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Résumé

La prolifération cellulaire et la croissance tissulaire sont étroitement controlées au
cours du développement. Chez la Drosophila melanogaster, ces processus sont régulés en
partie par la kinase stérile-20 Slik (SLK et LOK chez les mammiféres) et le suppresseur de
tumeur Hippo (Hpo, MST1/2 chez les mammiféres) dans les cellules épithéliales. La
surexpression de la kinase Slik augmente la taille des tissus chez les mouches adultes.
Cependant, les mutants slik”" meurent avant d'avoir terminé leur développement. Lorsqu’elle
est surexprimée dans les cellules épithéliales des ailes en voie de développement, cette
protéine favorise la prolifération cellulaire. En outre, I'expression de Slik dans une population
de cellules conduit a une surprolifération des cellules voisines, méme quand elles sont
physiquement séparées. Ceci est probablement di a la sécrétion de facteurs de croissance qui
stimulent la prolifération de maniére paracrine. En utilisant des méthodes génétiques et
transcriptomiques, nous essayons de déterminer les molécules et les mécanismes impliqués.
Contrairement a ce qui a été publié, nous avons constaté que Slik ne transmet pas de signal
prolifératif en inhibant le suppresseur de tumeur Merlin (Mer, NF2 chez les mammiferes), un
composant en amont de la voie Hippo. Plutdt, elle favorise la prolifération non-autonome et la
croissance des tissus en signalisation par la kinase dRaf (la seule kinase de la famille Raf chez
la drosophile). Nous prouvons que dRaf est nécessaire chez les cellules voisines pour conduire
la prolifération chez ces cellules. De plus, nous avons utilisé le séquencage du transcriptome
pour identifier de nouveaux effecteurs en aval de Slik. Ce qui permettra de mieux comprendre

les effets de SLK et LOK chez les humains.
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Abstract

Cell proliferation and tissue growth are tightly controlled during development. In
epithelial tissues in Drosophila melanogaster, these processes are regulated in part by the
Sterile-20 kinase Slik (SLK and LOK in mammals) and the tumor suppressor Hippo (Hpo,
MST1/2 in mammals). Slik overexpression leads to an increase in tissue size in flies, whereas,
slik” mutants die before completing development. Overexpressing this protein in the
developing wing disc epithelium promotes cell proliferation, consistent with the overgrown
wing phenotype in the adults. Moreover, expression of Slik in one population of cells leads to
an overproliferation of neighboring cells, even when they are physically separated by a central
lumen. This can be explained by secretion of paracrine growth factors, stimulating non-
autonomous proliferation that is specific to Slik. We used genetic and transcriptomic assays to
define the molecules and mechanism involved in Slik-mediated signaling. Contrary to what
has been suggested, we found that Slik does not promote proliferation through the tumor
suppressor Merlin (Mer, NF2 in mammals), an upstream component of the Hippo pathway,
nor through other components of the Hippo pathway. Rather, Slik promotes non-autonomous
proliferation and tissue growth signaling through dRaf (the single Raf family kinase
orthologue in Drosophila). We found that dRaf is required in the signal receiving cells to
stimulate proliferation. We performed RNA-seq to identify novel downstream effectors of
Slik. Characterizing the signaling pathway downstream of Slik in Drosophila will shed light
on how SLK and LOK function in mammals, and provide insights into their potential

involvement during development and in cancer.
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1. Introduction

The rates of cell growth, cell division and cell survival during development determine
the size of organs and appendages (Conlon and Raff 1999). Tissue growth is a highly dynamic
process, where cells compete for growth and survival factors in order to proliferate. Therefore,
a net tissue growth means less cell elimination and more proliferation. Though simple, the
balance between apoptosis and proliferation needs to be tightly regulated to avoid uncontrolled
growth. Moreover, once an organ reaches its “correct” size, mechanisms must be in place to
ensure cells stop dividing. How cells know what the “right” size is still a mystery. An even
more intriguing phenomenon is regulative development, where stress-induced cell ablation
during development stimulates compensatory proliferation to ensure tissues reach their normal
adult size (Halder and Johnson 2011). Recently, cell-cell signaling that regulates proliferation
as a function of organ size has received much attention with the discovery of Sterile20 (Ste20)
kinases and their role in tissue growth. In this thesis, I will highlight important discoveries

regarding Ste20 kinases and growth.

1.1 Drosophila as model for studying epithelial tissue growth

Genetics is a powerful tool to study complex biological processes, such as
developmental events and behavioural responses. The fruit fly Drosophila melanogaster is
used as a model to discover the genetic components of development. The variety and
sophistication of the genetic methods and tools developed for Drosophila are unmatched in
any other multicellular organism. In addition, the rapid life cycle, low chromosome number,
and small genome size make it an excellent model to study developmental processes. In the
following sections, 1 will discuss the life cycle of Drosophila and its use as a model for

studying growth.

1.1.1 Drosophila life cycle

Drosophila melanogaster development consists of three stages, embryonic, larval, and
pupal, that last about 10 days from fertilization to hatching as an adult fly with a standard diet
at 25°C (Figure 1.1) (Ashburner, Golic et al. 2005). After fertilization, eggs are laid and

embryogenesis begins. Within 24 hours, a fully formed larva emerges from the egg. The



larvae are specialised for feeding, eating about three to five times their own weight over a
period of four days during which they grow drastically (Ashburner, Golic et al. 2005). The
larval period is divided into three stages, called instars, separated by molts. The first instar
lasts for 24 hours, after which the larva molts twice to enter second instar, and again at 72
hours after egg laying to enter the third instar (Ashburner, Golic et al. 2005). The third instar
period lasts two days, allowing the larva to complete growth. It then crawls out of the food and
undergoes metamorphosis 6 days after egg laying to become a pupa (Ashburner, Golic et al.

2005). This stage lasts about 5 days, leading to the hatching as an adult fly.

1.1.2 Imaginal discs are model systems to study growth

Inside the growing larvae are a series of tissues, called the imaginal discs, that will form much
of the adult body. During the pupal stage, when the majority of larval tissues are degraded, the
imaginal discs are remodelled to form the adult body. In particular, imaginal discs are sacs of
epithelial cells that give rise to the adult appendages, including eyes, legs and wings. The wing
imaginal discs are used as model to study mechanisms controlling tissue growth (i.e. increases
in size due to increase in number of cells or increased cell size) during development because
of the simplicity of working with them. For example, the single-layered epithelium provides
wing imaginal discs with structural simplicity, where expression of genes can be modulated
and the consequences can be easily visualized by confocal microscopy. Imaginal discs
massively increase in size during the larval stages, where they undergo rapid cell proliferation
to increase in size up to 1000-fold, going from 50 cells to 50,000 cells (Johnston and Gallant
2002). This proliferation stage is temporally separated from differentiation, which is largely
delayed until the pupal stage, thereby simplifying identification of regulators specifically
controlling tissue growth (Neto-Silva, Wells et al. 2009). M

Many of the developmental processes are conserved from flies to humans; therefore
discoveries made in Drosophila can be extrapolated to humans. For example, epithelial cells
composing the imaginal discs are diploid and undergo mitosis like most mammalian cells
(Neto-Silva, Wells et al. 2009). The external signals and intrinsic mechanisms regulating disc
growth and size during development are conserved in mammals (Wu, Huang et al. 2003).
Most cell-cycle and growth regulating genes in Drosophila have homologues in mammals.

The simplicity of the system and the conservation of genes and processes regulating growth
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Figure 1.1: Drosophila melanogaster life cycle

The life cycle of Drosophila melanogaster, after fertilisation, starts with embryogenesis (1),
followed by three larval stages (2): 1* instar (L1), 2™ instar (L2), and 3" instar (L3). Then, the
larva undergoes metamorphosis to form a pupa (3), followed five days later by eclosion of the
adult fly (4). (Figure modified from Carolina Biological Supply Company)



during development, therefore make imaginal discs an ideal system to study growth regulators.
In the following section, I will discuss the origin of wing imaginal discs and their structure

because it is the model system used in this project.

1.1.2.1 Wing imaginal discs
The wing imaginal disc gives rise to the adult wing and thorax. This developing tissue

is first formed in the embryo by invagination of the embryonic ectoderm (Cohen, Simcox et al.
1993). Initially, the wing and leg discs share a common primordium formed by a small cluster
of cells. Later, through the combinatorial activity of several genes, including Hox genes,
Distal-less and vestigial, these cells separate into distinct imaginal discs (Fuse, Hirose et al.
1996). The wing disc is composed of a cluster of about 50 cells at the end of embryogenesis.
During the larval stages, these cells divide rapidly to form the mature wing disc containing
about 50 000 cells, forming two discrete layers of epithelial cells called the disc proper (DP)
and peripodial membrane (PM) (Figure 1.2). The two monolayers of cells are continuous with
their apical membrane facing each other enclosing a lumen. The DP is a highly folded
epithelium composed of densely-packed pseudostratified columnar epithelial cells, which will
form the wing blade and thorax body wall of the adult fly. The PM is composed of large and

flattened squamous epithelial cells.

The process of compartmentalization plays a critical role in proper wing development.
A unique feature of the wing disc is the presence of two compartment boundaries:
anterior/posterior and dorsal/ventral. Cells committed to either of the compartment do not mix
together. The homeobox gene engrailed (en) is present only in the posterior compartment of
wing discs, where it controls specific developmental programmes that promote posterior
identity of these cells. Consequently, cells that do not express en are committed to the anterior
fate. Another selector gene, gene that confers segment identity, is the LIM-homeobox gene
apterous (ap), which specifies the identity of dorsal compartment cells. Both selector genes
regulate expression of several morphogens and patterning factors, including hedgehog,
wingless (wg), and decapentaplegic (dpp) to confer on cells their specific compartmental

identities (Neto-Silva, Wells et al. 2009).
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Figure 1.2: The Drosophila wing imaginal disc

(A) Cross-section view of the Drosophila wing imaginal disc. The peripodial membrane (PM)
and disc proper (DP) form a continuous sac of single layered epithelial cells around a central
lumen. DP cells are densely packed pseudostratified columnar cells forming a highly folded
epithelium. The red section is called the wing pouch and forms the adult wing after completing
development. PM cells (colored in green) are large flattened squamous cells overlying the DP
cells. (B) DAPI staining of wing imaginal disc imaged by confocal microscopy. The z-section
and the en face view show clear and distinct differences in the organization of the cells
between PM and DP. The DP cell epithelial layer is folded with cells closely packed together.
Conversely, PM cells are spaced out and flat.



1.1.3 Studies of imaginal disc growth regulation

Tissue and organ size and shape are tightly controlled during development by
mechanisms regulating cell cycle, protein synthesis and apoptosis. These mechanisms
coordinate inputs from both extrinsic and intrinsic cues to balance cell proliferation and cell
death for a net tissue growth during development (Neto-Silva, Wells et al. 2009). Extrinsic
cues are signals arising from the external environment, such as nutrient availability and
temperature. Intrinsic cues are inputs from systemic factors, such as hormones and cell-cell
interactions. Studies of Drosophila imaginal discs, where the high proliferation rate during the
larval stage is fueled by nutrient intake, have shed light on the influence of diet on growth.
The highly conserved protein kinase dTOR, the Drosophila targent of rapamicyn, was
identified as the main sensor of nutritional status, which by signaling through the insulin-like
signaling pathway, controls the rate of protein biosynthesis by directly regulating the
translational machinery and ribosomal biosynthesis (Grewal 2009, Hietakangas and Cohen
2009). Another metabolic regulator is Myc, a member of the conserved family of basic-helix-
loop-helix (bHLH) transcription factors. Mammals have three Myc proteins; cMyc, N-Myc
and L-Myec. The single Drosophila Myc (dMyc) promotes growth by regulating the ribosome
biosynthesis (de la Cova and Johnston 2006). Furthermore, dMyc also controls cell cycle
progression by acting on Cyclin E, Cyclin D and the retinoblastoma family protein Rb, and
apoptosis by inhibiting proapoptotic genes (de la Cova and Johnston 2006). These effects on
growth by dMyc are both cell-autonomous and cell-nonautonomous, highlighting the
importance of dMyc for growth in Drosophila. Patterning factors, such as Wg and Dpp also
regulate growth by controlling cell cycle, proliferation and survival during development
(Couso, Bate et al. 1993, Zecca, Basler et al. 1995, Johnston and Edgar 1998, Neto-Silva,
Wells et al. 2009, Firth, Bhattacharya et al. 2010). For example, wg mutant wing discs
undergo apoptosis by inducing activity of the pro-apoptotic gene hid (Smac/DIABLO and
Omi/HtrA2 proteins in mammals), whereas dpp mutant cells leave the epithelium and undergo
apoptosis through a JNK-mediated pathway (Giraldez and Cohen 2003, Johnston and Sanders
2003, Gibson and Perrimon 2005, Shen and Dahmann 2005). Both Wg and Dpp are shown to
regulate cell cycle. Wg induces cells cycle arrest at both G1 and G2 phase of cells at the
dorsal/ventral boundary, giving rise to the cells that form the sensory bristles of the adult wing

(Johnston and Edgar 1998). In the eye imaginal discs, Dpp induces cell cycle arrest ahead of



the morphogenetic furrow, required for proper cell differentiation (Firth, Bhattacharya et al.
2010).

Recent studies suggest that, though all of these factors modulate the rate of tissue
growth, local cell interactions are essential for communicating this information. Cells integrate
this information and evaluate their growth and survival status relative to their neighbor, and
proliferate accordingly. Thus, cells have a greater control over their immediate environment,
enhancing tissue plasticity in the context where cells can mount a rapid stress-induced
response by changing their growth status by a mechanism called cell competition. This is a
process regulating tissue growth and homeostasis during development, where neighboring
cells sense metabolic and growth rate differences, and respond relative to their own fitness
status (Bryant and Simpson 1984, Johnston and Gallant 2002, de la Cova, Abril et al. 2004).
For example, “stronger” cells will proliferate and “weaker” cells will undergo apoptosis. This
phenomenon was first discovered in Drosophila wing imaginal disc mosaics, where cells
heterozygous for Minute (M/+) mutations in genes that encode important ribosomal proteins
get out-competed and eliminated by wildtype cells (Marygold, Coelho et al. 2005). M/+ cells
are at a proliferative disadvantage compared to the other cells. Their elimination stimulates
wild type cells to proliferate and fill the vacated space. Local differences in the expression of
dMyc also induce cell competition. For example, in genetic mosaic discs, cells mutant for
dmyc are eliminated by stimulation of the proapoptotic gene hid (de la Cova, Abril et al.
2004). The influence of cell-cell interaction induced cell competition on normal growth got
more attention with the recent discovery of Ste20 kinases regulating tissue size. Below, I will
discuss about Ste20 kinases in general, and more specifically about members of this family in

Drosophila implicated in regulating tissue growth and organ size.

1.2 Sterile20 Kinases

The family of Ste20 kinases share homology to the yeast Saccharomyces cerevisiae

Ste20 protein (Ste20p). Ste20 kinases have a conserved Ser/Thr kinase domain and a variable
non-catalytic domain, allowing interaction with diverse signaling molecules in different
physiological environments (Delpire 2009). In mammals, there are 28 members of the Ste20

kinase family divided into two large groups; the germinal center kinase (GCK) and p21-



activates kinase (PAK) families (Figure 1.3) (Sells and Chernoff 1997, Bagrodia and Cerione
1999). This classification is based on the location of the conserved kinase domain — C-
terminal for PAKSs, and N-terminal for GCKs (Delpire 2009). Furthermore, PAKs contain an
N-terminal p21-binding domain (or CRIB domain) and are regulated by the small GTPases
Racl and Cdc42 (Delpire 2009). The GCK group lack the p21 binding domain. Both PAK and
GCK families are further subdivided based on the conservation of the kinase domain into

PAK-I, PAK-II, and GCK-I to VIII subfamilies (Delpire 2009).

Many Ste20 kinases are functionally regulated by an auto-inhibitory domain that
blocks either their kinase domain or CRIB domain (Creasy, Ambrose et al. 1996, Zhao,
Manser et al. 1998, Delpire 2009). Auto- or trans-phosphorylation, which stabilizes the kinase
in a proper confirmation for substrate binding, is also essential for their activity (Pike, Rellos
et al. 2008). The kinase domain has eleven subdivisions, with the subdomain VIII called the
signature sequence serving as the substrate recognition site (Sells and Chernoff 1997). The
consensus signature sequence of Ste20 kinases (GTPyWMAPEY) is highly conserved across
species, suggesting substrate similarities between yeast and mammals. PAKs and GCKs
regulate various intracellular events, including the activation of the mitogen activated protein
kinases (MAPK) pathway, growth, cell survival, apoptosis and migration (Sells and Chernoff
1997, Bagrodia and Cerione 1999, Kyriakis 1999, Delpire 2009, Wagner and Sabourin 2009).
In the following sections, I will discuss the MAPK pathway and the three Drosophila Ste20

kinases that are shown to regulate growth — Hippo, Taol (TAO in mammals), and Slik.

1.2.1 Ste20 kinases as activators of MAPK pathways

The yeast Ste20p is a putative mitogen-activated protein kinase kinase kinase kinase
(MAP4K) discovered in yeast by using genetic approaches for identifying genes that are
targets of the Gg,-protein subunits (Wu, Whiteway et al. 1995). The PAK-like Ste20 kinase
phosphorylates the yeast MAP3K Stell, thereby transmitting the pheromone signal from the
G-protein Py subunits to downstream MAP kinases Fus3 and Kss1 (Wu, Whiteway et al. 1995,
Drogen, O'Rourke et al. 2000). Because of the homology to Ste20p, mammalian Ste20 kinases

were suggested to be potential MAP4Ks. Indeed, many have since been shown to activate
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Figure 1.3: Ste20 kinases dendogram

Represented here are 27 mammalian Ste20 kinases. Ste20 kinases are divided into two
families — germinal center kinase (GCK) and p21-activated kinase (PAK). These are further
divided into subfamilies — PAK-I, PAK-II, and GCK-I-VIII. PAK 4-6 form the family of
PAK-II. (Adapted from Delpire 2009)



MAPK pathways either by direct phosphorylation or protein-protein interactions. For example,
MAPKI1, which is principally expressed in hematopoietic organs, binds and phosphorylates
MEKKI1 directly to activate the JNK/SPAK signaling pathway (Hu, Qiu et al. 1996, Delpire
2009). MAPK2 is also shown to activate MEKK 1, however this function is independent of the
catalytic domain (Chadee, Yuasa et al. 2002).

MAPK pathways regulate cellular responses to various extracellular and environmental
stimuli, including growth factors, cytokines, neurotransmitters, hormones, cellular stress, and
cell adherence, by modulating gene expression through activation of transcription factors
(Delpire 2009). MAPK/ERKSs (extracellular signal-regulated kinase) are a large group of
serine/threonine kinases subdivided into five families: MAPK®®"2, MAPKP®, MAPK'™,
MAPK ™ and MAPK™®. The kinase module of the pathway is composed of three kinases,
including MAPK kinase kinase (MAP3K), MAPK kinase (MAP2K), and MAPK (Boulton,
Yancopoulos et al. 1990, Boulton, Nye et al. 1991, Mendoza, Er et al. 2011). MAP3Ks are
Ser/Thr kinases that are activated either by MAP4Ks phosphorylation, by interaction with
small GTP-binding proteins of the Ras or Rho family, or by oligomerization and subcellular
localization (Fanger, Gerwins et al. 1997, Mendoza, Er et al. 2011). Activation of MAP3Ks
stimulates their Ser/Thr kinase activity leading to the phosphorylation and activation of
MAP2K (Siow, Kalmar et al. 1997, Mendoza, Er et al. 2011). MAP2K are termed dual-
specificity kinases because they phosphorylate MAPK at a Thr-X-Tyr motif in the activation
loop (Gartner, Nasmyth et al. 1992). Once activated, MAPKs then phosphorylate numerous
substrates, including transcription factors, other protein kinases, phospholipase, and

cytoskeleton-associated proteins, leading to diverse cellular responses.

1.2.2 Ste20 kinases as regulators of growth

One of the conserved functions of the Ste20 family kinases is regulation of the tissue
growth. Genetic screens in Drosophila led to the identification of three Ste20 kinases playing
an important role in regulating growth. Although the mechanisms by which these kinases are
regulated are diverse, the common involvement of cell polarity complexes and apical
localization suggest an essential role for cell-cell interactions. Recent characterization of these

kinases functions and roles will be discussed below.
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1.2.2.1 Ste20 kinase Hippo, a regulator of growth in Drosophila
The Ste20 Mstl and 2 kinases are members of the GCK-II family and are homologous

to Drosophila Hpo. Mst1/2 are redundant in regulating growth via the Mst/Lats/Y AP pathway,
more commonly known as the Hippo pathway in Drosophila (Avruch, Zhou et al. 2011). The
pathway is conserved between flies and mammals, and all the components of the pathway
share high homology. This network integrates cell-cell contact and cell polarity cues to restrict
growth (Reddy and Irvine 2008). Mstl/2 were shown to restrict organ size and suppress
tumor/growth by inducing apoptosis both in transformed cells and mice livers (Zhou, Conrad

et al. 2009, Lu, Li et al. 2010, Song, Mak et al. 2010).

The Ste20 kinase Hpo is a tumor suppressor regulating growth and tissue size during
development (Badouel, Garg et al. 2009). The Hippo pathway is extensively studied in
Drosophila. Along with Salvador (Sav; Savl/WW45 in mammals), Warts (Wts; Lats1/2 in
mammals), and Mob as tumor suppressor (Mats; MoblA, Mob1B in mammals), Hpo forms
the core of the evolutionarily conserved Hippo pathway (Figure 1.4). This pathway was
discovered through genetic screens in Drosophila, where it was found to restrict organ growth
and tissue size and to promote apoptosis during development by suppressing the activity of the
transcription cofactor Yorkie (Yki, YAP/TAZ in mammals) (Kango-Singh, Nolo et al. 2002,
Tapon, Harvey et al. 2002, Harvey, Pfleger et al. 2003, Jia, Zhang et al. 2003, Pantalacci,
Tapon et al. 2003, Udan, Kango-Singh et al. 2003, Wu, Huang et al. 2003, Reddy and Irvine
2008). Mutations disrupting Hpo, Sav, Mats, or Wts function induce Yki transcriptional
activity, leading to overgrowth of Drosophila imaginal discs. The mechanism regulating Yki
activity is the phosphorylation cascade between the Ser/Thr kinases Hpo and Wts, where
active Hpo phosphorylates the WW-domain adaptor protein Sav (Wu, Huang et al. 2003, Wei,
Shimizu et al. 2007). Sav then acts as a scaffold protein bringing Wts near Hpo, facilitating
Wts and Mats phosphorylation by Hpo (Wei, Shimizu et al. 2007). The Wts/Mats complex in
turn phosphorylates Yki, creating a binding site for the 14-3-3 phosphopeptide binding
protein, leading to retention of Yki in the cytoplasm and inhibition of its transcriptional
activity, which are pro-proliferative and anti-apoptotic (Huang, Wu et al. 2005, Dong,
Feldmann et al. 2007, Oh and Irvine 2008, Oh and Irvine 2009, Ren, Wang et al. 2010).
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Yorkie forms complexes with various DNA binding transcription factors
Drosophila Yki lacks a DNA binding domain, similar to both mammalian homologues

YAP and TAZ. Therefore, Yki forms a complex with other DNA-binding transcription factors,
such as Scalloped (Sd), Mothers against DPP (Mad), and a Homothrax-Teashirt (Hth-Tea)
complex, to promote tissue growth by stimulating transcription of the Drosophila inhibitor of
apoptosis 1 (diapl), the growth promoter Myc, and cell-survival promoter miRNA bantam
(ban) (Kango-Singh, Nolo et al. 2002, Harvey, Pfleger et al. 2003, Jia, Zhang et al. 2003,
Pantalacci, Tapon et al. 2003, Huang, Wu et al. 2005, Nolo, Morrison et al. 2006, Thompson
and Cohen 2006, Goulev, Fauny et al. 2008, Lei, Zhang et al. 2008, Peng, Slattery et al. 2009,
Neto-Silva, de Beco et al. 2010, Ziosi, Baena-Lopez et al. 2010). Interestingly, Yki association
with these DNA-binding transcription factors is tissue specific. For example, though yki is
essential for growth of all the imaginal discs, sd is only required in the wing and Ath for the
eye discs (Campbell, Inamdar et al. 1992, Liu, Grammont et al. 2000, Peng, Zeng et al. 2009).
Interestingly, multiple Yki binding partners serve to increase the range of its target genes. For
instance, Yki-Sd mediates transcription of diap/, whereas ban is a target of Yki-Mad and Yki-

Hth transcription factors (Peng, Zeng et al. 2009, Oh and Irvine 2011).

Negative regulation of the Ste20 kinase Hpo
Exactly how Hpo is regulated during development is still unclear. Hpo

homodimerization and apical membrane localization appear to be important.
Homodimerization is thought to be essential to induce transphosphorylation and localization to
the membrane, thereby increasing Hpo activity (Glantschnig, Rodan et al. 2002, Lee and
Yonehara 2002, Deng, Matsui et al. 2013). Recently, two mechanisms have been identified
that negatively impact Hpo activity — dephosphorylation by the phosphoprotein phosphatase
2A (PP2A) and competition for the scaffold protein Sav by Ras association family member
(dRASSF; RASSF in mammals) (Polesello, Huelsmann et al. 2006, Ribeiro, Josue et al. 2010).
Using genomics and proteomics, the Drosophila PP2A portion of the dASTRIPAK (Drosophila
Striatin-interacting phosphatase and kinase) complex was found to associate with and

dephosphorylate Hpo (Ribeiro et al., 2010).
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Figure 1.4: Hippo pathway in Drosophila

The Hippo tumor suppressor pathway restricts growth and induces apoptosis by negatively
regulating the transcription co-activator Yorkie (Yki). The pathway is essentially a
phosphorylation cascade mediated by the two Ser/Thr kinases, Hpo and Wts. Active Hpo
phosphorylates Sav, which acts as scaffold protein to bring Wts closer to Hpo. Hpo is able
then to phosphorylate Wts and Mats, thereby activating Wts kinase activity. Wts in turn
phosphorylates Yki, leading to its cytoplasmic retention and inhibition of its transcriptional
activity. (Adapted from Staley and Irvine 2012)
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The dSTRIPAK complex also forms a complex with dRASSF, facilitating the recruitment of
dSTRIPAK to Hpo (Ribeiro, Josue et al. 2010). Both Sav and Hpo have SARAH domains that
are required for binding to each others. This interaction is essential for activation of Hpo. On
the other hand, the SARAH domain of the Drosophila dRASSF binds to Hpo and forms a
complex, thereby competing for binding with Sav and restricting Hpo activity (Polesello,

Huelsmann et al. 2006).

Modulation of the Hippo pathway is mainly achieved by a number of upstream
regulators, including the Mer-Expanded complex, the transmembrane Cadherin Fat and the
actin cytoskeleton. These upstream regulators control the apical membrane localization of the

components of the pathway, as discussed below.

Expanded, Merlin, and Kibra complex regulate localization of Hpo
The two cytoplasmic FERM domain proteins Expanded (Ex) and Merlin (Mer), and

the WW domain protein Kibra (Kbr) form a complex at the apical membrane of cells and
positively regulate Hpo homodimerization (Hamaratoglu, Willecke et al. 2006, Baumgartner,
Poernbacher et al. 2010, Genevet, Wehr et al. 2010, Deng, Matsui et al. 2013). A number of
transmembrane or membrane-associated proteins act on these proteins to control Hpo pathway
activity. For example, Crumbs (Crb), a transmembrane protein involved in epithelial cell
polarity containing an intracellular FERM domain, binds to Ex, promoting its localization to
the apical membrane. Mis-regulation of Crb leads to its mis-localization, and in turn to the
mis-localization of Ex, inducing Yki activity (Chen, Gajewski et al. 2010, Grzeschik, Parsons
et al. 2010, Robinson, Huang et al. 2010). In addition to Crb, Lethal giant larvae (Lgl), another
cell polarity protein, has tumor suppressor properties, the mechanism of which was unknown
until it was linked to the Hippo pathway. The neoplastic tumor suppressor Lgl regulates
localization of Hpo and dRASSF, to the apical membrane by antagonistically acting on
another polarity complex, the atypical Protein kinase C (aPKC) complex (Grzeschik, Parsons

et al. 2010, Menendez, Perez-Garijo et al. 2010).

Regulation of the Hpo pathway by actin cytoskeleton
Cytoskeleton dynamics can also regulate the Hpo pathway, suggesting a tight interplay

between cell shape and normal tissue size. The actin capping proteins, Cpa and Cpf, which
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function to regulate actin polymerization, suppress growth by the activity of Yki in flies
(Fernandez, Gaspar et al. 2011, Sansores-Garcia, Bossuyt et al. 2011). Similarly, accumulation
of F-actin by mutation/downregulation of these actin capping proteins or by decreasing the
actin regulatory protein Capulet at the apical membrane stimulates Yki activity in Jnk-
dependent and -independent manners (Fernandez et al., 2011; Sansores-Garcia et al., 2011).
The Drosophila FERM protein Ex also inhibits actin polymerization, thereby reducing F-actin
accumulation (McClatchey and Giovannini 2005, Fernandez, Gaspar et al. 2011). Hpo

pathway activation in ex mutants may thus be related to an increase in F-actin accumulation.

The transmembrane protein Fat regulates localization of Warts, Expanded, and Yorkie

The large transmembrane Cadherin-related protein Fat (Ft), involved in the planar cell
polarity pathway, promotes the abundance and apical localization of Wts, Ex, and Yki, thereby
positively regulating the Hpo pathway (Bennett and Harvey 2006, Cho, Feng et al. 20006).
Dachs, an unconventional myosin acting downstream of Ft, shows differential localization
influenced by Ft, where it is apical in Ft mutant cells, and cytoplasmic in Ft overexpressing
cells (Mao, Rauskolb et al. 2006). Dachs associates with the Drosophila LIM domain protein
Zyx, one of several LIM domain proteins implicated in Hpo signaling. Dachs binding
stimulates the conformational change of Zyx (Oh and Irvine 2011, Rauskolb, Pan et al. 2011).
The LIM domain of Zyx is then available to bind to Wts, leading to the degradation of Wts,
thereby providing another means of linking the Ft pathway to the Hpo pathway (Rauskolb,
Pan et al. 2011).

Another LIM domain protein that associates with Wts in Drosophila is the single
Ajuba family protein Jub. It regulates tissue growth and organ size by directly associating with
both Wts and Sav, thereby inhibiting the kinase activity of Wts and increasing Yki
transcriptional activity (Das Thakur, Feng et al. 2010). Moreover, in Drosophila, Jub was
shown to link the epidermal growth factor receptor (EGFR) and the Ras-Raf-MAPK pathway
to increased Yki activity (Reddy and Irvine 2013). Signaling through EGFR increases the
phosphorylation of Jub, and as mentioned above Jub then directly interacts with Wts and Sav
and suppresses Wts kinase activity (Reddy & Irvine, 2013). Consequently, active
unphosphorylated Yki translocates into the nucleus and transcribes growth promoters and anti-

apoptotic genes in EGF-responding cells.
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1.2.2.2 Ste20 kinase Taol, restricts growth via the Hippo pathway

Thousand and one amino acid kinase 1 (TAO1) was first discovered in mammals
through amplification by degenerate primers of sequences from rat, that were related to the
yeast Ste20p (Hutchison, Berman et al. 1998). Subsequently, two more member of the GCK-
VIII subfamily have been cloned — TAO2 and TAO3 (Chen, Hutchison et al. 1999, Tassi,
Biesova et al. 1999). These Ser/Thr kinases regulate cell cycle progression, apoptosis, and
microtubule dynamics (Hutchison, Berman et al. 1998, Chen, Raman et al. 2003, Mitsopoulos,
Zihni et al. 2003, Raman, Earnest et al. 2007, Wu and Wang 2008). Interestingly, both TAO1
and TAO2 have catalytic and non-catalytic activities. For example, cell cycle arrest upon
DNA damage mediated by TAO1 and TAO2 requires their kinase activity to induce the p38
MAPK response (Raman, Earnest et al. 2007). However, overexpression of TAOI has been
shown to induce apoptosis in human neuroblastoma cells in a catalytic activity-independent
manner (Wu and Wang 2008). The regulatory domain of TAO?2 stabilizes microtubules
through direct binding, another catalytic-independent function (Mitsopoulos, Zihni et al. 2003,
Delpire 2009). The upstream signals regulating TAOs are largely unknown. TAO1 is shown to
be phosphorylated in vitro by ATM (ataxia telangiectasia mutated), leading to p38 MAPK
activation by phosphorylation of MEK3 and MEK6 (Raman, Earnest et al. 2007). TAO3,
which in response to stress inhibits the JNK/SAPK (c-jun N-terminal kinase/stress activated
protein kinase) MAPK pathway, is negatively modulated by EGF, potentially linking this
kinase to growth/survival signaling (Tassi, Biesova et al. 1999, Delpire 2009).

The single Drosophila Taol was identified by RNAi screening in cultured Drosophila
cells as a microtubule dynamics regulator (Liu, Rohn et al. 2010). Thereafter, it has been
implicated in regulating cell shape, apoptosis and tissue growth (Sato, Hayashi et al. 2007,
Liu, Rohn et al. 2010, Boggiano, Vanderzalm et al. 2011).

Depletion of tao-1 in cultured cells increases microtubule protrusions, suggesting that
Tao-1 regulates microtubule dynamic (Sato, Hayashi et al. 2007). Later, Tao-1 was shown to
bind microtubules and destabilize plus-end growth, thereby regulating cell form (Liu, Rohn et
al. 2010). Tao-1 also regulates apoptosis in germ line cells by inducing the expression of the
gene sickle (skl), thereby potentiating the activity of the protein Hid leading to increase in

apoptosis (Sato, Hayashi et al. 2007). Because of its implication in apoptosis and microtubule
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stability, Tao-1 became a potential candidate for regulating growth in flies. Tao-1 was later
identified as a growth regulator by in vivo RNAI1 screening in Drosophila, where its depletion
induced overgrowth of the eye (Boggiano, Vanderzalm et al. 2011, Poon, Lin et al. 2011).
This led to discovery of Tao-1 as Hpo kinase, where it phosphorylates Hpo at threonine-195 in
the activation loop, leading to an increase activity of the tumor suppressor Hippo pathway,

thereby restricting tissue growth (Boggiano, Vanderzalm et al. 2011, Poon, Lin et al. 2011).

1.2.2.3 Sterile20 kinase Slik, promote growth during development in Drosophila
The Ste20 kinase SLK was discovered in a two hybrid screen for myogenic regulators

in mice (Sabourin and Rudnicki 1999). It is a member of the GCK-V subfamily. The other
member of that family is the lymphocyte oriented kinase (LOK). SLK and LOK are
homologous to the Drosophila Ste20 kinase Slik (Hipfner and Cohen 2003). SLK is
ubiquitously expressed. During development, it is predominantly enriched in neuronal and
muscle tissue (Zhang, Hume et al. 2002, Wagner and Sabourin 2009). On the other hand, LOK
is enriched in the lymphoid organs (Kuramochi, Moriguchi et al. 1997). In cultured cells, SLK
and LOK have been linked to regulation of various cellular functions. For example, SLK was
shown to mediate apoptosis through diverse pathways, including phosphorylating and
activating p53, JNKI, and signal-regulating kinase-1 (ASK1) (Sabourin and Rudnicki 1999,
Sabourin, Tamai et al. 2000, Hao, Takano et al. 2006, Cybulsky, Takano et al. 2009,
Cybulsky, Takano et al. 2010). SLK has also been shown to bind to microtubules and co-
localize with cell adhesion signaling molecule, including paxillin and Rac1 at the leading edge
of migrating cells, regulating cell adhesion and spreading (Wagner, Storbeck et al. 2008,
Quizi, Baron et al. 2013). This is achieved through the phosphorylation of paxillin, the focal
adhesion adapter protein, stimulating cell migration through focal adhesion kinase
(FAK)/MAPK signaling pathway (Quizi, Baron et al. 2013). Similarly, another study showed
that SLK signaling through FAK and Src is necessary for cell migration upon stimulation of
the tyrosine kinase receptor HER2/ErbB2/Neu, which is highly upregulated in breast cancer,
suggesting a link between cancer cell migration and SLK (Roovers, Wagner et al. 2009). LOK
was shown to have an analogous role in lymphocyte, where it regulates lymphocyte adhesion
by controlling the distribution of active leukocyte-function-associated antigen 1 (LFA1) by an

unknown mechanism (Endo, Toyama-Sorimachi et al. 2000). SLK has been linked to
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preserving radial microtubule array through its phosphorylation activity on the p150(Glued)
subunit of dynactin, consistent with the fact that SLK associates to microtubules (Zhapparova,
Fokin et al. 2013). Considering that SLK is located at the apical compartment of the epithelial
cells and that the kinase is implicated in microtubule stabilization, it is logical that SLK would
restrict microvilli to the apical side. This is done by regulating the apical localization of the
ERM protein Ezrin through phosphorylation (Viswanatha, Ohouo et al. 2012). LOK has also
been identified in lymphocytes as an ERM kinase and similarly regulating cytoskeleton
rearrangement (Belkina, Liu et al. 2009). SLK cytoskeletal modeling also controls
vasodilatation by phosphorylation of RhoA (Guilluy, Rolli-Derkinderen et al. 2008). Another
function of SLK that has been identified is its requirement for cycle progression through G,
(O'Reilly, Wagner et al. 2005). Moreover, SLK also regulates normal muscle and kidney
development in mice (Cybulsky, Takano et al. 2004, Storbeck, Daniel et al. 2004, Luhovy,
Jaberi et al. 2012, Storbeck, Al-Zahrani et al. 2013).

SLK regulation is achieved mainly through phosphorylation and homodimerization.
SLK is phosphorylated at T183 and S189 in the activation segment of its catalytic domain,
leading to the kinase domain homodimerization (Delarosa, Guillemette et al. 2011, Luhovy,
Jaberi et al. 2012). SLK localization to the microtubule at the leading edge of migrating cells
is mediated by c-Src (Wagner and Sabourin 2009) Moreover, LIM domain-binding
transcriptional cofactor proteins Ldbl and Ldb2 directly interact with SLK at the C-terminal
AT1-46 homology domain to maintain SLK in an inactive state (Storbeck, Wagner et al.

2009).

Overall, the diverse functions of SLK and LOK that have been reported were mainly
identified in cultured cells. The involvement of these kinases in regulation of apoptosis, cell
cycle progression and actin cytoskeleton dynamics suggests they may play a greater role in
normal and/or pathological tissue growth. Although no clear picture of the physiological
functions of SLK and LOK has emerged, recent studies of Drosophila Slik have clearly

implicated this kinase in regulating tissue growth and morphogenesis during development.

Slik was discovered in Drosophila in a systemic genetic overexpression screen.

Overexpression of Slik in posterior cells in the wing discs led to the overgrowth of the
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posterior compartment of the wings (Hipfner and Cohen 2003). Two separate functions of Slik
have been characterized in flies — it regulates growth and epithelial integrity during
development. Interestingly, the effect of Slik on tissue growth is -catalytic-activity
independent, whereas its function on actin-cytoskeleton dynamics requires its kinase activity.
During development, it was found that Slik regulates the rate of cell proliferation and affects
cell survival by an unknown mechanism (Hipfner and Cohen 2003). It has been shown that
cells mutant for slik, are eliminated through apoptosis by activation of the JNK pathway
(Hipfner and Cohen 2003). The overgrowth of the adult wings by overexpressing Slik is due to
an increase in the rate of cell proliferation in wing imaginal discs (Hipfner and Cohen 2003).
Interestingly, this over-proliferation is also detected in cells in the overlying peripodial
membrane of the wing discs, where the transgene is not expressed, suggesting a non-
autonomous role of Slik (Figure 1.5) (Hipfner and Cohen 2003). This proliferation was
suppressed in a draf heterozygous background, suggesting that dRaf acts downstream of Slik
in the non-autonomous signaling pathway (Hipfner and Cohen 2003). Another potential link
between Slik and growth is through Mer (Hughes and Fehon 2006). Slik was shown to
regulate Mer phosphorylation, leading to its mis-localisation away from the plasma
membrane, thereby presumably inhibiting growth suppression by the tumor suppressor Hippo

pathway (Hughes and Fehon 2006).

Genetic analysis indicated that Slik has a separate catalytic-activity dependent
function. Slik mutant cells are extruded out of the epithelium sheet and most undergo
apoptosis, suggesting that Slik’s requirement for maintenance of epithelial integrity may
explain the increased apoptosis observed in sl/ik mutant cells (Hipfner, Keller et al. 2004).
During development, Slik regulates cellular architecture by phosphorylating and activating the
single ERM family protein Moesin in Drosophila (Hipfner, Keller et al. 2004, Carreno,
Kouranti et al. 2008). Moesin activation and cortical localization stabilizes F-actin and reduces
Rhol activity, thereby maintaining epithelial integrity (Speck, Hughes et al. 2003). Slik-
mediated phosphorylation of Moesin also serves an important function during meiosis, where
cells undergo changes in their form. For example, the spatiotemporal regulation of Moesin by

Slik during cell division is required for cortical rigidity and cell rounding, important for
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spindle orientation and chromosome alignment. (Carreno, Kouranti et al. 2008, Kunda, Pelling

et al. 2008).

Little is known about how Slik is regulated. Nonetheless, it was shown that its
localization and abundance at the apical region of cells are important for Moesin activation.
Regulating these is Sipl, the Drosophila orthologue of the ERM binding protein 50 and the
Na'/H" exchange regulator NHERF1 (EBP50/NHERF1), which binds both Slik and Moesin,
thereby facilitating Moesin phosphorylation (Hughes, Formstecher et al. 2010). Another
protein that regulates the function of Slik in the maintenance of the epithelium is Flapwing, the
Drosophila phosphatase type 1. It forms a complex with both Mer and Moesin, and co-
regulates their dephosphorylation, consequently affecting their localisation and plasma
membrane trafficking, and ultimately negatively impacts epithelial integrity (Yang, Primrose

etal. 2012).
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Figure 1.5: Slik nonautonomously stimulates proliferation of PM cells

Confocal images of peripodial membrane (PM) layer of wing imaginal disc stained with DAPI
(in blue), labeling nuclei, and BrdU (in red), labeling cells undergoing proliferation. (A,D)
Wing disc expressing GFP alone in the underlying DP cells, showing flattened, widely spread
out DAPI staining and little BrdU labeling. (B,C,E,F) Expression of both Slik (B,E) and
kinase dead Slik (S1ik*P) (C,F) in DP cells drives proliferation of the PM cells, as indicated by
the increase in DAPI and BrdU labeling when compared to the wing disc expressing GFP
alone. The arrows indicate the high nuclear density (B,C) and high BrdU uptake (E,F).
(Modified from Hipfner and Cohen 2003)
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1.3 Genetic tools

Drosophila offers numerous advantages for genetic studies. For example, it is a
genetically simple organism with only four pairs of chromosomes. Fruit flies have numerous
external appendages that can be subjected to non-lethal mutation that can serve as markers to
follow mutants through generations (Beckingham, Armstrong et al. 2005). In addition to these
natural advantages, the creation of balancer chromosomes made Drosophila the standout
model for genetic studies. Balancer chromosomes have multiple re-arrangements inhibiting
homologous recombination. Therefore, they allow mutation of interest to be stably maintained
and tracked through many generations (Beckingham, Armstrong et al. 2005). With the
discovery of transposable P-elements, transgenes can easily be inserted into fly genome. This
led to creation of the GAL4-UAS system, described below, which I used to characterize Slik

signaling pathway in the Drosophila wing imaginal disc.

1.3.1 GAL4-UAS system

The GAL4-UAS system makes it possible to express genes in Drosophila in a targeted
manner, and has made flies the most tractable metazoan system to study gene functionality
implicated in a wide range of processes. GAL4 is a yeast Saccharomyces cerevisiae
transcriptional activator required for stimulating transcription of genes essential for galactose
metabolism. GAL4 can be expressed in Drosophila without obvious phenotypic damage
(Brand & Perrimon, 1993). This led to the creation of the GAL4-UAS system in Drosophila,
based on a collection of GAL4-carrying P-elements randomly inserted throughout the genome
(Brand and Perrimon 1993, Duffy 2002). Nearby genomic enhancers drive expression of the
GAL4 gene in a specific pattern (Figure 1.6A). The GAL4 binds to a cis-acting regulatory
sequence called Upstream Activating Sequences (UAS). By placing the UAS upstream of a
gene-of-interest and transforming this into flies, it becomes possible to drive GAL4-dependent
expression of the gene. When GAL4-expressing flies are mated to flies bearing a UAS-
transgene, progeny inheriting both GAL4 and UAS transgenes will express the target gene in a
spatial and temporal pattern defined by the enhancer regulating GAL4 expression. For
example, when crossed to UAS-GFP transgenic flies, apGAL4 drives GFP expression in the
dorsal half of the DP layer of the disc, but not in ventral cells or in the PM, both of which do
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not express ap (Figure 1.6B). Another driver, ptcGAL4 drives expression of GFP specifically
in a central stripe of DP cells (Figure 1.6C). A nice feature of these systems is that the part of
the discs not expressing the transgenes can serve as an internal control. This facilitates

comparisons, for example by immunofluorescence.
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Figure 1.6: The GAL4-UAS system expressing transgenes specifically in DP cells.

(A) Schematic representation of the GAL4-UAS system. GAL4 is expressed under the control
of an enhancer. The gene of interest is coupled with UAS sequence and a minimal promoter,
which is silent in the absence of GAL4. Once mated, the enhancer will drive expression of
GALA4, which then binds to its binding site, UAS, and drives transcription of the target gene in
a tissue-specific manner determined by the enhancer. (B) The enhancer ap is only active in the
dorsal compartment of the wing discs. Thus expression of GFP driven by apGAL4 is only
detected in the dorsal half of the DP layer of the disc. No expression is detected in PM cells
(arrow). (C) The enhancer pfc drives is active in a central stripe of DP cells. Therefore,
ptcGALA drives expression of GFP only in this central area, and not in PM cells (arrow).
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2. Objectives

Understanding mechanisms controlling growth during development is important as it
will provide insights into how coordination of both extrinsic and intrinsic cues regulates tissue
homeostasis. The discovery of Slik as a regulator of tissue growth rate during development in
Drosophila, suggests that its mammalian homologue may play a similar role. Therefore, it is
of great interest to characterize the Slik signaling pathway, which will allow a better
understanding of the role of these kinases in human physiology and disease. Though several
components required for Slik to promote epithelial integrity have been identified, the
mechanism through which this kinase drives non-autonomous cell proliferation and
ultimately tissue growth remains elusive. The main objective of my thesis work was to
identify the mechanism of Slik growth regulation using genetic and transcriptomic assays.

Specifically, I set out to address three questions:

- Does Slik signal through the Hippo pathway? It has been shown that Slik directly
phosphorylates Mer, thereby inhibiting Mer activity and driving cell proliferation and
tissue growth (Hughes and Fehon 2006). I investigated if there was any genetic

interaction between Slik and Mer.

-  What is the relationship between Slik and dRaf? dRaf has been identified
previously as one possible interacting partner of Slik (Hipfner and Cohen 2003). I

investigated in which tissue dRaf is required in Slik signal transmission.

- What are the other effectors of Slik? Using transcriptomics, I set out to identify

potential downstream targets of Slik.



3. Results

3.1 Does Slik signal through the Hippo pathway?

It was shown that Slik phosphorylates Mer, leading to its inactivation and mis-
localization (Hughes and Fehon 2006). Loss of Mer membrane polarization inhibits Hpo
activity, therefore leading to increased Yki transcriptional activity. Hence, although not tested,
it has been suggested that Slik-driven cell proliferation leading to tissue growth acts through
the Hippo pathway. Intriguingly, the kinase dead form of Slik, SIik*P, also drives non-
autonomous cell proliferation, suggesting that kinase activity of Slik is dispensable (Hipfner
and Cohen 2003). To resolve this apparent contradiction, I set out to test whether Slik acts

through the Hippo pathway, via Mer and/or Yki.

3.1.1 Inhibition of Merlin does not drive non-autonomous proliferation of PM cells
Previously, to characterize the role of Slik in Drosophila epithelial cells during
development, we expressed slik using ptcGAL4, which is expressed in a stripe of DP cells in
the middle of the wing imaginal discs (Figure 1.6). These discs were dissected, labelled with
EdU, stained with DAPI, and visualized by confocal microscopy. DAPI stains nuclear DNA
and EdU labels cells undergoing DNA synthesis (Figure 3.1). The peripodial layer of control
discs expressing GFP using prcGAL4 showed scattered nuclei indicative of broadly spread
squamous cells. These PM cells were generally quiescent, reflected by low EdU labeling. In
contrast, the PM of discs expressing slik showed densely packed nuclei and overproliferation
evidenced by an increased number of DAPI positive nuclei and EdU labeling of cells
overlying the ptcGAL4 stripe in the DP. This suggests that Slik drives proliferation of PM
cells in a cell non-autonomous manner. To demonstrate that this effect was due to leaky
expression of GAL4 in PM cells, we used another DP cell-specific driver, apGAL4 (Figure
1.6), to express slik in developing wings. Again, we saw an increase in DAPI-positive cells
and EdU incorporation in the PM in slik-expressing discs compared to the control.
Interestingly, the observed phenotype is more robust as evidenced by more DAPI-positive
nuclei and EdU labeling compared to discs expressing s/ik under the control of ptcGAL.
apGAL4 appears to be a stronger driver of transcription, perhaps because it drives gene

expression in the whole dorsal compartment of the discs. Therefore, the number of DP cells



overexpressing Slik is larger with apGAL4 compared to ptcGALA4. It is important to note that
the overproliferation of the PM cells is observed mainly in cells overlying the DP cells
expressing the Slik transgene. We conclude that s/ik expression in DP cells does indeed drive

non-autonomous proliferation of the PM cells.

As mentioned above, it has been suggested that Slik phosphorylates Merlin, thereby
inhibiting it, leading to an increase in cell proliferation and tissue growth (Hughes & Fehon,
2006). If so, we reasoned that suppressing Merlin directly, either by expressing a dominant
negative form of mer (mer"®® ) or depleting it by expressing a long double-stranded RNA
(dsRNA) targeting mer (referred to as merRNAi) should replicate the non-autonomous effects
observed when slik is overexpressed. To test this hypothesis, I dissected wing imaginal discs
from third instar larvae bearing the GAL4 driver alone or expressing slik, mer**”, or merRNAi.
As expected, we observed elevated DAPI staining and EdU labelling in the overlaying
peripodial cells in discs overexpressing s/ik compared to control (Figure 3.2A). In contrast, the
PM of discs expressing the dominant negative form of mer looked like the PM of discs
expressing apGAL4 alone, where DAPI and EdU labelling showed large quiescent cells
(Figure 3.2B). The few cells undergoing proliferation are DP cells located at the edges of the
disc. Similarly, when, I depleted mer in the wing imaginal discs by expressing merRNAi with
apGAL4, DAPI staining and EdU labeling of PM cells were normal (Figure 3.2B). We note
that both mer transgenes drive robust tissue overgrowth in the wing (see below and data not
shown). However, depletion of mer does not induce non-autonomous proliferation of PM

cells. The inability of Mer suppression to phenocopy Slik overexpression suggests that Slik

driven non-autonomous proliferation does not result from inhibiting Mer activity.
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Figure 3.1: Slik drives non-autonomous proliferation of PM cells

Confocal images of wing imaginal discs expressing GFP alone (wild-type) or together with
Slik, using ptcGAL4 and apGALA4. Discs were stained with DAPI and GFP, and labeled with
EdU.GFP is expressed in the DP cells. The peripodial layer of wild-type discs show large cells
undergoing little proliferation suggested by low EdU incorporation. Overexpression of Slik
drives proliferation of the PM cells as evidenced by the abnormal cluster of DAPI-positive
cells and the increase in EdU incorporation overlying the Slik-expressing DP cells. Note DP
and PM images are not from the same discs. N= more than 5 discs.
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Figure 3.2: Inhibition of Merlin does not stimulate non-autonomous proliferation of PM
cells

(A-B) Confocal images of the peripodial membrane of wing imaginal disc expressing slik,
mer™®®, or merRNAi (dsRNA targeting meri) with apGAL. Discs were stained with DAPI and
labeled with EdU. (A) PM cells show normal physiology in discs expressing apGAL4 alone.
Slik overexpression drives non-autonomous proliferation of PM cells. (B) In discs expressing
mer"®® or merRNAi, the peripodial layer is similar to the wild-type disc, where DAPI-positive

cells are scattered and the little EAU uptake (upper panel and lower panel respectively).
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3.1.2 Inhibiting Merlin does not enhance Slik overexpression effects

Another method to test whether Slik signals through Mer is to investigate for genetic
interactions. Genetic interaction is observed when alterations in two genes produce a
phenotype that is different than alteration of either gene individually (St Johnston 2002).
Therefore, we scrutinized whether inhibiting Mer would affect the Slik-driven non-
autonomous proliferation of PM cells. In wing imaginal discs co-expressing slik and merRNAi
with apGAL4, we observed an increase in DAPI-positive nuclei and EdU incorporation
compared to peripodial layer of apGAL4 alone (Figure 3.3, upper panels). However, the
extent of non-autonomous proliferation was not noticeably enhanced compared to expressing
slik alone. Similarly, we investigated if reducing mer gene dosage would affect Slik driven cell
proliferation. In mer™”, we observed a similar increase in nuclei and proliferation in the PM
upon slik overexpression as in a wild-type background (Figure 3.3, lower panels). We
conclude that inhibition of Mer fails to enhance the Slik-driven non-autonomous proliferation

of the PM cells, consistent with Slik acting through a different effector.

3.1.3 Slik does not regulate transcription of the Yorkie target gene expanded

Although Mer not involved, we tested whether Hpo pathway could still be implicated.
To achieve this, I looked for genetic interaction between Slik and Yki. The Hippo pathway
restricts growth by negatively regulating Yki. Thus, if Slik inhibits the Hippo pathway, we
expect it to promote Yki activity to drive cell proliferation and tissue growth. As readout of
tissue growth, we measured the size of the Drosophila adult wings, which are sensitive to
growth effects. prcGAL4 drives genes expression between the third (L3) and fourth (L4) wing
veins. The area enclosed between veins L3 and L4 as a ratio of the whole wing area gives a
quantifiable value that is highly reproducible (Hipfner and Cohen 2003). The dominant
negative forms of mer, hpo and ft drive tissue growth when expressed under a GAL4 driver
and are used as control in this assay (LaJeunesse, McCartney et al. 1998, Wu, Huang et al.
2003, Matakatsu and Blair 2012). Expression of the dominant negative forms of each with
ptcGAL4 increased the area bounded by veins L3 and L4 by about 20% (Figure 3.4A). This
overgrowth was reduced by a small but highly significant amount when the transgenes were

expressed in a yki heterozygous background (p<0.001), consistent with the function of Yki
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Figure 3.3: Slik driven non-autonomous proliferation of PM cells is Merlin independent
Confocal images of the PM of wing imaginal discs expressing slik alone, coexpressing slik and
merRNAi with apGALA4, or expressing slik with ptcGAL4 in a mer heterozygous background.
Discs were stained with DAPI and labeled with EdU. Depletion of mer in slik overexpressing
cells or overexpression of slik in a mer’” background did not enhance the amount of the non-
autonomous proliferation of PM cells. N= at least 4 discs for each genotype.
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downstream of Mer, Hpo and Ft. Overexpression of slik with ptcGAL does not lead to a strong
enhancement of growth in the adult wing because of a compensating increase in apoptosis
(Hipfner & Cohen, 2003). However, co-expression of slik and p35, the viral caspase inhibitor
that blocks apoptosis, led to an increase in the area bounded by veins L3 and L4 of about 5%
(Figure 3.4B). Interestingly, co-expressing slik and p35 in a yki heterozygous background
produced the same extent of overgrowth, suggesting that Slik-driven tissue growth is
unaffected by yki gene dosage. As with mer, the lack of genetic interaction between slik and

vki 1s consistent with Slik not acting through the Hippo pathway.

The lack of involvement of Yki was further substantiated when I examined Yki target
gene expression, an alternative approach to investigate the relationship between Slik and the
Hippo pathway I investigated if Slik regulated the expression of ex, which is the best
characterized transcriptional target of Yki. Though ex is a target of Yki, it is also a tumor
suppressor in Drosophila. This FERM domain protein acts through a negative feedback loop,
activating the Hippo pathway and thus inhibiting Yki activity, providing another layer of
regulation (Hamaratoglu, Willecke et al. 2006). The expression of ex increases when the
activity of the Hippo pathway is reduced (Hamaratoglu, Willecke et al. 2006). The ex"*”
enhancer trap, a P-element transposon inserted upstream of the ex gene and downstream of its
enhancer, provides a convenient readout for Hippo pathway activity (Genevet, Wehr et al.
2010). Discs expressing GFP alone, slik or dsSRNA transgenes targeting three components of
the Hippo pathway (referred to as merRNAi, hpoRNAi, and ftRNAi) under the control of
apGAL4 were dissected, and stained with antibodies labeling GFP, Slik, Mer, Hpo, or Ft,
respectively (Figure 3.4A-E, first row). We observed decrease in Mer, Hpo and Ft staining in
the dorsal half of discs expressing the respective dsRNA transgenes, suggesting that the
transgenes were functional (Figure 3.4A-E, first row). Further, we also stained the discs with
anti beta-galactosidase antibody to visualize the ex enhancer activity (Figure 3.4A-E, second

row). In control GFP-expressing discs, ex"““

was broadly expressed, with two characteristic
stripes of upregulation spanning the middle of the discs. As expected, when depleting
components of the Hippo pathway, we observed an increase in beta-galactosidase staining in
the dorsal, ap-expressing half of the disc. On the other hand, discs overexpressing slik had a

similar level of LacZ staining in dorsal and ventral cells, suggesting that Slik does not regulate
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Figure 3.4: Slik driven tissue growth is Yki independent

(A-B) Quantification of growth by measuring the ratio of the area between veins L3 and L4 as
a function of total wing area. (A) Inhibition of the Hippo pathway by expressing the dominant
negative form of mer, hpo, and, ft with ptcGAL4 causes overgrowth of the adult wing, which
is sensitive to yki dosage. (B) Expression of slik +p35 using ptcGAL4 also leads to
overgrowth, but is independent of yki gene dosage. Data represents the average from 20
wings. (Two-tailed T-test, *: T-test versus GFP-expressing control, p<0.001. **: T-test versus
control (yki"*) background, p<0.001)
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expression of ex. To confirm this, we performed quantitative real-time PCR (QPCR) on cDNA

synthesised from total RNA extracted from discs expressing slik, and hpo™'®

(a dominant
negative form of hpo) with apGALA4, and from apGAL4 alone discs as control. Expression of
slik was upregulated by around 5-fold in slik overexpressing discs when compared to the
control (Figure 3.4F). In discs expressing the dominant negative form of /po, expression of
slik was similar to wild-type. As expected, expression of ex was statistically significantly
increased by around 1.8-fold in discs in which Hippo pathway was inhibited (p<0.001). On the
other hand, slik overexpressing discs did not show differential expression of ex, consistent
with the previous results. We conclude that Slik does not regulate expression of the Yki target
gene ex. Taken together, our analysis of the connections between Slik, Mer, and Yki suggest

that it is unlikely that Slik drives growth and cell proliferation by inhibiting the Hippo
pathway.
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Figure 3.5: Slik does not regulate Yorkie target genes

(A) Confocal images of the disc proper of the wing imaginal discs expressing GFP, slik,
merRNAi, hpoRNAi, or fiRNAi under the control of apGAL4. The upper panels show staining
with antibodies against GFP, Slik, Mer, Hpo, and Ft respectively. Expression of dsRNA
targeting mer, hpo, and ft eliminates Mer, Hpo and Ft staining suggest that the RNAi
transgenes are functional. The lower panels are the same discs labeled with anti-beta-
galactosidase antibody. Inhibiting the Hippo pathway increases B-gal staining in the ventral
compartment. Slik overexpressing discs have an uniform -gal staining. (B) Quantitative-PCR
analysis of expression of s/ik and ex in discs expressing apGAL4 alone or driving expression

of slik and hpo™"'®. However, Slik overexpressing cells does not transcriptionally change ex
expression.
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3.2 What is the relationship between Slik and dRaf?
Many Ste20 kinases activate the MAPK pathway by acting on the upstream regulator

MAP3K. Previous analyses identified genetic interactions between Slik and two MAPK
pathways in Drosophila, those mediated by JNK and ERK. Most importantly, Slik showed
strong genetic interaction with the MAP3K dRaf, an upstream component of the ERK pathway
(Hipfner & Cohen, 2003). Removing a single copy of draf was sufficient to inhibit Slik driven
non-autonomous proliferation of the PM cells and overgrowth of adult wings (Hipfner &
Cohen, 2003). No genetic interaction was detected between Rolled (Drosophila ERK) and
Slik, raising the possibility that dRaf does not signal through the canonical ERK pathway to
transduce the Slik growth signal (Hipfner & Cohen, 2003). As a first step toward further
characterizing the signaling pathway activated downstream of Slik, we investigated the

relationship between Slik and dRaf in more detail.

3.2.1 Slik activates dRaf in the overlying PM cells

We proposed two possible models for Slik-mediated signaling (Figure 3.6A). In the
first model, Slik activates dRaf in the DP cells, leading to the production and/or release of a
nonautonomously-acting factor that drives growth. This factor then binds to its receptor on the
plasma membrane of the PM cells and activates signaling to promote their proliferation. The
second model proposes that Slik and dRaf act in different sets of cells, i.e. that Slik activates
the production or release of the nonautonomously-acting factor independently of dRaf. This
factor then binds to its receptor on PM cells, stimulating dRaf activity in PM cells leading to
their proliferation. We performed genetic assays to investigate the validity of these models. If
model 1 is correct, we predicted two things — first, that depleting draf should suppress Slik-
driven non-autonomous proliferation of PM cells; and second, that expression of constitutively
active dRaf should drive non-autonomous proliferation. To test the first prediction, we made
use of a dsRNA transgene targeting dRaf (referred to as drafRNAi). In control experiments, we
showed that expression of drafRNAi downregulated dRaf protein levels when coexpressed
with a myc-tagged dRaf transgene, and also blocked the phenotypic effects of dRaf
overexpression (Fig 3.6 B), indicating that the drafRNAi is functional. We then coexpressed
slik together with drafRNAi using apGALA4. Interestingly, depletion of draf did not suppress

the non-autonomous proliferation of PM cells driven by Slik as reflected by the dense nuclei
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staining and increased BrdU uptake in the peripodial layer (Figure 3.6C, 1* panels). This
observation suggests that dRaf is not required in DP cells for Slik driven non-autonomous
proliferation of PM cells. To further confirm this, we expressed a constitutively active form of
dRaf (dRaf’) with apGAL4, and tested if it was sufficient to drive non-autonomous
proliferation of PM cells (Figure 3.6C, ond panels). Consistent with the previous result, we
observed little BrdU incorporation and wide spread nuclei in the PM layer, a phenotype
similar to wild type discs. This indicates that activating dRaf in DP cells is not sufficient to
drive non-autonomous proliferation of PM cells. Together, these results favour Model 2, in
which Slik stimulates release of a nonautonomously-acting factor that binds to its receptor on

PM cells and leads to increased dRaf activity in PM cells, driving their proliferation.
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Figure 3.6: Slik activates dRaf in the signal receiving cells

(A) Two proposed models for the Slik-mediated signaling regulating growth during
development. In model 1, Slik activates dRaf in DP cells stimulating secretion of a growth
factor, leading to PM cell proliferation. In model 2, Slik stimulates release of a growth factor
that activates dRaf in PM cells, then leading to PM cell proliferation (B) Confocal images of
disc proper stained with DAPI and anti-Myc. Expression of Myc epitope-tagged dRaf causes
loss of most of the dorsal tissues (1% panel). Co-expression of dsRNA that targets dRaf
restores normal tissue and loses myc staining, suggesting that drafRNAi is functional (2™
panel) (C) Confocal images of the peripodial layer of the wing imaginal discs expression s/ik
alone or together with drafRNAi, or expressing the constitutively active draf alone with
apGALA4. Depletion of draf does not affect Slik-driven non-autonomous proliferation of PM
cells suggested by the densely packed DAPI-positive nuclei and increased BrdU uptake.
Constitutive active Draf in DP cells does not promote PM cell proliferation, demonstrating
that activation of dRaf is not sufficient to drive non-autonomous proliferation.
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3.3 Discovery of downstream targets of the Ste20 kinase Slik

In order to understand the mechanism by which Slik regulates growth during
development, we wanted to identify the factor that activates proliferation of PM cells. Since,
Slik signals through dRaf, it seemed likely that the factor in question would act on receptor
tyrosine kinases (RTK). However, RTK ligands are not the only proteins able to influence
RTK signaling. Many proteases and glypicans also modulate extracellular signalling by
regulating the spread and polarization of the extracellular signals (Fico, Maina et al. 2011).
Glypicans can potentiate the action of receptor-ligand binding by capturing secreted factors
and increasing their concentration or availability near to the receptor (Nybakken and Perrimon
2002). It can also stabilize ligand-receptor complexes, or allow formation of multivalent
complexes between the receptor and the ligand, increasing the efficiency of receptor activation
(Nybakken and Perrimon 2002). Proteases on the other hand are shown to convert glypicans as
secreted signal antagonists. For example, in the Drosophila wing discs, the alpha/beta
hydrolase Notum was shown to cleave the glypican dally-like when bound to Wg, shedding it
off the cell surface, making it unavailable for signaling (Giraldez, Copley et al. 2002, Kreuger,
Perez et al. 2004). To pinpoint the nonautonomously-acting factor that transduces Slik

signaling, we used both a candidate-based approach and an unbiased approach.

3.3.1 Candidate based approach identifies Pvf3 as a potential downstream effector of Slik

We assembled a list of 21 genes whose products were previously documented to
regulate growth or patterning in discs by acting non-autonomously (Table 3.1). From this list,
we looked for expression in wing discs by semi-quantitative real-time (RT)-PCR. Of these, we
found only pvf3 to be reproducibly upregulated in sl/ik overexpressing discs in more than one
RNA preparation, suggesting that s/ik may regulate expression of pvf3 (data not shown). To
confirm this, we performed quantitative RT-PCR analysis of gene expression. Consistent with
the previous analysis, pvf3 was upregulated by about 2.5-fold in discs in which Slik was
overexpressed using apGAL4 (Figure 3.7). This effect was specifically dues to the

K71R

overexpression of s/ik, as pvf3 expression was unaffected by Hpo expression (Figure 3.7).

To see if increased pvf3 expression is responsible for Slik-driven non-autonomous cell

proliferation, we depleted it by expressing a dsSRNA targeting pvf3 (referred as pvf3RNAi) in
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Slik overexpressing DP cells. Surprisingly, Slik non-autonomous proliferation was not
suppressed by depleting pfv3 as evidenced by the presence of dense DAPI-positive nuclei and
increased EdU incorporation in PM cells (Figure 3.7B, upper panel). There are three pvfs in
Drosophila, pvfl, pvf2 and pvf3. It has been shown that pvf2 and pv/3 have redundant function
in the regulation of hemocyte migration, proliferation and size in fly cell culture (Munier,
Doucet et al. 2002, Bjorklund, Taipale et al. 2006, Harris, Schnittke et al. 2007). We therefore
reasoned that pvf2 may compensate for pvf3 depletion. Therefore, we expressed dsRNA
targeting both pvf2 and pvf3 in cells overexpressing Slik. Again, this did not suppress Slik-
driven non-autonomous proliferation (Figure 3.7B, lower panel). These results are only
preliminary, as we have not confirmed the functionality of pvf2 and pvf3 dsRNA transgenes.
However, the data suggest that pv/3 might not be required for non-autonomous proliferation of

PM cells stimulated by Slik. However, further analysis is needed to confirm this.
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Genes Family
Argos EGF
Branchless FGF
Dally Glypican
Delta EGF
Dpp TGF-p
Dlp Glypican
Eiger TNF
Hedgehog SHH
Gurken EGF
Keren EGF
Pyramus FGF
Pufl PDGF and VDGF-
like factor
Pyl PDGF and VDGF-
like factor
Puf3 PDGF and VDGF-
like factor
Spitz EGF
Thisbe FGF
Upd Morphogen
Upd2 Morphogen
Upd3 Morphogen
Vein EGF
Wingless Wnt

Table 3.1: List of non-autonomously acting factors in discs

The table contains the list of all factors that act non-autonomously in Drosophila developing
tissue. We used semi-QPCR to identify factors in this table that are differentially expressed in
slik overexpressing discs, which led to the discovery of Pv{3 as potential mediator of Slik
signaling.
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Figure 3.7: pvf3 is upregulated in slik overexpressed discs

(A)Quantitative real-time PCR analysis of expression of s/ik and pvf3 in discs of the genotypes
ptcGAL4/+, ptcGAL4/UAS-slik, and ptcGAL4/UAS-hpo™"'®. Discs overexpressing Slik
specifically upregulates pvf3 by about 2.5-folds. (B) Confocal images of the peripodial layer
of the wing imaginal discs expressing either s/ik together with pvf3RNAi under the control of
apGAL4 or slik together with pvf2-pvf3RNAi under the control of ptcGAL4. Depletion of
either pvf3 or pvf2 and pvf3 does not suppress the Slik-driven non-autonomous proliferation of
the PM cells.

42



3.3.2 Whole transcriptome sequencing to identify possible downstream targets of Slik
The differential expression of pvf3 in cells overexpressing slik suggests that Slik might
stimulate a broader transcriptional change in cells. To identify the downstream targets and to
understand the general effects of Slik overexpression, we performed a transcriptomic analysis
by RNA-sequencing (RNA-seq). We compared gene expression profiles of wing imaginal
discs isolated from larvae expressing apGAL4 alone, which acted as wild-type control, and
larvae expressing slik with apGAL4. We prepared duplicate samples for each genotype,
consisting of about 60 discs each and tested between two RNA extraction methods — RNeasy
from Qiagen and TRIzol from Invitrogen. TRIzol extraction gave the best output with the
highest quality RNA, assessed using an Agilent Bioanalyzer. We obtained two tight peaks
corresponding to the 23S and 18S ribosomal RNA (rRNA) for each of the samples, suggesting
excellent RNA integrity (Figure 3.8A). The RNA samples were then submitted to the IRCM
Molecular Biology Core Facility to generate cDNA libraries, followed by whole-transcriptome

sequencing at Genome Quebec using an [llumina sequencer.

We expected to observe complex transcriptional changes, including both cell-
autonomous and non-autonomous responses due to Slik activity. Slik induces cell proliferation
and apoptosis, which increases bioenergetic and biosynthetic demand (Schieke, McCoy et al.
2008). Thus, we predicted that some of the cell-nonautonomous effects of Slik might lead to
expression level changes of genes whose product are involved in processes like cell cycle
regulation, apoptosis, metabolism, and translation. Though the cell non-autonomous
transcriptional changes are informative, we were more interested in cell-autonomous changes.
These could include genes whose product encode for proteins capable of transmitting signals
to neighbouring cells — such as transmembrane proteins or secreted factors including growth
and patterning factors, secreted glycoproteins, glypicans and proteases. These differentially

expressed genes might be potential mediators of Slik growth signaling.

The sequencing mapped 14000 genes to the reference genome. When we compared the
expression profiles between the replicates, we obtained a correlation coefficient of 1 for both
samples (Figure 3.8B). A correlation coefficient of 0.99 was observed when comparing the
expression profiles between Slik and wild-type samples. This suggests that the results from the

two biological replicates were highly reproducible, and that there were not dramatic
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differences in expression profiles between control and Slik samples. Statistical analysis by
DESeq and edgeR packages identified 140 and 498 statistically significantly differentially
expressed genes respectively (p<0.05). genes identified by DESeq were also in included in the
edgeR analysis. Therefore, we preferred using the DESeq list for downstream application
because it is more stringent at filtering outliers. To validate the differential expression results,
we tested a number of candidates by Q-PCR analysis. We were able replicate similar fold-
changes in expression level of genes that were highly upregulated (for example fektin-C and
CG42330), genes that were slightly differentially expressed (for example mthi4 and pp24-2),
and genes that were highly downregulated (for example CG18110 and ppk20) (Figure 3.8C).
As expected, target genes directly regulated by Hpo/Yki, including ex, eiger, and dco (Oh,
Slattery et al. 2013) did not show up as differentially expressed in the screen, confirming our
previous experiments. Surprisingly, pvf3 did not appear to be strongly differentially expressed
in the transcriptome sequencing (although it was about 1.2-fold higher in Slik-overexpressing

discs). We also failed to observe changes in expression of any other obvious growth factors.

To investigate the functions of the 140 genes, we used gene ontology analysis to
cluster genes based on their functional characteristics using DAVID bioinformatics resources
(Huang da, Sherman et al. 2009). We obtained five annotation clusters which showed
significant enrichment and false discovery rates lower than 10% (Table 3.2). As expected, we
observed genes significantly enriched in functional annotation clusters such as electron
transport, oxidative phosphorylation, respiratory chain, and mitochondria inner membrane.
These genes were highly upregulated in the slik overexpressing cells. Cell proliferation, DNA
replication and protein translation are energy intensive processes that require increase in ATP
production, underlying the importance of cellular metabolism for growth (Almeida, Bolanos et
al. 2010). Mitochondria are the major source of cellular energy production. It has been shown
recently the presence of active APC/C-Cdhl, which ubiquitinates the glycolysis-promoting
enzyme 6-phosphofructo-2-kinase/fructose-2,6-bisphosphatase, isoforms 3 (PFKFB3) leading
to its degradation, inhibits cultured cell proliferation under serum stimulation (Almeida,
Bolanos et al. 2010). Another evidence of the importance of cellular metabolism is the
increase in mitochondrial membrane potential and respiration observed during cell cycle

progression through G; phase (Schieke, McCoy et al. 2008). Growth and cell proliferation is
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accompanied by an increase in glycolysis, suggesting that the mitochondria adapt to the
required energy demands to tightly coordinate cell proliferation and cell cycle progression, a
phenomenon termed the Warburg effect (Warburg 1956, Almeida, Bolanos et al. 2010).
Therefore, upregulation of genes implicated in respiration in Slik overexpressed cells might be
a direct effect of Slik on their gene expression, or more likely, it could be simply due to the

increased demand in ATP production due to cell proliferation.

Intriguingly, we observed an enrichment of genes clustered under the term G-
protein coupled receptor (GPCR) signaling pathway. GPCRs are interesting because they are
membrane-bound and in some cases are implicated in development (Fredriksson, Lagerstrom
et al. 2003, Nordstrom, Lagerstrom et al. 2009). Some Ste20 kinases have been identified to
signal downstream of GPCRs. For example, in yeast, the Ste20p transduces the pheromone
signals activated by the GPCR Ste2/3 (Sprague, Cullen et al. 2004). Therefore, it wouldn’t be
surprising if Slik is also implicated in GPCR signaling, although they might not be expected as
downstream transcriptional target. In our RNAseq data, we observed two families of genes
that are enriched in this cluster — the Methuselah (Mthl) family and the Gustatory Receptors
(GR). It has been shown that mutations in the Mthl family of proteins extends longevity and
stress resistance in Drosophila (Ja, Carvalho et al. 2009). During embryonic development,
four mthl family genes are expressed in the wing discs — mthi3, 4, 6, and § (Patel, Hallal et al.
2012). In our transcription profile study, all four of them were differentially expressed. We
observed massive downregulation of mthl6 and mthlS, whereas mthl4 and mthi3 were
upregulated by 2-fold and 1.6-fold respectively. Expressions of mthls are not restricted to
developing wings, and can be detected in embryos during gastrulation, development of the gut,
heart, lymph glands and later in the larval central nervous system (Patel, Hallal et al. 2012).
This expression pattern is comparable to the orthologue of Mthl in beetles, suggesting a
greater role for Mthl in organ morphogenesis during development (Song, Ranjan et al. 2002,
Patel, Hallal et al. 2012). However, their functions in these tissues have not been defined. GRs
are tastants that detect nutrient rich food and avoid toxicity (Clyne, Warr et al. 2000). The GR
family contains 68 receptors in Drosophila which are expressed in many cell types, extending
their role beyond being the detection of tastants and pheromones (Park and Kwon 2011). In

our transcription profile, we find three that were differentially regulated Gré6la, Gr64a, and
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Gr64b. Gr64a and Gr64b were highly upregulated in slik overexpressing cells. Slik might
regulate expression of GPCRs such as mth/ and/or Gr to drive growth in Drosophila.
However, further analyses are needed to assess their potential as downstream effectors of the
Slik signaling pathway. We also observe enrichment of genes with terms like ion channel,
sodium channel, and sodium channel activity. Ion channels have been implicated in regulating
many biological processes, including those involved in maintaining tissue homeostasis such as
proliferation, differentiation and apoptosis (Razik and Cidlowski 2002, Lang, Foller et al.
2005, Schonherr 2005). For example, it has been shown that growth factors can trigger the
entry of Ca®" in proliferating cells, and subsequent Ca®" oscillation to activate numerous
cellular events, such as depolarization of actin filaments (Lang, Ritter et al. 2000, Lang, Foller
et al. 2005). Consequently, the actin depolarization leads to the activation of the Na'/H"
exchanger and/or the Na*, K*, 2CI  cotransporter (NKCC) leading to increase in cell volume,
which is required for cell division (Lang, Busch et al. 1998, Lang, Foller et al. 2005).
Interestingly, two Ste20 kinases, SPAK and OSR1, are well-known to phosphorylate and
activate NKCC1 (Piechotta, Lu et al. 2002, Piechotta, Garbarini et al. 2003). This membrane
transport protein is known to regulate cell volume, cell proliferation and survival, epithelial
transport, neuronal excitability, and blood pressure (Russell 2000). In our screen, we observed
various sodium and calcium channels that were differentially expressed in Slik overexpressing
discs. Mainly, the pickpocket (ppk) genes, which encode for Degenerin/Epithelial Sodium
Channel (DEG/ENaC) subunits, showed transcriptional changes. The DEG/ENaC is found to
be essential for mechanical nociception in sensory cells of Drosophila larvae (Zhong, Hwang
et al. 2010). Slik might regulate these ion channels to induce influx of ions which leads to
increase in cell size, necessary for cell proliferation (Lang, Foller et al. 2005). We intend to
pursue with genetic analysis of the 140 candidate genes to identify possible downstream

effectors of Slik signaling.
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Figure 3.8 Whole transcriptome sequencing to identify potential Slik downstream targets
(A) TRIzol extracted total RNA analysed by Agilent Bioanalyzer. Peaks correspond to 23S
and 16S rRNAs. (B) Scatterplot of gene expression levels in pairs of sample as indicated. (C)
Validation of selected differentially expressed genes by QPCR.
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Annotation cluster 1 Number Total Enrichment score: 6.78
of genes | number
identified of
genes
Categories Terms p value FDR (%)
SP_PIR KEYWORDS Membrane 42 132 1.71E-13 2.01E-10
SP_PIR KEYWORDS Transmembrane 33 132 7.64E-09 8.99E-06
SP_PIR_ KEYWORDS Transport 21 132 4.02E-08 4.73E-05
Annotation cluster 2 Enrichment score: 3.36
SP PIR KEYWORDS oxidative phosphorylation 8 132 1.48E-11 1.74E-08
SP_PIR_ KEYWORDS membrane-associated complex 7 132 4.18E-10 491E-07
SP_PIR_ KEYWORDS respiratory chain 7 132 1.06E-08 1.25E-05
SP PIR KEYWORDS mitochondrion inner ] 132 8.33E-07 9.80E-04
membrane
SP_PIR_ KEYWORDS electron transport 6 132 6.55E-06 0.00770996
Annotation cluster 3 Enrichment score: 2.69
SP PIR KEYWORDS oxidative phosphorylation 8 132 1.48E-11 1.74E-08
SP_PIR_ KEYWORDS membrane-associated complex 7 132 4.18E-10 491E-07
SP_PIR_ KEYWORDS respiratory chain 7 132 1.06E-08 1.25E-05
SP PIR KEYWORDS mitochondrion inner ] 132 8.33E-07 9.80E-04
membrane
SP_PIR_ KEYWORDS electron transport 6 132 6.55E-06 0.00770996
SP_PIR_ KEYWORDS electron transfer 4 132 3.41E-05 0.04017226
Annotation cluster 4 Enrichment score: 2.6
INTERPRO Methuselah, N-terminal 5 114 4.45E-06 0.00590709
SP_PIR_ KEYWORDS glycoprotein 16 132 3.23E-05 0.03800599
UP_SEQ _FEATURE transmembrane region 22 47 3.85E-05 0.04997583
SP_PIR_ KEYWORDS g-protein coupled receptor 10 132 3.51E-04 0.41173537
SP_PIR_ KEYWORDS transducer 10 132 6.06E-04 0.71100966
GOTERM_BP_FAT G-PCR protein signaling 12 90 7.22E-04 1.05993368
pathway
Annotation cluster 5 Enrichment score: 2.5
SP_PIR_ KEYWORDS ion transport 10 132 9.36E-05 0.11013571
SP_PIR_ KEYWORDS Sodium transport 6 132 1.17E-04 0.137927
GOTERM_BP_FAT sodium ion transport 7 90 1.95E-04 0.28796476
GOTERM_BP_FAT monovalent inorganic cation 9 90 7.35E-04 1.07866603
transport
GOTERM_MF _FAT sodium channel activity 8.07E-04 1.02741942

Table 3.2: Enrichment of functional annotation clusters
Significantly enriched annotation clusters identified by DAVID are represented in this table

(p<0.01, FDR<10%).
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4. Discussion and Conclusion

The Ste20 kinase Slik regulates fundamental biological events such as cell
proliferation, cell survival, and maintenance of epithelial integrity in Drosophila. In general,
the mechanisms regulating these processes ensure for normal development and are conserved
from flies to human. The two homologues of Slik in mammals, SLK and LOK, have been
shown to be involved in many processes, including cell apoptosis, migration and adhesion.
Whereas the characterization SLK and LOK function has been hampered by a lack of models
to study their functions in a physiological environment (SLK) or mild phenotypes likely due to
functional redundancy (LOK), Drosophila has proven to be a great model system for studying
the function of this kinase family. Considering the high degree of conservation of pathways
mediating developmental processes, identification of downstream effectors of Slik could
potentially lead to discovery of SLK and LOK targets and a better understanding of their

functions.

4.1 Slik does not signal through the Hippo tumor suppressor pathway

It has been suggested that Slik signals through Mer to drive cell proliferation and tissue
growth during development. Specifically, it has been shown that Slik directly phosphorylates
Mer, inhibiting its tumor suppressor activity and promoting membrane localization (Hughes
and Fehon 2006). Mer is related to the member of the ERM family of protein, containing a
similar N-terminal FERM domain (Golovnina, Blinov et al. 2005). It is possible that Slik
phosphorylates Mer considering that Slik is a known ERM kinase. However, in this thesis, I
provided evidence suggesting that it is unlikely that Slik drives growth through Mer regulation
in Drosophila. Using genetic assays, we showed that Slik drives cell proliferation and tissue
growth independently of Merlin, and by extension the Hippo pathway. I demonstrated that
blocking the function of Mer is not sufficient to stimulate non-autonomous proliferation,
which would be expected if Slik drove growth by inhibiting Mer. Furthermore, we did not
detect genetic interactions between s/ik and mer, suggesting that Slik and Mer may not be
involved in the same pathway. If Slik were to signal through Mer, I expect Slik to regulate the
Hippo pathway, since Mer is an upstream regulator of that tumour suppressor pathway. To

investigate this possibility and to further confirm our Slik and Mer genetic assays, we showed



that there is no genetic interaction between Slik and Yki, the transcription co-factor targeted
by the Hippo patwhay. Slik-driven overgrowth of adult wings was insensitive to yki gene
dosage, in contrast to the overgrowth stimulated by blocking functions of Mer, Hpo and Ft.
We also demonstrated by using an enhancer trap that Slik does not enhance transcription of ex,
a target gene of Yki. To validate our genetic results, we performed QPCR analysis of gene
expression and observed no transcriptional changes of the ex gene in cells overexpressing Slik,
nor did we see changes in Yki target genes in our RNAseq analysis. Taken all together, we
conclude that Slik does not act through Mer or the Hippo pathway to promote cell

proliferation and tissue growth.

In wild-type cells, both Mer and Slik are localized at the apical side of the cell (Kissil,
Johnson et al. 2002, Hipfner and Cohen 2003). However, in Slik mutant clones, it has been
shown that Mer loses its apical localization and accumulates at the basolateral compartment of
the cell, suggesting that Slik regulates Mer localization (Hughes and Fehon 2006). It is known
that Slik promotes epithelial integrity by phosphorylating and activating the ERM protein
Moesin, which connects the actin cytoskeleton to the plasma membrane. This linkage is
essential for proper cell shape and the appropriate organization of apical membrane structures.
It has been reported that epithelial cells null for Slik loses their apical-basal polarity and are
extruded from the epithelial sheet (Hipfner and Cohen 2003). Therefore, the accumulation of
Mer in the basolateral compartment seen in the Slik mutant cells might be due to the loss of
the epithelial integrity rather than the direct effect of Slik on Mer. The genetic interaction
between Slik and Mer reported by Hughes et al. is also unconvincing. They reduced slik gene
dosage in cells expressing the truncated from of Mer that lacks the Slik phospho sites and
observed a slightly enhanced reduction of the wing size compared to expressing Mer alone.
Therefore, it’s hard to interpret the results. Further, they did not provide data about the wing
size of slik heterozygous flies. A proper experiment would be to overexpress slik in mer
heterozygous background and look for enhancement of growth compared to overexpression of

slik alone.

Interestingly, though blocking Mer activity does not induce proliferation of PM cells, it
does stimulate overgrowth of the adult wings. This put forward the idea that Slik and
inhibition of the Hippo pathway drive growth by alternative pathways. Many pathways
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contribute to regulate growth during development. Slik might signal through such pathways.
For example, Ste20 kinases, such as NCK and GCK are known to activate MAPK pathways
through the interleukin and TNF receptor effector proteins TRAF2 and TRAF6 (Baud, Liu et
al. 1999, Chadee, Yuasa et al. 2002). In Drosophila, the TNF Eiger has been shown to induce
apoptosis through JNK signaling (Ma, Yang et al. 2013). It is unlikely that Eiger would act
downstream of Slik pathway because we failed to identify Eiger in the RNA-seq results.
Various mechanisms integrate both intrinsic and extrinsic cues in order to respond to the
growth requirement during development. One such input is nutrient availability, which is
sensed by the insulin/PI3K pathway (Grewal 2009). However, it has been shown that the
increase in tissue size driven by Slik overexpression is due to increase in cell proliferation, and
not due to increase in cell size, in contrast to the PI3K/insulin pathway (Stocker and Hafen
2000, Hipfner and Cohen 2003). Therefore, Slik probably does not signal through the
PI3K/insulin pathway. Pathways such as EGFR/ERK, Dpp, Wg, and Notch also regulate
growth by providing survival cues and inducing cell proliferation (Johnston and Edgar 1998,
Milan, Perez et al. 2002, Firth, Bhattacharya et al. 2010). However, Wg and Notch signaling
regulate cell cycle progression — Wg accelerates the G,/S transition and Notch accelerates the
G2/M transition (Giraldez and Cohen 2003). Slik appears to uniformly accelerate the different
cell cycle phases (Hipfner and Cohen 2003), suggesting that these pathways might not

contribute to Slik-driven cell proliferation.

4.2 Slik signals through dRaf in the signal receiving PM cells

We followed up on our previous report that demonstrated a genetic interaction between
slik and draf (Hipfner and Cohen 2003). In animals heterozygous for draf mutations, in which
all cells in the wing discs have reduced draf gene dosage, Slik-driven non-autonomous
proliferation is strongly suppressed (Hipfner and Cohen 2003). This could be because — A)
Slik activates dRaf in DP cells leading to the secretion/production of a growth factor that
stimulates PM cell proliferation, or B) Slik activity in DP cells triggers secretion/production of
a growth factor, which activates dRaf in PM cells, stimulating their proliferation. We provided
two pieces of indirect genetic evidence that dRaf activity was required in the cells receiving
the non-autonomous signal, located in the PM of the wing imaginal discs. First, we

demonstrated that depleting draf in DP cells does not inhibit non-autonomous proliferation
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driven by Slik. Second, consistent with the previous result, we showed that expressing a
constitutively active form of draf in DP cells was not sufficient to drive proliferation of PM
cells. Therefore, our results support a model where Slik activates the release of a growth factor
from DP cells that stimulates dRaf in the overlying PM cells, leading to cell proliferation. A
direct way to test the requirement of dRaf in PM cells would be to either — co-express dSRNA
targeting draf in PM cells alone overlaying the s/ik expressing DP cells, or to express the
constitutively active draf in the PM cells. According to our model, we would expect the
depletion of draf from PM cells to completely suppress the Slik overexpression phenotype,
similar to the draf” experiment. On the other hand, expression of draf* in PM cells should
stimulate PM cells proliferation. For the moment, it isn’t technically possible because there are

no GALA4 drivers able to specifically express transgenes in PM cells.

The Raf family of proteins are Ser/Thr kinases regulating a multitude of processes
including apoptosis, cell cycle progression, differentiation, and proliferation (Roskoski 2010).
In mammals, there are three Rafs — A-RAF, B-RAF, and C-RAF. Theses kinases participate in
MAPK cascade of RAS-RAF-MEK-ERK, acting as MAP3K’s (Zebisch and Troppmair 2006).
RTKSs mediate signaling via the small GTPase Ras. When Ras is bound to GTP, it is in an
active state and is able to recruit Raf to the membrane (Schlessinger 2000). Raf can be then
activated by different mechanisms — by phosphorylation and dephosphorylation of key
residues, and by protein-protein and protein-lipid interactions (Dhillon and Kolch 2002).
According to our genetic results, the most likely model for Slik activity is that it stimulates
production or secretion of an RTK ligand, which bind to its receptor in the plasma membrane
of PM cells, leading to the activation of dRaf. Although there is some genetic evidence that
Slik mediated signaling might not involve the dRaf canonical pathway (Hipfner and Cohen

2003), how dRaf transduces Slik signaling to induce PM cell proliferation remains unresolved.

4.3 Pvi3, a potential downstream target of Slik

We performed a candidate and a non-candidate based approach to identify the signal
that induces non-autonomous proliferation downstream of Slik. Of 24 nonautonomously-
acting factors in the wing discs that we tested by semi-QPCR, we found only pvf3 was
upregulated. This upregulation was confirmed by QPCR. However, dsRNA-mediated
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depletion of pvf3 didn’t suppress Slik-induced proliferation. Since, Pvf2 and Pvf3 possibly
have redundant function in flies — we tested the effect of depleting both on Slik-driven non-
autonomous PM cell proliferation, and found that it was not affected. This suggests that Pvf3

might not be required for Slik growth signaling.

Interestingly, pvf3 encodes a PDGF and VDGF-like growth factor in flies and activates
the RTK Pvr (Duchek, Somogyi et al. 2001). In cultured flies, Pvf2 and Pvf3 have redundant
function in establishing an autocrine growth signaling loop through the
Pvr/Ras/Rat/MEK/ERK pathway (Sims, Duchek et al. 2009). Since, we have identified dRaf
as downstream target of Slik, Pvf3 was an attractive candidate for relaying Slik-mediated
growth signaling to the PM cells. The lack of an effect of pv/2RNAi and pvf3RNAi in vivo in
reducing Slik-driven non-autonomous proliferation may be due to the inefficiency of the pvf
dsRNA transgenes. One way to do so is to perform a QPCR analysis of gene expression in
discs expressing the pvf2/pvf3 dsRNA transgene. We would expect lower pvf2/pvf3 expression
level in these discs compared to wild-type if the transgenes are functional. Nonetheless,
further analysis is needed to conclude whether Pvf3 interacts with Slik. For example, we could
test if overexpression of pvf3 can induce non-autonomous cell proliferation in the wing disc,
as our model would predict. We could also investigate whether Slik signaling is dependent on
Pvr, which would be expected if Pvf3 interacts with Slik. The results from these experiments
will allow an effective conclusion whether Pvf3 is functionally involved in Slik signaling

pathway.

4.4 RNA-seq identifies possible mediators of Slik signaling pathways

To discover potential downstream target of Slik signaling, we performed RNA-seq
analysis, which identified 140 statistically significant differentially expressed genes. Pv{3 did
not show up in the transcriptome sequencing. This could be due to low level of expression of
pvf3 coupled with insufficient depth of the sequencing (although our analysis included 80
million reads from each sample). Consistent with our genetic analysis, genes encoding
components of the Hippo pathway or its target genes also did not show transcriptional
changes. This supports our conclusion that Slik does not signal through the Hippo pathway via
Mer.
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As expected, we observed complex cell-autonomous and cell-nonautonomous
transcriptional changes as a result of Slik overexpression. One possible example of the non-
autonomous effect of Slik is the upregulation of mitochondrial genes. During cell division,
there is evidence of increased demand in ATP synthesis and membrane biogenesis (Almeida,
Bolanos et al. 2010). Presumably, the Slik-driven cell overproliferation stimulates genes
involved in cellular respiration in a cell non-autonomous manner. One way to confirm this
would be to perform a transcription profiling of wing discs expressing slik in a draf
heterozygous background. Because removing a functional copy of draf gene suppresses the
non-autonomous cell proliferation, the transcriptional response would solely be due to the cell-
autonomous effect of Slik overexpression. This would enable the identification of direct Slik
downstream targets. Nevertheless, the RNA-seq identified many genes that could be
differentially expressed due to Slik cell autonomous effects. As mentioned above, we observed
enrichment of two families of GPCRs — the Gustatory Receptors and Methuselah. GPCRs are
membrane bound receptors that transduce signals when bound to extracellular ligands. There
is a connection between Ste20 kinases and GPCRs, as Ste20p acts downstream of the GPCRs
Ste2 and Ste3. However, it’s unclear why Mthl and GR would be downstream targets of Slik.
The most likely explanation would be that Slik activity acts as a positive feedback loop that
upregulates transcription of mth/ and Gr. The functional regulations of these receptors are still
unclear. Recent studies have indentified two ligands for Mthl, Stunted A and B (Cvejic, Zhu et
al. 2004). When genes encoding these ligands were mutated, flies have an enhanced life span
and are resistant to oxidative stress (Cvejic, Zhu et al. 2004). The transcriptional changes of
mthl genes observed in the analysis suggest a greater role for these genes in cell proliferation
and growth. Interestingly, the known ligands of Mthls were not identified as differentially
expressed genes, suggesting that Mthl receptors might have other ligands yet to be discovered.
RNA sequencing also identified altered expression of many genes encoding for ion channels.
These are relevant candidates because Ste20 kinases, such as SPAK and OSR1 are shown to
regulate ion transporter NKCC1 (Piechotta, Lu et al. 2002). Upregulation of these transporters
suggest that Slik may regulate secretion of several factors rather than a single specific growth

factor that induces cell proliferation.
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To isolate candidates that are functionally important for Slik-driven growth response,
one could perform a genetic screen of the 140 candidate genes identified by RNA-seq. The
Vienna Drosophila RNAi Center has readily available fly stocks bearing dsRNA transgenes
targeting 90% of all genes, including most of the 140 candidate genes. As a preliminary
screen, we could express these RNAIi transgenes alone and together with UAS-slik, UAS-p35
using ptcGAL4. This will allow quick visualization of enhancement and suppression of the
growth of that part of the adult wing bounded by the veins L3 and L4. We would be interested
in isolating genes which, when depleted using dsSRNA transgenes, either enhance or suppress
the Slik overexpression phenotype, suggesting a genetic interaction between that gene and
Slik. Genes whose depletion enhances the Slik overexpression phenotype might be genes that
are negatively regulated by Slik. Therefore, inhibiting them increases Slik-driven tissue
growth. On the other hand, these could also include genes activated as a feedback response to
limit Slik activity. Since Slik stimulates cell proliferation, one can assume that apoptotic and
tumor suppressor genes are upregulated to resist the effects of Slik expression. Therefore,
depleting these genes would naturally enhance Slik-driven cell proliferation and tissue growth.
On the other hand, genes whose depletion suppresses the Slik overexpression phenotype might
be direct effectors of Slik-mediated signaling or genes whose product is involved in protein
translation, oxidative metabolisms and membrane biosynthesis. As explained above, processes
such as respiration and protein synthesis are required for cell division. Therefore, components
regulating these pathways may be activated indirectly due to the effect of Slik of cell
proliferation. To confirm our findings, we could test if co-expression of these RNAi
transgenes with Slik blocks or enhances Slik-mediated non-autonomous proliferation of the
PM cells. Results from these experiments would allow us to better characterize the Slik

signaling pathway, and establish a list of potential downstream effectors.
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5. Materials and methods

5.1 Genetics

5.1.1 Genetic mutants used in this study

mer”: nonsense mutation, Gln170 to stop, (LaJeunesse, McCartney et al. 1998)

yki®: null mutant, (Huang, Wu et al. 2005)

5.1.2 Transgenes

EPSlik/cyo™ “*": P-element insertion, (Hipfner and Cohen 2003)

UAS-draf*: gain of function, (Brand and Perrimon 1994).

UAS-f*"“P/TM6: antimorph, amino acid deletion at position 4620-5147 from the intracellular
domain of Fat (Matakatsu and Blair 2012).

UAS-hpo™""®/TM6: antimorph, kinase dead mutant (Wu, Huang et al. 2003).

UAS-mer"®®/TM6:  antimorph, deletion of the seven amino acids (‘°YQMTPEM'"")
(LaJeunesse, McCartney et al. 1998)

5.1.3 RNAI transgenics files used in the result section
JtRNAi: from VDRC, Transformant ID: 9396

hpoRNAi: from VDRC, Transformant ID: 7823
merRNAi: from VDRC, Transformant ID: 1484
rafRNAi: from VDRC, Transformant ID: 9831

5.1.4 Adult wing size measurements

Adult flies were preserved in PBS (140 mM NaCl, 2.7 mM KCI, 1.5 mM KH,PO,, 8.1 mM
NaH,PO,) containing 10% EtOH and 30% glycerol. Adult wings were dissected and mounted
in Canada Balsam mounting medium on a glass slide covered with cover slip for 2 days
incubation. A Leica DM4000 upright fluorescence microscopy was used to capture images.
Imagel was used to process the images and calculate the ratio of area between veins L3-L4 to

the whole wing. This ratio was then plotted in Microsoft Office Excel.



5.1.5 Antibody staining of wing imaginal discs
Antibodies used

Antibodies used were as follows: Guinea pig anti-Slik (Hipfner and Cohen 2003) at 1:250;
Guinea pig anti Ex at 1:2500 (Laughton); Rat anti-Ft at 1:1000 (Helen McNeill); Guinea pig
anti-Hpo at 1:400 (George Halder); Guinea pig anti-Mer at 1:2500 (Rick Fehon); Rabbit anti-
BGal at 1:200 (Invitrogen); Mouse anti-GFP at 1:200 (Torrey Pines).

Antibody staining protocol

Wandering Drosophila 3" instar larvae were collected in PBS. These larvae were cut
in half, and the anterior halves were inverted using dissection forceps. Carefully, without
damaging the discs, the fat body, gut and salivary glands were removed. The remaining
anterior half of the body, which contains the wing discs, was transferred in an Eppendorf
containing PBS on ice. These discs were then fixed in 4% PFA in 0.2% PBT (PBS + 0.2%
Tween) for 20 minutes at room temperature. After fixation, the larvae were washed three times
for 5 minutes with 0.2% PBT, and blocked for 1hr with BBT (0.2% PBT + 0.3% BSA).
Afterwards the larvae were incubated overnight with primary antibodies in PBT at 4°C. Next,
these wing discs were incubated in secondary antibodies for two hours at room temperature in
dark, after which they were washed two times with 0.2% PBT. Incubation with DAPI was
done for 10min at room temperature in the dark. This was followed by two washes for 5 min.
Larval bodies were stored in mounting medium (90gm of glycerol, 2.11gm n-propyl Gallate

and 10mL PBS) before being mounted on glass slides and covered with cover slips.

Confocal microscopy

All confocal images were captured with LSM 700 from Zeiss and processed using the Zen
software package.

5.1.6 EdU labeling

Wandering larvae were collected in Schneider’s medium (Sigma). These larvae were
dissected as described above. Incubation with 1000ul of Scheider’s medium and lul of EAU

(from 10mM stock) was done for 1hr at room temperature on a nutator. After this incubation,
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2 washes with PBS were carried out. Larvae were then fixed with 4% PFA at room
temperature for 20 min followed by 3 washes with 0.3% PBT for 10min. The larval bodies
were then washed twice with 3% BSA in PBS at room temperature for Smin, before being
incubated with the Invitrogen detection cocktail (as described in the manufacturer’s protocol)
for 30min at room temperature. After, these were washed with 3% BSA in PBS at room
temperature for Smin. Incubation with DAPI (1:2000 in 0.3% PBT) was carried out for 20min,
before being mounted in glycerol containing 0.5% n-propyl gallate on a glass slide and

visualized by confocal microscopy.

5.2 Molecular biology

5.2.1 QPCR

Total RNA was extracted from third-instar wing imaginal discs using TRIzol reagent
(Invitrogen) by following the manufacturer’s instructions. cDNA was then generated using
oligo (dT) (NEB) and SuperScript III(Invitrogen) by following the manufacturer’s protocol.
Oligos for qPCR were designed using Primer3 website. To differentiate between genomic
DNA and coding regions, the forward and reverse pairs were separated by exon-intron-exon
boundary. QPCR was then performed in 384-well plates using 1ul of cDNA (6.25ng), 0.25ul
of each primers (10uM stock), 2.5ul of SYBR Green (Life Technology), and H,O to 5ul in
ViiA 7 (Applied Biosystems).

The QPCR system was programmed as follows:

=  50°C for 2 minutes hold

= 95°C for 10 minutes hold

= 35 cycles of:
=  95°C, 15 seconds
=  58°C, 30 seconds

QPCR Oligos designed using Primer3:

Slik F AGAAGTCCTTAGTCAAAGATCC
Slik R CCAGATTTCTGTTGATGAAAGC
Mer F TGCTCCTCGTTGACACGACTCTTT
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Mer R AGAAGAGCATGGAGCACCTGCAAA

Ft F ATATAGATTCGGGCAACAATGG

Ft R TGCTATCGATTCCAAACTCTG

CG42330_F | AGCTGTACGAAACCGATCC

CG42330 R | AGTTGGTGTATTTGCGCAG

Ex F CCGTATGTAAACAGACGGC

Ex R AATTGGCTTAGAGGGTATTGG
Pvf3 F CCACAACGTTGAGCTGCACTTCTT
Pvf3 R CGTGTGGTTCACAAAGGTTCGCTT

Mthl4 F GATCTACACTGGCGATATGAC

Mthl4 R ATGTAAATCGCCGAAAGGAC

Ppk20 F TCTAATTGCCAATCTGGGTG

Ppk20 R AGGTAGTAGATCAACTCGAAGG

CGI8110_F | GTACTTCCAGGAGGAGACC

CG18110 R | CCTCCATAGGAAACCATTAAGTC

P24-2 F TTTCCAAGCGATTTGCCAAGCGAG

P24-2 R AGAACAATTTGGATCCGCGCAACG

5.2.2 RNA-seq

About 60 wing imaginal discs from 3™ instar larvae were dissected for each genotype.
We isolated total RNA from these discs using TRIzol and the quality was assessed using an
Agilent Bioanalyzer. The RNA samples were then submitted to IRCM molecular biology core
facility to capture mRNA using poly(T)-coated magnetic beads, followed by reverse
transcription to generate cDNA library and whole-transcriptome sequencing at Genome
Quebec using an Illumina sequencer. With the help of the bioinformatic facility in IRCM, the
obtained Ensembl annotation from the Illumina iGenomes was aligned to the Drosophila
melanogaster reference genome (dm3) with TopHat. Almost 14 000 genes were mapped, and

subsequent analysis was done using DESeq and edgeR packages.

59



6. References

Almeida, A., J. P. Bolanos and S. Moncada (2010). "E3 ubiquitin ligase APC/C-Cdhl
accounts for the Warburg effect by linking glycolysis to cell proliferation." Proc Natl Acad Sci
US A 107(2): 738-741.

Ashburner, M., K. G. Golic and R. S. Hawley (2005). Drosophila: a laboratory handbook.

Second edition.

Avruch, J., D. Zhou, J. Fitamant and N. Bardeesy (2011). "Mstl/2 signalling to Yap:
gatekeeper for liver size and tumour development." Br J Cancer 104(1): 24-32.

Badouel, C., A. Garg and H. McNeill (2009). "Herding Hippos: regulating growth in flies and
man." Curr Opin Cell Biol 21(6): 837-843.

Bagrodia, S. and R. A. Cerione (1999). "Pak to the future." Trends Cell Biol 9(9): 350-355.
Baud, V., Z. G. Liu, B. Bennett, N. Suzuki, Y. Xia and M. Karin (1999). "Signaling by

proinflammatory cytokines: oligomerization of TRAF2 and TRAF®6 is sufficient for JNK and
IKK activation and target gene induction via an amino-terminal effector domain." Genes Dev
13(10): 1297-1308.

Baumgartner, R., I. Poernbacher, N. Buser, E. Hafen and H. Stocker (2010). "The WW
domain protein Kibra acts upstream of Hippo in Drosophila." Dev Cell 18(2): 309-316.
Beckingham, K. M., J. D. Armstrong, M. J. Texada, R. Munjaal and D. A. Baker (2005).
"Drosophila melanogaster--the model organism of choice for the complex biology of multi-
cellular organisms." Gravit Space Biol Bull 18(2): 17-29.

Belkina, N. V., Y. Liu, J. J. Hao, H. Karasuyama and S. Shaw (2009). "LOK is a major ERM

kinase in resting lymphocytes and regulates cytoskeletal rearrangement through ERM

phosphorylation." Proc Natl Acad Sci U S A 106(12): 4707-4712.

Bennett, F. C. and K. F. Harvey (2006). "Fat cadherin modulates organ size in Drosophila via
the Salvador/Warts/Hippo signaling pathway." Curr Biol 16(21): 2101-2110.

Bjorklund, M., M. Taipale, M. Varjosalo, J. Saharinen, J. Lahdenpera and J. Taipale (2006).
"Identification of pathways regulating cell size and cell-cycle progression by RNAi." Nature
439(7079): 1009-1013.



Boggiano, J. C., P. J. Vanderzalm and R. G. Fehon (2011). "Tao-1 phosphorylates Hippo/MST
kinases to regulate the Hippo-Salvador-Warts tumor suppressor pathway." Dev Cell 21(5):
888-895.

Boulton, T. G., S. H. Nye, D. J. Robbins, N. Y. Ip, E. Radziejewska, S. D. Morgenbesser, R.
A. DePinho, N. Panayotatos, M. H. Cobb and G. D. Yancopoulos (1991). "ERKs: a family of
protein-serine/threonine kinases that are activated and tyrosine phosphorylated in response to
insulin and NGF." Cell 65(4): 663-675.

Boulton, T. G., G. D. Yancopoulos, J. S. Gregory, C. Slaughter, C. Moomaw, J. Hsu and M.
H. Cobb (1990). "An insulin-stimulated protein kinase similar to yeast kinases involved in cell
cycle control." Science 249(4964): 64-67.

Brand, A. H. and N. Perrimon (1993). "Targeted gene expression as a means of altering cell
fates and generating dominant phenotypes." Development 118(2): 401-415.

Brand, A. H. and N. Perrimon (1994). "Raf acts downstream of the EGF receptor to determine

dorsoventral polarity during Drosophila oogenesis." Genes & Development 8(5): 629-639.

Bryant, P. J. and P. Simpson (1984). "Intrinsic and extrinsic control of growth in developing
organs." Q Rev Biol 59(4): 387-415.

Campbell, S., M. Inamdar, V. Rodrigues, V. Raghavan, M. Palazzolo and A. Chovnick (1992).
"The scalloped gene encodes a novel, evolt "y conserved transcription factor required
for sensory organ differentiation in Drosophi ies Dev 6(3): 367-379.

Carreno, S., I. Kouranti, E. S. Glusman, M. T. Fuller, A. Echard and F. Payre (2008). "Moesin

and its activating kinase Slik are required for cortical stability and microtubule organization in
mitotic cells." J Cell Biol 180(4): 739-746.

Chadee, D. N., T. Yuasa and J. M. Kyriakis (2002). "Direct activation of mitogen-activated
protein kinase kinase kinase MEKK1 by the Ste20p homologue GCK and the adapter protein
TRAF2." Mol Cell Biol 22(3): 737-749.

Chen, C. L., K. M. Gajewski, F. Hamaratoglu, W. Bossuyt, L. Sansores-Garcia, C. Tao and G.
Halder (2010). "The apical-basal cell polarity determinant Crumbs regulates Hippo signaling
in Drosophila." Proc Natl Acad Sci U S A 107(36): 15810-15815.

Chen, Z., M. Hutchison and M. H. Cobb (1999). "Isolation of the protein kinase TAO2 and

identification of its mitogen-activated protein kinase/extracellular signal-regulated kinase

kinase binding domain." J Biol Chem 274(40): 28803-28807.

61



Chen, Z., M. Raman, L. Chen, S. F. Lee, A. G. Gilman and M. H. Cobb (2003). "TAO
(thousand-and-one amino acid) protein kinases mediate signaling from carbachol to p38
mitogen-activated protein kinase and ternary complex factors." J Biol Chem 278(25): 22278-
22283.

Cho, E., Y. Feng, C. Rauskolb, S. Maitra, R. Fehon and K. D. Irvine (2006). "Delineation of a
Fat tumor suppressor pathway." Nat Genet 38(10): 1142-1150.

Clyne, P. J., C. G. Warr and J. R. Carlson (2000). "Candidate taste receptors in Drosophila."
Science 287(5459): 1830-1834.

Cohen, B., A. A. Simcox and S. M. Cohen (1993). "Allocation of the thoracic imaginal
primordia in the Drosophila embryo." Development 117(2): 597-608.

Conlon, I. and M. Raff (1999). "Size control in animal development." Cell 96(2): 235-244.
Couso, J. P., M. Bate and A. Martinez-Arias (1993). "A wingless-dependent polar coordinate
system in Drosophila imaginal discs." Science 259(5094): 484-4809.

Creasy, C. L., D. M. Ambrose and J. Chernoff (1996). "The Ste20-like protein kinase, Mstl,
dimerizes and contains an inhibitory domain." J Biol Chem 271(35): 21049-21053.

Cvejic, S., Z. Zhu, S. J. Felice, Y. Berman and X. Y. Huang (2004). "The endogenous ligand
Stunted of the GPCR Methuselah extends lifespan in Drosophila." Nat Cell Biol 6(6): 540-
546.

Cybulsky, A. V., T. Takano, J. Guillemette, J. Papillon, R. A. Volpini and J. A. Di Battista
(2009). "The Ste20-like kinase SLK promotes p53 transactivation and apoptosis." Am J
Physiol Renal Physiol 297(4): F971-980.

Cybulsky, A. V., T. Takano, J. Papillon, J. Guillemette, A. M. Herzenberg and C. R. Kennedy

(2010). "Podocyte injury and albuminuria in mice with podocyte-specific overexpression of
the Ste20-like kinase, SLK." Am J Pathol 177(5): 2290-2299.

Cybulsky, A. V., T. Takano, J. Papillon, A. Khadir, K. Bijian, C. C. Chien, C. E. Alpers and
H. Rabb (2004). "Renal expression and activity of the germinal center kinase SK2." Am J
Physiol Renal Physiol 286(1): F16-25.

Das Thakur, M., Y. Feng, R. Jagannathan, M. J. Seppa, J. B. Skeath and G. D. Longmore

(2010). "Ajuba LIM proteins are negative regulators of the Hippo signaling pathway." Curr
Biol 20(7): 657-662.

62



de la Cova, C., M. Abril, P. Bellosta, P. Gallant and L. A. Johnston (2004). "Drosophila myc
regulates organ size by inducing cell competition." Cell 117(1): 107-116.

de la Cova, C. and L. A. Johnston (2006). "Myc in model organisms: a view from the
flyroom." Semin Cancer Biol 16(4): 303-312.

Delarosa, S., J. Guillemette, J. Papillon, Y. S. Han, A. S. Kristof and A. V. Cybulsky (2011).

"Activity of the Ste20-like kinase, SLK, is enhanced by homodimerization." Am J Physiol
Renal Physiol 301(3): F554-564.

Delpire, E. (2009). "The mammalian family of sterile 20p-like protein kinases." Pflugers Arch
458(5): 953-967.

Deng, Y., Y. Matsui, Y. Zhang and Z. C. Lai (2013). "Hippo activation through
homodimerization and membrane association for growth inhibition and organ size control."
Dev Biol 375(2): 152-159.

Dhillon, A. S. and W. Kolch (2002). "Untying the regulation of the Raf-1 kinase." Arch
Biochem Biophys 404(1): 3-9.

Dong, J., G. Feldmann, J. Huang, S. Wu, N. Zhang, S. A. Comerford, M. F. Gayyed, R. A.

Anders, A. Maitra and D. Pan (2007). "Elucidation of a universal size-control mechanism in
Drosophila and mammals." Cell 130(6): 1120-1133.

Drogen, F., S. M. O'Rourke, V. M. Stucke, M. Jaquenoud, A. M. Neiman and M. Peter (2000).
"Phosphorylation of the MEKK Stellp by the PAK-like kinase Ste20p is required for MAP
kinase signaling in vivo." Curr Biol 10(11): 630-639.

Duchek, P., K. Somogyi, G. Jekely, S. Beccari and P. Rorth (2001). "Guidance of cell
migration by the Drosophila PDGF/VEGF receptor." Cell 107(1): 17-26.

Duffy, J. B. (2002). "GAL4 system in Drosophila: a fly geneticist's Swiss army knife."
Genesis 34(1-2): 1-15.

Endo, J., N. Toyama-Sorimachi, C. Taya, S. Kuramochi-Miyagawa, K. Nagata, K. Kuida, T.
Takashi, H. Yonekawa, Y. Yoshizawa, N. Miyasaka and H. Karasuyama (2000). "Deficiency
of a STE20/PAK family kinase LOK leads to the acceleration of LFA-1 clustering and cell
adhesion of activated lymphocytes." FEBS Lett 468(2-3): 234-238.

Fanger, G. R., P. Gerwins, C. Widmann, M. B. Jarpe and G. L. Johnson (1997). "MEKKSs,
GCKs, MLKs, PAKs, TAKs, and tpls: upstream regulators of the c-Jun amino-terminal
kinases?" Curr Opin Genet Dev 7(1): 67-74.

63



Fernandez, B. G., P. Gaspar, C. Bras-Pereira, B. Jezowska, S. R. Rebelo and F. Janody (2011).
"Actin-Capping Protein and the Hippo pathway regulate F-actin and tissue growth in
Drosophila." Development 138(11): 2337-2346.

Fico, A., F. Maina and R. Dono (2011). "Fine-tuning of cell signaling by glypicans." Cell Mol
Life Sci 68(6): 923-929.

Firth, L. C., A. Bhattacharya and N. E. Baker (2010). "Cell cycle arrest by a gradient of Dpp
signaling during Drosophila eye development." BMC Dev Biol 10: 28.

Fredriksson, R., M. C. Lagerstrom, L. G. Lundin and H. B. Schioth (2003). "The G-protein-

coupled receptors in the human genome form five main families. Phylogenetic analysis,

paralogon groups, and fingerprints." Mol Pharmacol 63(6): 1256-1272.

Fuse, N., S. Hirose and S. Hayashi (1996). "Determination of wing cell fate by the escargot
and snail genes in Drosophila." Development 122(4): 1059-1067.

Gartner, A., K. Nasmyth and G. Ammerer (1992). "Signal transduction in Saccharomyces
cerevisiae requires tyrosine and threonine phosphorylation of FUS3 and KSS1." Genes Dev
6(7): 1280-1292.

Genevet, A., M. C. Wehr, R. Brain, B. J. Thompson and N. Tapon (2010). "Kibra is a
regulator of the Salvador/Warts/Hippo signaling network." Developmental Cell 18(2): 300-
308.

Genevet, A., M. C. Wehr, R. Brain, B. J. Thompson and N. Tapon (2010). "Kibra is a
regulator of the Salvador/Warts/Hippo signaling network." Dev Cell 18(2): 300-308.

Gibson, M. C. and N. Perrimon (2005). "Extrusion and death of DPP/BMP-compromised
epithelial cells in the developing Drosophila wing." Science 307(5716): 1785-1789.

Giraldez, A. J. and S. M. Cohen (2003). "Wingless and Notch signaling provide cell survival

cues and control cell proliferation during wing development." Development 130(26): 6533-
6543.

Giraldez, A. J., R. R. Copley and S. M. Cohen (2002). "HSPG modification by the secreted
enzyme Notum shapes the Wingless morphogen gradient." Dev Cell 2(5): 667-676.
Glantschnig, H., G. A. Rodan and A. A. Reszka (2002). "Mapping of MST1 kinase sites of
phosphorylation. Activation and autophosphorylation." J Biol Chem 277(45): 42987-42996.

64



Golovnina, K., A. Blinov, E. Akhmametyeva, L. Omelyanchuk and L.-S. Chang (2005).
"Evolution and origin of merlin, the product of the Neurofibromatosis type 2 (NF2) tumor-
suppressor gene." BMC Evolutionary Biology 5(1): 69.

Goulev, Y., J. D. Fauny, B. Gonzalez-Marti, D. Flagiello, J. Silber and A. Zider (2008).
"SCALLOPED interacts with YORKIE, the nuclear effector of the hippo tumor-suppressor
pathway in Drosophila." Curr Biol 18(6): 435-441.

Grewal, S. S. (2009). "Insulin/TOR signaling in growth and homeostasis: a view from the fly
world." Int J Biochem Cell Biol 41(5): 1006-1010.
Grzeschik, N. A., L. M. Parsons, M. L. Allott, K. F. Harvey and H. E. Richardson (2010).

"Lgl, aPKC, and Crumbs regulate the Salvador/Warts/Hippo pathway through two distinct
mechanisms." Curr Biol 20(7): 573-581.

Guilluy, C., M. Rolli-Derkinderen, L. Loufrani, A. Bourge, D. Henrion, L. Sabourin, G.
Loirand and P. Pacaud (2008). "Ste20-related kinase SLK phosphorylates Ser188 of RhoA to
induce vasodilation in response to angiotensin II Type 2 receptor activation." Circ Res
102(10): 1265-1274.

Halder, G. and R. L. Johnson (2011). "Hippo signaling: growth control and beyond."
Development 138(1): 9-22.

Hamaratoglu, F., M. Willecke, M. Kango-Singh, R. Nolo, E. Hyun, C. Tao, H. Jafar-Nejad
and G. Halder (2006). "The tumour-suppressor genes NF2/Merlin and Expanded act through
Hippo signalling to regulate cell proliferation and apoptosis.”" Nat Cell Biol 8(1): 27-36.

Hao, W., T. Takano, J. Guillemette, J. Papillon, G. Ren and A. V. Cybulsky (2006).
"Induction of apoptosis by the Ste20-like kinase SLK, a germinal center kinase that activates
apoptosis signal-regulating kinase and p38." J Biol Chem 281(6): 3075-3084.

Harris, K. E., N. Schnittke and S. K. Beckendorf (2007). "Two ligands signal through the
Drosophila PDGF/VEGF receptor to ensure proper salivary gland positioning." Mech Dev
124(6): 441-448.

Harvey, K. F., C. M. Pfleger and I. K. Hariharan (2003). "The Drosophila Mst ortholog, hippo,
restricts growth and cell proliferation and promotes apoptosis." Cell 114(4): 457-467.
Hietakangas, V. and S. M. Cohen (2009). "Regulation of tissue growth through nutrient
sensing." Annu Rev Genet 43: 389-410.

65



Hipfner, D. R. and S. M. Cohen (2003). "The Drosophila sterile-20 kinase slik controls cell
proliferation and apoptosis during imaginal disc development." PLoS Biol 1(2): E35.

Hipfner, D. R., N. Keller and S. M. Cohen (2004). "Slik Sterile-20 kinase regulates Moesin
activity to promote epithelial integrity during tissue growth." Genes Dev 18(18): 2243-2248.
Hu, M. C., W. R. Qiu, X. Wang, C. F. Meyer and T. H. Tan (1996). "Human HPK1, a novel
human hematopoietic progenitor kinase that activates the JNK/SAPK kinase cascade." Genes
Dev 10(18): 2251-2264.

Huang da, W., B. T. Sherman and R. A. Lempicki (2009). "Systematic and integrative analysis
of large gene lists using DAVID bioinformatics resources." Nat Protoc 4(1): 44-57.

Huang, J., S. Wu, J. Barrera, K. Matthews and D. Pan (2005). "The Hippo signaling pathway
coordinately regulates cell proliferation and apoptosis by inactivating Yorkie, the Drosophila
Homolog of YAP." Cell 122(3): 421-434.

Hughes, S. C. and R. G. Fehon (2006). "Phosphorylation and activity of the tumor suppressor
Merlin and the ERM protein Moesin are coordinately regulated by the Slik kinase." J Cell Biol
175(2): 305-313.

Hughes, S. C., E. Formstecher and R. G. Fehon (2010). "Sipl, the Drosophila orthologue of
EBP50/NHERF1, functions with the sterile 20 family kinase Slik to regulate Moesin activity."
J Cell Sci 123(Pt 7): 1099-1107.

Hutchison, M., K. S. Berman and M. H. Cobb (1998). "Isolation of TAO1, a protein kinase
that activates MEKs in stress-activated protein kinase cascades." J Biol Chem 273(44): 28625-
28632.

Ja, W. W., G. B. Carvalho, M. Madrigal, R. W. Roberts and S. Benzer (2009). "The
Drosophila G protein-coupled receptor, Methuselah, exhibits a promiscuous response to
peptides." Protein Sci 18(11): 2203-2208.

Jia, J., W. Zhang, B. Wang, R. Trinko and J. Jiang (2003). "The Drosophila Ste20 family
kinase dMST functions as a tumor suppressor by restricting cell proliferation and promoting
apoptosis." Genes Dev 17(20): 2514-2519.

Johnston, L. A. and B. A. Edgar (1998). "Wingless and Notch regulate cell-cycle arrest in the
developing Drosophila wing." Nature 394(6688): 82-84.

Johnston, L. A. and P. Gallant (2002). "Control of growth and organ size in Drosophila."
Bioessays 24(1): 54-64.

66



Johnston, L. A. and A. L. Sanders (2003). "Wingless promotes cell survival but constrains
growth during Drosophila wing development." Nat Cell Biol 5(9): 827-833.

Kango-Singh, M., R. Nolo, C. Tao, P. Verstreken, P. R. Hiesinger, H. J. Bellen and G. Halder
(2002). "Shar-pei mediates cell proliferation arrest during imaginal disc growth in
Drosophila." Development 129(24): 5719-5730.

Kissil, J. L., K. C. Johnson, M. S. Eckman and T. Jacks (2002). "Merlin phosphorylation by
p21-activated kinase 2 and effects of phosphorylation on merlin localization." J Biol Chem
277(12): 10394-10399.

Kreuger, J., L. Perez, A. J. Giraldez and S. M. Cohen (2004). "Opposing activities of Dally-
like glypican at high and low levels of Wingless morphogen activity." Dev Cell 7(4): 503-512.
Kunda, P., A. E. Pelling, T. Liu and B. Baum (2008). "Moesin controls cortical rigidity, cell
rounding, and spindle morphogenesis during mitosis." Curr Biol 18(2): 91-101.

Kuramochi, S., T. Moriguchi, K. Kuida, J. Endo, K. Semba, E. Nishida and H. Karasuyama
(1997). "LOK is a novel mouse STE20-like protein kinase that is expressed predominantly in
lymphocytes." J Biol Chem 272(36): 22679-22684.

Kyriakis, J. M. (1999). "Signaling by the germinal center kinase family of protein kinases." J
Biol Chem 274(9): 5259-5262.

LaJeunesse, D. R., B. M. McCartney and R. G. Fehon (1998). "Structural analysis of
Drosophila merlin reveals functional domains important for growth control and subcellular
localization." J Cell Biol 141(7): 1589-1599.

Lang, F., G. L. Busch, M. Ritter, H. Volkl, S. Waldegger, E. Gulbins and D. Haussinger
(1998). "Functional significance of cell volume regulatory mechanisms." Physiol Rev 78(1):
247-306.

Lang, F., M. Foller, K. S. Lang, P. A. Lang, M. Ritter, E. Gulbins, A. Vereninov and S. M.
Huber (2005). "Ion channels in cell proliferation and apoptotic cell death." J Membr Biol
205(3): 147-157.

Lang, F., M. Ritter, N. Gamper, S. Huber, S. Fillon, V. Tanneur, A. Lepple-Wienhues, I.
Szabo and E. Gulbins (2000). "Cell volume in the regulation of cell proliferation and apoptotic
cell death." Cell Physiol Biochem 10(5-6): 417-428.

67



Lee, K. K. and S. Yonehara (2002). "Phosphorylation and dimerization regulate
nucleocytoplasmic shuttling of mammalian STE20-like kinase (MST)." J Biol Chem 277(14):
12351-12358.

Lei, Q. Y., H. Zhang, B. Zhao, Z. Y. Zha, F. Bai, X. H. Pei, S. Zhao, Y. Xiong and K. L. Guan
(2008). "TAZ promotes cell proliferation and epithelial-mesenchymal transition and is
inhibited by the hippo pathway." Mol Cell Biol 28(7): 2426-2436.

Liu, T., J. L. Rohn, R. Picone, P. Kunda and B. Baum (2010). "Tao-1 is a negative regulator of
microtubule plus-end growth." J Cell Sci 123(Pt 16): 2708-2716.

Liu, X., M. Grammont and K. D. Irvine (2000). "Roles for scalloped and vestigial in
regulating cell affinity and interactions between the wing blade and the wing hinge." Dev Biol
228(2): 287-303.

Lu, L., Y. Li, S. M. Kim, W. Bossuyt, P. Liu, Q. Qiu, Y. Wang, G. Halder, M. J. Finegold, J.
S. Lee and R. L. Johnson (2010). "Hippo signaling is a potent in vivo growth and tumor
suppressor pathway in the mammalian liver." Proc Natl Acad Sci U S A 107(4): 1437-1442.
Luhovy, A. Y., A. Jaberi, J. Papillon, J. Guillemette and A. V. Cybulsky (2012). "Regulation

of the Ste20-like kinase, SLK: involvement of activation segment phosphorylation." J Biol
Chem 287(8): 5446-5458.

Ma, X., L. Yang, Y. Yang, M. Li, W. Li and L. Xue (2013). "dUevla modulates TNF-JNK
mediated tumor progression and cell death in Drosophila." Dev Biol 380(2): 211-221.

Mao, Y., C. Rauskolb, E. Cho, W. L. Hu, H. Hayter, G. Minihan, F. N. Katz and K. D. Irvine
(2006). "Dachs: an unconventional myosin that functions downstream of Fat to regulate
growth, affinity and gene expression in Drosophila." Development 133(13): 2539-2551.
Marygold, S. J., C. M. Coelho and S. J. Leevers (2005). "Genetic analysis of RpL38 and
RpL5, two minute genes located in the centric heterochromatin of chromosome 2 of
Drosophila melanogaster." Genetics 169(2): 683-695.

Matakatsu, H. and S. S. Blair (2012). "Separating planar cell polarity and Hippo pathway
activities of the protocadherins Fat and Dachsous." Development 139(8): 1498-1508.
McClatchey, A. 1. and M. Giovannini (2005). "Membrane organization and tumorigenesis--the
NF2 tumor suppressor, Merlin." Genes Dev 19(19): 2265-2277.

Mendoza, M. C., E. E. Er and J. Blenis (2011). "The Ras-ERK and PI3K-mTOR pathways:
cross-talk and compensation." Trends Biochem Sci 36(6): 320-328.

68



Menendez, J., A. Perez-Garijo, M. Calleja and G. Morata (2010). "A tumor-suppressing
mechanism in Drosophila involving cell competition and the Hippo pathway." Proc Natl Acad
SciU S A 107(33): 14651-14656.

Milan, M., L. Perez and S. M. Cohen (2002). "Short-range cell interactions and cell survival in
the Drosophila wing." Dev Cell 2(6): 797-805.

Mitsopoulos, C., C. Zihni, R. Garg, A. J. Ridley and J. D. Morris (2003). "The prostate-

derived sterile 20-like kinase (PSK) regulates microtubule organization and stability." J Biol
Chem 278(20): 18085-18091.

Munier, A. 1., D. Doucet, E. Perrodou, D. Zachary, M. Meister, J. A. Hoffmann, C. A.
Janeway, Jr. and M. Lagueux (2002). "PVF2, a PDGF/VEGF-like growth factor, induces
hemocyte proliferation in Drosophila larvae." EMBO Rep 3(12): 1195-1200.

Neto-Silva, R. M., S. de Beco and L. A. Johnston (2010). "Evidence for a growth-stabilizing
regulatory feedback mechanism between Myc and Yorkie, the Drosophila homolog of Yap."
Dev Cell 19(4): 507-520.

Neto-Silva, R. M., B. S. Wells and L. A. Johnston (2009). "Mechanisms of growth and
homeostasis in the Drosophila wing." Annu Rev Cell Dev Biol 25: 197-220.

Nolo, R., C. M. Morrison, C. Tao, X. Zhang and G. Halder (2006). "The bantam microRNA is

a target of the hippo tumor-suppressor pathway." Curr Biol 16(19): 1895-1904.

Nordstrom, K. J., M. C. Lagerstrom, L. M. Waller, R. Fredriksson and H. B. Schioth (2009).
"The Secretin GPCRs descended from the family of Adhesion GPCRs." Mol Biol Evol 26(1):
71-84.

Nybakken, K. and N. Perrimon (2002). "Heparan sulfate proteoglycan modulation of
developmental signaling in Drosophila." Biochim Biophys Acta 1573(3): 280-291.

O'Reilly, P. G., S. Wagner, D. J. Franks, K. Cailliau, E. Browaeys, C. Dissous and L. A.

Sabourin (2005). "The Ste20-like kinase SLK is required for cell cycle progression through
G2." ] Biol Chem 280(51): 42383-42390.

Oh, H. and K. D. Irvine (2008). "In vivo regulation of Yorkie phosphorylation and
localization." Development 135(6): 1081-1088.

Oh, H. and K. D. Irvine (2009). "In vivo analysis of Yorkie phosphorylation sites." Oncogene
28(17): 1916-1927.

69



Oh, H. and K. D. Irvine (2011). "Cooperative regulation of growth by Yorkie and Mad
through bantam." Dev Cell 20(1): 109-122.

Oh, H., M. Slattery, L. Ma, A. Crofts, K. P. White, R. S. Mann and K. D. Irvine (2013).
"Genome-wide association of Yorkie with chromatin and chromatin-remodeling complexes."
Cell Rep 3(2): 309-318.

Pantalacci, S., N. Tapon and P. Leopold (2003). "The Salvador partner Hippo promotes
apoptosis and cell-cycle exit in Drosophila." Nat Cell Biol 5(10): 921-927.

Park, J. H. and J. Y. Kwon (2011). "A systematic analysis of Drosophila gustatory receptor
gene expression in abdominal neurons which project to the central nervous system." Mol Cells
32(4): 375-381.

Patel, M. V., D. A. Hallal, J. W. Jones, D. N. Bronner, R. Zein, J. Caravas, Z. Husain, M.
Friedrich and M. F. Vanberkum (2012). "Dramatic expansion and developmental expression
diversification of the methuselah gene family during recent Drosophila evolution." J Exp Zool
B Mol Dev Evol 318(5): 368-387.

Peng, H. W., M. Slattery and R. S. Mann (2009). "Transcription factor choice in the Hippo

signaling pathway: homothorax and yorkie regulation of the microRNA bantam in the
progenitor domain of the Drosophila eye imaginal disc." Genes Dev 23(19): 2307-2319.

Peng, S., X. Zeng, X. Li, X. Peng and L. Chen (2009). "Multi-class cancer classification
through gene expression profiles: microRNA versus mRNA." J Genet Genomics 36(7): 409-
416.

Piechotta, K., N. Garbarini, R. England and E. Delpire (2003). "Characterization of the

interaction of the stress kinase SPAK with the Na+-K+-2CI- cotransporter in the nervous
system: evidence for a scaffolding role of the kinase." J Biol Chem 278(52): 52848-52856.
Piechotta, K., J. Lu and E. Delpire (2002). "Cation chloride cotransporters interact with the
stress-related kinases Ste20-related proline-alanine-rich kinase (SPAK) and oxidative stress
response 1 (OSR1)." J Biol Chem 277(52): 50812-50819.

Pike, A. C., P. Rellos, F. H. Niesen, A. Turnbull, A. W. Oliver, S. A. Parker, B. E. Turk, L. H.
Pearl and S. Knapp (2008). "Activation segment dimerization: a mechanism for kinase
autophosphorylation of non-consensus sites." EMBO J 27(4): 704-714.

Polesello, C., S. Huelsmann, N. H. Brown and N. Tapon (2006). "The Drosophila RASSF
homolog antagonizes the hippo pathway." Curr Biol 16(24): 2459-2465.

70



Poon, C. L., J. I. Lin, X. Zhang and K. F. Harvey (2011). "The sterile 20-like kinase Tao-1
controls tissue growth by regulating the Salvador-Warts-Hippo pathway." Dev Cell 21(5):
896-906.

Quizi, J. L., K. Baron, K. N. Al-Zahrani, P. O'Reilly, R. K. Sriram, J. Conway, A. A. Laurin
and L. A. Sabourin (2013). "SLK-mediated phosphorylation of paxillin is required for focal
adhesion turnover and cell migration." Oncogene 32(39): 4656-4663.

Raman, M., S. Earnest, K. Zhang, Y. Zhao and M. H. Cobb (2007). "TAO kinases mediate
activation of p38 in response to DNA damage." EMBO J 26(8): 2005-2014.

Rauskolb, C., G. Pan, B. V. Reddy, H. Oh and K. D. Irvine (2011). "Zyxin links fat signaling
to the hippo pathway." PLoS Biol 9(6): €e1000624.

Razik, M. A. and J. A. Cidlowski (2002). "Molecular interplay between ion channels and the
regulation of apoptosis." Biol Res 35(2): 203-207.

Reddy, B. V. and K. D. Irvine (2008). "The Fat and Warts signaling pathways: new insights
into their regulation, mechanism and conservation." Development 135(17): 2827-2838.

Reddy, B. V. and K. D. Irvine (2013). "Regulation of Hippo signaling by EGFR-MAPK
signaling through Ajuba family proteins." Dev Cell 24(5): 459-471.

Ren, F., B. Wang, T. Yue, E. Y. Yun, Y. T. Ip and J. Jiang (2010). "Hippo signaling regulates
Drosophila intestine stem cell proliferation through multiple pathways." Proc Natl Acad Sci U
S A 107(49): 21064-21069.

Ribeiro, P. S., F. Josue, A. Wepf, M. C. Wehr, O. Rinner, G. Kelly, N. Tapon and M. Gstaiger

(2010). "Combined functional genomic and proteomic approaches identify a PP2A complex as
a negative regulator of Hippo signaling." Mol Cell 39(4): 521-534.

Robinson, B. S., J. Huang, Y. Hong and K. H. Moberg (2010). "Crumbs regulates
Salvador/Warts/Hippo signaling in Drosophila via the FERM-domain protein Expanded." Curr
Biol 20(7): 582-590.

Roovers, K., S. Wagner, C. J. Storbeck, P. O'Reilly, V. Lo, J. J. Northey, J. Chmielecki, W. J.
Muller, P. M. Siegel and L. A. Sabourin (2009). "The Ste20-like kinase SLK is required for
ErbB2-driven breast cancer cell motility." Oncogene 28(31): 2839-2848.

Roskoski, R., Jr. (2010). "RAF protein-serine/threonine kinases: structure and regulation."
Biochem Biophys Res Commun 399(3): 313-317.

Russell, J. M. (2000). "Sodium-potassium-chloride cotransport." Physiol Rev 80(1): 211-276.

71



Sabourin, L. A. and M. A. Rudnicki (1999). "Induction of apoptosis by SLK, a Ste20-related
kinase." Oncogene 18(52): 7566-7575.

Sabourin, L. A., K. Tamai, P. Seale, J. Wagner and M. A. Rudnicki (2000). "Caspase 3
cleavage of the Ste20-related kinase SLK releases and activates an apoptosis-inducing kinase
domain and an actin-disassembling region." Mol Cell Biol 20(2): 684-696.

Sansores-Garcia, L., W. Bossuyt, K. Wada, S. Yonemura, C. Tao, H. Sasaki and G. Halder
(2011). "Modulating F-actin organization induces organ growth by affecting the Hippo
pathway." EMBO J 30(12): 2325-2335.

Sato, K., Y. Hayashi, Y. Ninomiya, S. Shigenobu, K. Arita, M. Mukai and S. Kobayashi
(2007). "Maternal Nanos represses hid/skl-dependent apoptosis to maintain the germ line in
Drosophila embryos." Proc Natl Acad Sci U S A 104(18): 7455-7460.

Schieke, S. M., J. P. McCoy, Jr. and T. Finkel (2008). "Coordination of mitochondrial

bioenergetics with G1 phase cell cycle progression." Cell Cycle 7(12): 1782-1787.
Schlessinger, J. (2000). "Cell signaling by receptor tyrosine kinases." Cell 103(2): 211-225.
Schonherr, R. (2005). "Clinical relevance of ion channels for diagnosis and therapy of cancer."
J Membr Biol 205(3): 175-184.

Sells, M. A. and J. Chernoft (1997). "Emerging from the Pak: the p21-activated protein kinase
family." Trends Cell Biol 7(4): 162-167.

Shen, J. and C. Dahmann (2005). "Extrusion of cells with inappropriate Dpp signaling from
Drosophila wing disc epithelia." Science 307(5716): 1789-1790.

Sims, D., P. Duchek and B. Baum (2009). "PDGF/VEGF signaling controls cell size in
Drosophila." Genome Biol 10(2): R20.

Siow, Y. L., G. B. Kalmar, J. S. Sanghera, G. Tai, S. S. Oh and S. L. Pelech (1997).
"Identification of two essential phosphorylated threonine residues in the catalytic domain of
Mekk]1. Indirect activation by Pak3 and protein kinase C." J Biol Chem 272(12): 7586-7594.
Song, H., K. K. Mak, L. Topol, K. Yun, J. Hu, L. Garrett, Y. Chen, O. Park, J. Chang, R. M.
Simpson, C. Y. Wang, B. Gao, J. Jiang and Y. Yang (2010). "Mammalian Mstl and Mst2
kinases play essential roles in organ size control and tumor suppression." Proc Natl Acad Sci
US A 107(4): 1431-1436.

Song, W., R. Ranjan, K. Dawson-Scully, P. Bronk, L. Marin, L. Seroude, Y. J. Lin, Z. Nie, H.

L. Atwood, S. Benzer and K. E. Zinsmaier (2002). "Presynaptic regulation of

72



neurotransmission in Drosophila by the g protein-coupled receptor methuselah." Neuron
36(1): 105-119.
Speck, O., S. C. Hughes, N. K. Noren, R. M. Kulikauskas and R. G. Fehon (2003). "Moesin

functions antagonistically to the Rho pathway to maintain epithelial integrity.

421(6918): 83-87.

Nature

Sprague, G. F., P. J. Cullen and A. S. Goehring (2004). "Yeast signal transduction: regulation
and interface with cell biology." Adv Exp Med Biol 547: 91-105.

St Johnston, D. (2002). "The art and design of genetic screens: Drosophila melanogaster." Nat
Rev Genet 3(3): 176-188.

Staley, B. K. and K. D. Irvine (2012). "Hippo signaling in Drosophila: recent advances and
insights." Dev Dyn 241(1): 3-15.

Stocker, H. and E. Hafen (2000). "Genetic control of cell size." Curr Opin Genet Dev 10(5):
529-535.

Storbeck, C. J., K. N. Al-Zahrani, R. Sriram, S. Kawesa, P. O'Reilly, K. Daniel, M. McKay, R.
Kothary, C. Tsilfidis and L. A. Sabourin (2013). "Distinct roles for Ste20-like kinase SLK in

muscle function and regeneration." Skelet Muscle 3(1): 16.

Storbeck, C. J., K. Daniel, Y. H. Zhang, J. Lunde, A. Scime, A. Asakura, B. Jasmin, R. G.
Korneluk and L. A. Sabourin (2004). "Ste20-like kinase SLK displays myofiber type
specificity and is involved in C2C12 myoblast differentiation." Muscle Nerve 29(4): 553-564.
Storbeck, C. J., S. Wagner, P. O'Reilly, M. McKay, R. J. Parks, H. Westphal and L. A.
Sabourin (2009). "The Ldbl and Ldb2 transcriptional cofactors interact with the Ste20-like
kinase SLK and regulate cell migration." Mol Biol Cell 20(19): 4174-4182.

Tapon, N., K. F. Harvey, D. W. Bell, D. C. Wahrer, T. A. Schiripo, D. Haber and I. K.
Hariharan (2002). "salvador Promotes both cell cycle exit and apoptosis in Drosophila and is
mutated in human cancer cell lines." Cell 110(4): 467-478.

Tassi, E., Z. Biesova, P. P. Di Fiore, J. S. Gutkind and W. T. Wong (1999). "Human JIK, a
novel member of the STE20 kinase family that inhibits JNK and is negatively regulated by
epidermal growth factor." J Biol Chem 274(47): 33287-33295.

Thompson, B. J. and S. M. Cohen (2006). "The Hippo pathway regulates the bantam
microRNA to control cell proliferation and apoptosis in Drosophila." Cell 126(4): 767-774.

73



Udan, R. S., M. Kango-Singh, R. Nolo, C. Tao and G. Halder (2003). "Hippo promotes
proliferation arrest and apoptosis in the Salvador/Warts pathway." Nat Cell Biol 5(10): 914-
920.

Viswanatha, R., P. Y. Ohouo, M. B. Smolka and A. Bretscher (2012). "Local phosphocycling
mediated by LOK/SLK restricts ezrin function to the apical aspect of epithelial cells." J Cell
Biol 199(6): 969-984.

Wagner, S., C. J. Storbeck, K. Roovers, Z. Y. Chaar, P. Kolodziej, M. McKay and L. A.
Sabourin (2008). "FAK/src-family dependent activation of the Ste20-like kinase SLK is
required for microtubule-dependent focal adhesion turnover and cell migration." PLoS One
3(4): e1868.

Wagner, S. M. and L. A. Sabourin (2009). "A novel role for the Ste20 kinase SLK in adhesion
signaling and cell migration." Cell Adh Migr 3(2): 182-184.

Warburg, O. (1956). "On the origin of cancer cells." Science 123(3191): 309-314.

Wei, X., T. Shimizu and Z. C. Lai (2007). "Mob as tumor suppressor is activated by Hippo
kinase for growth inhibition in Drosophila." EMBO J 26(7): 1772-1781.

Wu, C., M. Whiteway, D. Y. Thomas and E. Leberer (1995). "Molecular characterization of
Ste20p, a potential mitogen-activated protein or extracellular signal-regulated kinase kinase
(MEK) kinase kinase from Saccharomyces cerevisiae." J Biol Chem 270(27): 15984-15992.
Wu, M. F. and S. G. Wang (2008). "Human TAO kinase 1 induces apoptosis in SH-SY5Y
cells." Cell Biol Int 32(1): 151-156.

Wu, S., J. Huang, J. Dong and D. Pan (2003). "hippo encodes a Ste-20 family protein kinase
that restricts cell proliferation and promotes apoptosis in conjunction with salvador and warts."
Cell 114(4): 445-456.

Yang, Y., D. A. Primrose, A. C. Leung, R. B. Fitzsimmons, M. C. McDermand, A.
Missellbrook, J. Haskins, A. S. Smylie and S. C. Hughes (2012). "The PP1 phosphatase
flapwing regulates the activity of Merlin and Moesin in Drosophila." Dev Biol 361(2): 412-
426.

Zebisch, A. and J. Troppmair (2006). "Back to the roots: the remarkable RAF oncogene
story." Cell Mol Life Sci 63(11): 1314-1330.

Zecca, M., K. Basler and G. Struhl (1995). "Sequential organizing activities of engrailed,
hedgehog and decapentaplegic in the Drosophila wing." Development 121(8): 2265-2278.

74



Zhang, Y. H., K. Hume, R. Cadonic, C. Thompson, A. Hakim, W. Staines and L. A. Sabourin
(2002). "Expression of the Ste20-like kinase SLK during embryonic development and in the

murine adult central nervous system." Brain Res Dev Brain Res 139(2): 205-215.

Zhao, Z. S., E. Manser, X. Q. Chen, C. Chong, T. Leung and L. Lim (1998). "A conserved

negative regulatory region in alphaPAK: inhibition of PAK kinases reveals their
morphological roles downstream of Cdc42 and Rac1." Mol Cell Biol 18(4): 2153-2163.
Zhapparova, O. N., A. I. Fokin, N. E. Vorobyeva, S. A. Bryantseva and E. S. Nadezhdina
(2013). "Ste20-like protein kinase SLK (LOSK) regulates microtubule organization by
targeting dynactin to the centrosome." Mol Biol Cell 24(20): 3205-3214.

Zhong, L., R. Y. Hwang and W. D. Tracey (2010). "Pickpocket is a DEG/ENaC protein
required for mechanical nociception in Drosophila larvae." Curr Biol 20(5): 429-434.

Zhou, D., C. Conrad, F. Xia, J. S. Park, B. Payer, Y. Yin, G. Y. Lauwers, W. Thasler, J. T.
Lee, J. Avruch and N. Bardeesy (2009). "Mstl and Mst2 maintain hepatocyte quiescence and
suppress hepatocellular carcinoma development through inactivation of the Yapl oncogene."
Cancer Cell 16(5): 425-438.

Ziosi, M., L. A. Baena-Lopez, D. Grifoni, F. Froldi, A. Pession, F. Garoia, V. Trotta, P.
Bellosta, S. Cavicchi and A. Pession (2010). "dMyc functions downstream of Yorkie to
promote the supercompetitive behavior of hippo pathway mutant cells." PLoS Genet 6(9):
e1001140.

75



