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ABSTRACT

The grainy head (grh) gene family encodes an important group of transcription factors that play a
remarkably conserved role in epithelial organ development, epithelial barrier formation and epithelial
repair upon damage in different organisms. The regulation and molecular targets of Grh are numerous
and seem to highly depend on the studied developmental context and tissue.

Notably, the grh vertebrate homologs, called grh-like (grhl) genes, have recently been implicated
in the pathogenesis of several human diseases, including tumor progression and metastasis in
different types of cancer. However, the molecular mechanisms by which Grh exerts its function remain
largely unknown.

The main goal of this project was to investigate the role of Grh in epithelial growth and
maintenance using the Drosophila melanogaster (fruit-fly) wing as an in vivo model system. We
wanted to understand how Grh influences cell proliferation and apoptosis, as well as cell polarity, cell
adhesion and cytoskeleton.

Our results show that Grh is essential for epithelial cell survival, since both grh knockdown and
overexpression lead to apoptosis. In addition, while grh knockdown induces an increase in cell
proliferation, grh overexpression leads to the opposite phenotype, leading us to propose that this gene
has a role in the control of cell proliferation. Grh seems to regulate both the expression and the
localization of the cell adhesion protein E-cadherin in the wing disc epithelium. We also observed
increased F-actin levels upon grh knockdown, suggesting that Grh can influence actin expression or
dynamics.

In conclusion, our data suggest that Grh is a key transcription factor in the regulation of epithelial

maintenance and integrity of the Drosophila wing imaginal disc.

Keywords: Grainy head; epithelia; growth; Drosophila; wing; wing imaginal disc






RESUMO

O gene “grainy head” (grh) pertence a uma familia de fatores de transcricdo, cuja fungdo é
importante no desenvolvimento de tecidos epiteliais, formacéo da barreira epitelial e sua reparacéo.
Esta fungédo é evolucionariamente conservada em diversos organismos, mas pouco se sabe sobre os
mecanismos moleculares envolvidos. Grh regula numerosos genes e a sua acao parece depender do
tecido e da fase de desenvolvimento.

Recentemente, os homdlogos de grh presentes nos vertebrados, chamados genes “grh-like”, tém
sido implicados na patogénese de diversas doencas em humanos, em especial no desenvolvimento
de tumores e metastases em diferentes tipos de cancro. Apesar de este gene ter sido alvo de varios
estudos nos Ultimos anos, os mecanismos moleculares pelos quais atua sdo ainda em grande parte
desconhecidos.

O principal objetivo deste trabalho foi entdo estudar o papel de Grh no crescimento e
manutenc¢do de tecidos epiteliais, hnomeadamente na proliferacdo celular e apoptose, assim como na
polaridade e adesdo celulares e citoesqueleto. Para isso escolhemos usar a asa de Drosophila
melanogaster (mosca-da-fruta) como modelo in vivo.

Os nossos resultados indicam que Grh é importante para a sobrevivéncia das células epiteliais
pois a sua desregulacdo induz apoptose. Grh regula também a proliferagdo celular. Quando
reduzimos a expressédo de grh a proliferacdo celular aumenta, enquanto que a sobre-expressédo de
grh produz o efeito contrario. Para além dos efeitos na proliferagdo e apoptose, Grh parece também
regular a expressdo, assim como a localiza¢éo celular, da molécula de E-caderina. Finalmente,
detetdmos ainda um aumento nos niveis de actina F quando reduzimos a expressdo de grh, o que
sugere que este gene podera estar implicado na regulacdo do citoesqueleto de actina.

Em suma, os nossos resultados sugerem que Grh é um fator de transcricdo essencial na

regulacdo da manutencao e integridade epitelial do disco imaginal da asa de Drosophila.

Palavras-chave: Grainy head; crescimento; epitélios; Drosophila; asa; disco imaginal da asa
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1. INTRODUCTION

1.1. Drosophila as model system

Drosophila melanogaster (hereafter called Drosophila), also known as fruit fly or vinegar fly, has
been studied since the early 1900s. It is one of the most studied organisms in biological research,
particularly in genetics and developmental biology. The fruit fly is easy and cheap to maintain,
produces large numbers of offspring, and grows quickly. In addition, it has a well-defined mechanism
of development, relatively simple and accessible anatomy and is amenable to powerful genetics and
molecular biology techniques. Its complete genome was sequenced in 2000 and comparisons
between the Drosophila and human genomes revealed that the fundamental biochemical pathways
are fairly consistent (Adams et al., 2000). Moreover, approximately 75% of known human disease
genes have homologs in the Drosophila genome, consolidating its importance as a model organism

for medical research (Reiter et al., 2001).

1.1.1. Drosophilalife cycle

The life cycle of Drosophila melanogaster

female male

1stinstar larva

e
-

2nd instar larva

o ‘,;,;,‘E::‘f;n‘g:‘r.

3rd instar larva

Figure 1.1. Drosophila life cycle. Adapted from Weigmann et al., 2013.

One of the many advantages of studying Drosophila is its short lifecycle (approximately 10 days
at 25°C). Drosophila is a holometabolous insect, meaning it undergoes a four-stage life cycle: egg,
larva, pupa, and adult fly (Fig. 1.1). At 25°C, the embryo develops in the egg for 24 hours (h) before
hatching as a larva. The larva eats and grows continuously in three different stages of development
called instars. Larval stages are followed by pupariation, where the larva becomes an immotile pupa

and metamorphosis takes place (Ashburner et al., 2005). During the metamorphosis stage, most of



the embryonic and larval tissues are destroyed. The adult tissues arise from groups of cells known as

imaginal discs that have been set-aside since early embryonic development (Cohen, 1993).

1.1.2.Wing imaginal disc development
Cells in the imaginal discs proliferate extensively during the larval stages and, during
metamorphosis, give rise to adult appendages, such as legs, wings, eyes and head cuticle, antennae
and genitalia (Cohen, 1993) (Fig. 1.2, A).

A B C

adult Drosophila

peripodial
2. body wall membrane,
myoblasts
}adep:lhehum
hinge trachea
antennae histoblast
imaginal disc nests f
)
P ) columnar epithelium
3 wing pouch

3rd instar Iar*\;; ; s | adod

N

/

Figure 1.2. Drosophila imaginal discs. (A) The imaginal discs harbour cells that will give rise to the different
body parts of the adult fly during metamorphosis. Adapted from St. Pierre et al., 2014. (B) Fate map of the wing
disc showing the anterior-posterior (AP) and dorsal-ventral (DV) compartment boundaries and major regions in
the disc: wing pouch (green), hinge (yellow) and body wall (blue). (C) Cell layers of the wing disc: peripodial
membrane, columnar epithelium and adepithelium. B and C adapted from Butler et al, 2003.

The wing disc develops into the adult wing and the surrounding body wall tissue, the notum of the
fly. It arises from a small group of 20-40 cells in the embryo (Lawrence and Morata, 1977) and
proliferates extensively during larval development to achieve a final number of about 50000 cells
(Garcia-Bellido and Merriam, 1971). The wing disc is subdivided in different regions (Fig. 1.2, B),
according to fate maps (Bryant, 1975): the wing pouch (green) gives rise to the wing blade, the hinge
(yellow) constricts to form a link to the body wall (blue) of the fly. A longitudinal section shows that the
wing disc is composed of three cell layers (Fig. 1.2, C): the columnar epithelium that differentiates into
adult structures during metamorphosis (Fig. 1.3); the squamous epithelium, also called peripodial
membrane, which has a leading role in disc eversion (Fig. 1.3, B) (Pastor-Pareja et al., 2004); and the
adepithelium, composed of myoblasts, which develop into the flight muscles of the thorax and to
tracheal cells of the larval and future adult airways.

The wing primordium is subdivided into groups of cells called compartments. Cells of adjacent
compartments remain in contact during development of the wing disc but do not mix with each other
(Lawrence and Morata, 1977). There are four compartments according to the main body axes: anterior
(A), posterior (P), dorsal (D) and ventral (V) (Fig. 1.3, A).

Most of the research on growth in Drosophila uses the wing imaginal disc due to its structural
simplicity and the abundance of genetic tools available. Isolated from most larval tissues, the wing disc

constitutes a well-delimited developmental system. In addition, its development, patterning and growth



rate are very well known making it an ideal model system (James and Bryant, 1981; Bryant and
Simpson, 1984; Madhavan and Schneiderman, 1977; Milan et al., 1996).
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Figure 1.3. The wing imaginal disc gives rise to the adult wing and notum. (A) Schematic representation of
the wing disc regions and boundaries (A: anterior; P: posterior; D: dorsal; V: ventral) and the corresponding
regions in the adult wing. (B) Wing disc eversion. Adapted from Staveley, 2014.

1.1.3. Genetic tools
Over the past century, an incredible array of genetic tools has become available for Drosophila

studies. Here we review some tools that have been used in this project:

1.1.3.1. Gal4/UAS system
The yeast transcriptional activator Gal4 is used to regulate gene expression in Drosophila by

inserting the upstream activating sequence (UAS) to which it binds next to a gene of interest (gene X).
To activate transcription, responder lines (UAS-GeneX) are mated to flies expressing Gal4 in a certain
pattern, named the driver. The progeny will express gene X in a transcriptional pattern that reflects the
Gal4 pattern of the respective driver thus allowing tissue-specific expression of the gene of interest
(Fig. 1.4, A) (Brand and Perrimon, 1993). This system is widely used to modulate gene function by
inducing the expression of RNAI against a specific gene and modified forms (e.g. dominant negative,
constitutively active) of that gene (Elliot and Brand, 2008).

Over the years, this system has been refined to perform not only tissue/cell-type specific
expression of certain genes, but also to allow temporal control. This technique relies on the expression
of the yeast protein Gal80, which binds to Gal4 and prevents it from activating transcription (Lee and
Luo, 1999; Suster et al., 2004). Using the temporal and regional gene expression targeting (TARGET)
technique (McGuire et al., 2003), in which a temperature sensitive version of Gal80 (Gal80")
(Matsumoto et al., 1978) is expressed ubiquitously, we can control Gal4 repression just by transferring
the flies to a different temperature. At 18°C Gal80 is bound to Gal4, thus inhibiting Gal4-mediated
transcription activation. When we shift the temperature to 29°C, Gal4 is free and capable of activating

transcription of our gene of interest (Fig. 1.4, B).



Driver: GAL4 expressing line Responder: UAS-target gene line
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GAL4 drives expression of UAS-target gene in cell- or tissue-specific pattern

Figure 1.4. Schematic representation of the Gal4-based transgene expression. (A) Original scheme for the
Gal4 system. (B) TARGET method of transgene regulation. Adapted from Elliot and Brand, 2008.

1.1.3.2. RNA interference

RNA interference (RNAI) is a widely used technique for gene silencing in organisms and cultured

cells, and relies on sequence homology between double-stranded RNA (dsRNA) and target mRNA
molecules (reviewed in Meister and Tuschl, 2004). This technique was first developed in C. elegans
(Fire et al., 1998) but was quickly adapted to Drosophila, in which we can take advantage of the
UAS/Gal4 system to express the dsRNA in a tissue specific and temporally controlled manner (Dietzl
et al., 2007).

The RNAI construct contains an inverted repeat sequence, with homology to the target gene, so
that it forms a hairpin structure upon transcription (Fig. 1.5). This structure is cleaved by the
endogenous enzyme Dicer in small ~20bp fragments. These fragments serve as a template for the
RNA-induced silencing complex (RISC) to specifically recognize and cleave the target mMRNA, leading

to its quick degradation (reviewed in Yamamoto-Hino and Goto, 2013).
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Figure 1.5. Transgenic RNAI in Drosophila. The Gal4/UAS system is used to drive the expression of a hairpin
RNA (hpRNA). These RNAs are cleaved by Dicer into small interfering RNAs (siRNAs) which direct sequence-
specific degradation of the target mRNA. Adapted from: Vienna Drosophila Resource Center
(http://stockcenter.vdrc.at/control/howtornaidmel)

1.1.3.3. Clonal analysis
Genetic mosaic analysis is a powerful tool for understanding developmental and cell biology.

Mosaic animals carry populations of cells with different genotypes. In Drosophila, this tool has been
developed for many years and it is extremely useful to study genes that induce lethality when mutated
in the entire organism. The induction of genetic mosaics thus allows the study of a population of

mutant cells in a wild-type individual (Perrimon, 1998).
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Figure 1.6. Mosaic analysis using the FLP/FRT technique. (A) Induction of somatic crossing-over between the
two homologous chromosomes during mitosis. A heterozygous somatic cell (+/-) produces a homozygous mutant
daughter cell (-/-) and a twin homozygous wild-type cell (+/+), resulting in a mosaic animal with three distinct
genotypes (+/-, -/- and +/+). Adapted from Lee and Luo, 1999. (B) Schematic representation of mitotic
recombination clones in the wing imaginal disc. Homozygous mutant clones are negatively labeled while the twin
wild-type clone is distinguishable because it contains two copies of the marker. Adapted from Pastor-Pareja and
Xu, 2013.

There are many ways of generating mosaics but here we will focus in the FLP/FRT technique. In
this technique, the yeast recombinase flippase (FLP) is used to induce mitotic recombination and
produce clones of homozygous mutant cells in a heterozygous animal. Expression of FLP in

transgenic lines mediates the exchange of chromosome fragments between flippase recognition
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targets (FRTs) inserted into fixed chromosomal locations (Golic and Lindquist, 1989). After
chromosome segregation, one daughter cell is a homozygous mutant (-/-), thus becoming the founder
of a mutant clone, whereas the other daughter cell is homozygous wild type (+/+), and will give rise to
a twin clone (Figure 1.6, A). There are several ways to differentially label the mutant and wild type
cells. For example, if a marker (e.g. green fluorescent protein, GFP) is placed distally to the FRT site,
when mitotic recombination occurs the mutant clone will be marked by the absence of GFP while the

twin clone will have two copies of GFP (Figure 1.6, B).

1.2.Growth control in Drosophila

From the large variation of sizes in the animal kingdom to the importance of growth control in
many diseases, size control has long fascinated biologists. Tissue growth depends on three cellular
processes: cell division, cellular growth and cell survival, each of them regulated by specific signaling
pathways. These regulatory pathways control the cell cycle, protein synthesis and apoptosis and have
to be coordinated to achieve proper tissue growth. Tissue growth is influenced by three types of
inputs: factors from the animal’'s external environment (such as nutrients); hormones and neuronal
signals that function systemically in the animal; and patterning cues arising within individual tissues
(reviewed in Neto-Silva et al., 2009).

We describe in more detail the regulation of growth by cell proliferation and apoptosis.

1.2.1. Cell proliferation
During most of the larval stages, cell division is actively induced in imaginal discs, leading to their
growth (Garcia-Bellido and Merriam, 1971; Gonzalez-Gaitan et al., 1994). This stimulus is triggered by

both extrinsic and intrinsic factors.

1.2.1.1. Extrinsic factors

Nutritional conditions regulate cell size and cell proliferation, and are thus essential for animal
growth. The sensing and processing of nutrients is mediated by the conserved Insulin/IGF Receptor
(InR) and TOR (Target Of Rapamycin) signaling pathways. In larval stages, when nutrients are
abundant, circulating insulin levels increase and promote cell and tissue growth. Upon starvation,
insulin levels are reduced and growth is arrested (reviewed in Grewal, 2008). Growth and body size
are also influenced by physiological signals such as hormones and other systemic factors (reviewed in
Edgar, 2006).

1.2.1.2. |Intrinsic factors
Several studies show that imaginal disc growth does not only rely on extrinsic factors. Indeed,
imaginal discs stop growing at the correct final size even when transplanted into the growth-
permissive environment of an adult female fly abdomen (Bryant and Simpson, 1984). Although many

growth regulators have been identified, the mechanisms are so not well understood. The overall



accepted view is that several evolutionarily conserved developmental signaling pathways - BMP/TGF-
beta, Wnt, Hh, Notch, and EGF - are involved (reviewed in Neto-Silva et al., 2009).

In addition, the recently discovered Hippo (Hpo) signaling pathway controls organ size in
Drosophila and mammals by regulating cell growth, proliferation, and apoptosis in a coordinated
manner (reviewed in Pan, 2007). The core of this pathway consists of two kinases, the Ste20-like
kinase Hippo (Hpo) and the nuclear Dbf2-related (NDR) family kinase Warts (Wts), that when active
suppress growth (Fig. 1.7). Hpo, facilitated by the scaffold protein Salvador (Sav), phosphorylates and
activates Wts. Wts phosphorylates the transcriptional co-activator Yorkie (YKki), preventing its
translocation from the cytoplasm to the nucleus. In contrast, when the pathway is inhibited, Yki is
translocated to the nucleus and co-activates the expression of several target genes required for cell

growth, survival and proliferation (reviewed in Zhao et al., 2010).
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Figure 1.7. The Hippo pathway in Drosophila. Adapted from Zhao et al., 2010.

1.2.2. Apoptosis

Apoptosis is a form of programmed cell death (PCD) in which cells activate the machinery for
their own destruction. Apoptotic cells undergo distinct morphological changes: the cell nucleus and
cytoplasm condense and the cell is turned into fragments with preserved membranes that are rapidly
eliminated by phagocytosis (Kerr et al., 1972).

Apoptosis is developmentally regulated and plays a crucial role in organogenesis and tissue
remodeling. For example, apoptosis is necessary for the normal morphogenesis of the Drosophila
larval head and of the adult leg joints (Lohmann et al., 2002; Manjon et al., 2007). Additionally,
apoptosis is critical to eliminate supernumerary, abnormal or malignant cells that may appear in
development or during the life of an individual, not only in Drosophila but also in vertebrates (Igaki et
al., 2009; Menéndez et al., 2010).



The molecular and subcellular events that characterize apoptosis are well known and are
conserved among nematodes, insects and vertebrates. A critical step in apoptosis is the activation of
caspases, a highly conserved family of cysteine proteases. These proteins are ubiquitously expressed
and are synthesized as enzymatically inert zymogens, only becoming active upon specific death-
inducing stimuli. The caspase family has been subdivided into two groups: initiator caspases (e.g.
caspase-9) promote effector caspase activation; and effector caspases (e.g. caspase-3) execute
apoptosis after being proteolytic processed by initiator caspases. Effector caspases degrade the
cellular substrates resulting in cell death (reviewed in Hengartner, 2000).

In Drosophila, the NEDD2-like caspase (Dronc) acts as the primary initiator caspase, functionally
similar to caspase-9 in mammals, whereas ICE/CED-3-related protease (Drice), functionally
analogous to the mammalian caspase-3, functions as the main effector caspase (Kumar and
Doumanis, 2000). The activity of caspases is subject to complex regulation. A key regulator of
caspase activity is the Drosophila inhibitor of apoptosis (Diapl), which directly inhibits these apoptotic
proteases thereby ensuring cell survival (Wilson et al, 2002). In turn, upon cell death inducing stimuli,
Diapl is inactivated by a group of factors encoded by the pro-apoptotic genes: reaper (rpr), head

involution defective (hid), and grim (Goyal et al., 2000); thus allowing caspases to function (Fig. 1.8).
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Figure 1.8. Signaling from Drosophila apoptotic cells. A stimulus leads to the activation of the pro-apoptotic
genes rpr, hid and grim whose products bind to and inhibit Diapl. This allows Dronc to activate the effector
caspase Drice, and importantly, the INK pathway. JNK induces dpp and wg, which may promote proliferation in
neighbor cells. The induction of the Hh signal is originated by a different mechanism, as it requires Drice activity.
Also, unlike Dpp and W, it is emitted by non-proliferating cells. Adapted from Morata et al., 2011.

Interestingly, apoptotic cells in Drosophila can ectopically activate the signaling genes
decapentaplegic (dpp), wingless (wg) and hedgehog (hh) (Ryoo et al.,, 2004; Fan and Bergmann,
2008), which are known to play morphogenetic and growth control roles during development (reviewed
in Tabata and Takei 2004). These observations have lead authors to suggest this activation as a

mechanism of compensation for cell loss (Ryoo et al., 2004).



Another pathway implicated in stress-induced apoptosis both in Drosophila and in mammals is
the c-Jun NH(2)-terminal kinase (JNK) pathway (reviewed in Dhanasekaran and Reddy, 2008). In
Drosophila, this pathway plays a major role in inducing apoptosis upon irradiation: JNK signaling is
massively activated and its knockdown significantly reduces apoptotic response in this situation
(McEwen and Peifer, 2005). This could be due to the ability of INK to induce the pro-apoptotic genes
(McEwen and Peifer, 2005). Furthermore, JNK pathway is activated downstream of Dronc (Kondo et

al., 2006) and appears to be involved in dpp and wg activation by apoptotic cells (Ryoo et al., 2004).

1.3.Grainy head and its roles in epithelia

The Grainy head (Grh) gene family encodes a group of transcription factors that contain an
isoleucine-rich activation domain, a unique DNA-binding motif and a dimerization domain. They can
dimerize and act as activators or repressors depending on the tissue and developmental context. Grh
(also termed EIf-1 and NTF-1) was first discovered in Drosophila but it has homologs in nematodes,
vertebrates and even Fungi. Whereas nematodes and Drosophila contain a single grh gene,
vertebrates have multiple grainy head-like (grhl) homologues in their genomes. Mice and humans
have three grhl genes (grhl-1, grhl-2 and grhl-3) while zebrafish evolved four grh homologs (grhl-1,
grhl-2a, grhl-2b, and grhl-3) (reviewed in Wang and Samakovlis, 2012).

In Drosophila, grh is expressed in the embryonic epidermis, the tracheal airways, the foregut and
the hindgut (Bray and Kafatos, 1991; Hemphala et al., 2003), the embryonic central nervous system
(CNS), the larval neuroblasts and optic lobes, and in imaginal discs (Uv et al., 1997). Although there is
only one grh gene, alternative splicing generates a Grh-O isoform, exclusive of the neuroblasts in the
CNS, and a Grh-N isoform, present in the other tissues (Uv et al., 1997).

The mouse grhl (grhl1-3) genes are expressed in the surface ectoderm and in other epithelial
tissues, including the oral cavity, urogenital bladder, and gastrointestinal tract (Auden et al., 2006).
Although there is extensive sequence identity among them, grhl genes have differential expression

patterns and they are not fully redundant during development (Auden et al., 2006; Boglev et al., 2011).

1.3.1.Conserved roles of Grh
The Grh family of transcription factors has been shown to be crucial for the development and
repair of epidermal barriers, from Drosophila to vertebrates (reviewed in Wang and Samakovlis, 2012).

Here we describe some of the main conserved roles of Grh.

1.3.1.1. Epidermal barrier formation and repair

The name Grainy head comes from the phenotypes of Drosophila mutant embryos, which
develop a granular head skeleton and a weak epidermal cuticle (Bray and Kafatos, 1991; Nusslein-
Volhard et al., 1984). The cuticle is a protective exoskeleton that isolates the animal body from the
external environment. grh mutants have defects in cuticle formation that lead to their abnormal, flaccid

appearance, in contrast to the wild type elongated hatched larva. There are also visible effects in



cuticle specializations: both the mouth hooks and the denticles of the hatched larva are poorly
differentiated (Bray and Kafatos, 1991). Some of the Grh target genes responsible for cuticle
formation, assembly, or hardening have been identified, such as Ddc (Bray and Kafatos, 1991). Ddc
encodes the enzyme Dopa decarboxylase, involved in cross-linking proteins and lipids that strengthen
the cuticle (Scholnick et al., 1983). Additionally, Grh is crucial for the repair of the cuticle in wounded
Drosophila embryos. Upon injury, Grh activates the expression of cuticle repair genes, such as Ddc, in
cells surrounding epidermal wounds (Mace et al., 2005; Pearson et al., 2009). Besides cuticle repair,
Grh is also required for the re-epithelization of the wounded epidermis by regulating the expression of
the receptor tyrosine kinase Stitcher (Stit) (Wang et al, 2009).

In mice, the formation and maintenance of the epidermal barrier depends on Grhl-3. Mice lacking
grhl-3 show severe defects in skin barrier function, associated with impaired differentiation of the
epidermis (Ting et al., 2005; Yu et al., 2006), due, in part, to diminished expression of a Grhl-3 target
gene, Transglutaminase 1 (TGasel), a protein/lipid cross-linking enzyme (Ting et al., 2005). Grhl-3 is

also required for efficient wound healing (Ting et al., 2005).

1.3.1.2. Cell adhesion
In Drosophila, Grh seems to regulate components of the septate junctions (SJs), epithelial
adhesive structures functionally analogous to vertebrate tight junctions (TJs). The SJ proteins
Fasciclin 11l (Faslll), Coracle (Cora), and Sinuous (Sinu) contain Grh-binding sites in their regulatory
regions. In addition, the protein levels of Faslll and Cora are reduced in grh mutant clones in the larva
wing discs (Narasimha et al., 2008).
In mice, grhl genes regulate the expression of both TJ and adherens junction (AJ) components.
While Grhl-2 was shown to regulate E-cadherin (AJs) and Claudin 4 (TJs) expression (Werth et al.,
2010), Grhl-3 controls the TJ components Claudin 1 and Occludin in the epidermis (Yu et al., 2006).

1.3.1.3. Planar cell polarity

Other probable targets of Grh are components of the planar cell polarity (PCP) pathway. In
Drosophila, Grh seems to directly regulate the transcription of the gene starry night (stan), a
component of the PCP pathway. When grh mutant cells are induced in larval and pupal wing discs,
Stan expression is greatly reduced and other planar polarity proteins fail to properly localize. These
grh mutant cells eventually develop multiple and abnormal hairs (Lee and Adler, 2004).

In mice, Grhl-3 acts on the PCP pathway through the RhoA activator RhoGEF19 and interacts
with the PCP genes Vangl2, Celsrl, PTK7, and Scrbl (Caddy et al., 2010).

1.3.2. Grh function in human disease
Given all the known roles of Grhl factors, it is not surprising that they are implicated in the
pathogenesis of several human diseases. For example, a single nucleotide polymorphism (SNP)
found in the grhl-2 gene has been associated with age-related hearing loss (Peters et al., 2002; Van
Laer et al., 2008). More recently, it has been reported that mutations in grhl-2 lead to Autosomal-

Recessive Ectodermal Dysplasia Syndrome (Petrof et al., 2014).
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1.3.2.1. Grh and cancer in humans

Not only mutations, but also changes in grhl genes expression levels can promote disease,
namely cancer. All three human Grhl factors have been implicated in different types of cancer.

Grhl-1, also known as Mammalian Grainy head (MGR)/LBP-32/TFCP2L2, acts as a tumor
suppressor in neuroblastoma (Fabian et al., 2014).

Grhl-3 also behaves as a tumor suppressor in Squamous Cell Carcinoma (SCC) in mice
(Bhandari et al., 2013) and humans (Darido et al., 2011). grhl-3 expression is reduced in both mice
and human skin SCCs and the deletion of the grhl-3 gene leads to tumorigenesis in the skin of mice.
Furthermore, two genes also associated with cancer, PTEN and the microRNA miR-21 have been
identified as direct targets of Grhl-3 in skin carcinoma (Darido et al., 2011; Bhandari et al., 2013).
Importantly, Grhl-3 was identified as one of the markers of the early stages of breast cancer (Panis et
al., 2012; Xu et al., 2014).

Grhl-2 has been extensively associated with cancer. Grhl-2 functions as a tumor suppressor in
gastric cancer. Previous work has shown that grhl-2 expression is significantly downregulated in
gastric cancer and overexpression of grhl-2 is sufficient to inhibit proliferation and promote apoptosis
(Xiang et al., 2013). Recent studies have also revealed a role of Grhl-2 in breast cancer. Knockdown
of grhl-2 expression in a human mammary epithelial cell line leads to typical epithelial-to-
mesenchymal transition (EMT) features, such as downregulation of E-cadherin and upregulation of the
transcription factor Snail (Xiang et al., 2012). Other authors further confirmed that Grhl-2 expression
suppresses EMT using other cell lines (Cieply et al., 2012, 2013). Although these studies suggest that
grhl-2 is a tumor suppressor gene, other observations have revealed that it can also act as an
oncogene. Two independent studies have shown that overexpression of grhl-2 in breast cancer cell
lines induces changes in cell morphology and increase proliferation leading to tumor growth and
metastasis (Werner et al., 2013; Xiang et al., 2012). Additionally, downregulation of Grhl-2 expression
inhibits the growth of hepatoma cells and gain of Grhl-2 might be a predictive marker for

Hepatocellular Carcinoma (HCC) recurrence (Tanaka et al. 2008).

To summarize, in the past years, the expression of grhl genes has been characterized in different
types of cancer and several Grhl targets have been identified, revealing a clear connection between
Grhl factors and cancer. Nevertheless, the molecular mechanisms by Grhl proteins exert their function
are not yet fully understood and some studies show contradictory results. Therefore, more research is

needed to enlighten the function of this family of transcription factors in cancer development.
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1.4.Objectives of this thesis

The Grh gene family encodes an important group of transcription factors that regulate the
development and repair of epidermal tissues from nematodes and insects to vertebrates. Recently,
Grhl factors have been implicated in the pathogenesis of several human diseases, including tumor
progression and metastasis in different types of cancer. However, the molecular mechanisms by
which these genes exert their functions remain largely unknown. In order to decipher the roles of these
genes in an in vivo context we chose Drosophila as a model system. The simplicity and genetic
amenability of this organism, together with fact that Drosophila contains only one grh gene in its
genome, make it an ideal system to study this gene family.

The main goal of this project was thus to further understand the function of Grh in epithelial
growth control and homeostasis. For that we took advantage of the Drosophila wing imaginal disc as a
model system. Our objectives were the following:

I. To investigate the role of Grh in cell proliferation and apoptosis, two basic cellular processes
involved in the control of growth.

Il. To study the influence of Grh in cell polarity, cell adhesion and cytoskeleton.
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2. . MATERIALS AND METHODS

2.1.Drosophila stocks and husbandry

Drosophila stocks used in this project are described in Table 2.1. Flies were kept at 25°C in vials

containing fly food (a mixture of water, agar, sugar, corn meal, yeast, and fungicides) supplemented

with dry yeast to stimulate egg laying. Males and female virgins were collected and kept at 18°C until

crosses were performed.

Table 2.1. Detailed list of Drosophila stocks used in this project. BDSC: Bloomington Drosophila Stock
Center; VDRC: Vienna Drosophila Resource Center; Kyoto DGRC: Kyoto Drosophila Genetics Resource Center.

Name Genotype/Construct From
we w[1118] BDSC #3605
Kim and McGinnis,
UAS-grh P{UAS-grh.K}
2010
grh RNAI P{KK109135}VIE-260B VDRC #101428
tubP-Gal80"* w*; snaSco/CyO; P{tubP-Galg80"}7 BDSC #7018
tubP-Gal80® w*; P{tubP-Gal80"}20; TM2/TM6B, Tb1 BDSC #7019
MS1096-Gal4 w1118 P{GawB}Bx">'** BDSC #8860
hh-Gal4 hh-Gal4, UAS-GFP/TM6b T. Tabata
en-Gal4 w; en-Gal4, UAS-GFP/CyO BDSC #6356
nub-Gal4 w; nub-Gal4, UAS-GFP Calleja et al., 1996
ptc-Gald w*; P{GawB}ptc>*®* BDSC #2017
ap-Gal4 y[1] w[1118]; P{w[+mW.hs]=GawB}ap[md544]/CyO BDSC #3041
697 Hamaratoglu et al.,
ex-LacZ w; ap-Gal4, ex™'/ CyO
2006
E69 Kyoto DGRC
puc w*; cno3 P{A92}pucE69 / TM6B,abdA-LacZ
#109029
d2] w[1118] P{ry[+t7.2]=ey-FLP.N}2 P{GMR-
y[d2] w[1118] P{ry[+t7.2]=ey 12 P{ Kyoto DGRC
FRT42D-grh lacZ.C(38.1)}TPN1; P{ry[+t7.2]=necFRT}42D 4111112
P{w[+mC]=lacW}grh[s2140] /CyO y[+]
FRT42D-ubiGFPnls  w1118; P{neoFRT}42D P{Ubi-GFP(S65T)niIs}2R/CyO BDSC #5626
hs-FLP yw, hsflp; Sco/CyO BDSC #1929

To modulate grh expression, we either expressed grh RNAi to knockdown grh, or expressed

UAS-grh to overexpress this gene, and observed their phenotypes in wing disc/adult wing growth and

development. The UAS-grh flies were kindly supplied by W. McGinnis. The construct consists of a full-

length copy of the grh gene preceded by UAS sequences (Kim and McGinnis, 2010). The grh RNAi

flies were obtained from Vienna Drosophila Resource Center (VDRC). The RNAI construct contains

UAS sequences fused to an inverted repeat sequence with homology to the grh gene. We crossed

w''* flies with Gal4-driver flies and used the progeny as controls.

We expressed grh (UAS-grh) or RNAI for grh in different parts of the wing disc, using different
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drivers. We also expressed UAS-GFP to visualize the regions where the constructs were expressed.
The Gal4 drivers used in this project were: patched-Gald (ptc-Gal4), engrailed-Gal4 (en-Gal4),
hedgehog-Gal4 (hh-Gal4), apterous-Gal4 (ap-Gal4), nubbin-Gal4 (nub-Gal4) and MS1096-Gal4. The
expression patterns are described in Flybase (http:/flybase.org/, St. Pierre et al., 2014). With the

exception of the MS1096-Gal4 and nub-Gal4 drivers, which are described as wing disc restricted, the
other drivers are also expressed in other organs of the fly in different developmental stages. In the
wing imaginal disc, hh-Gal4 and en-Gal4 drive gene expression in the posterior compartment, ap-Gal4
in the dorsal compartment, ptc-Gal4 in the anterior-posterior boundary, nub-Gal4 in the wing pouch,
and MS1096-Gal4 in the dorsal part of the wing pouch. hh-Gal4, nub-Gal4, and ex-lacZ reporter were
kindly supplied by F. Janody.

2.2.Experimental assay
To test the different Gal4 drivers, we crossed female virgins expressing UAS-grh or grh RNAI with

males expressing Gal4 drivers and raised them at 25°C.

Restrictive t ture — 18°C .
estrictive temperature Wing disc Wing
Permissive temperature —29°C collection collection
| l l l | | + ______
1 1 1 1 1 I
Developmental embryo L1 L2 L3 Mid-L3 pupa adult
stage
Days (18°C) o] 2 4 6 8 10 20 30-35

I |
I |
I | 2m | |
I |
I I

| 72h |

Figure 2.1. Temporal control of grh expression. After 3, 5, 6 or 7.5 days at 18°C, the larvae were incubated at
Gal4 permissive temperature (29°C) for different periods of time (Oh, 12h, 24h, 48h and 72h, respectively) to
achieve different levels of grh knockdown and overexpression. After grh expression manipulation, the larvae were
transferred to 18°C to complete fly development. L1: first instar larva; L2: second instar larva; L3: third instar larva;
Mid-L3: mid-third instar larva. Drosophila development duration is represented in days, according to fly
development at 18°C (2 days between each developmental stage; after pupal stage, the dashed line indicates a
different timescale).

To perform temporal control of gene expression, we took advantage of the TARGET technique in
which Gal4 expression is inhibited by Gal80® at restrictive temperatures (18°C) but active at
permissive temperatures (29°C) (see INTRODUCTION) (McGuire et al., 2003). Our experimental
design is shown in Figure 2.1. Eggs were collected for 6-12 h and embryos and early larvae were kept
at Gal4 restrictive temperature (18°C) to inhibit gene expression. To activate the expression of our
genes/constructs of interest (UAS-grh and grh RNAI), larvae were transferred to 29°C. Different
periods of time (12, 24, 48 and 72 h) were tested to determine the best conditions to obtain a wing
disc or wing phenotype without affecting fly survival. After 3, 5, 6 or 7.5 days, the larvae were
incubated at 29°C for 72, 48, 24 or 12 h, respectively. Mid-third instar (Mid-L3, wandering stage)

larvae were collected to perform immunostainings and the remaining larvae were transferred to 18°C
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to allow them to reach adult stage. To analyse the wing phenotype, adult flies (approximately 10-15

days old) were collected and stored at -20°C until wing mounting was performed.

2.3.Generation of grh mutant clones

To generate grh mutant clones marked by the absence of GFP in the wing disc, y,w; FRT42D-
grh/CyO males were crossed to y,w,hsFLP; FRT42D-ubiGFPnIs/CyO females. Mitotic recombination
between homologous chromosomes generates homozygous grh mutant cells, with loss of the GFP
marker. We used a heat-shock inducible flippase (hsFLP) to induce mitotic recombination, so the
progeny was heat-shocked for 1 h at 37°C at 24 h of larva development, after a 24 h egg collection. All
experiments were performed at 25°C. GFP-positive mid-L3 larvae were dissected 72 h after heat-

shock. Dissection and immunostaining protocols are described below.

2.4.Immunochemistry

2.4.1.Larvae dissection
Mid-L3 larvae were dissected in ice-cold Phosphate Buffer Saline (PBS), using forceps (Student
Dumont #5 Forceps, Fine Science Tools) as described by Purves and Brachmann, 2007. While
holding the anterior part of the larva, the posterior part was removed by pulling it with a forcep. After
that, one forcep was inserted in the larval mouth and the other was used to turn the larva inside out,
exposing the internal organs. Most of the internal larval contents (e.g. fat body and gut) were removed
and the remaining tissue, containing the imaginal discs still attached to the larval head, was
transferred to a 1,5mL microtube with ice-cold PBS1x, and was kept on ice until fixation. No more than

10 larvae were added to each microtube, to prevent inefficient staining.

2.4.2.Immunofluorescence protocol

Dissected larvae were fixed for 20 minutes (min) in 4% Formaldehyde (Sigma-Aldrich) in PBS1x
at room temperature (RT) and washed 4x10 min with PBST [PBS 1X + 0,1% Triton-X, (Acros
Organics)]. Larvae were incubated in blocking solution [0,5% Bovine Serum Albumin (BSA, Sigma-
Aldrich) in PBST] for 45 min, followed by an overnight (ON) incubation at 4°C with primary antibodies
(Table 2.2) diluted in blocking solution. Larvae were rinsed 4x10 min with blocking solution and
incubated with secondary antibodies (Table 2.3) for 2 h at RT.

Phalloidin staining was performed to label actin. Alexa Fluor® 568 Phalloidin (Life Technologies)
(1:100 dilution) was added to the secondary antibody incubation. DAPI solution (4', 6-diamidino-2-
phenylindole, Sigma-Aldrich, 1: 500 in PBST) was added in the last 15 min of secondary antibody
incubation.

Larvae were rinsed 5x10 min with PBST before adding anti-fading mounting media [2% DABCO
(1,4-Diazabicyclo[2.2.2]octane, Sigma-Aldrich) + PBS 1x (1:4) + glycerol]. Stained larvae were kept at

4°C until mounting.
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Table 2.2 Detailed description of the primary antibodies. DSHB: Developmental Studies Hybridoma Bank.

) ) Working
Antigen Supplier Reference Host o
dilution
Grainy head Kindly provided by C. Samakovlis rabbit 1:1000
Cell Signaling _
Cleaved Caspase-3 (Aspl75) #9661 rabbit 1:50
Technology (CST)
Phospho-Histone H3 (Ser10) Millipore 06-570 rabbit 1:50
GFP (clones 7.1 and 13.1) Roche 11814460001 mouse 1:500
GFP Life Technologies A-11122 rabbit 1:2000
DE-cadherin DSHB DCAD2 rat 1:30
Wingless DSHB 4D4 mouse 1:10
B-Galactosidase Life Technologies A-11132 rabbit 1:2500
Crumbs DSHB Cqg4 mouse 1:3
Table 2.3 Detailed description of the secondary antibodies.
. ) Working
Antibody Reference Supplier o
dilution

Alexa Fluor 488 goat anti-mouse IgG A-11001

Alexa Fluor 488 anti-rabbit IgG (H+L) A-11008

Alexa Fluor® 488 Goat Anti-Mouse IgG1 (y1) A-21121 Life 1950

Alexa Fluor® 488 Donkey Anti-Rat 1IgG (H+L) A-21208 Technologies

Alexa Fluor® 568 goat anti-rabbit IgG A-11036

Cy5® Goat Anti-Rat IgG (H+L) A-10525

2.4.3.Wing disc dissection and mounting
Stained wing discs were detached from the remaining larval tissues using forceps (Student
Dumont #5 Forceps, Fine Science Tools) and mounted in a drop of mounting media [2% DABCO (1,4-
Diazabicyclo[2.2.2]octane, Sigma-Aldrich)] between two 24x60 millimeter (mm) coverslips. The
coverslips were separated by one-coverslip-high bridge to prevent tissue damage, and sealed using
nail polish.

2.5.Wing mounting

Wings were removed from adult flies immersed in 100% ethanol using forceps (Student Dumont
#5 Forceps, Fine Science Tools). Dissected wings were transferred to a microscope slide and ethanol
allowed to evaporate. A drop of Euparal medium (Fisher Scientific) was added and a glass coverslip
placed on top. Preparations were flattened at 65°C ON with a weight (~2g) on top. Slides were stored
at RT.
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2.6.Imaging
Wing disc imaging was performed on a LSM 710 (Carl Zeiss) confocal microscope using a 40X
water objective. Adult flies images were obtained using the SteREO Discovery.V12 stereomicroscope

(Carl Zeiss). Wing images were taken using a SteREO Discovery.V8 (Carl Zeiss) stereomicroscope.

2.7.Image analysis

Images were analysed using Fiji (Image J, NIH). Figures were made using Adobe Photoshop and
Adobe lllustrator.

Wing size was determined by measuring posterior and anterior compartment areas. We
compared wings from the same gender (males) of each genotype. At least eight wings per condition
were analyzed.

Proliferation was quantified by counting the number of phospho-histone-H3 positive cells in the
wing pouch region. We also quantified the wing pouch posterior and anterior area, to normalize the
number of cells per area. At least six wing discs per condition were analysed.

Calculations were made using Excel (Microsoft) and Prism (GraphPad) was used to make graphs
and perform statistical analysis. Statistical significance was determined by comparison to controls,

using a two-tailed unpaired Student’s t-test.
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3. RESULTS

3.1.Impact of grh expression manipulation in fly development and survival

To evaluate the impact of grh knockdown and overexpression in wing growth and development,
we expressed grh RNAI (knockdown) and grh full-length (overexpression) in a tissue-restricted manner
by using different Gal4-drivers. We tested MS1096-, nub-, ap-, hh-, ptc- and en-Gal4, which are all
expressed during wing development, but in different domains and levels in the wing disc. At 25°C,
which is the optimal temperature for fly development, both knockdown and overexpression of grh lead
to 100% lethality before pupal stages, except in the case of MS1096-Gal4 (where it was possible to
collect adult flies) (Fig. 3.1). When expressing grh RNAi under the control of MS1096-Gal4 (Fig. 3.1,
B), adult flies presented necrotic and small wings in contrast to controls (Fig. 3.1, A). In some cases,
the wings also showed blisters. When we overexpressed grh (Fig. 3.1, C) only a few flies ecloded, with

very small and deficient wings.

Control [ ms1096>grh RNAI || MS1096>UAS-grh

Figure 3.1. Manipulation of grh expression levels specifically in the wing imaginal disc leads to defects in
the Drosophila adult wing. (A), adult wing phenotype of control (M81096—Gal4lwl“8), (B), grh knockdown
(MS1096-Gal4/+;grhRNAI/+), and (C), grh overexpressing (MS1096-Gal4/+;;UAS-grh/+) flies. Arrowheads point to
the wings. Scale bar=500 pum.

Because the effects of manipulating grh expression were so dramatic, even using tissue-specific
drivers, we decided to perform temporal control of grh expression. From all the drivers we tested, we
chose the hh-Gal4 driver to perform the majority of the experiments described in this thesis. Although
its expression is not restricted to the wing disc, this driver has the advantage of being expressed only
in the posterior compartment of the wing disc, thus allowing us to use the anterior compartment as an
internal control. Using this strategy we could assess whether the observed phenotypes were cell
autonomous or non-cell-autonomous.

To perform temporal control of grh expression, we kept the flies at Gal4 restrictive temperature
(18°C) for most of its development. To activate the expression of UAS-grh and grh RNAI, larvae were
typically transferred to 29°C for 12 h, 24 h, 48 h and 72 h; in some cases not all these conditions were
tested due to time or technical constraints.

From 48 h of knockdown onwards, we observed increasing levels of lethality during late pupal
stages. Overexpression of grh induced more severe effects on fly development and survival. Flies

developed until adulthood when we overexpressed grh for 12 h but longer periods of UAS-grh
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expression led to increasing levels of lethality at larval or early pupal stages. We also observed a
developmental delay in the surviving embryos and larvae.

Since the severity of the defects caused by grh knockdown and overexpression were different, we
determined the optimal conditions to study their effects on wing development. Regarding grh
overexpression, 12 h of UAS-grh expression seemed to be ideal as it was sufficient to induce a
phenotype without causing lethality. In the case of grh RNAIi, we expressed it for 72 h for a strong
knockdown but also looked at intermediate levels of knockdown to understand the phenotype
progression.

3.2. grh expression in the wing imaginal disc

| Control | hh>grh RNAI I hh>UAS-grh

Figure 3.2. Grh protein localization in the wing imaginal disc. (A-C) Grh localization in control (W1118/+;

tubPGal80®/+; hh-Gal4, UAS-GFP/+) (A), grh knockdown (grh RNAI/tubPGal80"™; hh-Gal4, UAS-GFP/+) (B) and
grh overexpression (tubPGal80"/+; hh-Gal4, UAS-GFP/UAS-grh) (C) mid-L3 wing discs. (D-F) DAPI staining in
control (D), grh knockdown (E) and grh overexpression (F) wing discs. (G) Merge of Grh and DAPI staining marks
the cell nucleus in control wing discs. (A-G) are maximum Z projections. (G’) X-Z section of the wing pouch in the
control wing disc shown in G. Scale bars=20 pm.
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In order to understand the role of grh in wing growth control, we first analysed the expression of
grh in the larva wing imaginal disc, at the protein level, using an antibody against the Drosophila Grh
(kindly supplied by C. Samakovlis).

In control wing discs, we observed that Grh is present in the entire wing disc (Fig. 3.2, A), being

localized in the cell nucleus (Fig. 3.2, G-G’).

Next we took advantage of this antibody to validate the genetic tools used to manipulate Grh
expression. When we kept the flies at Gal4 restrictive temperature (18°C) to ensure that the grh RNAI
and UAS-grh constructs were not expressed, as expected, Grh levels in the control, grh RNAi or UAS-
grh conditions were similar (Fig. 3.2 A-C). We then induced grh overexpression and knockdown by
incubating the flies at permissive temperature (Fig. 3.3 and 3.4). After 12 h of grh knockdown (Fig. 3.3,
B) we observed a partial reduction of Grh in the posterior compartment when compared to the control
anterior compartment. In some wing discs the reduction in Grh levels was more evident than in others,
likely reflecting variability in grh RNAI efficiency. With 24 h of grh RNAIi expression (Fig. 3.4, B) we
observed only negligible levels of Grh in the posterior compartment, suggesting a robust knockdown
was achieved. After 48 h and 72 h of grh knockdown, the results were similar to 24 h (data not

shown).

Control hh>grh RNAI hh>UAS-grh
— = "”1‘;‘ . SRS,

Figure 3.3. Grh expression pattern after 12 h of grh expression manipulation. (A-C) Expression pattern of
Grh in control (w***%/+; tubPGal80'/+; hh-Gal4, UAS-GFP/+) (A), grh knockdown (grh RNAi/tubPGal80"™; hh-Gal4,
UAS-GFP/+) (B) and grh overexpression (tubPGal80"/+; hh-Gal4, UAS-GFP/UAS-grh) (C) mid-L3 wing discs. (D-
F) GFP staining marks the posterior compartment where grh RNAI/UAS-grh is expressed. Images are maximum Z
projections. Scale bar=20 pm.
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In the UAS-grh condition, after 12 h of expression (Fig. 3.3, C) Grh levels were clearly increased
in the posterior compartment, compared with the anterior compartment. This phenotype was
consistent in all the wing discs imaged. 24 h of grh overexpression (Fig. 3.4, C) led to a greater
increase in Grh levels and consequently to defects in wing disc development. Wing discs were smaller

than controls, mainly because of the great reduction in size of the posterior compartment.

These results show that we can successfully modulate Grh expression in a time and space-

restricted manner in the wing disc.

Control hh>grh RNAI hh>UAS-grh

Figure 3.4. Grh expression pattern after 24 h of grh expression manipulation. (A-C) Expression
pattern of Grh in control (W'''%/+; tubPGal80"/+; hh-Gal4, UAS-GFP/+) (A), grh knockdown (grh
RNAi/tubPGal80"; hh-Gal4, UAS-GFP/+) (B) and grh overexpression (tubPGal80"/+; hh-Gal4, UAS-
GFP/UAS-grh) (C) mid-L3 wing discs. (D-F) GFP staining marks the posterior compartment where grh
RNAI/UAS-grh is expressed. Images are maximum Z projections Scale bar=20 um.

3.3. Grh regulates apoptosis
3.3.1. grh misexpression promotes apoptosis

The third-instar larva wing disc is a highly proliferative tissue and, in normal conditions, apoptosis
is almost inexistent (Milan et al., 1997). Our previous results showed that grh overexpression led to
smaller wing discs. This phenotype could be due to reduced cell proliferation or activation of cell
death. To uncover whether Grh induces apoptosis, we stained the wing discs with an antibody for
activated caspase-3 (Casp3*) that detects apoptotic cells. Caspase-3 is a mammalian effector
caspase, recognized as a key player in the degradation of cell material that happens during apoptosis
(Nicholson et al., 1995).
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Regarding grh knockdown, we observed apoptotic cells at 48 h (Fig. 3.6, B) but not at 12 h (Fig.
3.5, B), indicating that apoptosis is only induced when there is a strong grh knockdown. Besides being
positive for Casp3*, these cells presented fragmented nuclei (Fig. 3.6, H), which is also a

characteristic of dying cells.

hh>grh RNAI [ hh>UAS-grh

Control |

Figure 3.5. Apoptosis after 12 h of grh expression manipulation. (A-C) Casp3* staining in control (w™"'8/+;

tubPGal80®/+; hh-Gal4, UAS-GFP/+) (A), grh knockdown (grh RNAi/tubPGal80"™; hh-Gal4, UAS-GFP/+) (B) and
grh overexpression (tubPGal80®/+; hh-Gal4, UAS-GFP/UAS-grh) (C) mid-L3 wing discs. Images are partial
maximum Z projections of the wing disc. (C’) X-Z section of the region delimited by the white rectangle in C. White
arrowhead points to a Casp-3* positive cell undergoing delamination. (D-F) GFP staining in the posterior
compartment marks where grh RNAI/UAS-grh is expressed. (G-I) DAPI staining marks the cell nucleus. Yellow
arrowheads point to Casp3* positive cells. Scale bars=20 pm.

When we overexpressed grh for 12 h we observed cells undergoing apoptosis in the posterior
compartment (Fig. 3.5, C). These caspase-3-positive cells seemed to be extruded from the epithelium
(Fig. 3.5, C’). At 48 h of overexpression the number of apoptotic cells increased while the wing disc
size decreased (Fig. 3.6, C). This size reduction of the posterior compartment likely influenced tissue

shape as these wing discs developed more folds than control wing discs.
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Control hh>grh RNAI hh>UAS-grh

Figure 3.6.. Apoptosis after 48 h of grh expression manipulation. (A-C) Casp3* staining in control (w*/+;

tubPGal80®/+; hh-Gal4, UAS-GFP/+) (A), grh knockdown (grh RNAI/tubPGal80"™; hh-Gal4, UAS-GFP/+) (B) and
grh overexpression (tubPGal80"/+; hh-Gal4, UAS-GFP/UAS-grh) (C) mid-L3 wing discs. (D-F) GFP staining in the
posterior compartment marks where grh RNAI/UAS-grh is expressed. (G-lI) DAPI staining marks the nucleus.
Yellow arrowheads point to Casp3* positive cells. Images are partial maximum Z projections of the wing disc.
Scale bar=20 pm.

3.3.2.grh knockdown activates JNK signalling

Our previous results showed that both grh knockdown and overexpression lead to apoptosis.
JNK signaling pathway is associated with stress-induced apoptosis in Drosophila and mammals
(reviewed by Dhanasekaran and Reddy 2008), so we investigated whether JNK was involved in the
observed phenotype. To do so, we detected the expression of the puckered (puc) gene, a downstream
target of JNK signaling (Martin-Blanco et al., 1998). We used the puc®® allele, a previously used P
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lacZ enhancer-trap line inserted in the puc gene that allows us to detect its expression by staining for
B-galactosidase (-gal, the product of the lacZ gene) (Ring and Martinez Arias, 1993).

Control hh>grh RNAI

’
e
)

puc-LacZ

puc-LacZ

Figure 3.7. JNK signaling activation after 72 h of grh expression manipulation. (A-B) puc-LacZ staining in
control (W'**%/+; tubPGal80™/+; hh-Gal4, UAS-GFP/+) (A) and grh knockdown (grh RNAi/tubPGal80"; hh-Gal4,
UAS-GFP/+) (B) mid-L3 wing discs. (C-D) GFP staining in the posterior compartment marks where grh RNAI is
expressed. Images are maximum Z projections. (E-H) X-Z sections of the wing pouch. Yellow arrowhead points to
a group of puc-LacZ positive cells at the anterior-posterior boundary. Scale bars=20 um.

Due to fly genetics and time constraints, we only analysed the wing disc phenotype after 72 h of
grh RNAI expression (Fig. 3.7, B). We observed ectopic puc expression in the posterior compartment,
localized close to the anterior-posterior boundary (Fig. 3.7, F). These cells seemed to be delaminating

from the tissue, which suggests that they are undergoing cell death.
In summary, our results show that both grh knockdown and overexpression induce apoptosis in

the wing disc and that JNK signaling is activated upon grh knockdown, suggesting that Grh regulates

apoptosis.
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3.4.Grh regulates cell proliferation
3.4.1.grh knockdown and overexpression have opposite effects on cell proliferation
Another way of regulating tissue growth is through cell proliferation. To understand whether Grh
regulates cell proliferation we detected mitotic cells by staining the wing discs with an antibody for
Phospho-Histone-H3 (PH3) (Hendzel et al., 1997).

Control | hh>grh RNAI | hh>UAS-grh
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Figure 3.8. Cell proliferation after 12 h of grh expression manipulation. (A-C) PH3 staining in control (W1118/+;

tubPGal80®/+; hh-Gal4, UAS-GFP/+) (A), grh knockdown (grh RNAI/tubPGal80"™; hh-Gal4, UAS-GFP/+) (B) and
grh overexpression (tubPGal80"/+; hh-Gal4, UAS-GFP/UAS-grh) (C) mid-L3 wing discs. White dashed line
outlines the wing pouch. Yellow dashed line represents the anterior-posterior boundary. Anterior is left and
posterior is right. (D-F) GFP staining in the posterior compartment marks where grh RNAI/UAS-grh is expressed.
All images are maximum Z projections. Scale bar=20 um. (G,H) Graphs showing the number of PH3 positive cells
(G) and the number of PH3 positive cells per area (H) in the posterior compartment in control, grh RNAi and UAS-
grh wing discs. grh overexpressing wing discs show a significant reduction in the number of PH3-positive cells (G)
and PH3-positive cells per area (pmz) (H) in the posterior compartment compared to control wing discs. grh RNAI
show no differences in the number of mitotic cells compared to controls. Student’s t-test was used to determine
statistic significance (**** p<0.0001). ns=not significant. Error bars represent standard deviations. Control n=7, grh
RNAI n=7, UAS-grh n=6.
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Figure 3.9. Cell proliferation after 72 h of grh expression manipulation. (A-B) PH3 staining in control (w1118/+;

tubPGal80™/+; hh-Gal4, UAS-GFP/+) (A) and grh knockdown (grh RNAI/tubPGal80™; hh-Gal4, UAS-GFP/+) (B)
mid-L3 wing discs. White dashed line outlines the wing pouch. Yellow dashed line represents the anterior-
posterior boundary. (C-D) GFP staining in the posterior compartment marks where grh RNAIi is expressed.
Images are maximum Z projections. Anterior is left and posterior is right. Scale bar=20 pm. (E-F) Graphs showing
the number of PH3 positive cells (G) and the number of PH3 positive cells per area (H) in the posterior
compartment in control and grh RNAIi wing discs. grh knockdown wing discs show a significant increase in the
number of PH3-positive cells but not in the number PH3-positive cells per area (umz) in the posterior
compartment, compared to control wing discs. Student’s t-test was used to determine statistic significance.
(**p=0.0018). Ns=not significant. Error bars represent standard deviations. Control n=8, grh RNAi n=6.

After 12 h of grh knockdown we observed only a slight, not significant, difference in the number of
PH3-positive cells in the posterior compartment when compared to controls (Fig. 3.8, A-B, G-H).
However, after 72 h of grh RNAIi expression we detected a significant increase in the number of mitotic

cells (Fig. 3.9, A, C, E). This activation of cell proliferation was accompanied by an increase in
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posterior compartment area. These two parameters seem to have increased in a proportional manner
in the grh knockdown, because the number of mitotic cells per area (um?) was not significantly
different from control wing discs (Fig. 3.9, F).

When we overexpressed grh for 12 h we observed a significant decrease in the PH3-positive
cells in the posterior compartment when compared with control wing discs (Fig. 3.8, A, C, G).
Furthermore, we detected a significant decrease in the number of proliferating cells per area,

indicating that the area of the posterior compartment remained similar to the controls (Fig. 3.8, H).

Our results show that grh knockdown induces an increase in the number of mitotic cells while grh
overexpression has the opposite effect in the wing disc, thus pointing to a role of Grh in cell

proliferation.

3.4.2.Grh does not seem to regulate the Hippo pathway
First discovered in Drosophila, the Hippo signaling pathway has been shown to be involved in the
control of proliferation, apoptosis, differentiation, and migration, being a key regulator of organ size
during developmental growth. Mutations that lead to dysfunctional Hippo pathway signaling induce

dramatic tissue overgrowth (reviewed in Staley and Irvine, 2012).

Control " ap>grh RNAI ” ap>UAS-grh

ex-LacZ

Figure 3.10 expanded (ex) expression pattern after 16 h of grh expression manipulation. (A-C) ex-LacZ
staining in control (ap-Gal4,ex-LacZ/tubPGal80") (A), grh knockdown (ap-Gal4,ex-LacZ/grh RNAI; tubPGal80'/+)
(B) and grh overexpression (ap-Gal4,ex-LacZ/tubPGal80"; UAS-grh/+) (C) mid-L3 wing discs. grh RNAi and UAS-
grh were expressed under the control of the ap promoter, which is expressed in the dorsal compartment of the
wing disc. Yellow dashed line represents the dorsal-ventral boundary. Dorsal is up, ventral is down. Images are
maximum Z projections. Scale bar=20 um.

As we found that Grh regulates both apoptosis and proliferation in the wing disc, we tested
whether Grh regulates the Hippo pathway. We used a previously described LacZ reporter line for the
gene expanded (ex), a bona fide target of this pathway (Hamaratoglu et al., 2006). Both knockdown
and grh overexpression induced no changes in expanded expression in the wing disc after 16 h of grh
manipulation (Fig. 3.10). We also tested 24 h, 48 h and 72 h and obtained similar results (data not
shown).

Based on the results obtained with this reporter, Grh does not seem to regulate the Hippo

pathway.
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3.5. Grh regulates wing size

Our experiments show that Grh significantly influences the growth of the developing wing disc by
regulating both proliferation and apoptosis. Therefore, we asked whether these developmental defects
have an impact in the adult wing.

To assess the effect of grh knockdown or overexpression specifically during wing disc growth
stages, we expressed either grh RNAi or UAS-grh only during larval stages and then measured the

anterior and posterior area of the adult wings.
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Figure 3.11. Wing area after 12 h of grh expression manipulation. (A-C) Adult wings from control (w™%/+;

tubPGal80®/+; hh-Gal4, UAS-GFP/+) (A), grh knockdown (grh RNAI/tubPGal80"™; hh-Gal4, UAS-GFP/+) (B) and
grh overexpression (tubPGal80"/+; hh-Gal4, UAS-GFP/UAS-grh) (C) flies. Black dashed line in A represents the
posterior compartment (C’) Zoom of the region delimited by the black rectangle in C, depicting wing vein defects
upon grh overexpression. Scale bar=500 um. (D-E) Graphs showing the area of the posterior compartment of the
adult wing (D) and total wing area (E) in controls, grh RNAi and UAS-grh. grh overexpressing wings show a
significant reduction in the posterior compartment area (D, **p=0.0039) and in the total wing area (F, **p=0.0060),
and an increase in anterior compartment area (E, **p=0.0093) compared to control wings. grh RNAi wings show a
significant increase in anterior compartment area (E, **p=0.0051), whereas posterior compartment and total wing
areas are similar to control wings (D, F, ns=not significant). Student’s t-test was used to determine statistical
significance. Error bars represent standard deviations. Control n=11, grh RNAi n=13, UAS-grh n=8.

Regarding the grh overexpression, we observed a significant decrease in the posterior area of the
wing when compared to control wings (Fig. 3.11, A, C, D). In contrast, the anterior compartment was
(slightly) increased (Fig. 3.11, E). Together this lead to a reduction in the total wing area (Fig. 3.11, F).
We also noticed wing vein defects in the posterior compartment such as ectopic veins or bifurcations.
(Figure 3.11, C).

When we knocked-down grh for 12 h we observed no significant difference in the posterior
compartment and total wing area when compared to control wings (Fig. 3.11, A, B, D, F), although
there was a decrease in the anterior compartment area (Fig. 3.11, E). After 24 h of grh RNAI
expression (Fig. 3.12) we observed two different phenotypic classes. About 40% of the wings showed

normal patterning (Fig. 3.12, B), while the other 60% were curved, and presented wing vein defects

29



and abnormal pigmentation (Fig. 3.12, C-C’). Because of these shape defects we could only quantify
the area in wings of the first phenotypic class (Fig. 3.12, B). Surprisingly, grh knockdown induced
smaller wings (Fig. 3.12, A, B, F). Not only the posterior compartment was significantly smaller than in
controls, but the anterior compartment also followed that tendency (Fig. 3.12, D, E).

Our results reveal that Grh influences final adult wing size and that both grh knockdown and

overexpression result in smaller wings.
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Figure 3.12. Wing area after 24 h of grh expression manipulation. (A-C) Adult wings from control (w™%/+;

tubPGal80®/+; hh-Gal4, UAS-GFP/+) and grh knockdown (grh RNAi/tubPGal80"; hh-Gal4, UAS-GFP/+) flies. B
and C represent two phenotypic classes of grh knockdown. Black dashed line in A represents the posterior
compartment (C’) Zoom of the region delimited by the black rectangle in C, depicting wing vein defects and
abnormal pigmentation. Scale bar=500 pum. (D) grh knockdown wings show a significant reduction in the posterior
compartment area (D, *** p=0.0004), anterior compartment area (E, ****p<0.0001) and in the total wing area (F,
****n<0.0001), compared to control wings. Only the wings from phenotypic class represented in B were
measured. Student’s t-test was used to determine statistical significance. Error bars represent standard
deviations. Control n=25, grh RNAi n=9.

3.6.Grh regulates E-cadherin

E-cadherin is a calcium-dependent cell-cell adhesion molecule with a crucial role in cell adhesion,
cell polarity and differentiation (reviewed by van Roy and Berx, 2008). In addition, changes in E-
cadherin expression have been implicated in tumor progression and invasion (reviewed by Stemmler,
2008). Grh has been implicated in the regulation of E-cadherin in both Drosophila and mice (Almeida
and Bray, 2005; Werth et al.,, 2010). Moreover, downregulation of Grhl2 in breast cancer is
accompanied by loss of E-cadherin and gain of N-cadherin, resulting in epithelial-to-mesenchymal
transition (Cieply et al., 2012). For all these reasons, we wanted to understand whether Grh regulates

E-cadherin levels in the wing disc.
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At 12 h of grh RNAI expression, wing discs presented higher levels of E-cadherin in the posterior
compartment than in the control anterior compartment (Fig. 3.13, B). The severity of this phenotype
varied depending on the wing disc, which might be related to the observed variability in Grh protein

localization after 12 h of grh knockdown.

Control || hh>grh RNA | hh>UAS-grh

Figure 3.13. E-cadherin levels and localization after 12 h of grh expression manipulation. (A-C,G-I) E-
cadherin staining in control (W"'®/+; tubPGal80®/+; hh-Gal4, UAS-GFP/+) (A,G), grh knockdown (grh
RNAi/tubPGal80"; hh-Gal4, UAS-GFP/+) (B,H) and grh overexpression (tubPGal80"/+; hh-Gal4, UAS-GFP/UAS-
grh) (C,I) mid-L3 wing discs. (D-F,J-L) GFP staining in the posterior compartment marks where grh RNAI/UAS-grh
is expressed. (A-F) Images are maximum Z projections. (G-L) X-Z sections of the wing pouch. Yellow dashed line
in G-l represents the anterior-posterior boundary. Anterior is left and posterior is right. Scale bars=20 pm.

When we knocked-down grh for 72 h we observed higher levels of E-cadherin compared to
controls, not only in the posterior compartment, but in the whole wing disc (Fig. 3.14, B). This suggests
that grh knockdown induces a non-cell autonomous response.

We also looked at E-cadherin localization on X-Z sections of the wing pouch. We observed that in
the grh RNAI condition, E-cadherin localized not only to the apical domain of the cells as in the
controls, but also in accumulations on the lateral membrane of cells, both in the anterior and in the

posterior compartment of the wing disc (Fig. 3.13, H; Fig. 3.14, H).
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On the other hand, when we overexpressed grh, we detected less E-cadherin in the posterior
compartment when compared to controls (Fig. 3.13, C). In the X-Z sections we observed that E-
cadherin was apically localized as in the controls (Fig. 3.13, ).

These results suggest that Grh might inhibit E-cadherin expression in the wing disc. Furthermore,

Grh seems to regulate E-cadherin localization in epithelial cells.

Control hh>grh RNAI

533 Py

Figure 3.14. E-cadherin levels and localization after 72 h of grh expression manipulation. (A-B,E-F) E-
cadherin staining in control (W'**%/+; tubPGal80"/+; hh-Gal4, UAS-GFP/+) (A,E) and grh knockdown (grh
RNAi/tubPGal80"; hh-Gal4, UAS-GFP/+) (B,F) mid-L3 wing discs. (C-D,G-H) GFP staining in the posterior
compartment marks where grh RNAI is expressed. (A-D) Maximum Z projections of the wing disc. (E-H) X-Z
sections of the wing pouch. Yellow dashed line represents the anterior-posterior boundary. Anterior is left,
posterior is right. Scale bars=20 pm.

3.7.Grh seems to regulate actin levels

Filamentous actin (F-actin) is part of the cell cytoskeleton, thus influencing the mechanical
properties and shape of cells, which are critical to their functions. F-actin is involved in numerous cell
behaviors, such as morphology, movement, division, endocytosis, and intracellular trafficking

(reviewed in Pollard and Cooper, 2009). It has also been shown that actin and the Hippo pathway are
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interconnected in the control of tissue growth (reviewed in Matsui and Lai, 2013). Interestingly, a
screen performed in grh mutant embryos revealed that several actin-binding proteins/regulators are
Grh targets (Paré et al., 2012).

Control hh>grh RNAI

F-actin

Figure 3.15. F-actin localization after 72 h of grh expression manipulation. (A-B, E-F) F-actin in control
(W'*¥/+: tubPGal80"/+; hh-Gal4, UAS-GFP/+) (A,E) and grh knockdown (grh RNAi/tubPGal80"; hh-Gald, UAS-
GFP/+) (B;F) mid-L3 wing discs. Images are maximum Z projections. (C-D) GFP staining in the posterior
compartment marks where grh RNAI is expressed. (E-H) X-Z sections of the wing pouch. Yellow dashed line
represents the anterior-posterior boundary. Anterior is left, posterior is right. Scale bars=20 pum.

To assess the effect of grh expression on actin levels we used fluorescently-labeled phalloidin,
which selectively binds to F-actin (Faulstich et al, 1988).

Due to technical difficulties, we only assessed the phenotype at 72 h of grh RNAIi expression.
Here we observed an increase in F-actin, not only in the posterior compartment, but in the entire wing
disc when compared to controls (Fig. 3.15, A-B, E-F). We also detected an effect on tissue shape in
the grh RNAIi expressing wing discs (compare Fig. 3.15, E and F). Interestingly, actin seemed to
accumulate in the places where the tissue was affected by folds (Fig. 3.15, F).

These results suggest that Grh might have a role in the regulation of actin cytoskeleton dynamics

during wing disc development.
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3.8.Generation of grh mutant clones

Clonal analysis allows the analysis of mutations that are lethal when affecting the entire animal. In
addition, it represents an invaluable tool for understanding cell lineage and cell interactions during
development, along with many other applications (Perrimon, 1998). Since grh mutants die at the end
of embryogenesis, we decided to establish this technique in wing imaginal discs to determine the
effect of a complete deletion of the grh locus. For that we generated grh mutant clones in wing
imaginal discs.

Using the FLP/FRT technique we generated grh mutant clones that are marked by the absence of
GFP (Golic and Lindquist, 1989). We used a ubiquitously expressed heat-shock inducible FLP so that
we could control the developmental stage at which we induced mitotic recombination and thus clone
induction. After optimizing the heat-shock conditions, we performed the heat-shock when the larvae
were in L1 stage and imaged them 3 days later (mid-L3 larvae) to allow growth of the mutant clones.
To validate that the GFP-negative cells were indeed mutant for grh, we stained the wing discs with the
Grh antibody (Fig. 3.16, B,E).

Figure 3.16 Generation of grh mutant clones. (A-F) Heterozygous wing disc with grh mutant homozygous
clones marked by the absence of GFP. (A,D) GFP staining showing homozygous mutant clone lacking GFP and
twin homozygous wild-type clones with higher GFP intensity.(B,E) Grh antibody staining showing lack of Grh
protein in mutant clones and higher expression of Grh in twin clones. (C,F) DAPI staining shows cell nuclei. (A-C)
Images are maximum Z projections. (D-F) X-Z sections of the wing pouch. Scale bars=20 pum.

In the wing discs where we detected the presence of grh mutant clones, the number of clones
varied from one to three per disc. We observed that Grh was absent from GFP negative cells,
indicating that mitotic recombination took place and generated homozygous grh mutant cells (Fig. 3.16
A-B, D-E). In rare cases we observed the twin (homozygous wild type) clones but not the mutant

clones, suggesting that grh mutant cells may have died earlier.

Our results show that we can successfully generate grh mutant clones in the wing imaginal disc.
Although in this project we were not able to analyse the phenotypes caused by the loss of grh in these
clones, this technique will help understand the functions of Grh in the wing imaginal disc growth in

future work.
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4. DISCUSSION

4.1.Manipulating Grh in the wing disc

Grh is recognized for its critical role in epithelia development and maintenance. It is not surprising
that the manipulation of its expression levels leads to severe effects in epithelia, which ultimately result
in lethality. When we knocked down or overexpressed Grh using the MS1096-Gal4 driver, with which
lethally was reduced and adult flies ecloded, we observed severe defects in wing growth and
development. grh RNAIi expressing wings were necrotic and UAS-grh overexpressing wings presented
very small and abnormal wings. To minimize this effect we controlled grh expression in a temporal and
tissue-specific manner. With this approach we were able to successfully knockdown and overexpress
grh in the wing imaginal disc and investigate its role in the growth of this organ.

To analyze the effects of grh knockdown and overexpression at the protein level we used
immunofluorescence stainings. We decided to use the hh-Gal4 driver, which drives gene expression
only in the posterior compartment of the wing disc. This experimental assay allowed us to assess
qualitative differences in protein levels and localization between the anterior and the posterior

compartment, together with the comparison with control wing discs.

Our results revealed that 12 h of grh overexpression (UAS-grh) were sufficient to induce a
phenotype without compromising fly development and survival, while grh knockdown using the RNAi

technique required more time to efficiently reduce grh expression levels.

4.2. Regulation of tissue growth by Grh

We observed that both grh knockdown and overexpression lead to apoptosis, although the effects
of overexpressing grh are more severe. Interestingly, we also observed ectopic activation of JNK
signaling in the grh RNAI expressing wing discs. As it is known that this pathway can be activated in
apoptotic cells (McEwen and Peifer, 2005), our results suggest that the lack of Grh might induce
apoptosis through JNK signaling. JNK pathway can be activated by stress stimuli and then induce
apoptosis (McEwen and Peifer, 2005), but it can also be activated as a consequence of the apoptosis
pathway (Kondo et al., 2006). In addition, the outcome of JNK signaling can vary depending on the
stimulus. For example, this signaling pathway also regulates cell migration (Pastor-Pareja et al., 2004;
Llense and Martin-Blanco, 2008), and invasion (lgaki et al., 2006). Therefore, it would be interesting to
investigate the mechanisms that lead to the activation of the JNK pathway in the absence of Grh and

whether that is related to the observed apoptotic events or to other cellular processes.

We observed that while Grh overexpression leads to a striking reduction in the number of mitotic
cells, grh knockdown has the opposite effect suggesting that Grh might regulate cell proliferation. To
support this hypothesis, we observed an increase in the surface area of the posterior compartment in

the absence of Grh. Another possibility is that Grh knockdown leads to a cell cycle arrest at the stage
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where Histone H3 is phosphorylated (during mitosis) (Hans and Dimitrov, 2001). To clarify this we
would need to analyze other markers of the cell cycle. The increase in area of the wing disc in the Grh
knockdown could also be due to an increase in cell size. Although we did not quantify cell size, no
major differences in cell size between the posterior and the anterior compartment or the control wing
discs were noticeable, further supporting our hypothesis that Grh regulates cell proliferation in the
wing disc.

In the wing disc, many signaling pathways regulate cell proliferation (Neto-Silva et al., 2009). We
tested whether the Hippo pathway was involved by looking at the expression pattern of one of its
target genes, expanded. We detected no difference in expanded levels between the dorsal (where we
expressed UAS-grh and grh RNAI) and the ventral compartment, which suggests that Grh does not
regulate the Hippo pathway. It would be interesting to test other reporters of Hippo pathway activity to
confirm this phenotype, but based on our results Grh seems to regulate cell proliferation through a
different pathway.

Another question that we would like to address is the relationship between apoptosis and
proliferation and how this is influenced by Grh. Apoptotic cells can induce mitogenic signaling,
promoting proliferation of the surrounding cells (Ryoo et al. 2004; Fan and Bergmann, 2008).
Conversely, when overproliferation occurs, apoptosis is induced to restore cell number (Menéndez et
al.,, 2010). So there is a tight regulation between these two processes that ensures normal tissue
growth and development. One way of understanding the relationship between proliferation and
apoptosis would be to inhibit apoptosis and observe the influence on cell proliferation.

Although in a completely different context, it was previously shown by Cenci and Gould (2005)
that Grh can regulate both cell proliferation and apoptosis. This study on neuroblast development
revealed that Grh differentially regulates thoracic and abdominal neuroblasts. In the thorax, Grh
stimulates proliferation by maintaining neuroblasts in an active mitotic state, while in the abdomen Grh
promotes apoptosis by regulating neuroblast competence to respond to Abdominal-A (AbdA)
expression (Cenci and Gould, 2005). AbdA is a Hox protein expressed in the abdominal neuroblasts
that activates the proapoptotic genes rpr, grim and hid, inducing apoptosis (Bello et al., 2003). This
study, together with our results, suggests that Grh has a role in the control of cell proliferation and

apoptosis and that this regulation depends on the tissue and developmental context.

After assessing these two important parameters in growth control in the wing imaginal disc, we
looked at the adult wing phenotype. In the grh overexpressing wings the posterior compartment was
significantly smaller than control wings. This result seems consistent with the reduced cell proliferation
and increased apoptosis observed in the wing discs at larval stages. On the other hand, the grh
knockdown adult wings also presented a smaller posterior compartment than the controls, which
suggests that, even though cell proliferation seems to be increased in the wing discs, those cells must
be eliminated during metamorphosis. This phenotype also points to the possibility that the increased
number of proliferating cells in the grh knockdown condition might induce apoptosis, acting as a

mechanism of controlling cell number, as mentioned above. In contrast, in the grh overexpression
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condition, we observed increased apoptosis and reduced cell proliferation. In this case, it is possible
that Grh has a more direct role in the regulation of apoptosis. Since there is more Grh protein than in a
wild-type situation, it is possible that the excess Grh protein outcompetes other transcription factors in
the regulation of genes involved in the apoptosis pathway. Harrison and colleagues (2010) have
shown that Grh competes with the transcriptional activator Zelda (ZId) in Drosophila embryos
(Harrison et al., 2010), so it would be interesting to assess if a similar gene expression regulation

happens in the wing disc.

Another interesting observation is that the wing size was affected not only in the posterior
compartment, where we manipulated grh expression, but also in the anterior compartment, giving rise
to overall smaller wings.

When compared to controls, the anterior compartment area is increased in grh overexpressing
wings and it is reduced after grh knockdown. This suggests that the anterior compartment adjusts its
growth upon changes in the posterior compartment. In the future, we would like to understand why this
response is different upon grh overexpression and knockdown, since the posterior compartment
growth is reduced in both cases.

It is known that compartments can grow relatively independently of each other (Simpson, 1976),
but when cell death or cell division rates are manipulated in one compartment, the other compartment
adjusts its growth dynamics so that the final wing size is the same as in the wild type (Martin and
Morata, 2006, Milan et al., 1997). Remarkably, a study has shown that the induction of the pro-
apoptotic gene hid for 48 h, resulting in the loss of 40% of the wing disc, allows nearly full recovery of
the size and pattern of the wing (Herrera and Martin, 2013). In the case of Grh, however, we found
that the final wing size was different from the controls. One possible explanation for this is that our
experimental assay does not give enough time for the flies to fully recover, or that the effect of
manipulating grh expression is so severe that the final wing size cannot be restored. The severe
effects induced by grh expression manipulation in the adult wing can also result from the influence of
Grh in different cellular processes, consistent with our observations that Grh also seems to regulate

cell proliferation and E-cadherin and actin levels.

4.3. Regulation of actin cytoskeleton and E-cadherin by Grh

In addition to cellular processes directly involved in tissue growth control, we also assessed the
influence of Grh in F-actin and E-cadherin. These proteins are important components of the cell
cytoskeleton and adhesion complexes, respectively, and are thus critical for epithelial integrity and
homeostasis (van Roy and Berx, 2008; Pollard and Cooper, 2009). Both actin and E-cadherin have
been implicated in epithelial tissue growth and cancer. For example, F-actin regulates tissue growth in
Drosophila and mammalian cells through the Hippo pathway (Matsui and Lai, 2013). Additionally, E-
cadherin misregulation is commonly associated with epithelial cancers. E-cadherin downregulation is
typically associated with EMT and contributes to tumor invasion and metastasis (Frixen et al., 1991;
Perl et al., 1998).
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We have found that 12 h of grh knockdown induce an increase in E-cadherin levels, whereas grh
overexpression produces the opposite phenotype, suggesting that Grh acts as a repressor of E-
cadherin expression. Grh has been previously implicated in the regulation of E-cadherin, not only in
Drosophila but also in vertebrates. In Drosophila, Grh-binding sites were identified in the E-cadherin
gene (called shotgun). In addition, it was shown that grh mutant neuroblasts show reduced levels of E-
cadherin while ectopic grh expression is sufficient to increase E-cadherin levels (Almeida and Bray,
2005). In mice, a similar connection between Grhl-2 and E-cadherin has been shown, namely that
Grhl2 interacts with the regulatory regions of the E-cadherin gene and influences the expression levels
of this adhesion molecule (Werth et al., 2010). Additionally, in human breast cancer cell lines, grhl-2
downregulation is accompanied by a reduction in E-cadherin expression and the upregulation of EMT
markers (Cieply et al., 2012). Interestingly all these studies show that the expression levels of grh and
E-cadherin follow the same tendency, while we observed the opposite effect. Since grh can function
as an activator or repressor of gene expression depending on the tissue and developmental context
(Bray and Kafatos, 1991; Tuckfield et al., 2002), it is possible that the regulation of E-cadherin in the
wing disc is different from other epithelial tissues. Future work should determine whether E-cadherin
expression at the mRNA level is altered upon manipulation of grh in the wing disc. Besides the
regulation of E-cadherin expression, our data suggest that Grh might also control its localization. In the
grh knockdown condition we observed E-cadherin abnormally localized in the lateral membrane in
wing disc epithelial cells. It is possible that the mislocalization of E-cadherin has an impact in cell
polarity and adhesion as well as cell differentiation (van Roy and Berx, 2008; Stemmler, 2008). It

would be interesting to confirm this hypothesis using known markers for these cellular processes.

Regarding actin levels, our results show that there is an increase in F-actin signal intensity upon
grh knockdown, suggesting a role of Grh in the regulation of the actin cytoskeleton. Unfortunately we
did not have the chance to repeat this experiment with shorter periods of grh RNAi expression, and
those results are important to assess how the phenotype evolves over time. Future perspectives
include a further analysis of the actin phenotype in order to understand what are the mechanisms by
which Grh may regulate F-actin dynamics.

It is plausible that Grh influences F-actin through the regulation of actin-binding proteins (ABPS).
A microarray analysis performed in mutant grh embryos revealed that the genes regulated by Grh
include several factors involved in actin organization (Paré et al., 2012). Some were upregulated, such
as Capulet, an ABP that inhibits actin filament polymerization (Baum et al., 2000), while others were
downregulated, as is the case of Fhos, which is a formin-like protein that promotes F-actin
polymerization (Anhezini et al., 2012). Since Grh function can vary from one tissue to another it would

be interesting to assess how Grh regulates actin and ABPs in the wing disc.
When expressing grh RNAi for 72 h we observed that both E-cadherin and F-actin levels were

increased, not only in the posterior compartment, but in the entire wing disc, suggesting that Grh might

have a cell non-autonomous effect. Alternatively, as in this experiment the grh knockdown was
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performed for a long period of time (72 h), these phenotypes could also be a consequence of other
cellular processes regulated by Grh.

For example, apoptotic cells are removed from the live tissue by extrusion. Several studies
suggest that apoptotic cells induce E-cadherin and actin changes in the surrounding cells to promote
extrusion (Rosenblatt et al., 2001; Lubkov and Bar-sagi, 2014; Shen and Dahmann, 2005).
Considering that both grh knockdown and overexpression induce apoptosis, it is possible that some of

the actin and E-cadherin changes observed in the wing disc are the result of this event.

4.4.grh mutant clones

We showed that grh RNAIi was enough to successfully and specifically regulate grh expression.
Nevertheless, some phenotypic variability was observed, which is typical of the RNAI technique. Since
grh mutants are embryonic lethal (Nisslein-Volhard et al., 1984), the generation of grh mutant clones
is a great alternative to confirm our results as it allows the phenotypic analysis of a population of grh
mutant cells in a wild-type tissue. We generated grh mutant clones using the FLP/FRT technique
(Golic and Lindquist, 1989) and validated that Grh is absent specifically in that cell population.

Although we did not have the chance to further analyse the phenotype of grh mutant clones, we
believe that this technique will help us to answer some of the open questions that arise from this
thesis. We would like to assess if Grh can induce non-cell autonomous changes in E-cadherin and F-

actin expression, as well as understand the dynamics between cell proliferation and apoptosis.

4.5.Concluding remarks

In summary, our results suggest that Grh is important to control wing growth in Drosophila.
Overexpressing grh leads to massive apoptosis and severe reduction in cell proliferation, impairing
tissue growth and development. When Grh levels are reduced there is an increase in cell proliferation
also accompanied by apoptosis. In addition to the regulation of growth control mechanisms such as
apoptosis and proliferation Grh also seems to regulate actin and E-cadherin, key components of the
cell cytoskeleton and cell adhesion complexes that can have a major impact in the cell and tissue
properties.

Our results reinforce the evolutionary conservation and relevance of Grh in the control of
epithelial growth and integrity. In the future, we hope to contribute to a greater knowledge of Grh

function in epithelia and the mechanism underlying it.
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