple target genes;
however, often when tested in vivo, it is a subset or a given target
that function as the major effector of the activity of the microRNAs
in a given cellular context. We asked whether our identification of
thog as a key target of miR-7 during Dl-mediated tumorigenesis in
the eye might reflect endogenous roles of the microRNA in other
tissues. Previously, misexpression of mir-7 driven by pte-Gal4
(pte>mur-7) produces wing margin notches, and a reduction of the
space between vein L3 and L4 ([48]; see [72]). Both of these
phenotypes have been attributed to defects in Notch signalling
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Figure 5. Failure to transduce the Hh signal due to mutations in smoothened enhances DI-Notch signalling activity in the wing. (A-
B") Confocal images of wing discs bearing MARCM GFP (green)-labelled clones homozygous for smo® without (A) or with (B) DI overexpression. Single
channel images are also shown. Mosaic discs were stained for Wg (red in A and B, and grey in A’ and B’), and Ci (blue) and Ptc-lacZ (Ptc-Z, blue). (C) A
schematic summary of clones in (B). Asterisks in (A”) and (B") point to “posteriorly” situated clones that were of anterior origin as denoted by the
failure to induce Ptc and the low levels of Ci protein (white line delineates the AP boundary in the discs in B). Clones were generated at 24-42 h after
egg laying (AEL) by a 1 h heat shock at 37°C (n =60 clones analysed). Genotypes: (A) yw hsp70-Flp tub-G4 UAS-GFP; tub-Gal80 FRT40A/smo’ FRT40A

ptc-lacZ and (B) yw hsp70-Flp Tub-G4 UAS-GFP; Tub-Gal80 FRT40A/smo’ FRT40A ptc-lacZ; UAS-DI/+.

doi:10.1371/journal.pbio.1001554.9005

[48,73], although we noted that L3-14 fusion is very reminiscent to
the phenotype produced by £/ loss-of-function mutations, including
that associated with the ci“" mutation that produces a truncated
form of Ci, which behaves as a constitutive repressor [59]. Indeed,
we observed a clear downregulation of Ci protein levels in cells in
pte=>mir-7 (Figure 6A-B"), which are precisely the cells receiving
endogenous Hh signals and that upon normal Hh reception stabilize
Ci protein levels and prevent the conversion of Ci-155 into
truncated Ci repressor. Plots of fluorescence intensity profiles from
the wild-type and ptc>mir-7 discs are shown in Figure 6A" and B".
The weak downregulation of Ci by mild RNAi expression using pic-
Gal4 mimicked the L3-14 fusion defect of pte>mur7 (Figure 6C-D).
Depleting ikog by RNAI driven by pte-Gal4 did not produce a defect
as mur-7 overexpression (Figure 6E). The lack of effect of #hog RNA is
almost certainly due to the activity of the other Hh co-receptor, boz,
which is expressed at high levels in the wing margin and in the
presumptive L3 vein territory (boi-lac{ in green; Figure 6F). These
results raised the possibility that like ¢kog, ¢t is also a direct target of
miR-7. Indeed, ¢ mRNA does contain a presumptive miR-7
binding site in the ¢ 3"UTR, although this site is not conserved
across Drosophila species. Thus, the Cilow protein levels in pte>mur-7
wing discs could reflect the direct repression of ¢ by the microRNA
or the dampening of Hh signalling response by the miR-7-mediated
downregulation of g or both. More consistently with indirect
regulation of Ci by miR-7, we observed no change in Ci protein
levels in wing discs ectopically expressing the mur-7 away from the
normal Hh secreting cells (the P compartment cells marked by the
absence of Ci (green) in Figure 6G). In this experiment, we used the
Beadex (Bx)-Gal4 driver, with the Bx domain labelled by DsRed
because of the UAS-DsRed::mir-7 transgene (Figure 6G). Therefore,
either Ci is not a target of miR-7 or this regulation is context
dependent. It is generally considered that when an individual
miRNA affects the expression of various proteins in the same
pathway, it does so in a rather mild manner [74]. Thus, the
relevance of co-regulation of z#0g and ¢z by miR-7 in Hh receiving
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cells deserves further analysis given that the human counterparts of
these genes (CDO, BOC, and Gli3) also contain binding sites for

human miR-7.

Discussion

A challenge to understand oncogenesis produced by pleiotropic
signalling pathways, such as Notch, Hh, and Wnts, is to unveil the
complex cross-talk, cooperation, and antagonism of these signal-
ling pathways in the appropriate contexts. Studies in flies, mice,
and in human cell cultures have provided critical insights into the
contribution of Notch to tumourigenesis. These studies highlighted
that Notch when acting as an oncogene needs additional
mutations or genes to Initiate tumourigenesis and for tumour
progression, identifying several determinants for such co-operation
(e.g., [7,8,10,24,44,75-79]). The identification of these co-opera-
tive events has often been knowledge-driven, although unbiased
genetic screens also identified known unanticipated tumour-
suppressor functions. In this sense, we describe here a conserved
microRNA that cooperates with Notch-induced overproliferation
and tumour-like overgrowth in the D. melanogaster eye, miR-7.
Alterations in microRNAs have been implicated in the initiation or
progression of human cancers (e.g., [80-84]), although such roles
of microRNAs have rarely been demonstrated i vivo (e.g., [85—
88]). In addition, by identifying and validating functionally
relevant targets of miR-7 in tumourigenesis, we also exposed a
hitherto unsuspected tumour suppressor role for the Hh signalling
pathway in the context of the oncogenic Notch pathway. Given
the conservation of the Notch and Hh pathways, and the recurrent
alteration of microRNAs in human cancers, we speculate that the
genetic configuration of miR-7, Notch, and Hh is likely to
participate in the development of certain human tumours.

In human cancer cells, miR-7 has been postulated to have an
oncogene [89,90] or a tumour suppressor functions [91-96] that
may reflect the participation of the microRNA in distinct
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Figure 6. miR-7 silencing of Hh signalling explains the L3-L4 fusion defects in the wing. (A) Ci protein (green) is distributed across the
entire anterior (A) compartment of the discs. Hh signals from posterior (P) cells induce high levels of Ci in cells along the AP border, and they block Ci
proteolysis into the repressor form (Ci[rep]), thereby allowing the Ci activator (C[act]) to accumulate. (B-B’) Overexpression of mir-7 denoted by red
labelling (UAS-DsRed::mir-7) driven by patched (ptc)-Gal4 downregulates Hh signalling as visualized by low Ci levels (green; white arrowhead). Insets
show magnifications. Engrailed (En) staining in blue serves to mark the P compartment in (A-B”). Plots of fluorescence intensity profiles of the
anterior-posterior compartments from the WT (A) and ptc>DsRed::mir-7 (B') discs are shown in (A’) and (B"), respectively. Green trace, Ci; blue trace,
En; red trace, DsRed. (C) Adult wild-type wing. The shaded area denotes the domain of expression of the ptc-Gal4 reporter. (D) ci-IR expression by ptc-
Gal4 mimicking the L3-L4 fusion defect seen in adult wings that is caused by mir-7 overexpression (compare with Figure 1G). (E) Adult wing
expressing ihog-IR driven by ptc-Gal4. (F-F") The expression of boi-lacZ (green) defines all longitudinal veins (L2-L5). Note the high boi-lacZ (green in
F) expression along L3, marked by high Ci (red in F) and DI (magenta in F"). (G-G") Overexpression of mir-7 (in red) by Bx-Gal4 did not alter Ci protein

levels (green, white arrowhead).
doi:10.1371/journal.pbio.1001554.g006

pathways, due to the regulation of discrete target genes in different
cell types, such as Fos [97] in mouse, and Pakl [91], IRS-2 [92],
EGFR [92,93], Raf-1 [93], a-synuclein [98], CDI8 [99], IGFRI [94],
bel-2 [100], PI3BK/AKT [101,102], and 777 [103] in humans.

In Drosophila, multiple, cell-specific, targets for miR-7 have been
previously validated via luciferase or in vivo eGFP-reporter sensors
or less extensively via functional studies [47,49,73,104-107].
Although microRNAs are thought to regulate multiple target
genes, when tested in vivo it is a subset or a given target that
predominates in a given cellular context. Indeed, of the 39
predicted miR-7 target genes tested by direct RNAi, only
downregulating thog with several RNAi transgenes (UAS-thog-IR)
fully mimicked the effect of miR-7 overexpression in the
transformation of Dl-induced mild overgrowth into severe
overgrowth and even tumour-like growth. Moreover, we con-
firmed that endogenous #hog is directly silenced by miR-7 and that
this silencing involves direct binding of the microRNA to
sequences in the 3"UTR of #hog both in vivo and in vitro.

Nevertheless, other miR-7 target genes may contribute to the
cooperation with DI-Notch pathway along with zog, such as faury
and 7om. While miR-7 can directly silence Aairy in the wing, this
effect has been shown to be very modest [48], and thus, we
consider that while hairy may contribute to such effects, it is
unlikely to be instrumental in this tumour model. Indeed, the loss
of hairy is inconsequential in eye development [108], although
retinal differentiation is accelerated by genetic mosaicism of loss of
hairy and extramacrochaetae [108]. hairy is a target of Hh [18,21] that
negatively sets the pace of MF progression. It is unclear how Hairy
might contribute to Dl-induced tumourigenesis.

The RNAI against Tom produced overgrowth with the gain of
Dl albeit inconsistently and with weak penetrance, where one
RNAI line did not modify the Dl-induced overgrowth and the
other RINAI line caused tumours in less than 40% of the progeny
(Table S1). Tom is required to counteract the activity of the
ubiquitin ligase Neuralized in regulating the Notch extracellular
domain, and DI in the signal emitting cells. These interactions are
normally required to activate Notch signalling in the receiving cells
through lateral inhibition and cell fate allocation [109]. However,
although it remains to be shown whether similar interactions are
active during cell proliferation and growth, the moderate
enhancement of D/ that is induced when 7om is downregulated
by RNAIi suggests that miR-7-mediated repression of Tom may
contribute to the oncogenic effects of miR-7 in the context of DI
gain of function, along with other targets such as thog.

Conversely, while the target genes of the Notch pathway,
E(spl)m3 and E(spl)m4 [48] as well as E(spl)my, Bob, E(spl)m5, and
E(spl)md [60], have been identified as direct targets of miR-7 in the
normal wing disc via analysis of 3'"UTR sensors, there was no
evidence that HLHmS, HLHm4, HLHmY5, Bob, and HLHmy) are
biological relevant targets of miR-7 in the DI overexpression
context. HLHmd RNAI produced inconsistent phenotypes in the
two RNAI transgenic lines available, causing tumour-like growth
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at very low frequency in only one of the lines (Table S1). We also
did not obtain evidence that miR-7 provoked overgrowth by
targeting the E'TS transcription factor in the EGFR pathway AOP/
Yan (Table S1), a functionally validated target of the microRNNA
miR-7 during retinal differentiation [47]. Neither had we obtained
evidence that RNAi of afonal provoked eye tumours with DI
overexpression (Table S1), although a strong inhibition via
expression of a fusion protein Atonal::EN that converts Atonal into
a transcriptional repressor has been shown to be sufficient to trigger
tumorigenesis together with DI [24]. Thus, we reasoned that given
that microRNA influenced target genes only subtly (even when
using ectopic expression), it is possible that downregulation of atonal
contributes to the phenotype along with the other targets.

In conclusion, we have identified cooperation between the
microRNA miR-7 and Notch in the D. melanogaster eye and
identified and validated thog as a direct target of the miR-7 in this
context and have identified boi as a target of Notch-mediated
activity at the DV eye organizer, although it remains whether this
regulation is direct or indirect. We also uncovered a hitherto
unanticipated tumour suppressor activity of the endogenous Hh
signalling pathway in the context of gain of DI-Notch signalling
(Figure 4) that is also apparent during wing development (Figure 5).

Hh tumour suppressor role is revealed when components of the
Hh pathway were lost in conjunction with a gain of DI expression
in both the eye (Figure 4) and wing (Figure 5 and Figure S8) discs.
Hh and Notch establish signalling centres along the AP and DV
axes, respectively, of the disc to organize global growth and
patterning. Where the organizer domains meet, the Hh and Notch
conjoined activities specify the position of the MF in the eye disc
and the proximodistal patterning in the wing disc [25,47,48]. We
unveil here that in addition antagonistic interaction between the
Hh and Notch signalling might help to ensure correct disc growth.
Thus, we show that Hh signalling limits the organizing activity of
DI-Notch signalling (Figure 4, Figure 5, and Figure S8). Although
it is often confounded whether DI-Notch signalling instructs
overgrowth by autonomous or nonautonomous (i.e., DV organiz-
ers) mechanisms, our findings uncover that loss of Hh signalling
enhances a noncell autonomous oncogenic role of DI-Notch
pathway (Figure 4] and Figure S8D).

To date, Hh has not yet to be perceived as a tumour suppressor,
although it is noteworthy that human homologs of ihog, CDO,
and BOC were initially identified as tumour suppressors [42].
Importantly, both CDO and BOC are downregulated by RAS
oncogenes in transformed cells [42] and their overexpression can
inhibit tumour cell growth in vitro [42,110,111]. Since human
RAS regulates tumourigenesis in the lung by overexpressing miR-
7 in an ERK-dependent manner [90], it is possible that RAS
represses CDO and BOC via this microRNA. Indeed, the 3'UTR
of both CDO and BOC like Drosophila thog contains predicted
binding sites for miR-7 (www.targetscan.org). There is additional
clinical and experimental evidence connecting elements of the
Hedgehog pathway with tumour-suppression. The function of
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Growth arrest specific gene 1 (GASI), a Hh ligand-binding factor,
overlaps that of CDO and BOC [39,41] and its downregulation is
positively associated with cancer cells [94] and melanoma
metastasis [112], while its overexpression inhibits tumour growth
[113]. More speculative is the association of some cancer cells with
the absence of cilium, a structure absolutely required for Hh signal
transduction in vertebrate cells [27].

Given the pleiotropic nature of Notch, Wnts, BMP/TGF8, Ras,
and Hh signalling pathways in normal development in vivo, we
speculate that competitive interplay as that described here between
Notch and Hh may not be uncommon among core growth control
and cancer pathways that act within the same cells at the same or
different time to exert multiple outputs (such as growth and cell
differentiation). Moreover, context-dependent tumour suppressor
roles could explain the recurrent, unexplained, identification of
somatic mutations in Hh pathway in human cancer samples (e.g.,
[43]). Indeed, our findings stimulate a re-evaluation of the
signalling pathways previously considered to be exclusively
oncogenic, such as the Hh pathway.

Materials and Methods

Drosophila Husbandry

The GS(2)518ND2 line was isolated in a genetic screen for
enhancers or suppressors of a mild overgrown eye phenotype
induced by D/ overexpression when driven by the eye-specific ¢y-
Gal4 driver (ep-Gal4 UAS-DI). The PlacWPI1OI111 stock was a
generous gift from Dr. C. Klambt (Munster University, Munster,
Germany), and the other Drosophila stocks used here were: UAS-
mir-7 and UAS-DsRed::mir-7 [47], UAS-boi [56], UAS-ci [57], and
UAS-ci-75 [58,59]. A detailed description of the stocks and
transgenic flies used in this study can be found at http://flybase.
org/ for ey-Gal?, ptc-Gald, en-Gald, hsp70-Gal4, Bx-Galt, UAS-DI,
UAS-fng, UAS-hh, UAS-eyg, EP(X)1447 (boi), W', and smo’or at
http://flystocks.bio.indiana.edu/ and http://stockcenter.vdrc.at/
control/main for the BDSC and VDRC RNAI stocks, respective-
ly. Clones of 2/ surrounded by Di-expressing tissue (Figure 4])
were generated by the ey-Ilp in eye-antennal imaginal discs of the
genotype: yw ep-Flp; ep-Gal4 UAS-DI/+; FRT82B hi'“/FRT82B
arm-lacZ. In Figure S8, the MARCM GFP-labelled clones of sma®/
smo” only or smo” /smo’tub-Gal4 UAS-DI cells were induced by 1 h
heat shock at 37°C at 48-72 h AEL in larvae: y w tub-Gal4 UAS-
GEP hsp70-FLPI22; smo” FRT40A pie-lacZ/tub-Gal80 FRT40A4 and
9 w tub-Gal4 UAS-GFP hsp70-FLPI22; smo® FRT40A ple-lacZ/ tub-
Gal80 FRT404; UAS-DI/+, respectively.

All the combinations of Gal4, GS, and the different UAS
transgenic lines and mutants were raised at 26.5°C.

GS-Element and PlacW Mapping

Genomic DNA flanking the P-element insertion in the
GS(2)518ND2 and the PlacWPI10O111stock were recovered by
mverse PCR using the Pwhtl/Placl and Plw3-1/Pry 4 primers,
respectively (http://www.fruitfly.org/about/methods/inverse.pcr.
html), and they were subsequently sequenced. A BLAST search
with the sequence produced perfect matches to the genomic region
on chr2R:16491078 for GS(2)518ND2 and on chrX: 2364036 for
PlacWPIO111.

Quantitative Reverse Transcriptase PCR (qRT-PCR)

To assess the levels of 7h0g or boi mMRNA when the mr-7 or RNAi
lines were activated by Gal4, we performed qRT-PCR experiments
using RNA isolated from wandering third instar larvae of the Asp70-
Gal? genotype crossed with transgenic lines (UAS-mir-7, UAS-thog-
IR, or UAS-boi-IR) directly or following heat shock (an hour at 37°C.
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followed by 6 h at 25°C). Total RNA from 50 pairs of eye-antennal
discs was extracted for experiments in Figure 3J. All tissue samples
were stored in RNAlaterTissueProtect Tubes (Qiagen) until used
and mature mir-7, thog, or bot mRNA levels were assessed by qR'T-
PCR. Note that RNA was isolated from whole eye-antennal disc
complexes; thus, the levels of boi and thog mRNA expression are the
sum of all regions of the discs, including the antennal disc part that
might not be unaffected by the expression of ey-Gal4. Thus,
expression differences between the control and DI/ and/or mir-7
overexpressing eye-antennal disc complexes may be significant
underestimations of the actual differences in the relevant eye disc
part in each genotype. To analyse mature mur-7 expression, we used
mur-7-specific primers from the TagMan MicroRNA Assays
(Applied Biosystems), together with the TagMan MicroRNA
Reverse Transcription Kit (Applied Biosystems) and TaqMan
Universal PCR Master Mix (Applied Biosystems). The mir-7 levels
were normalized to U74 snRNA. To determine #0g and bot mRNA
levels, we used SuperScript First-Strand Synthesis System for RT
PCR (Invitrogen) and SYBR Green PCR Master kit (Applied
Biosystems), according to the manufacturer’s instructions. The
cDNAs were amplified using specific primers designed using the
ProbeFinder software by Roche Applied Science, and 749 was
used as a house-keeping gene for normalization.

Primer sequences used in this study include the following: tog,
forward primer 5'-TCAGTCTAAAATCCCATAATAAGTGC-
3, reverse primer 5-AAACCGGAATTGCTTCGAG-3'; boi,
forward primer 5'-TGCCTAAAGAGACGGGAAAA-3', reverse
primer 5-ATGTGTTCCAATTGCGGTTT-3'; and 749, for-
ward primer 5'-TGTCCTTCCAGCTTCAAGATGACCATC-
3’, reverse primer 5'-CTTGGGCTTGCGCCATTTGTG-3'.

In all cases, samples were tested in triplicate and qPCR reac-
tions were run on a 7500 Real-Time PCR System (Applied
Biosystems) following the manufacturer’s protocol. The data shown
are the mean * s.e.m. of three experiments, and the relative
expression was calculated using the comparative C, method. The
gPCR data were analysed by a two-tailed unpaired ¢ test.

Immunofluorescence Staining

Third instar imaginal discs were fixed and stained by standard
procedures using the following primary antibodies (dilutions,
sources): anti-Eyg (1:100, [98]), anti-Elav (1:100, DSHB: Devel-
opmental Studies Hybridoma Bank), 4D4 (anti-Wg, 1:100,
DSHB), 4D9 (anti-En, 1:100, DSHB), anti-phospho-H3 (anti-
PH3; 1:500, Sigma), anti-GFP (1:1,000, Invitrogen), anti-p-
galactosidase (1:2,000, Cappel), anti-Cut (1:5,000, DSHB), anti-
DE-cad (1.50, DSHB), anti-Dac (1:100, DSHB), anti-Ci (1:5; a gift
from Dr. Holgrem), anti-luciferase (luci27) (1:200, Thermo
Scientific), and anti-DsRed (1:2,000, Clontech). The secondary
antibodies used were conjugated to AlexaFluor-488, -555, -647
(Molecular Probes), and diluted at 1:400. Discs were mounted in
Fluoromount G (Southern Biotechnology), and the images were
captured on a Leica TCS-NT Confocal microscope. The RGB
Profile Plot function of Image] was employed for the intensity
profile plots in Figure 6A" and B".

Construction of Sensor Transgenes

The wb-luc::ihog3' UTR or tub-luc::boi3' UTR constructs were
generated by cloning the full-length 3" UTR of the Drosophila ihog
or boi genes into the 3’ end of the tub-firefly luciferase plasmid. To
construct the tub-luc::ihod™"3' UTR reporter, three nucleotides of
the predicted binding site for miR-7 in the #og 3'UTR were
mutated (AGTCTTCCA to AGTCATGCT) using the Quick-
Change Site-Directed Mutagenesis kit (Agilent Technologies Inc.).
The twb-eGFP::thog3' UTR or tub-eGFP::boi3' UTR constructs were
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generated by cloning the full-length 3"UTR of i0g or boi genes into
the 3" end of the wb-eGFP reporter vector (a gift from Dr. Cohen).
The final constructs were verified by sequencing. Transgenic
¢GFP and luciferase sensor flies were generated on a w'’’?
background by standard transformation into Drosophila embryos

(BestGene Inc.).

Luciferase Reporter Assays

For Drosophila S2 cell luciferase assays, cells were co-transfected
in 24-well plates as described previously [7] with the Renilla
luciferase plasmid (75 ng) for normalization and different combi-
nations of the following plasmids: actin-Gal4 (400 ng), pUAS-mir-7
or empty pUAST (400 ng; [48]), tub-luc::ihog3' UTR, tub-luc::-
b0i3' UTR, or tub-luc::thog""'3' UTR (25 ng). The relative luciferase
activity was measured 48 h after transfection using the Dual-Glo
Luciferase Reporter Assay system (Promega) according to the
manufacturer’s instructions. The data shown are the mean =
s.e.m. of three independent experiments, which was analysed by a
two-tailed unpaired ¢ test.

Measurement of PH3 Positive Cells

Female virgin w; ey-Gald UAS-DI/Cy0-GFP were crossed to
males w; +/+; UAS-DsRed::mir-7 and their F1 progeny larvae (w; ey-
Gal4, UAS-DI/+; UAS-DsRed::mir-7/+) were selected by DsRed
labelling in the pair of eye-antennal discs. The particle analysis
function of Image] software was used to count PH3-positive nuclei
of the confocal images of third instar imaginal discs to generate the
data shown in Figure 1J. The analyses of the area of eye disc and
antennal disc parts in Figure S4H was done using Image], and
data represent mean values of area of eye discs normalized against
the antennal disc part in at least six discs per genotype.

Supporting Information

Figure S1 Hh signal along the disc AP axis and Notch-mediated
DV growth promoting organizer starts long before the initiation of
retinal differentiation. (A) Mid second larval instar (LII) eye disc
carrying the enhancer trap line Ah"%-lacZ and stained for
Bgalactosidase (hh-Z, green), Wg (red), and Elav (blue). The absence
of blue staining denotes that the MF has not yet initiated in this
disc. (B) Mid-late LII eye disc carrying the eyg-lac{ enhancer
trap line and stained for Bgal (blue) and Wg (red). Notch
signalling target Eyg expression labels the growth organizer.
Disc as in Figure 3F.

(T1E)

Figure 82 The conserved MicroRNA miR-7 and DI-Notch
pathway cooperatively induce eye overgrowth. (A-C) Illustrative
images of adult eyes overexpressing D/ with the GS(2)518 line (A)
or the UAS-mir-7 transgene (B—C) with ¢y-Gal4. (A) The overgrown,
folded eye tissue often present areas of undifferentiated or poorly
differentiated outgrowths (arrowhead) (10%, »=200 in A). The
undifferentiated outgrowths are seen also in flies co-expressing D/
with the UAS-mir-7 transgene (B and C). (D) Quantification of
relative mature mir-7 RNA levels in larvae carrying hsp70>mir-7
after heat shock (red bar) or not (blue bar). P was calculated using
the Student ¢ test, and values represented the mean * sem. of
three independent experiments.

(TIF)

Figure 83 Overgrowth and abnormal neuronal differentiation
progression in eye discs co-expressing D/ and the GS(2)518 line.
Confocal images of eye discs of control wild type (9>, A, C, E,
and G) and eye discs overexpressing DI/ and mir-7 by ey-Gal4
(o>DI>GS(2)518: B, D, F, H-J) and carrying the indicated
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enhancer trap lines to monitor DV patterning: expression of D
marker murror-lacg (murr-%), ventral marker fringe-lacl (fug-<), DV
organizer-specific marker Serate-lac (Ser-<), and eyegone-lac (Eq-
Z). Eye discs are stained for Bgalactosidase (green), neuronal
marker Elav (blue), or Wg (red). (I-]") Eye discs are stained for Dac
(pink) or DE-cadherin (DE-cad, green in I and J and grey in I" and
J) to highlight the morphology of the front of retinal differenti-
ation (MF) and cell shape changes the accompanied neuronal
differentiation, respectively. Although it has been postulated that
the microRNA mir-7 silences Notch signalling, the overexpression
of mir-7 with DI/ causes eye disc overgrowth associated with
enhanced DI-Notch signalling as detected by the misexpression of
DV organizer-specific markers (I and H). Seldom the pattern of
retinal differentiation is highly disrupted in the overgrown discs (F
and H) and often the front of neuronal differentiation (arrowhead,
T') is highly irregular or advanced in discs co-expressing D/ and
GS(2)518 line. Anterior is to the left. Scale bar, 2 mm.

(T1F)

Figure S4 Overgrowth and abnormal neuronal differentiation
progression in eye discs co-expressing D/ and the microRNA mur-7
or the thog-IR or c¢i-IR transgenes. Confocal images of mitotic
marker PH3 (blue in A-E; pink in F and green in G), neuronal
marker Elav (green, A-F and red in G), and Wg (red, A-D and
pink in F) staining of third instar eye-antennal imaginal discs of
wild-type ¢y-Gal4 (ep>, A-A"), ¢y-Gal4 UAS-DI (ep>DI, B-B'), ey-
Gal4 UAS-DU/+; UAS-mir-7/+ (ep>Di>mir-7, C-D"), ep-Gal4UAS-
Dl/+; UAS-thog-IR/+ (ep>DI{>ihog-IR, E-T), and ey-Gal4 UAS-DI/
+; UAS-c-IR/+ (e9>DI[>ci-IR, G). The asterisks point to
undifferentiated outgrowth of the eye discs (C, F, and G). Disc
in (C) is as in Figure 1H. Note that eye disc overgrowth is also
accompanied by advanced or disorganized front of retinal
differentiation. The ¢y-Gal4 transgene drives expression anterior
to the MI (white arrowhead in A), where eye disc cells proliferate
asynchronously. Posterior to the MV, subsets of cells start
differentiating into photoreceptor neurons visualized by the
neuronal marker Elav (green, A) and the remaining cells divide
one last time synchronously (row of PH3 cells behind the MF). (H)
Quantitation of the eye imaginal disc size of the indicated
genotypes. The area for each disc was calculated in pixel using
Image] and values were normalized with those of the correspond-
ing antennal disc part. As expected, co-expressing D/ with the
RNAI against thog or ¢z with ey-Gal4 provoked overgrowth similar,
but stronger than the misexpression of the mir-7. Anterior is to the
left in all images, and dorsal is up.

(T1E)

Figure S5 Quantification of #0g and boi mRNAs and mature
mir-7 levels. (A) Relative t20g mRNA levels in larvae. (B) Relative
bot mRNA levels in larvae. (C) Relative miR-7 levels in S2 cells
transfected with actGal5 plasmid and with (red bar) or without
(blue bar) the UAS mir-7 plasmid. The values represented the mean
* s.e.m. of at least three independent experiments. Data analysed
by a two-tailed unpaired ¢ test.

(TIF)

Figure 86 Overexpression of DsRed::mir-7 by en-Gal4 in the wing
disc also caused reproducible in vivo downregulation of ¢eGFP in a
ub-eGFP::ihog-3" UTR (A) but not in a tub-eGFP::boi-3' UTR sensor
(B).

(T1E)

Figure 87 Invasive growth caused by co-expressing D/ and c¢i-IR
in the wing primordium. (A) Wild-type third instar wing imaginal
discs. Dpp-GAL4 (dpp>) drives expression of UAS-GFP (gree) in a
narrow band of anterior cells along the AP compartment
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boundary. Expression of mitotic marker PH3 (blue) and En (red)
are also shown. (B) Expression of the RNAi transgene against ¢
(dpp>ci-IR) led to anterior expansion of the dpp domain visualized
by GFP (green) and ectopic P cells (grey in B’) in the A territory at
the DV boundary, but the disc is not overgrown. (G, D) Co-
expression of D/ along with ¢-IR led to extensive overgrowths.
Note that mutant A cells mix with wild-type P (En, positive) cells
(arrowheads) in some parts, reminiscent of malignant growth.
Expression of Ci (grey in the inset) is also shown in (D).

(TIF)

Figure 88 Blocking Hh signal transduction due to mutations in
smoothened enhances organizing activity by DI-Notch signalling
in the mosaic eye and wing discs. (A) Control eye discs carrying
MARCM GEPgreen)-labelled smo’ clones and (B) GFP-labelled
clones of smo” that overexpress DI and stained for ple-lacZ (Pte-Z,
blue) and Ci (blue). Note that the smo” /smo’ tub-Gal4 UAS-DI clones
cause nonautonomously advancement of the MF denoted by up-
regulated Ci levels, similar to the effect seen in eye discs co-
expressing DI with the mir-7. (A’) and (B') show single channel
confocal images. (C) Wing discs carrying MARCM GFP-labelled
clones of smo” cells and staining for Wg (red, C and C) and clones
of smo3 that overexpress DI (smo” /smo” tub>DI, D-D"). In (D-D"),
arrowheads point to ventrally situated clones of anterior origin
(visualized by ptc-lacg, not shown). The asterisk points to a clone of
ambiguous A origin with weak ectopic Wg only in the anterior
portion of the clone. DAPI counterstaining (pink, C"" and D) is
shown to illustrate the stimulation of growth of the surrounding
tissue by the smo3 tub-DI clones. Genotype in (A and C) is yw tub-
Gal4 UAS-GFP hsp70-Flp; smo® FRT40A pie-lacZ/ tub-Gal80 FRT40A
and in (B and D) is yw tub-Gal4 UAS-GFP hsp70-Flp; smo’ FRT40A
ple-lacl/tub-Gal80 FRT40A; UAS-DI/+.

(TTF)
Figure S9 General genetic scheme of crosses for rescuing
experiments in Figure 4. Similar genetic schemes were following
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