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1. INTRODUCTION
During development a single fertilized egg makes a journey through a complex path and
ultimately gives rise to an organism with billions of cells. These cells in a mature
organism have finally adopted differentiated characteristics and fates to perform specific
functions required for each tissue and organ of the body. In order to achieve this, the
cells proliferate, differentiate and undergo movements with each of these processes
being triggered by different spatial and temporal signalling cues. It is therefore
necessary for every cell to be able to recognize these multiple signals and integrate them
to produce the appropriate developmental response in the right cellular context.
Signal transduction pathways form an integral part of developmental processes. They
are responsible for transducing extracellular signalling events into the cell’s nucleus and
modulate gene expression profiles. These pathways when inappropriately induced can
result in serious developmental abnormalities. For example Sonic hedgehog (Shh, a
vertebrate Hedgehog homolog) and the fibroblast growth factors (FGF), FGF4 and
FGF8 act to set up the Anterior/Posterior (A/P) and the proximal/distal axes in
vertebrate limbs. Ectopic expression of FGF-4 or Shh in vertebrates can induce the
development of duplicated or additional limbs requiring massive extra cell proliferation
(Laufer et al., 1994). In Drosophila, during wing imaginal disc development,
Decapentaplegic (Dpp), a member of the transforming growth factor-β (TGF-β)
superfamily, is central to the activity of the A/P organizer. It functions nonautonomously to regulate growth and patterning of both compartments and when
ectopically activated in the wing, Dpp signalling results in A/P pattern duplications also
involving massive increase in cell numbers (Basler and Struhl, 1994; Tabata and
Kornberg, 1994; Tabata and Takei, 2004). Wingless (Wg) on the other hand, is
produced at the Dorsal/Ventral (D/V) organizer and initiates a signalling cascade to
generate the D/V compartment boundary. When inappropriately activated, Wg
signalling also induces ectopic D/V boundaries resulting in extensive over-proliferation
(Neumann and Cohen, 1996; Zecca et al., 1996). These examples underscore the
pleiotropic nature of signal tranduction pathways. Extensive research has been carried
out to characterize their specific role in these cellular processes. However what still
remains to be clearly understood is how signalling cascades function to regulate
proliferation, and how they link to the core cell-cycle machinery.
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Cellular proliferation is a key process not only required during embryogenesis, but also
later at an organismic level, where it is required for specialized functions such as
maintainence of stem cell niches, hematopoiesis, tissue regeneration and wound healing.
The cell cycle is very tightly controlled by core regulatory components of which cyclindependent kinases (Cdks) form an integral part. Disruptions in these regulatory
components can result in both developmental defects and malignant conditions such as
cancer (Murray, 1993; reviewed in Schafer, 1998).
An issue of prime importance is how the core cell-cycle machinery integrates
information from the various signal transduction pathways into a common output that
results in appropriate progression through the cell cycle. Is it possible to outline a
molecular pathway that describes the flow of information connecting well known
signalling cascades to the regulation of Cdks and the consequent progression or halt of
the cell cycle?
The JAnus Kinase (JAK)/Signal Transducer and Activator of Transcription (STAT)
pathway was first identified on the basis of its role in transducing signals from
cytokines in lympho-hematopoetic system (Shuai, 1999; Shuai et al., 1996; Stark et al.,
1998) and has since been extensively characterized and shown to be involved in
regulating cell proliferation and differentiation (Leonard and O'Shea, 1998; Nosaka et
al., 1999). Constitutive activation of the pathway has been implicated in numerous
blood malignancies such as leukemias and lymphomas (Calò et al., 2003; Coffer et al.,
2000; James et al., 2005; Migone et al., 1995; Schindler, 2002; Sternberg and
Gilliland, 2004). However, mechanisms resulting in JAK/STAT pathway activation and
candidate downstream target genes regulating proliferation remain to be clearly
understood. The present study is therefore aimed towards characterizing the role of
JAK/STAT signalling in cellular proliferation and to identify the interacting partners,
which regulate this complex process.

1.1 The Cell cycle
The basic idea that a cell divides was first suggested by mid-nineteenth century scientist
Theodor Scheilden and Jacob Schwann when they proposed the cell theory (Schwann,
1857). Their proposal had two main tenets: that every living organism is composed of
one or more cells and that new cells can arise only by the division of preexisting cells.
Considerable advancements over the years have confirmed this theory and has improved
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our understanding of the cell cycle. A brief introduction to the cell cycle is outlined
below.
1.1.1 Properties of the cell cycle
The cell cycle is divided into two fundamental parts: interphase, which occupies the
majority of the cell cycle, and mitosis which is the shortest phase and ends with the
division of the cell into two daughter cells (Fig 1.1). Interphase encompasses G1, S and
G2 phases, where G1 and G2 phases represent the “gaps” in the cell cycle (Mitchison,
1971). During the first gap phase of the cell cycle (G1), the cell grows until it has
attained a certain cell size. The cell then enters the next phase, the S phase, wherein
synthesis of DNA takes place and the cells have an aneuploid DNA content between 2N
and 4N (where N refers to the nuclear DNA content). The cell duplicates its hereditary
material (DNA-replication) and a copy of each chromosome is formed. In the
subsequent G2 phase, the cell checks that DNA-replication is completed and prepares
for cell division. The chromosomes are separated in mitosis or M phase and the cell
divides into two daughter cells. This results in equal and identical distribution of the
chromosome sets and once division is achieved, the cells re-enter G1 and the cell cycle
is completed (Fig 1.1; Murray, 1993 and Reviewed in Schafer, 1998).

Figure 1.1. Schematic representation of cell cycle progression.
A cell cycle comprising of G1, S, G2 and M phase with cyclins and CDKs being the key components
driving the cell cycle machinery. Adapted from http://nobelprize.org/medicine/laureates/2001/press.html
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1.1.2 Cell cycle regulation
Mechanisms that advance or slow progression of the cell through the various phases of
the cell cycle, are essential rate-limiting steps. Central to these steps are the cyclins and
the Cdks that regulate the cell’s progression through G1, S, G2 and M phases. Cyclins
were so named because they were originally discovered as proteins with a cyclic pattern
of expression during the cell cycle of cleaving marine invertebrates (Evans et al., 1983).
This further led to the identification of Cdks, which are serine/threonine protein kinases,
comprising of a catalytic protein kinase subunit and a cyclin binding subunit (Murray,
1993). Cdks were shown to act as universal cell cycle regulators from yeast to mammals
and are considered to be the “cell cycle engine” driving cells through the cell cycle (Lee
and Nurse, 1987; Murray, 1993: reviewed in Schafer, 1998)).
There are at least seven Cdks in mammalian cells that are required at specific points in
the cell cycle as their inactivation prevents mitosis (Lee and Nurse, 1987; Murray,
1993). Activation of each Cdk is regulated by multiple factors which include: presence
or absence of cyclins during the cell cycle (Darzynkiewicz et al., 1996), binding of Cdks
to inhibitors (Guan et al., 1994; Hirai et al., 1995; Toyoshima and Hunter, 1994;
Xiong, 1996), post-translational modifications by phosphorylation (Morgan, 1995;
Morgan, 1997; Murray, 2004; Nurse, 1990), proteolysis of the cyclin partners (Murray,
1993), regulated transcription of Cdks and cyclins (Muller, 1995) and lastly, growth
factors and cytokines that promote the synthesis of cyclins, Cdks and E2F (Elongation
factor2F; reviewed in Schafer, 1998).

1.2 Drosophila imaginal disc cells: A model to study growth and
proliferation
A number of model systems are used to investigate cellular proliferation, one of which
are the imaginal discs of Drosophila larvae. Imaginal discs are sac-like sheets of
columnar epithelial cells and originate from a primordium at stage 10 (approximately 55.5hr after egg laying; Fig 1.2). During mid-embryogenesis, imaginal disc cells arrest in
G1 and remain quiescent until after the larvae hatch. During larval development, these
cells subsequently develop by a program distinct from that of the surrounding larval
tissues and during pupal development go on to generate adult structures like the eye,
antennae, wing, leg and the halteres (Bryant, 1978). A newly hatched larvae has
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approximately 10-50 imaginal cells per disc and reactivation of their cell cycle requires
the influx of nutrition from feeding, and a substantial (sixfold) increase in cell mass
(Madhavan, 1977). After this reactivation, the cells of the imaginal disc primordia
undergo extensive growth and proliferation, increasing in number by three orders of
magnitude to as many as 100,000 cells per disc (Cohen, 1993). These cells however
maintain a constant average size as they proliferate indicating that cell growth is a
limiting parameter in their division cycle (Graves and Schubiger, 1982). Proliferation
occurs throughout the disc, with a cell cycle that averages 8 hours and includes G1 and
G2 periods (Graves and Schubiger, 1982; Madhavan, 1977). Very little cell death is
observed in these discs during their growth, and that control of cell numbers in adult
structures is primarily achieved by cell division (James and Bryant, 1981). Along with
proliferation these discs undergo extensive patterning events and later differentiate into
adult structures such as wings, legs, or eyes (Bryant, 1978).
Figure 1.2. Leg and wing imaginal disc
primordia in late stage embryos.
Late embryo (stage 15) antibody stained against
markers for imaginal disc primordia: The wing
and haltere imaginal discs can be seen as sacs of
cells invaginating from the ectoderm in the
second and third thoracic segments (arrows,
stained in blue) and the leg discs (arrowheads,
stained in brown). Adapted from Cohen, 1993.

The imaginal cells exhibit a proliferative behaviour much like that seen in the
vertebrates (Bryant, 1978). These cells proliferate with a cell cycle requiring growth, G1
phase and involving patterning processes controlled by signalling molecules. All these
features make them a favourable model to characterize cellular proliferation (Bryant,
1978; reviewed in Edgar and Lehner, 1996).

1.3 Signal transduction and proliferation in imaginal discs
The importance of signalling pathways in controlling cell proliferation is illustrated by
phenotypes that result when alterations in signal transduction pathways are generated.
Loss of Dpp or Wg activity during wing disc development results in extreme reduction
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in cell number (Basler and Struhl, 1994; Burke and Basler, 1996; Kim et al., 1996;
Williams et al., 1993). Clones of cells lacking signal transducing components of these
pathways like Tkv (Thickvein), Vestigal and MAD (Mothers against dpp) show a cell
autonomous failure to grow (Burke and Basler, 1996; Grieder et al., 1995; Kim et al.,
1996). Conversely, ectopic expression of Dpp results in A/P pattern duplication
involving massive increase in cell numbers (Basler and Struhl, 1994; Burke and Basler,
1996; Capdevila and Guerrero, 1994; Lecuit et al., 1996; Nellen et al., 1996).
Inappropriate activation of Wg signalling also induces ectopic D/V boundary that leads
to extensive proliferation (Doherty et al., 1996; Struhl and Basler, 1993). Notch
signalling, another critical signal transduction pathway, plays a crucial role during
Drosophila eye imaginal disc development. In genetic backgrounds where Notch is
activated throughout the eye field, results in an enlarged eye, presumably due to
increased cellular proliferation (de Celis et al., 1995; Kurata et al., 2000). Contrary to
this, loss of Notch activity can result in a complete loss of eye tissue. This phenotype
can be rescued by over-expression of Cyclin E, indicating that the tissue loss observed
in these eye discs is a proliferation based defect (Cho and Choi, 1998; de Celis et al.,
1995; Kenyon et al., 2003). Mutations in the Drosophila epidermal growth factor
receptor homolog (DER) also blocks BrdU incorporation (Bromo deoxyuridine (BrdU)
is used to mark cells in S phase) and causes a cell cycle arrest (Baumann and Skaer,
1993; Kerber et al., 1998).
The role signal transduction plays in cellular growth/proliferation during Drosophila
imaginal disc development is also mirrored in vertebrate development. Shh and FGF4
and FGF8 are required to set up the A/P and the proximal/distal axes in vertebrate
limbs. Ectopic expression of Shh and FGF4 can induce duplicated or additional limbs
involving massive cellular proliferation (Laufer et al., 1994; reviewed in Edgar and
Lehner, 1996) a situation mirroring the examples described above for Drosophila.

1.4 Links between signalling and cell cycle: direct and indirect
What links these signalling events to the cell cycle? Surprisingly, given their intensive
study, only relatively few instances have been described which provide direct molecular
links between developmental signalling pathways and the cell-cycle regulators.
Research carried out in Drosophila malphigian tubules (MT) does provide some insight
into this. Kerber et al., (1998) provide an intriguing link from their studies in MT where
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they show that in Drosophila EGF receptor (DER) mutants lead to the loss of string (the
Drosophila cdc2 homolog) and cyclin E expression. Expression of string and cyclin E is
also reduced in seven up (svp) mutants (a transcription factor requiring DER signalling
for its activation). Both string and cyclin E are expressed in the same dividing tubule
cell as svp. Ectopic svp expression induces strong string expression and, to a lesser
extent, cyclin E. A plausible model suggested is that svp which is under the control of
the EGF signalling, may control progression through the cell cycle by regulation of
string transcription. Effects on cyclin E may however be direct, or a secondary
consequence of cell-cycle progression. Wingless also controls cell proliferation in the
MTs via controlling cyclin E or other cell cycle regulators or by imparting growth
stimulus that is necessary in conjunction with DER signalling to control string
transcription (Skaer, 1992).
Interestingly, Wg can also play a very direct role in halting cell-cycle progression in a
specific region of the wing (Fig 1.3), called the Zone of non-proliferating cells (ZNC;
O'Brochta and Bryant, 1985; Schubiger and Palka, 1987). The cells in the ZNC arrest
either in G1 or G2 phase of the cell cycle (Johnston and Edgar, 1998). Wg is expressed
in a four cell wide stripe along the D/V boundary in the centre of the ZNC. In the
posterior half of the ZNC, all the cells arrest in G1 phase; in the anterior half, only
wingless expressing cells arrest in G1 whereas the cells adjacent to Wg-expressing cells
arrest in G2 (Fig 1.3). The basis for this G1 versus G2 arrest appears to be dictated by
the presence or absence of proneural transcription factors achaete and scute. Achaete
and Scute are expressed only in G2 arrested cells and this expression requires Wg
signalling from the adjacent G1 arrested cells. The G2 arrest apparently occurs through
suppression of string transcription (Johnston and Edgar, 1998).
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Figure 1.3. Schematic representation of the zone of non-proliferating cells.
Wingless induces a G2 arrest in dorsal and ventral anterior cells by inducing ac and sc, which repress
string expression (light blue domains). At the same time Wingless inactivates dE2F throughout the ZNC,
leading to G1arrest in the posterior and anterior central domains (white domains). Notch promotes both
G1 and G2 arrests by sustaining Wingless expression, and also creates the anterior domain architecture by
blocking ac and sc expression in Wingless-expressing cells. A, anterior; P, posterior; D, dorsal; V,
ventral. Adapted and modified from Johnston and Edgar, 1998.

Signalling pathways can also elicit their effect indirectly via stimulation of growth
(Edgar and Lehner, 1996; Serrano and O'Farrell, 1997). Cell growth defined as the
accumulation of cell mass, is independently regulated to cellular proliferation. This was
shown by over-expression studies, where several well-characterized cell cycle
regulators induced cell proliferation but failed to stimulate growth (Neufeld et al.,
1998). Several findings suggest that Dpp and Wg signalling may not be controlling cell
cycle genes at all, rather involved in regulating cell growth and metabolism. For
instance, clones of tkv cells fail to proliferate and compete with the surrounding wild
type cells, that results in small clones. These properties resemble Minute heterozygous
cells, which simply have reduced rates of protein synthesis, and grow poorly compared
to their wild type counterparts. However, when tkv- cells are provided with a growth
advantage by making them Minute+ in a Minute heterozygous background, they resume
proliferation and result in large clones predominantly in regions of the developing wing
where dpp is normally required (Burke and Basler, 1996). A simple interpretation of
this can be that DPP signalling may enhance protein synthesis, which stimulates cell
growth, and the increased proliferation that results is simply a consequence of cell
programmed to maintain a constant size.
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Cyclin D is thought to provide a link between external signalling cues or mitogens and
the autonomous cell cycle machinery. Vertebrate Cyclin D1, a cell cycle activator and a
repressor of pRB (Retinoblastoma protein), is linked to translational control. Its amount
(and presumably activity) can be increased dramatically by over-expression of eIF4E
which is a translational initiation factor whose activity is stimulated by growth factor
signalling (Barbet et al., 1996; Brown and Schreiber, 1996; Rosenwald et al., 1993).
Constitutive activation of the Cyclin D pathway can reduce or overcome the need for
certain mitogens required for cell proliferation (Datar et al., 2000). Mutations in cyclin
D also contribute to oncogenic transformations, by targeting pRB, p107 and p130 that
repress E2F type transcription factors (Bartkova et al., 1996; Hatakeyama and
Weinberg, 1995; Hirai and Sherr, 1996). Experiments in vertebrates have shown that
cells lacking pRB (the E2F repressor), possess a cell cycle that is relatively resistant to
inhibitors of protein synthesis (Herrera et al., 1996). Evidence from Drosophila
research have also provided intriguing links between cyclin D and the Hedgehog (Hh)
signal transduction pathway (Duman-Scheel et al., 2002). It is suggested that Hh
signalling regulates the expression of cyclin D to promote cell growth (an accumulation
of cell mass). Also physical interactions between Cyclin D-Cdk4 and Drosophila
STAT92E, a JAK/STAT signal transduction pathway component, have been identified
(Chen et al., 2003). Taken together these evidence strengthen the hypothesis that the
Cyclin D-pRB-E2F pathway might have a role in linking protein synthesis and cell
growth to proliferation (Asano et al., 1996; Du et al., 1996), and open the possibility
that these molecules could represent the relayers of signal transduction pathways.
Figure 1.4 depicts a simplified version of this hypothesis.
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1996.
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1.5 The JAK/STAT signal transduction pathway
The JAK/STAT pathway is one of the many evolutionary conserved signalling modules.
It is required from embryonic development to adult life. STAT3 deficient mice die in
embryogeneis prior to gastrulation (Akira, 2000), STAT5b is essential for growth
hormone (GH) signalling, and defects which results in loss of sexually dimorphic body
growth rates (Davey et al., 1999). In addition to its role in regulating normal
developmental processes, uncontrolled JAK/STAT signalling is also implicated in cell
proliferation and tumor formation. Activation of various JAKs and STATs have been
observed in numerous human blood malignancies, including lymphomas and leukemias
(Gouilleux-Gruart et al., 1996; Migone et al., 1995; Weber-Nordt et al., 1996). While
these evidence warrant a deeper understanding of the role JAK/STAT signalling plays
in cellular proliferation, the complexity of the pathway in vertebrates limits our
understanding.
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Drosophila on the other hand, has a conserved, but less complex JAK/STAT signal
transduction cascade. Many of its functions in vertebrates are mirrored in Drosophila.
Misactivation can even result in malignancies similar to human leukaemia. For example
hopTuml gain-of-function mutants expressing contain over-proliferated melanocytes that
result in tumors termed ‘fly leukemias’ (Hanratty and Dearolf, 1993). Also ectopic
expression of the pathway ligand unpaired (upd) in the eye drives extra rounds of
cellular proliferation ahead of the morphogentic furrow (MF) resulting in over-grown
eyes with increased number of ommatidia, (Fig 2.14; (Bach et al., 2003). Recent reports
also suggest strong links between JAK/STAT signalling and other signal transduction
pathways including Dpp, Notch and Wg. STAT92E interaction with Cyclin D and Cdk4
have also been reported (mentioned in detail later). The completeness of the pathway
observed in Drosophila along with the availability of traditional genetic tools makes it a
powerful system to characterize JAK/STAT signalling and its role in cellular
proliferation.
1.5.1 Mechanism of JAK/STAT signalling
It is now over a decade since the first signal transducer and activator of transcription
(STAT) protein and its activating Janus kinases (JAKs) were identified as being vital for
mediating interferon signalling (Schindler et al., 1992; Silvennoinen et al., 1993;
Witthuhn et al., 1993). However, the signalling connection between the JAK and STAT
families was not known until in 1994 when the breakthrough for this connection was
established by somatic cell genetics (Darnell et al., 1994). Using mutagenesis and
complementation approaches, cell clones defective in IFN-induced signalling regained
IFN-responsiveness when JAKs or STATs were reintroduced, establishing linkage
between these two families. Subsequent analysis with intact, nonmutagenized cells
demonstrated the critical, transient association between JAK and STAT family members
and the requiremant for STAT phosphorylation and activation (Darnell et al., 1994;
Ihle, 1995).
Extensive analysis in mammalian systems, has led to the development of a canonical
JAK/STAT signalling model depicted in Fig 1.5. In this model the non-receptor JAK
tyrosine kinases are associated with the intracellular portion of transmembrane cytokine
receptors. Following ligand binding to dimerised cytokine receptors the two JAK
molecules phosphorylate one another and their associated receptors. The resulting
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phospho-tyrosine residues are recognized by the SH2 domain of the cytosolic STAT
proteins, which are then recruited to these docking sites before being themselves
phosphorylated on a C-terminal tyrosine residue by JAKs. The activated STATs form
homo- and hetero-dimers and translocate to the nucleus, bind to a palindromic DNA
recognition sequence and activate the transcription of pathway target genes (Darnell et
al., 1994; Ihle, 1995; Kisseleva et al., 2002; Zeidler et al., 2000a).

Figure 1.5. Schematic representation of the JAK/STAT pathway.
Mechanism of JAK/STAT signalling. The ligand (in blue) binds to the transmembrane receptor (in grey),
bringing the two JAK molecules (in red) close to one another, such that they phosphorylate one another
and the associated receptor. This creates docking sites for the cytosolic STAT trascription factors (in
green), which are then recruited to this receptor JAK associated complex. This results in the
phosphorylation of STAT molecules, which then form homo- or hetero-dimers, translocate to the nucleus
to activate transcription of pathway target genes.

1.6 Components of JAK/STAT signalling pathway
1.6.1 Ligands
The binding of the ligand to a transmembrane receptor molecule triggers the activation
of JAK/STAT signalling. Ligands are represented by various cytokines, comprising of a
large group of low molecular weight glycoproteins, interferons and growth factors
(Boulay et al., 2003; Hanlon et al., 2002; Leonard and O'Shea, 1998). Hormones like
prolactin, erythropoietin, trombopoietin, growth hormone, as well as some chemokines
serve as ligands for JAK/STAT pathway (Soriano et al., 2003).
To date three closely related ligands have been identified in Drosophila, namely Upd,
Upd2 and Upd3. All are capable of activating JAK phosphorylation and are encoded
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within the 17A region of the Drosophila X-chromosome (Agaisse et al., 2003; CastelliGair Hombria and Brown, 2002; Catelli-Gair Hombria et al., 2005; Muller, 1930;
Wieschaus et al., 1984a). unpaired gene (Wieschaus et al., 1984) also known as
outstretched (Muller, 1930) was the first Drosophila ligand to be identified. It is a
secreted, glycosylated 47kDa protein and is predominantly found attached to the
extracellular matrix (Harrison et al., 1998). upd3 (CG15062/CG5963), a homolog of
upd, also functions via JAK/STAT pathway primarily in haemocytes to stimulate a
response during septic injury (Agaisse et al., 2003). Similarly, upd2 can also act to
stimulate the pathway in vivo and in Drosophila tissue culture cells. Recent tissue
culture based assays have shown Upd2 to be a secreted protein as well (Catelli-Gair
Hombria et al., 2005; Gilbert et al., 2005). upd2 and upd, share a similar expression
patterns. While upd mutants have milder phenotypes than mutants inactivating the
pathway, a deletion removing upd, upd2 and upd3 sequences, has an identical
embryonic phenotype to hop, STAT92E or dome mutants. It is likely that these ligands
are mutually semi-redundant and supplement Upd functions (Catelli-Gair Hombria et
al., 2005; Gilbert et al., 2005).
1.6.2 Receptors
Circulating cytokines bind to specific receptors on the cell outer surface to evoke
responses inside the cell. The cytokines known to activate JAK/STAT signalling bind to
receptors comprising of large family of polypeptides with a single-pass transmembrane
domain (Langer et al., 2004). The N-terminal extracellular region contains Fibronectin
type III repeats and forms two domains, of which one is known to be the cytokine
binding module (CBM; Heinrich et al., 2003). The terminal region of the intracellular
domain, contains tyrosine residues which act as docking sites for STAT molecules and
other modulators of JAK/STAT signalling (De Souza et al., 2002). Proximal to the
membrane are box1 and box2 motifs, important for non-covalent association with JAKs
(Yeh and Pellegrini, 1999).
In Drosophila only one receptor, namely Domeless (Dome; Brown et al., 2001), also
termed MOM (Chen et al., 2002a), is known to which Upd binds and results in the
activation of the signalling cascade. Mutations in domeless are associated with
segmentation defects identical to those of either hop, or stat92E mutations. Domeless in
Drosophila has been shown to physically interact with Upd/ Hop/ STA92E (Chen et al.,
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2002a). One additional Domeless-like molecule (CG14225) exists in the Drosophila
genome although its function remains to be characterised (Castelli-Gair Hombria and
Brown, 2002; Hou et al., 2002).
1.6.3 Janus Kinases (JAKs)
The JAKs belongs to the family of non-receptor tyrosine kinases. In mammals, the
family has four members namely, Jak1, Jak2, Jak3 and Tyrosine kinase 2 (Tyk2). Each
protein has a kinase domain and a catalytically inactive pseudo-kinase domain and each
binds to the cytokine receptor through an amino-terminal FERM domain (Band-4.1,
erzin, radixin, moesin; reviewed in Levy and Darnell, 2002).

JH7

N

JH6

JH5 JH3
JH4

FERM
P

SH2

JH2

JH1

Kinase

Pseudokinase
P

P

C

P P

Figure 1.6. Primary structure of Janus kinases (Jaks).
JAKs have been identified to contain seven JH domains. The JH1 domains possesses the tyrosine kinase
domain, JH2 domain contains the pseudokinase domain, JH3-JH4 contain the SH2 domain and JH6-JH7
contian the FERM domain. P in the yellow circle indicates the phosphorylation sites. Adapted and
modified from Levy and Darnell, 2002.

Seven Jak homology (JH) domains have been identified, numbered from carboxyl
terminus to the amino terminus (Fig 1.6). The carboxyl terminus contains the JH1
domain that possesses all the features of a typical eukaryotic tyrosine kinase domain.
Adjacent to the JH1 domain is the pseudokinase domain (JH2), a catalytically inactive
region distantly related to other kinase-like domains, which possesses essential
regulatory functions. The amino terminus contains an SH2-like domain (JH3-JH4) and
the FERM homology domain (JH6-JH7). The FERM domain is 300 amino acid (aa)
long and is implicated in mediating interactions with transmembrane proteins and the
cytokine receptors. The FERM domain binds to the kinase domain intra-molecularly
and positively regulates the catalytic activity (Girault et al., 1998; Usacheva et al., 2002
also reviewed in Levy and Darnell, 2002). However, the unavailability of the crystal
structure of JAKs limits our further understanding.
Among vertebrates, JAKs are found in chicken Gallus gallus (Bartunek et al., 1999;
Sofer et al., 1998), zebrafish Danio rerio, the carp Cyprinus carpio, pufferfish
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Tetraodon floviatilis and the chordate sea squirt Ciona intestinalis (Hino et al., 2003;
Leu et al., 2000; Oates et al., 1999). However no JAK like molecule has been identified
in the nematode Caenorhabditis elegans or in the slime mold Dictyostelium discoidium,
organisms that contain STAT molecules, implying STAT to be more evolutionarily
ancient (Liu et al., 1999).
In Drosophila a single JAK molecule has been identified, encoded by the hopscotch
(hop) gene. Hop is a 120 kDa protein of 1,177 aa and is most similar to mammalian
JAK2 (27% identitiy; (Binari and Perrimon, 1994). The domains present in all other
JAKs are present in Hopscotch. Two hyperactivating mutations of hop have been
identified that cause leukaemia like defects in flies. The first, Tumorous-lethal (hopTum-l)
contains an amino acid substitution (G341E) in the JH4 region (Harrison et al., 1995;
Luo et al., 1995; Luo et al., 1997). The second, HopT42 is slightly stronger than hopTum-l,
and also contains a single amino acid substitution (E695K) in the kinase-like domain.
These represent the residues conserved in all known JAK homologs (Luo et al., 1997).
A recent report described another activating point mutation in JAK2 tyrosine kinase
domain, in polycythemia vera patients. These patients have an abnormal increase in
blood cells (primarily the red blood cells). The mutant JAK2 identified in these patients
results in enhanced kinase activity, and when over-expressed together with the
erythropoietin receptor in cells results in hyperactivation of erythropoietin-induced cell
signalling (Zhao et al., 2005).
1.6.4 Signal tranducer and activator of transcription (STAT)
STAT proteins were identified more than a decade ago, as being latent cytoplasmic
transcription factors that upon activation regulate cell growth, proliferation and
differentiation (Schindler et al., 1992). The events leading to STAT activation follow
directly after cytokine induction and JAK mediated phosphorylation of STATs, which
then dimerise, translocate to the nucleus and bind to consensus DNA-binding sites also
known as GAS sites (gamma interferon-activated sites). These sites are present in the
promoters of cytokine inducible pathway target genes, and require STAT binding for
their active transcription (Bromberg et al., 1998; Darnell et al., 1994; Song and
Grandis, 2000). Much research to characterize the activation of STATs has been carried
out and has demonstrated that STAT proteins are activated in response to ligand binding
to many cytokine receptors, including growth hormone (GH), prolactin (Prl),
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erythropoietin (Epo), as well as several other growth factor receptors (Davy et.al., 1999;
Ihle, 2001; Leaman et al., 1996).
To date, seven STAT proteins have been identified in mammals ranging in size from
750 to 850 aa. The chromosomal distribution of these STATs, as well as the
identification of STATs in more primitive eukaryotes suggests that this family arose
from a single primordial gene. The locus seems to have duplicated over years, possibly
reflecting an increasing need for cell to cell communication as complexity within
eukaryotes evolved (reviewed in Kisselva et al., 2002).
1.6.4.1 STAT structure and function
The STAT family of proteins share an evolutionarily conserved structural and
functional pattern. Figure 1.7 depicts the functional domains present in all STAT family
members. The structure includes an amino-terminal domain (N-terminus), the coiledcoil domain (CCD), the DNA binding domain (DBD), the linker domain and the
SH2/tyrosine activation domain. In contrast to these above mentioned domains, the
transcriptional activation domain (TAD) at the carboxy-terminal is quite divergent and
may be responsible for contributing to STAT specificity (see below and reviewed in
Kisselva et al., 2002; Levy and Darnell, 2002).
P

P

Y S
N-Term
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DBD

Linker

SH-2

TAD

Figure1.7. Functional domains of STAT family members.
Protein structure of STATs. Amino terminal domain (N-Term), Coiled coil domain, DNA binding domain
(DBD), Linker domain, Src homology-2 (SH-2) domain and the Transactivation domain (TAD). The
conserved tyrosine (Y) and serine (S) are present in the TAD. P in yellow circles represents the
phosphorylated Y and S. Obtained from Levy and Darnell, 2002.

The N-terminal domain of STAT proteins is highly conserved, responsible for proteinprotein interaction and is required for dimer-dimer interactions to form STAT tetramers
or oligomers (Vinkemeier et al., 1998). This tetramerization of STATs contributes to
stabilize STAT-DNA binding with low-affinity binding sites and contributes to
increased transcriptional activity (John et al., 1999).
A flexible polypeptide chain links the N-terminal domain to the coiled-coil domain (Fig
1.7). The domain associates with a number of potentially important regulatory
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modifiers, including p48/IRF9, the transcription factor c-Jun, N-myc interacting protein
(Nmi), and StIP (Collum et al., 2000; Horvath, 2000; Zhang et al., 1999; Zhu et al.,
1999). Further studies have also shown this domain to be involved in receptor binding,
tyrosine phosphorylation and nuclear export (Begitt et al., 2000).
The DNA binding domain, lying between aa 320-480, is a β-barrel with an
immunoglobulin fold and is very similar to immunoglobulin-like DNA binding domain.
This structure is reminiscent to that of NF-kB and p53 DNA binding domain (Chen et
al., 1998) and is responsible for the DNA-binding specificity of each STAT protein
(Horvath, 2000).
The SH2 domain plays an important role in signalling and is located between aa 600700. It is required for the recruitment of STATs to phosphorylated receptors and for the
reciprocal SH2-phosphorylation interactions between monomeric STATs to form
dimers (Shuai, 1999). STAT binding to the receptor occurs through the interaction of
the STAT SH2 domain with a phosphorylated tyrosine present in the receptor docking
site (Shuai, 1999; also reviewed in Kisselva et al., 2002; Levy and Darnell, 2002).
STAT activation target sites are located near the SH2 domain, which carries the critical
tyrosine residue, required for SH2-phosphotyrosine interaction (Table 1.1 mentions the
tyrosines residues). All STATs except for STAT2 have been shown to form stable
homodimers in vitro and in vivo. Additionally many STATs including STAT2 can
heterodimerize with other STATs through this reciprocal SH2-phosphotyrosine
interaction (reviewed in Darnell, 1997; Schindler and Darnell, 1995). While no homodimers for STAT4 and STAT6 have been identified, heterodimers for STAT1-2,
STAT1-3 and STAT5a/b-STAT6 have been identified as a response to cytokine
mediated activation of the cascade (Horvath, 2000).
At the C-terminus, lying between aa residues 661 and 851, is the transcriptional
activation domain. A highly conserved serine in this domain (except in STAT2 and
STAT6, where no such serine has been identified), is essential, and acts as a
phosphorylation site to regulate STAT transcriptional activity. STATs with this mutated
serine have reduced transcriptional activity (20% less; Leonard and O'Shea, 1998).
Proteins belonging to the MAP kinase family (ERKs and p38) are partly responsible for
serine phosphorylation, and represent a cross-talk mechanism between two different
signal transduction pathways (David et al., 1995; Goh et al., 1999).
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The structure of DNA-engaged STAT dimers has been resolved at the crystallographic
level for both STAT1 and 3 (Becker et al., 1998). However, the data from these crystal
structures is limited because they do not include either the functionally critical Nterminal domain or the C-terminal transactivation motif (Becker et al., 1998; Chen et
al., 1998).
STATs are well conserved during eukaryotic evolution and homologs have been
identified in Danio rerio and other fishes, and in frogs Xenopus laevis, in the nematode
Caenorhabditis elegans or in the slime mold Dictyostelium discoidium (Leu et al.,
2000; Lewis and Ward, 2004; Nishinakamura et al., 1999; Oates et al., 1999; Pascal et
al., 2001; also reviewed in Kisselva et al., 2002).
The Drosophila genome contains a single stat gene termed stat92E on the basis of its
genomic location in chromosomal band 92E (Hou et al., 1996). STAT92E bears highest
homology to STAT5 (37% identity), and less homology to other STATs (25-30%
identity; Hou et al., 1996). Domains conserved in other mammalian STATs have been
identified in Drosophila STAT92E, which include the DNA-binding domain in the
central region, an SH2 domain and a critical tyrosine residue at 711/704 (depending on
splice form), which is phosphorylated by Hop and is required for DNA-binding (Yan et
al., 1996b). Studies by Henriksen et al., (2002) have identified a splice variant of
STAT92E, which is truncated at the N-terminal region (ΔNSTAT92E). This STAT
variant can dimerise and bind to DNA, however is unable to activate transcription of
pathway target genes, and thus acts as a dominant negative regulator of the pathway.
1.6.4.2 STATs as tumor suppressors and inducers of tumor formation
STAT1 the first STAT to be identified, is important for interferon signalling and is
specific to activation by IFN-γ (Bromberg et al., 1998; Bromberg et al., 1996; Durbin et
al., 1996; Meraz et al., 1996; Schindler et al., 1992; Xu et al., 1998). In addition to its
requirement in innate immunity, STAT1 also serves to inhibit growth and activate
apoptosis, which suggests a potential role for STAT1 in host tumor surveillance
capabilities (Kaplan et al., 1998). This role is highlighted by findings, which show that
STAT1 deficient mice exhibit an increased susceptibility towards chemical induced
tumor formation. Furthermore, these animals tend to develop tumors more rapidly when
crossed to p53-deficient background and represent a broader spectrum of tumor types
not seen in p53 single mutants (Kaplan et al., 1998). The requirement for STAT1
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observed during apoptosis and growth arrest in certain cell types may result from its upregulation of caspases and the Cdk inhibitor p21 (Bromberg et al., 1998; Chin et al.,
1996; Kaplan et al., 1998; Kumar et al., 1997; Lee et al., 2000). This characteristic upregulation of p21 by STAT1, involving BRCA1 is often lost in familial and other forms
of breast cancers. STAT1 is also mutated in a number of other forms tumors (Dupuis et
al., 2001; Ouchi et al., 2000; see Table 1.1 for further references).
By contrast to STAT1, STAT3 and STAT5 have been observed to be involved in
malignant transformation, particularly STAT3, whose activity is involved in the
maintenance of transformed phenotypes. Many cancer derived cell lines, contain
constitutively active STAT3 and are dependent on it. When treated with dominant
negative forms, or antisense RNA for STAT3, they undergo growth arrest and apoptosis
(Akira, 2000). STAT5 is also constitutively active in certain malignancies, especially
leukemias, lymphomas and myeloproliferative disorders (Schwaller et al., 2000).
Evidence from recent studies also suggest STAT6 to be required for IL-4 mediated
growth inhibition and induction of apoptosis in human breast cancer cells (Gooch et al.,
2002).
Thus STAT1 acts anti-proliferatively while STAT3 and STAT5 act to promote
proliferation. Table 1.1 presents a brief description of all the STATs with their normal
physiological roles along with their involvement in different tumor types and the
potential oncogenic kinases responsible for their activation.
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Table 1.1: Constitutive STAT activation in tumors and tumor derived cell lines.
STATs

STAT1

Chromo
-somal
Location
2q12-33

Cytokine

Oncogenic
kinase

Phosphorylation
site

Physiological
functions

Cancer
type

References

IFNs,IL6

Etk/BMX,
v-Abl,
BCR-Abl

TYR 701, SER
727

Response to
types I and II
IFNs, IL-2, IL-6,
EGF, PDGF,
GM-CSF

Breast, head and
neck, lung, brain
tumors, acute
lymphoblastic
leukemia (ALL),
Chronic
lymphocytic
leukemia (CLL)

(Doucet et al.,
2000; Frank et
al., 1997;
Garcia et al.,
1997;
GouilleuxGruart et al.,
1996; Grandis
et al., 1998;
Schaefer et al.,
2000)

STAT2

12q1314,1

IFNs

STAT3

17q11,222

IL-6

v-Src,
Etk/BMX,
Lck

TYR 689

Response to type
I IFN

TYR 705, SER
727

Embryogenesis,
skin
remodelling,
involution of the
post-lactating
mammary gland

Breast, head and
neck, prostate,
ovarian, lung,
brain, pancreas,
kidney, CLL.

(Park et al.,
2000)
(Barton et al.,
2004;
Fernandes et
al., 1999;
Frank et al.,
1997; Grandis
et al., 1998;
Greten et al.,
2002;
Horiguchi et
al., 2002;
Proietti et al.,
2005; Savarese
et al., 2002;
Schaefer et al.,
2000)

STAT4

STAT5a

2q12-33

17q11,222

IL-12,
IFN

PRL,
GH, EPO

TYR 722, SER
722

v-Src, Lck,
Etk/BMX,
v-Abl,
BCR-Abl

TYR 694, SER
726

Response to IL12 for the
development of
type I T-helper
cells
Development of
the mammary
gland and
lactogenesis

(Morinobu et
al., 2002;
Sinigaglia et
al., 1999)
ALL, Chronic
myelogenous
leukemia (CML),
acute myeloid
leukemia (AML)
erythroleukemia

(Carlesso et
al., 1996;
Chai et al.,
1997;
GouilleuxGruart et al.,
1996)

STAT5b

17q11,222

PRL,
GH, EPO

v-Src, Lck,
Etk/BMX,
v-Abl,
BCR-Abl

TYR 694, SER
731

GH signalling,
regulation of
sexual
dimorphism and
development of
NK cells

CML, AML, ALL

(Carlesso et
al., 1996;
Chai et al.,
1997;
GouilleuxGruart et al.,
1996)

STAT6

12q1314,1

IL-4, IL13

TYR 641

Response to IL-4
and IL-13 for the
development of
type II T-helper
cells

(Gooch et al.,
2002)
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1.6.4.2 Target genes regulated by STATs
Target genes of activated STAT in vertebrates include Bcl-XL, cyclin D1, p21WAF1/Cip1 and
c-Myc. These genes have been implicated in regulating cell cycle progression and/or
apoptosis and alterations in them lead to oncogenesis (Catlett-Falcone et al., 1999;
Coffer et al., 2000; Kiuchi et al., 1999; Sinibaldi et al., 2000).
In Drosophila a number of transcriptional target genes for activated STAT92E have
also been identified. These include even-skipped (eve) during early embryogenesis (Yan
et al., 1996b), trachealess (trl) and knirps (kni) in tracheal placodes (Brown et al., 2001)
ventral vein lacking (vvl) in the hind gut (Brown et al., 2003), four-jointed (fj) in the eye
imaginal disc (Zeidler et al., 1999a), Drosophila raf proto-oncogene activated during
immune response (Kwon et al., 2000), domeless receptor (Brown et al., 2003), stat92E
itself (Wawersik et al., 2005), SOCS36E, a negative regulator of the pathway (Karsten
et al., 2002) and ptp61F a phosphatase involved in regulating STAT92E activity (Baeg
et al., 2005).

1.7 Negative regulation of the pathway
Several groups of regulators involved in negatively modulating JAK/STAT signalling
have been identified. One of which belongs to the class of cytoplasmic tyrosine
phosphatases. Research carried out in mice and humans, have identified mutations in
phosphatase recruitment sites in cytokine receptors resulting in enhanced proliferative
signals. These mutations have also been observed in patients with neutropenia/ acute
myeloid leukemia (Dong et al., 2001; Klingmuller et al., 1995). These confirm the
importance of regulated phosphorylation for maintaining normal physiological
conditions. SH2-containing phosphatases, SHPs 1 and 2 or protein-tyrosine phosphatase
B1 (PTPB1) result in tyrosine dephosphorylation of the receptors, which in turn restricts
STAT phosphorylation (Aoki and Matsuda, 2000; David et al., 1995). T-cell phosphotyrosine phosphatase (TC-PTP) is another class of phosphatases known to inactivate
STATs in the nucleus. They are enzymes responsible for dephosphorylation of STAT1
and STAT5 (ten Hoeve et al., 2002; Yamamoto et al., 2002). So far PTP61F is the only
known phosphatase to be involved in modulating Drosophila JAK/STAT signalling
(Baeg et al., 2005; Müller et al., 2005). However, searches through the Drosophila
genome database have also identified corkscrew, an SH2-containing phosphatase (Eberl
et al., 1992). Its interaction with JAK/STAT pathway remains to be studied.
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SOCS (suppressors of cytokine signalling) proteins, which are one of the candidate
downstream target genes of STATs, block continued JAK/STAT signalling (Karsten et
al., 2002). These proteins are induced upon cytokine stimulation, and are recruited to
active receptor complexes resulting in pathway inhibition. They result in inhibition by
either causing protein turnover of the receptor by ubiquitin-proteosome mediated
degradation (Krebs and Hilton, 2001) or inactivate the JH1 domain of JAKs via their
SH2 or KIR (kinase inhibitory regions) domains (Yasukawa et al., 2000). Finally SOCS
proteins can also bind to phosphorylated tyrosines of the activated receptor, thus
competing for these sites with STATs (Yamamoto et al., 2002). The Drosophila
SOCS36E gene shows the highest homology to vertebrate SOCS-5 (Karsten et al.,
2002). Its expression is dependent on Upd and it is able to downregulate pathway
activity (Callus and Mathey-Prevot, 2002; Karsten et al., 2002). socs16D and socs44A
respresent other homologs of mammalian SOCS in Drosophila although their functions
remain less clear (Bach and Perrimon, 2003; Rawlings et al., 2004).
PIAS proteins (protein inhibitor of activated STATs) represent another potential class of
negative regulators. PIAS1 and PIAS3 were shown to specifically interact with
tyrosine-phosphorylated STAT1 and STAT3, which then blocked the DNA-binding
capabilities of these STATs in vitro (Chung et al., 1997). The identification of the
Drosophila homologue dPIAS, and its interaction with STAT92E indicates that PIAS
modulates pathway activity in vivo as well (Mohr and Boswell, 1999). Also the tumor
formation observed in hopTuml flies is reduced following dPIAS over-expression, and
increased with reduced dPIAS levels. PIAS protein family has been also shown to
possess E3-ligase like activity that mediates SUMO conjugation to several proteins
including p53 and c-Jun, which represses their activity (Kotaja et al., 2002; Schmidt
and Muller, 2002).
Truncated forms of STAT have also been shown to function as dominant negatives and
act as potential negative regulators of pathway activity (Darnell et al., 1994; O'Shea,
1997; Stark et al., 1998). STAT1B was the first carboxy-terminal truncated form of
STAT identified in vertebrates that was unable to transduce IFN-γ mediated gene
transcription (Darnell et al., 1994). Subsequently STAT3 and STAT5 were also shown
to exist as alternative carboxy-terminal truncated forms (O'Shea, 1997; Stark et al.,
1998). These short forms function as dominant negatives when over-expressed in tissue
culture cells. ΔNSTAT92E a naturally occurring N-terminal truncated form of

Introduction

23

Drosophila STAT92E, has also been identified. This short form of STAT92E arises
from alternative splicing using an alternative transcriptional start site (see Fig 2.12A-B).
This truncated STAT form also acts as a negative regulator of the JAK/STAT
signalling. During embryogenic segmentation eve-skipped (eve) expression in stripe 3
and 7 is dependent on JAK/STAT activity and this expression is suppressed by
ΔNSTAT92E (Henriksen et al., 2002).

1.8 Requirements for JAK/STAT signalling from normal processes of
development to malignant transformation
1.8.1 Role in development: vertebrates and Drosophila
The requirement for JAK/STAT signalling is observed during early embryonic
development (Akira, 2000; Davey et al., 1999; Levy, 1999) and is also involved in many
specialized functions including hematopoiesis and generation of immune response.
Table 1.1 lists the physiological roles of the STAT proteins and suggests a requirement
for the pathway during proliferation and differentiation of myeloid and lymphoid cell
lineages.
Central to generating an immune response are interferons and cytokines. IFNγ is known
to specifically activate STAT1 and is required during innate immunity, while additional
signalling through JAK2, Tyk2, and other STATs is characteristic for other IFNs (Hoey
and Schindler, 1998; Parmar and Platanias, 2003). This pathway activation results in
expression of antimicrobial peptides and enhanced phagocytic activity of macrophages
(Hanlon et al., 2002). Interleukins are also required to generate an immune response,
however they exert a wide range of pleitropic effects, ranging from pro- to antiproliferative responses and pro- to anti-inflammatory responses. For example, IL-12
signals via JAK2, Tyk2 and STAT4, induces IFNγ production by T-cells and natural
killer cells (NK) and stimulates its own synthesis in dendritic cells, mediates T-cell
proliferation, Th-1 (T-helper1) differentiation and cytotoxicity of NK cells (Trinchieri
et al., 2003; Watford et al., 2003). In addition, anti-inflammatory effects are generated
by IL-10, that recruit STAT3 homodimers, and result in the up-regulation of SOCS3,
which antagonizes IFNγ and IL-4 signalling (Hanlon et al., 2002).
The requirements for JAK/STAT signalling in Drosophila mirrors the role it plays in
vertebrates.
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In the adult male germline, the JAK/STAT pathway is involved in stem cell renewal and
germline stem cell maintenance (Kiger et al., 2001; Tulina and Matunis, 2001). In
oogenesis the pathway is involved in stalk cell development and during border cell
migration (Beccari et al., 2002; McGregor et al., 2002). Recent studies carried out by
Decotto and Spradling, (2005) have identified a second type of stem cells in the female
germline niche “the escort stem cells” (ESC) which resemble the testis cyst progenitor
cells from a male germline. These ESCs, much like the germline stem cells also show a
requirement for JAK/STAT signalling for their maintenance and division. These
findings reveal strong similarities in the cellular organization and regulation of male and
female germline stem cell niches (Decotto and Spradling, 2005).
In early stages of embryonic development the pathway plays an important role in sex–
determination (Sefton et al., 2000). upd also known as sisterless-c (sis-c) has been
shown to be one of the X-linked signal element (XSE). Two STAT92E binding sites
have been identified in sex-lethal promoter element (sxl-pe), which allow Upd induced
pathway activity to trigger expression of sxl (Sefton et al., 2000). Thus, Upd plays a role
in X chromosome counting by modulating the activation of sxl. Futhermore, during
gonad formation, the sex of the surrounding soma also plays an important role in
determining the sex of the organism (Wawersik et al., 2005). Recent findings provide
direct evidence that upd is expressed specifically in the male somatic gonad and
activates the JAK/STAT pathway in male germ cells at the time of gonad formation.
Furthermore, when JAK/STAT signalling is mis-activated in female gonads, it is
sufficient to activate aspects of male germ cell behaviour in female germ cells
(Wawersik et al., 2005).
The pathway is also involved in embryonic segmentation. Mutations in dome, hop,
stat92E and upd result in segmentation defects, by controlling the expression of the pair
rule genes even-skipped (eve), runt and fushi tarazu in stripe 5 (Binari and Perrimon,
1994; Harrison et al., 1995; Hou et al., 1996; Yan et al., 1996a) and an additional
weaker defect in eve stripe 3 (Yan et al., 1996b). At slightly later stages of
embryogenesis, roles in tracheal and posterior spiracle formation have been identified in
dome mutants (Brown et al., 2001; Chen et al., 2002a) along with a requirement in both
fore- and hind-gut development (Johansen et al., 2003; Josten et al., 2004).
During larval development a requirement for the JAK/STAT pathway is observed in
hematopoiesis (Luo et al., 1997), humoral immune response (Agaisse et al., 2003;
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Lagueux et al., 2000), eye development and during ommatidial rotation in the eye (Betz
et al., 2001; Luo et al., 1999; Tsai and Sun, 2004; Zeidler et al., 1999b), during wing
disc development (Mukherjee et al., 2005; Yan et al., 1996a) and during leg
development (reviewed in Luo and Dearolf, 2001)).
A requirement for the pathway during eye development is indicated by the hypomorphic
allele of upd, called outstretched small eye (oss) which lacks ventral eye tissue. This is
phenocopied in hop loss-of-function mutants (Fig 1.8A&B; Betz et al., 2001; Luo et al.,
1999; Tsai and Sun, 2004). This small eye phenotype can be rescued by ectopic
expression of JAK/STAT pathway components (Tsai and Sun, 2004). Moreover, during
eye development, the pathway synergises with Notch and Wingless signalling to
establish D/V polarity, and determines ommatidial rotation in the eye by regulating the
expression of four-jointed, a gene encoding a transmembrane protein (Zeidler et al.,
1999a; Zeidler et al., 1999b; Zeidler et al., 2000b).

A
A

B

C

Figure 1.8. WT and oss small eye phenotype.
(A) Wild type eye (B) oso small ventral eye phenotype (C) the small eye phenotype is phenocopied when
the dominant negative form of the receptor, lacking the cytoplasmic tail is expressed in the eye using eyeGAL4 driver line. Obtained from (Bach et al., 2003).

The pathways involvement during leg development is also indicated by hop
hypomorphs that exhibit a range of leg defects with varying penetrance. These defects
vary from deletion of one leg to shortened femur or tibia, and partial or complete fusion
of the five tarsal segments (reviewed in Luo and Dearolf, 2001). The JAK/STAT
pathway is also involved in wing development as shown by stat92EHJ the hypomorphic
allele which results in wing veination defects. Homozygous stat92EHJ mutants exhibit
an ectopic wing vein, located close to the posterior crossvein (Fig 1.9 A&B), which is
partially suppressed by hopTuml the gain-of-function allele of hopscotch (Harrison et al.,
1995). Held out wings which is a phenotype characteristic of upd mutants (oso;
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Harrison et al., 1998; Muller, 1930) also suggests a role of JAK/STAT signalling in
wing disc development. In wild type wing discs upd is expressed in three specific
domains located within the prospective hinge region (Mukherjee et al., 2005), one of
which is missing in wing discs from oso flies (M.P. Zeidler, unpublished observation).

A

B
Figure 1.9. Wild type and stat92EHJ phenotype

(A) Wild type adult wing (B) wing from a stat92EHJ mutant fly, arrow indicates the extra wing vein
material present.

1.8.2 Role in malignant transformation: vertebrates and Drosophila
One of the implications of mis-regulated JAK/STAT signalling is uncontrolled cellular
proliferation leading to tumorigenesis. Table 1.1 mentions the various STATs
upregulated or downregulated in different tumor types.
Intriguingly, insights from Drosophila research also support a role for JAK/STAT
signalling in uncontrolled cellular proliferation. hopTuml gain-of-function mutants contain
5-20 fold more plasmatocytes (an immature haemocyte), many of which differentiate
prematurely into lamellocytes. These invade the surrounding tissues, and result in black
melanotic tumors frequently referred to as ‘fly leukemias’ (Fig 1.10 A&B; Luo et al.,
1997).

A

B
B
Figure 1.10 Wild type and hopTuml larvae.

(A) Wild type 3rd instar larvae (B) similar aged hopTuml mutant larvae with black melanotic tumors (white
arrow)
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Where loss of pathway activity during eye development results in a small eye
phenotype, ectopic activation of the JAK/STAT pathway, results in over-grown eyes
(Bach et al., 2003; Chen et al., 2002a). Ectopic expression of upd in the eye drives extra
rounds of cellular proliferation ahead of the morphogentic furrow (MF), resulting in
over-grown eyes with increased number of ommatidia (Fig 2.14; Bach et al., 2003).
Chen et al., (2003) have shown that Hop/STAT92E signalling synergizes with CycDCdk4 and CycE-Cdk2 in melanotic tumors, and also synergizes with CycD-Cdk4 to
promote over-grown eyes with extra ommatidia. This interplay of JAK/STAT signalling
with CycD-Cdk4 in the eye may mimic what is generally observed during tumor
formation.
Taken together the JAK/STAT pathway exerts an important role during development
and cellular proliferation, and its mis-activation can result in oncogenic transformations
both in mammals and in Drosophila. To achieve this degree of pleiotropy, it is probable
that the pathway interacts genetically and physically with various modulators, and other
signal transduction pathways. The current study was therefore undertaken to
characterize the role of JAK/STAT signalling in cellular proliferation, using the wing
imaginal disc as the model system. The study was further extended by undertaking a
genetic interaction screen to identify potential modulators of pathway activity involved
in JAK/STAT mediated cellular proliferation.
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2. RESULTS
2.1 JAK/STAT signalling is required for imaginal growth
As a starting point to assess the requirement for JAK/STAT signalling during
proliferation, the growth of imaginal discs in mutants of the amorphic hopM13 allele
(Binari and Perrimon, 1994) was examined. Maternal gene product contributed to the
developing oocyte is sufficient to rescue embryonic development of zygotic mutants
which survive until late larval/early pupal stages (approximately 120hr after egg laying
AEL; Perrimon and Mahowald, 1986). Wing and eye imaginal discs mutant for hopM13
(Fig 2.1C&D) were therefore examined at wandering larval stages when levels of
maternally contributed Hop are presumably low.

A

B

C

D

2.1. Loss of JAK/STAT in imaginal discs.
Imaginal discs obtained from wandering 3rd instar wild type and hopM13 mutant larvae. The discs were
stained with phalloidin to mark the disc structure. (A & B) Wild type and (C & D) hopM13 mutant discs (A
& C) wing and (B & D) eye antennal imaginal discs. Anterior is left; Dorsal is up.

When stained with phaloidin to visualise disc shape and structure, a striking decrease in
the size of hopM13 mutant discs is readily apparent (Fig 2.1C&D versus A&B). The eye
discs are reduced ventrally where upd is expressed early during eye development
(Reynolds-Kenneally and Mlodzik, 2005), implying a stronger requirement for pathway
activity in the ventral half. This probably explains why ectopic activation pathway
activation in the eye, results in enlarged eyes with dorsal outgrowths (Bach et al., 2003).
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This significant reduction in size of the discs implies a strong requirement for the
pathway activity during imaginal disc growth and development (Fig 2.1A-D).

2.2 Net requirement for STAT92E during wing disc growth/proliferation
In order to quantify the temporal requirement for JAK/STAT signalling during imaginal
disc development mitotic recombination experiments were undertaken. In this technique
recombination events are induced by the FLP/FRT system (Xu and Rubin, 1993) to
produce a pair of cells either wild type or homozygous mutant for the strong loss of
function STAT92E06346 allele (Hou et al., 1996) (see materials and methods). The two
cells generated following mitotic recombination are born immediately adjacent to one
another at the same time and are exposed to the same cellular environment. Thus these
two cells represent a mutant experimental and a wild type control whose subsequent
proliferation and growth can be compared. By examining the clonally related groups of
cells that result at given time points following recombination, the relative requirement
for STAT92E dependent growth can be measured. As a precautionary measure all these
experiments were carried out at the same time and with the same batches of food, to
minimize effects caused by external factors like food composition, temperature and
humidity, which are known to play a role in the viability of the organism and cellular
proliferation.
Using this assay, mitotic recombination events were induced during early first instar
larval development and the resulting STAT92E06346 mutant and twin clone pairs were
examined approximately 120hr AEL when the larvae are generally in the ‘wandering
stage’ (Fig 2.2 a).
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a
b
c
d

Figure 2.2. Time line showing the developmental timing.
Time line indicating the various developmental stages of Drosophila and the time points when the clones
were induced and dissected (AEL= hours after egg laying). Additionally the stages of development are
shown (E= Embryogenesis, 1,2,3= first, second and third larval instars respectively, P=pupa, A=adult).
Variations in the time of clonal induction are indicated (grey region) and the time of dissection (vertical
bar) are shown for the different experimental protocols (a,b,c and d).

Following this, STAT92E06346 mutant regions lacking a GFP marker are readily
distinguished from more intensively labelled wild type twin clones expressing GFP
from two copies of the marker construct (arrow and arrow head in Fig 2.3).

Figure 2.3. Wing disc containing STAT92E06346 clone.
Wing imaginal disc obtained from wandering 3rd instar larvae, containing STAT92E06346 mutant clone with
an accompanying twin clone. White arrow indicates the STAT92E06346 clone induced at approximately
30hr AEL and dissected at approximately 120hr AEL. The twin clone (black arrow head) is located
adjacent to the mutant clone (white arrow). Anterior is left; Dorsal is up. Scale bar 80µm.

In 77 STAT92E06346 clones distributed throughout the wing disc, mutant tissue was on
average only 33% the size of associated wild type twin clone areas, although the relative
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size of STAT92E mutant clones is quite variable. Similarly, clones were induced during
early first instar and were marked with a yellow allele, which allowed them to be
distinguished in the adult cuticle. Clonal analysis for these clones was undertaken by
counting the number of bristles, assuming that one cell gives rise to one bristle. The
resulting mutant and wild type clone pairs in the adult notum, a structure derived from
the wing imaginal disc, showed that STAT92E06346 mutant clones are on average 52% the
size of associated wild type twin clones. Mutant tissue contained a mean of 4.4 bristles
while associated wild type clones contain a mean of 8.5 bristles (n=15). Controls in
which recombination using non-mutant chromosomes were induced showed no
significant size differences (personal communication in Mukherjee et al., 2005).
Thus mutant tissue lacking STAT92E from early stages of larval development and
allowed to develop until either late larval stages or adulthood are not able to grow as
well as wild type controls clones and indicate a net requirement for STAT92E activity
during development. However, the pathway is not absolutely required for cellular
survival or proliferation.

2.3 JAK/STAT signalling does not alter cell size or apoptosis
The small size of STAT92E mutant clones implies a role for JAK/STAT signalling to
promote cellular growth (size), cell survival and/or cellular proliferation. To determine
which of the above mentioned factors are modulated by JAK/STAT signalling, cell size,
apoptosis and rate of proliferation was analysed in STAT92E mutant clones.
2.3.1 Cell size
Discs containing STAT92E mutant clones were stained with the DNA binding dye
DRAQ5 to stain nuclei and phalloidin to mark the cell outlines. The size of cells within
STAT92E mutant clones induced at 48±12hr and dissected at 96±12hr AEL (Fig 2.2 b
& a) were examined.
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Figure 2.4. Wing disc clones stained to show nuclei.
Wing imaginal discs containing STAT92E634606346 mutant and
twin clones were stained with DRAQ5 (red) to mark nuclei.
(A&A’) Depicts a wing disc at 96hr AEL containing a
STAT92E634606346 mutant clone induced at 48±12hr AEL
(B&B’) Depicts a wing disc at 60hr AEL containing a
STAT92E06346 mutant clone induced at 30±12hr AEL. In both
the cases STAT92E06346 mutant clone (not green) stained with
DRAQ5 shows equally spaced nuclei (red). Scale bars;
A&A’= 40µm, B&B’=10µm.

Mutant cells are not visibly different from their neighbouring wild type neighbours (Fig
2.4A&A’) and counts of nuclei present within mutant and wild type twin clones of
known sizes show no differences in cell density (Twin clone= 4.46x10-2 cells/µm2,
STAT92E06346 clone= 4.31x10-2 cells/µm2). To address if JAK/STAT pathway activity
could have different affects during different development time points, we induced
clones at earlier stages of larval development. These clones induced relatively early, at
30±12hr and dissected at 60hr AEL when stained with DRAQ5 show no visible
differences in cell density. Only minor differences in cell densities were observed, that
were not statistically significant (Twin clone= 4.83x10-2 cells/µm2, STAT92E06346 clone=
3.90x10-2 cells/µm2, Fig 2.4B&B’). Finally, when the adult cuticle containing
STAT92E06346 clones were examined, the spacing of hairs present on each of the cells
showed no difference between mutant and adjacent wild type clones (marked with a
yellow+ allele). Thus, cell size is not altered in STAT92E mutant clones.
2.3.2 Apoptosis
The elimination of cells by apoptosis/programmed cell death (PCD) is a fundamental
event observed during the development of organisms, where it is involved in regulating
cell numbers or eliminating cells that are functionally redundant. It is thus possible that
PCD could account for the small sizes of STAT92E mutant clones. To assay for
apoptosis within the mutant tissues, imaginal discs containing clones were stained with
vital dye acridine orange and antibodies that recognise the cleaved form of Caspase3, a
modification specific to apoptotic cells (White et al., 2001).
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A

B

Figure 2.5. Staining to identify apoptotic nuclei.
Imaginal discs from 3rd instar larvae were stained with rabbit anti-cleaved Caspase3 antibody (red) to
visualize apoptotic nuclei. (A) GMR-hid eye imaginal disc at 96hr AEL with many dying nuclei in the
morphogenetic furrow (white arrowhead) (B) A 3rd instar wing disc containing STAT92E06346 mutant
clone induced at 48±12hr AEL and dissected at 96hr has very few apoptotic nuclei (black arrowhead).
Anterior is left; Dorsal is up. Scale bars; A = 80µm, B= 40µm.

As a positive control GMR-hid eye discs were used which contain numerous apoptotic
nuclei, an effect caused by the mis-expression of hid (White et al., 1994) in the
developing eye (Fig 2.5A). While wild type wing discs normally contain 0 to 3
apoptotic cells no increase in the frequency of anti-cleaved Caspase3 staining was
observed in discs containing STAT92E06346 clones dissected at either 60 or 120hr AEL
(Fig 2.5B). In addition, attempts to show genetic interactions between components of
the apoptosis machinery and a sensitized eye over-growth phenotype mediated by the
JAK/STAT pathway have not shown any link between these processes (Bach et al.,
2003).
Collectively, it therefore appears that the difference in size between STAT92E mutant
and wild type clones cannot be explained by significant changes in cell size or increases
in the rate of apoptosis.
2.3.3 Cellular proliferation
The rate of cellular division within the developing wing imaginal disc varies both
spatially and temporally during development (Garcia-Bellido and Merriam, 1971) and
can be affected by overcrowding which may occur when embryo collections are carried
out for longer intervals. To assay for cellular proliferation, STAT92E mutant clones were
therefore generated in small cohorts of larvae collected during strictly controlled 2hr
time windows. Mitotic recombination events were then induced at 36, 54 and 72hr
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AEL. Larvae were then allowed to age for 24hr. Following dissection these tissues were
stained with anti-phosphorylated Histone3 antibody to mark mitotic cells (Jager et al.,
2001). The surface area of mutant and wild type twin clone pairs were measured and the
number of mitotically active cells in the STAT92E mutant and wild type tissues were
counted and expressed as mitotic cell density in number of cells/µm2 (the mitotic cells
were counted only for clones induced at 36±1hr and 72±1hr AEL; Table 2.1).
Consistent with the initial observations, STAT92E06346 clones induced at 36±1hr
(subsequently referred to as ‘early clones’), were only 40±22% the size of their wild
type twin clones (Fig 2.6A; Table 2.1).

A

B

Figure 2.6. STAT92E06346 clones induced
‘early’ and ‘late’ during wing disc
development.
Wing imaginal discs containing STAT92E06346
mutant clones induced ‘early’ at 36±1hr AEL
and ‘late’ at 72±1hr AEL. The discs were
dissected 24hr after induction. (A) The ‘early’
STAT92E06346mutant clone (white arrow) is
significantly smaller compared to its adjoining
twin clone (black arrow head) (B) ‘Late’
STAT92E06346 mutant clones are bigger than
the accompanying twin clones (black
arrowhead). Anterior is left; Dorsal is up.
Scale bars in A&B=20µm.

In addition, the density of mitotic nuclei revealed by staining with antibodies against
phosphorylated Histone3 showed that STAT92E mutant clones contain less than half as
many mitotic nuclei as twin clone regions per unit area (Twin clone = 4.4x10-3 cells/µm2
and STAT92E06346 clone= 2.1x10-3 cells/µm2). These results together support the
hypothesis that STAT signalling exerts a pro-proliferative role during early stages of
development.
Next, 24hr old STAT92E mutant clones induced at 54±1hr AEL (Fig 2.2c) were
examined. At this stage, STAT92E06346 clones were 89±35% (n= 37) the size of their
accompanying twin clones. The almost identical sizes of the STAT92E mutant clones to
their wild type counterparts indicates a significant decrease in the requirement for
JAK/STAT signalling during this stage of wing disc development (Table 2.1).
Finally, STAT92E06346 clones were induced at 72±1hr AEL and dissected 24hr later.
These are subsequently termed ‘late clones’. Intriguingly ‘late clones’ dissected 24hr
after their induction had out-grown their wild type counterpart, and were 161±85% (n=
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49; Table 2.1) the size of the twin clone controls. An example of a large late STAT92E
mutant clone adjoining a small twin clone is shown in Figure 2.6B (black arrowhead in
Fig 2.6B).
Surprisingly, the pH3 density in these STAT92E mutants and the corresponding twin
clones showed no differences (Twin clone= 3.11x10-3 cells/µm2, STAT92E06346 clone =
3.23x10-3 cells/µm2). A possible explanation for this could be that the pH3 density
reflects a narrow snapshot of time reflecting the number of mitotic cells present when
these discs are dissected and fixed. It could well be possible that at this time point
(96±1hr) the proliferative advantage conferred by the removal of STAT92E in these
mutant clones no longer exist. By contrast, the areas of the mutant clones and wild type
twin clones reflect the cumulative growth that has taken place from the point when they
are induced until their dissection.
In order to exclude potential genetic background effects as a cause for this change, an
independently generated amorphic allele STAT92E397 (Silver and Montell, 2001), was
also tested and shown to produce similar results (Table 2.1). While control experiments
using a wild type chromosome in place of the STAT92E mutants showed no differences
in clone sizes (Table 2.1). Statistical analysis was carried out using the double ended ttest, and the area of STAT92E mutant clones of both mutant alleles was found to be
significantly larger than the wild type controls (Table 2.1). One noteworthy finding was
the large inherent variability in the size of clones lacking either STAT92E allele (Table
2.1). Analysis of clones based on their distribution within the wing disc failed to
identify any pattern to this effect and its cause is as yet unknown. However, one
potential explanation for this could be, due to the inherent variability of developmental
timing of every individual larvae which cannot be controlled even after tightly
controlled 2hr egg collection time window.
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Table 2.1: Sizes of STAT92E06346 mutant clones
Clone

# Clones
(# discs)

Clonal
genotype

Clone area
/TC area

pH3 Density
(Σ cells x10-3/µm2)

mean±SD

Induced
(hr AEL)

Dissected
(hr AEL)

36±1

60±1

22 (8)

stat92E06346

54±1

78±1

37 (6)

72±1

96±1

72±1
72±1

Mutant
Clone

Twin
Clone

40±22%

2.1

4.4

stat92E06346

89±35%

ND

ND

49 (7)

stat92E06346

161±85%

3.1

3.2

96±1

70 (11)

stat92E397

142±78%

ND

ND

96±1

24 (7)

WT

99±27%

ND

ND

STAT92E06346 mutant clones were induced at various time points during the course of larval development.
The wing imaginal discs from these larvae were then dissected 24hr later and stained with antiphosphorylated Histone 3 antibody to mark the mitotic nuclei in STAT92E06346 mutant and twin clone
areas. Ratio of the areas of the STAT92E06346 mutant clone / Twin clone (TC) were calculated for each
clone/twin clone pair and then expressed as a mean of the ratios. ND= Not Determined; WT= Wild Type.

The removal of endogenous STAT92E from wing imaginal disc cells during late stages
of larval development is sufficient to allow these to proliferate faster than their wild
type twin clones. This finding indicates that STAT92E activity exerts an antiproliferative effect during third instar development. Taken together, these clonal results
show that proliferation of wing disc cells is controlled such that STAT92E is strongly
required for proliferation during second instar stages. This role changes during the
course of development such that by third instar STAT92E activity has a pronounced
anti-proliferative effect. It should however be noted that despite this changing role, the
small size of STAT92E mutant clones induced early and assayed in adults implies that
cellular proliferation in the developing wing disc shows a net requirement for STAT92E
during the course of development.

2.4 Modulation of proliferation by ectopic JAK/STAT pathway activation
Having shown that STAT92E is required for cellular proliferation, the converse
experiments were carried out wherein ectopic activation of the JAK/STAT was assayed
for its effect on cellular proliferation.
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2.4.1 Late ectopic activation in the wing blade
To begin with, ectopic expression of JAK/STAT pathway components was undertaken
using the Gal4/UAS system (Brand and Perrimon, 1993). The wing disc specific driver
line MJ21a-Gal4, which drives expression in the presumptive dorsal wing blade region
during late 3rd instar stages (Fig 2.7A) was used. UAS-Upd and UAS-Hop were used to
drive ectopic expression of JAK/STAT pathway components, while UAS-GFP was used
as a wild type control. To examine cellular proliferation under these conditions, strictly
controlled 2hr egg collections were carried out and aged until 96±1hr, the same time
window where wild type STAT92E exerts an anti-proliferative effect. These discs
expressing pathway components in their presumptive dorsal wing blade region were
then dissected and stained with anti-phosphorylated Histone3 antibody (Fig 2.7B). The
number of mitotic cells in the region of transgene expression were counted and
compared to the level of pH3 positive cells observed in wild type control discs driving
the expression of GFP at the same age.
GFP expressing wings 96±1hr AEL contained a mean of 42.7±6.6 (n=4) pH3 positive
mitotic nuclei in this region. Discs from same aged larvae expressing Upd 14.4±7.4
(n=12; Fig 2.7 B) or Hop 11.2±4.1 (n=7) contain less than one third as many mitotic
cells, a statistically significant decrease (p<0.0001). These results are summarized in
Table 2.2.
Thus, while loss of function clones indicate that endogenous STAT92E activity serves
to reduce the rate of cellular proliferation at this stage, activation of JAK/STAT
pathway by ectopic expression of upstream components of the canonical signalling
cascade is sufficient to suppress proliferation further.
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A

B

Figure 2.7. Ectopic expression of unpaired in the wing blade.
Gain-of-function analysis of JAK/STAT pathway components using Mj21a-Gal4 transgenic line. Mj21aGal4 drives expression in the presumptive dorsal wing blade region during late 3rd instar larval stages.
The wing imaginal discs from 3rd instar Mj21a-Gal4 larvae expressing UAS-GFP and UAS-Upd were
dissected and stained with anti-phosphorylated Histone3 (red) to mark the mitotic cells. (A) Mj21a-Gal4
96±1hr AEL wing discs expressing GFP (green) and stained with anti-pH3 (red) shows the localised
expression in the dorsal wing pouch and the density of mitotic nuclei present at this stage. Scale bar is
80µm. (B) Mj21a-Gal4 96±1hr AEL wing discs expressing Upd stained with anti-pH3 (red) show a
reduced density of mitotic cells in the dorsal wing pouch region. Anterior is to the left; Dorsal is up. Scale
bar is 80µm.

Table 2.2: Mj21a-GAL4 driven expression
Age of disc

Genotype

# Discs

pH3 cells/Dorsal pouch

96±1

UAS-GFP

4

(mean±SD)
42.7±6.6

96±1

UAS-Upd

12

14.4±7.4

96±1

UAS-Hop

7

11.2±4.1

Gain-of-function analysis of JAK/STAT pathway components using Mj21a-Gal4 transgenic line. Wing
imaginal discs driving ectopic expression of JAK/STAT pathway components were dissected at 96±1hr
AEL and stained with anti-phosphorylated Histone3 antibody to mark the mitotic nuclei. The number of
pH3 positive nuclei in the dorsal wing pouch region expressing Upd and Hop were counted and compared
to controls expressing only GFP in the wing pouch.
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2.4.2 Ectopic activation ‘early’ and ‘late’ using ‘flip out’ mechanism
Having mimicked the late anti-proliferative effect by activating the pathway in a
specific region of the wing, next the role of pathway activation both at specific time
points and at the level of cellular proliferation were examined. To achieve this, random
‘gain-of-function’ clones were induced (Ito et al., 1997) that express either GFP plus the
dominant negative receptor DomeΔCyt (Bach et al., 2003; Brown et al., 2001), GFP
plus Upd or GFP plus Hop. These clones were induced with the same heat shock
scheme as described for the ‘early’ and ‘late’ STAT92E loss-of-function clones (Fig 2.2
b and d).
Following induction discs were dissected and then stained for anti-phospho Histone3
antibody. The number of cells that make up each clone and the number of pH3 positive
cells within these GFP marked clones were counted and expressed as percentage (that is
the total number of pH3 positive cells in the clones divided to the total number of GFP
positive cells that make up each clone x 100). This was used as a measure of wild type
rate of cellular proliferation. Any difference observed between the clones misexpressing
pathway components positively marked with GFP and wild type clones expressing only
GFP could therefore be attributed to the effect caused by the over-expressed pathway
components. The control experiments were carried out both at ‘early’ and ‘late’ time
points.
2.4.2.1 ‘Early’ misexpression of DomeΔ Cyt mimics ‘early’ STAT92E loss-offunction data
DomeΔCyt lacks the cytoplasmic tail, and is unable to transduce extra-cellular
signalling cues and acts as a dominant negative (DN) form of the receptor, mimicking
loss of pathway activity (Brown et al., 2001).
Early clones expressing only GFP contain an average of 7 cells, and 2.4% of these cells
stain with the pH3 antibody. By comparison to this, clones of cells expressing
DomeΔCyt (Brown et al., 2001) contain slightly fewer cells per clone (6.5 cells/clone;
Table 2.3) and a lower level of pH3 positive mitotic nuclei (1.3%). These results are
consistent with the ‘early’ loss-of-function clonal analysis described above where loss
of STAT92E ‘early’ reduces cellular proliferation during wing disc development (Table
2.1).
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2.4.2.2 ‘Early’ mis-expression of unpaired is sufficient to drive proliferation

By comparison to ‘early’ clones which express only GFP, gain-of-function clones
misexpressing the pathway ligand upd show a slight increase in the average number of
cells that make up each clone, an increase of approximately 1 cell is observed in these
clones. Also, when pH3 positive cells were counted, a significantly higher proportion of
Upd misexpressingcells were also pH3 positive. Roughly 8% of the cells in the clones
were positive for pH3 (Fig 2.8B), which was a statistically significant increase (Table
2.3).
This gain-of-function clonal data indicates that JAK/STAT pathway activation is not
only necessary, but also sufficient to stimulate additional proliferation in the wing
during second instar larval development.

Table 2.3: ‘Early’ gain-of-function clonal analysis
Clone

# Clones
(# discs)

Clonal
Genotype

mean±SD

23 (13)

GFP

7.0±3.6

60±1

23 (11)

DomeΔCyt

6.5±2.8

(p=0.27)

1.3% (p=0.26)

60±1

23 (13)

Upd

7.9±4.2

(p=0.22)

7.6% (p=0.032)

Induced
(hr AEL)
36±1

Dissected
(hr AEL)
60±1

36±1
36±1

#Cells/Clone
(p=)

pH3 Density%
(pH3/total cells)

2.4%

‘Early’ gain-of-function clonal analysis of JAK/STAT pathway components using ‘flip out’mechanism
was carried out. The clones driving ectopic expression of JAK/STAT pathway components were induced
in larvae at 36±1hr AEL and dissected at 60±1hr AEL. These clones expressing ectopic pathway
components were positively marked with GFP. The wing imaginal discs from these larvae were dissected
and stained with anti-phosphorylated Histone3 antibody to mark the mitotic nuclei. The number of cells
that made up each clone were counted and expressed as mean. To calculate pH3 density, the total number
of pH3 positive cells in these clones was divided to the total number of GFP positive cells that make up
each clone x 100. p values were calculated using the double ended t-test for which cells/clone and pH3
density observed in GFP expressing clones was used to compare the cells/clone and pH3 density values
for all the other genotypes. p values < 0.05 were considered statistically significant.

2.4.2.3 ‘Late’ clones misexpressing unpaired and hop have fewer proliferating cells
Having carried out ‘early’ gain-of-function clonal analysis of pathway components the
next step was to analyse if ‘late’ ectopic activation of JAK/STAT signalling could
mimic the anti-proliferative effect of endogenous STAT92E.
Gain-of function clones expressing unpaired and hop were induced at 72+1hr AEL and
dissected at 96hr, the same time point when STAT92E loss-of-function clones exert a
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proliferative advantage. GFP control clones were also induced at the same time points
as wild type controls. Consistent with the results from the previous STAT92E loss-offunction clonal analysis along with Mj21a-Gal4 driven upd and hop expression, ‘late’
gain-of-function clones expressing upd and hop contain significantly fewer cells and a
lower proportion of pH3 positive nuclei compared to GFP expressing control clones
(Fig 2.8A&C; Table 2.4). This supports the initial finding that at late stages the
endogenous levels of pathway activity are sufficient to exert an anti-proliferative effect,
and indicate that proliferation can be further suppressed by ectopic activation of
canonical pathway components.
An intriguing feature observed during the course of Drosophila wing disc development
is the rate of cellular proliferation, which slows over the course of development. This is
clearly observed with the number of cells, which make up each control clone when
induced ‘early’ and ‘late’. The number of cells in GFP positive control clones reduced
significantly from 7 cells clones ‘early’ to 4 cells clones ‘late’, both of which are 24hr
old. This implies two possibilities, either there is loss of pro-proliferative signals or an
increase in anti-proliferative signals over subsequent developmental stages. However,
the factors governing this are largely unknown.
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Figure 2.8. Ectopic expression of unpaired in the wing disc.
Gain-of-function analysis of JAK/STAT pathway components during wing disc development using ‘flip
out’ clonal analysis. The clones expressing ectopic pathway components (green) were induced ‘early’ and
‘late’, and then stained with anti-phospho Histone3 to mark the mitotic nuclei (red). (A) 120±1hr AEL
wild type wing disc stained with anti-pH3 (red) shows the density of mitotic nuclei present at this stage
(B) An ‘early’ 50±1hr AEL wing discs expressing GFP and Upd clones (green, 24hr old) stained with
anti-pH3 (red) shows mitotic nuclei in the clones expressing Upd (C) 120±1hr AEL wing discs
expressing GFP and Upd clones 24hr old stained with anti-pH3 shows reduced density of mitotic cells in
the wing. Anterior is left; Dorsal is up. Scale bar A&C is 80µm, B is 40µm.

Taken together, these results are consistent with the observations made by ‘late’
STAT92E loss-of-function clonal data, where endogenous levels of STAT92E exerts a
pronounced anti-proliferative effect. This implies that JAK/STAT signalling participates
in governing the rate of cellular proliferation during the course of wing disc
development.
2.4.2.4 ‘Late’ clones misexpressing DomeΔ cyt lack cellular proliferation
If endogenous levels of STAT92E protein in ‘late’ discs exert an anti-proliferative
effect, and over-activation of the pathway at this stage is sufficient to reproduce this
effect, then the removal of pathway activity should produce opposite consequences.
Based on this hypothesis, gain-of-function clones that ectopically express DomeΔcyt
were generated. Intriguingly, these clones misexpressing the DN form of the receptor
had fewer cells/clone (4.3+1.8 cells/clone) and a significantly lower proportion of pH3
positive cells (1.8% compared to 4.6% in clones expressing only GFP, Table 2.4). This
shows, that DomeΔcyt clones at this ‘late’ stage do no over-proliferate, and acts contrary
to what was expected.
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Table 2.4: ‘Late’ gain-of-function clonal analysis
Induced
(hr AEL)
72±1

Clone
Dissected
(hr AEL)
96±1

#Clones

(# discs)

Clonal
genotype

#Cells/Clone

205 (8)

GFP

4.3±1.9

72±1

96±1

172 (4)

Upd

3.8±2.0

(p<0.01)

2.6%

72±1

96±1

134 (4)

Hop

3.8±1.6

(p<0.01)

3.3%

72±1

96±1

134 (4)

DomeΔcyt

3.9±1.8

(p<0.01)

1.8%

mean±SD

pH3 Density%
(pH3/total cells)

4.6%

‘Late’ gain-of-function clonal analysis of JAK/STAT pathway components using ‘flip out’mechanism
was carried out. The clones driving ectopic expression of JAK/STAT pathway components were induced
in larvae at 72±1hr AEL and dissected at 96±1hr AEL. These clones expressing ectopic pathway
components were positively marked with GFP. The wing imaginal discs from these larvae were dissected
and stained with anti-phosphorylated Histone3 antibody to mark the mitotic nuclei. The number of cells
that made up each clone was counted and expressed as mean. To calculate pH3 density, the total number
of pH3 positive cells in these clones was divided to the total number of GFP positive cells that make up
each clone x 100. p values were calculated using the double ended t-test for which cells/clone in GFP
expressing clones was used to compare the cells/clone for all the other genotypes. p values < 0.05 were
considered significant.

To summarize; it appears that the pathway exerts an overall proliferative effect, with a
strong requirement during early stages of wing development. However, at late stages an
anti-proliferative effect is observed which is mediated by endogenous levels of
STAT92E and can be mimicked by over-activation of JAK/STAT signalling cascade.

2.5 Non-canonical STAT92E activation
2.5.1 Restricted pattern of unpaired localization in 3rd instar wings
Having identified a changing proliferative role of STAT92E during wing disc
proliferation, the expression of the known pathway components were examined. The
major JAK/STAT pathway ligand present in Drosophila is the secreted glycoprotein
Upd. Mutations in upd essentially reproduce the phenotypes caused by removal of
downstream pathway components (Harrison et al., 1998). upd expression during early
and late second instar wing development is detected in a large domain within the future
dorsal hinge (Fig 2.9A&B). Given the diffusible nature of Upd (Harrison et al., 1998),
and the small size of the wing disc at this stage, it is probable that Upd is able to
stimulate STAT92E throughout the disc via the canonical Dome/JAK/STAT signalling
cascade.
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However, by late third instar development, the wing disc has grown approximately four
fold in size from an early 2nd instar wing disc comprising only 200 cells approximately
to a late 3rd instar wing disc with 75,000 cells. This extensive growth is clearly evident
when taken into consideration the size of the scale bars in Fig 2.9A and Fig 2.9C.
During the course of development, the expression of upd has resolved into four small
regions within the presumptive dorsal and posterior hinge (Fig 2.9C) and a large
proportion of disc cells are located many cell diameters from a potential source of
ligand. By contrast, domeless (Fig 2.9D), hopscotch (Fig 2.9E) and stat92E (Fig 2.9F)
mRNA’s are all expressed uniformly throughout the 3rd instar wing discs. Interestingly,
the level of STAT92E protein is not entirely uniform in the wing disc, with higher
levels in the future notum and in the central regions in which upd is expressed (Fig
2.9G, white arrow heads) a finding that is consistent with the previously described
stabilization of STAT92E in JAK/STAT signalling cells (Chen et al., 2002a; Johansen
et al., 2003; Read et al., 2004).
Given the uniform expression pattern of most pathway components, the highly
restricted pattern of upd expression is particularly intriguing, especially given the
consequences of DomeΔCyt (Brown et al., 2001) expression in the 96±1hr AEL wing
discs by gain-of-function clones. Assuming that STAT92E is stimulated by the
canonical pathway stimulation, the DN receptor would be expected to function
antagonistically to Upd and Hop and should shown an increase in the density of pH3
positive cells. Yet cells expressing DomeΔCyt contain significantly fewer mitotic nuclei
than GFP expressing controls (Table 2.2 and Table 2.3). Taken together, these two
observations suggest that late, anti-proliferative STAT92E activity may be the result of
a non-canonical, Upd/Dome independent mechanism.
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Figure 2.9. Expression of JAK/STAT pathway components.
In situ hybridisation to visualise expression pattern of JAK/STAT pathway components during wing disc
development. (A-C) Changing pattern of unpaired localization is observed over the course of wing disc
development (A) upd is initially expressed in a large domain in the centre of early 2nd instar
(approximately 48hr AEL) discs. (B) By late 2nd instar stages (approximately 72hr AEL), expression
begins to separate into two domains. (C) By late 3rd instar (approximately 120hr AEL), discs have grown
almost four fold and contain four clearly defined regions of upd expression (arrows). Scale bars; A & B =
20µm, C = 80µm. (D-F) Expression of domeless, hopscotch, stat92E mRNA in late 3rd instar discs
(approximately 120hr AEL) as shown by sense and antisense riboprobes. (G) Expression of STAT92E
protein shows a non-uniform pattern with higher levels of protein in the future notum and in the central
folded region where upd is expressed (arrow heads; compared to panel C). Anterior is left; Dorsal is up.

2.5.2 ‘Late’ loss-of-function Hop clones are same size as their accompanying twin
clone
Given the inherent caveats involved in the expression of dominant negatively acting
proteins, late loss-of-function clones for the amorphic hopscotchC111 allele (Binari and
Perrimon, 1994) were generated. Surpringly, clones lacking all JAK kinase activity do
not show the over-growth phenotype characteristic of STAT92E mutants induced
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during the same time window (Table 2.5), but are essentially the same size as their twin
clone controls (Fig 2.10A).

A

B

C

Figure 2.10. ‘Late’ JAK/STAT signalling in the wing disc.
Wing imaginal dics from 3 rd instar larvae contaning ‘late’ hopC111 mutant and twin clones were dissected.
STAT92E protein levels were detected in these discs using anti-STAT antibody (red) (A) Wing disc at
96+1hr AEL containing hopC111 mutant clones marked by the loss of GFP (outlined and labelled hop-/-),
adjacent to more strongly GFP-expressing wild-type twin clone of approximately the same size (labelled
hop+/+). (B-C) Simultaneous double labelling of STAT92E show no change in protein levels associated
with the clonal region.

Table 2.5: hopC111 Loss-of-function mutant clones proliferate at the same rate as
their accompanying twin spots
Clone

#Clones
(# discs)

Clonal
genotype

Clone area
/ TC area

Induced
(hr AEL)

Dissected
(hr AEL)

72±1

96±1

49 (7)

stat92E06346

161±85 %

72±1

96±1

70 (11)

stat92E397

142±78 %

mean±SD

72±1

96±1

47 (7)

72±1

96±1

24 (7)

C111

hop

wild type

96±32 %
99±27 %

hopC111 ‘late’ mutant clones were induced in larvae at 72±1hr AEL and dissected 24hr later. The wing
imaginal discs were dissected. The ratio of areas of hopC111 mutant clone / twin clone (TC) were calculated
for each clone/twin clone pair and expressed as a mean of the ratios.

When stained for STAT92E protein, the hop loss-of-function mutant clones contain
similar amounts of STAT92E protein as seen in wild type twin spots (Fig 2.10B&C).
Given that STAT92E protein stability is increased by pathway activity, the presence of
equivalent levels of STAT92E protein in both wild type and hop mutant clones
illustrates that STA92E is likely to be stimulated by a non-canonical mechanism that is
not only independent of Hop but is also probably independent of Upd and Dome during
this stage. A recent report supports this, and have shown that Drosophila STAT92E in
the early pole cells can be stimulated in a non-canonical manner by the receptor tyrosine
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kinase Torso (Li et al., 2003b), and it remains to be determined if a similar mechanism
may be responsible during wing disc development. However, it should be noted that
despite this late non-canonical stimulation, ectopic activation of STAT92E via overexpression of canonical pathway components such as Upd and Hop remains sufficient
to further decrease proliferation.

2.6 ‘Late’ JAK/STAT activity causes G2 arrest
Having observed the changing role for the pathway during early and late wing disc
development, attempts were made to identify the mechanistic basis of the JAK/STAT
pathway induced late anti-proliferative effect.
It has previously been shown that cells progressively accumulate and arrest in the G2
stage of the cell cycle during the course of wild type wing disc development until all
proliferation ceases around 21hr after pupal formation (Cohen, 1993). In order to assess
the potential mechanism involved in this late anti-proliferative effect hop misexpressing
gain-of-function clones were induced at late stages 72+1hr AEL and dissected 24hr later
at 96+1hr AEL. These discs were stained for Cyclin B (CycB), which is specifically
expressed during the G2 stage of the cell cycle (Whitfield et al., 1990). In such hop
misexpressing clones, which activate STAT92E autonomously, and are marked with
GFP, cells appear to contain higher levels of CycB than the surrounding unstimulated
cells (Fig 2.11A & B).

A

B

Figure 2.11. ‘Late’ ectopic expression
of Hop causes a G2 arrest.
Wing imaginal discs from a 3rd instar
larvae containing ‘late’ gain-of-function
hop clones (green). CyclinB levels were
detected using anti-CycB antibody (red).
(A) 96+1hr AEL wing disc containing
24hr old gain-of-function clones
expressing GFP (green, arrows) and
Hop stained for anti-CycB. (B) The
same region without the GFP channel
shows the cells within clones (arrows)
contain elevated levels of CycB.

Taken together, with the reduction in the number of mitotic nuclei that results from
pathway activation (Table 2.2), these results indicate that JAK/STAT pathway activity
probably exerts its late anti-proliferative effect by inducing G2 cell cycle arrest.

Results

48

2.7 Δ NSTAT92E is not responsible for anti-proliferative activity
A report by HENRIKSEN et al., (2002) has described the existence of an alternatively
spliced form of the STAT92E transcript that encodes an N-terminally truncated
dominant negative protein, ΔNSTAT92E (Fig 2.12A-C).
As shown in Figure 2.12, alternative promoter usage defines the 5' end of the two
mRNAs, transcription from promoter 1 defines the full-length 86-kD STAT92E protein
whereas alternative transcription from promoter 1a (a, alternative), gives rise to 2 forms
of stat92E transcripts. While full-length stat92E is the more highly expressed form
during early embryogenesis, the truncated form of stat92E is highly expressed during
larval and adult stages when the full length from is not predominant. This suggests a
changing requirement for different splice forms of stat92E during the course of
development. It is thus conceivable that a change in the relative ratios of full length
versus dominant negative STAT92E may explain the change in proliferative phenotype
such that repression by ΔNSTAT92E at ‘late’ stages explains the anti-proliferative
effects observed. To test this hypothesis ‘late’ gain-of-function clones expressing
ΔNSTAT92E were induced thereby skewing the ratio of endogenous full-length to
truncated ΔNSTAT92E. Such 24hr old clones are on average 125% the size of GFP
expressing controls (Table 2.6; p<0.01).
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Figure 2.12. The three different alternatively spliced forms of STAT92E.
(A) Diagramatic representation of the exon structure of stat92E gene. (B) Three mRNA transcripts
identified for stat92E. The first is the original stat92E message, which is transcribed starting at the
upstream promoter, where the start codon AUG appears in the last third of Exon 2 and a full-length
protein of 86kD is translated. The second message is the alternative start-site transcript, where Exon 1a
precedes Exon 2 and the same start codon is used. The third is a splicing variant of this transcript, where
Exon1a is spliced to Exon 3 and a second start codon is used, truncating the N-terminal domain.

Table 2.6: Gain-of-function clonal analysis of Δ Nstat92E
Clone

# Clones

Induced
(hr AEL)
72±1

Dissected
(hr AEL)
96±1

(# discs)

Clonal
genotype

60 (7)

GFP

72±1

96±1

172 (4)

# Cells/Clone
mean ± SD

3.4±1.1

ΔNstat92E 4.2±1.8

pH3 Density%
(pH3/total cells)

0.4%
(p<0.01)

4.4%

Late’ gain-of-function clonal analysis of ΔNstat92E, the dominat negative form of STAT92E was carried
out using ‘flip out’mechanism. The clones driving ectopic expression of ΔNstat92E were induced in
larvae at 72±1hr AEL and dissected at 96±1hr AEL. These clones misexpressingΔNstat92E were also
positively marked with GFP. The wing imaginal discs from these larvae were dissected and stained with
anti-phosphorylated Histone3 antibody to mark the mitotic nuclei. The number of cells that made up each
clone was counted and expressed as mean. To calculate pH3 density, the total number of pH3 positive
cells in GFP and ΔNstat92E clones was counted and divided to the total number of GFP and ΔNstat92E
cells that made up each clone x 100. p values were calculated using the double ended t-test for which
cells/clones in GFP expressing clones was used to compare the cells/clone in ΔNstat92E. p values < 0.05
were considered significant.
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This is consistent with loss-of-function clonal data in which both splice forms are
removed and indicates that the anti-proliferative role of STAT92E at this stage is a
result of the activity of full-length protein, the activity of which is reduced by the
increased level of ΔNSTAT92E expressed in these gain-of-function clones. Consistent
with this, semi-quantitavtive RT-PCR analysis carried out, to determine the levels of
STAT92E mRNA from wild type 60hr AEL and 96hr AEL wing discs identified both
the full-length and truncated isoforms at these stages (Fig 2.13A&B).

A

B

1

2

3

Figure 2.13. mRNA levels of stat92E transcripts in early and late staged wing discs.
(A) Primer a anneals to Exon 1a, Primer c to Exon 2, and Primer b to Exon 3. The presence of the
ΔNstat92E mRNA and of the mRNA encoding 86-kD protein both originating from the second promoter
between Exons 1 and 2 was indicated by the amplification of two products with the primer pair a/b, with
sizes of 1047 bp and 734 bp (B) 1 % agarose/TBE gel with RT-PCR reactions performed with primer
pair a/b; (lane 1) 1-kb DNA ladder; (lane 2) RT-PCR reaction with RNA isolated from 96+1hr old wing
discs; (lane 3) RT-PCR reaction with RNA isolated from 60+1hr old wing discs. In both cases (lane 2 and
3) stat92E transcripts from promoter 1a are expressed (arrows), although the levels detected of the 2
different stat92E forms vary from different aged wing discs, it should however be noted that promoter1
transcribing full length stat92E detected with primers c/b at these stages is active (not shown in the
picture).

The STAT92E06346 loss-of-function clonal analysis indicates that there is a net
requirement for JAK/STAT signalling in cellular proliferation during wing disc
development. However, at late stages endogenous levels of STAT92E exerts an antiproliferative effect. These results are consistent with ectopic activation of JAK/STAT
pathway components ‘early’ and ‘late’. At early stages of wing disc development, the
JAK/STAT pathway is not only required but also sufficient to drive cellular
proliferation. Conversely, at late stages of wing disc development ectopic expression of
upd and hop function to further inhibit cellular proliferation. Furthermore, a noncanonical mechanism of STAT92E activation during ‘late’ stages of wing disc
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development is apparent from the highly restricted pattern of upd localization and the
comparable sizes of ‘late’ hopC111 loss-of-function clones to their accompanying twin
clones. These results indicate opposing roles for the single Drosophila STAT92E in the
same tissue. Where ‘early’ via a canonical mode of pathway stimulation, STAT92E
exerts a pro-proliferative effect and ‘late’ a non-canonical scheme of STAT92E
activation exerts an anti-proliferative effect.

2.8 Identification of JAK/STAT pathway regulators, in vivo
In order to identify JAK/STAT pathway modulators that may be responsible for the
changing proliferative role of STAT92E, a genetic interaction assay in the eye was
undertaken. The Drosophila eye is a complex tissue that like the wing disc, undergoes
proliferation, differentiation and patterning events during its development. To be able to
undertake all the activities necessary for their growth and development, the eye
imaginal discs express components of the cell cycle machinery, transcription factors,
signal transduction cascades and extracellular matrix proteins (Baker, 2001; Kumar,
2001; Voas and Rebay, 2004).
Given the proliferative requirement for JAK/STAT pathway during Drosophila eye
development, the P{w+,GMR-updΔ3’} transgenic strain previously described by (Bach
et al., 2003) was employed. Using this transgene a genetic interaction screen to identify
potential modifiers of pathway activity was undertaken.
In P{w+,GMR-updΔ3’} flies a vector containing multimerised Glass binding sites (a
transcription factor, expressed during late stages of eye development (Ellis et al., 1993)
was used to drive the expression of Unpaired (Upd) during eye imaginal disc
development. Expression of upd under the control of the GMR promoter results in
increased levels of JAK/STAT pathway activity as shown by up-regulation of the
pathway target gene socs36E (Karsten et al., 2002) and increased levels of cellular
proliferation as shown by staining with the mitosis specific marker phosphorylate
Histone3 (Fig 2.14A&B; Bach et al., 2003).
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Figure 2.14. Ectopic expression of
Unpaired in the eye drives extra rounds
of cellular proliferation.

B

D

E

(A-B) Eye imaginal discs from 3rd instar
larvae stained with phalloidin (red) and antiphosphorylated Histone3 antibody (green).
(A) Wild type eye imaginal disc, and (B)
enlarged eye disc homozygous for
P{w+,GMR-updΔ3’} with more proliferating
cells ahead of the morphogentic furrow
(both the discs are to the same scale).
Anterior to the left; Dorsal is up. (C-E)
Adult eye pictures (C) Wild type eye. (D)
P{w+,GMR-updΔ3’}/+ over-grown eye with
dorsal out-growths (arrow).(E) Removal of
single copy of stat92E suppresses the eye
over-growth phenotype. Dorsal view of the
representative eyes is shown. Pictured at
20X magnification.

Increased cellular proliferation occurs primarily in a region ahead of the morphogenetic
furrow, in a region that corresponds to the first mitotic wave (Fig 2.14A&B; Bach et al.,
2003; Tsai and Sun, 2004). The additional cells that result appear to differentiate
normally and give rise to an enlarged adult eye with over- growth particularly apparent
in the dorsal region (Fig 2.14C&D). The P{w+,GMR-updΔ3’} eyes do not appear rough,
and the morphology of the eyes is relatively normal.
The degree of eye over-growth caused by ectopic expression of upd driven by
P{w+,GMR-updΔ3’} transgene is sensitive to the removal of downstream pathway
components. When heterozygous for the strong loss-of-function stat92E06346 allele the
resulting reduction in STAT92E protein is sufficient to markedly suppress P{w+,GMRupdΔ3’} induced eye over-growth (Fig 2.14E).

2.9 Design of a sensitized screen
To identify dominant modifiers of P{w+,GMR-updΔ3’}, new autosomal insertions of a
P{Mae-UAS.6.11} element were generated using the crossing scheme illustrated in
Figure 2.15A. The mutagenic transposon was mobilized from within the CyO balancer
using the {Δ2-3}99B transposase source and single males were used in the F2 generation
to ensure unique transposition events. In the F3 generation P-element remobilizations
were screened for insertion on the X-chromosome (as part of a alternative project;
Beinert et al., 2004) while autosomal insertions were crossed to P{w+,GMR-updΔ3’}
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females. The eye size of the resulting P{w+,GMR-updΔ3’}/+ ; P{Mae-UAS.6.11}/+
females were compared to controls out crossed to the OreR wild type strain and the
stat92E06346 allele (Hou et al., 1996). Interaction strength was graded on a scale where
those approximating P{w+,GMR-updΔ3’} /+ ; stat06346 /+ were classified as strong
suppressors while those comparable to P{w+,GMR-updΔ3’}/+ ; +/+ were defined as no
effect. Using this scoring system, P{Mae-UAS.6.11} insertions that modify the
P{w+,GMR-updΔ3’} induced eye size were identified. Although variable expressivity of
GMR-upd results in a range of phenotypes, within any population of F4a progeny it was
consistently observed that where an interaction was observed the range of variation
within the population was reduced. This was also used as a parameter to screen for
interacting loci.
In crosses showing potential interaction with P{w+,GMR-updΔ3’} sibling males
carrying the P{Mae-UAS.6.11} insertion were recovered and balanced. The resulting
stocks were then re-tested to ensure that the interaction was consistent and associated
with the y+ marked chromosome. Examples of representative eyes showing mild to
moderate/good interaction between P{w+,GMR-updΔ3’} and P{Mae-UAS.6.11}
insertions are shown in Fig 2.15E-F and a complete list of interacting candidate genes
identified in the screen is shown in Fig 2.16A-A’.
A total of 2267 independent, primarily autosomal insertions were tested for interaction.
During the initial rounds of screening a total of 91 (4%) of loci were identified, for
further analysis and of these 25 (1%) passed all the subsequent rounds of re-screens and
were classified as interacting lines (Table 2.7).
Although the genetic interaction observed with the 25 P{Mae-UAS.6.11} insertions
were reconfirmed during multiple rounds of rescreeing against P{w+,GMR-updΔ3’} it is
possible that the interaction observed may result from a modulation of the strength of
the GMR promoter activity rather than any influence on the JAK/STAT pathway. To
exclude this possibility, the interacting P{Mae-UAS.6.11} insertions were therefore
crossed to a stock misexpressing the Rho GTPase within the developing eye under the
control of the GMR promoter (Rebay and Rubin, 1995). Insertions that interact with
both P{w+,GMR-updΔ3’} and the dominant rough eye phenotype induced by
P{w+,GMR-rho} are likely to represent modifiers of the GMR promoter and therefore
represent non-specific interactions.
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Figure 2.15. P{w+,GMR-updΔ 3’} sensitized screen.
(A) Crossing scheme: generation of independent autosomal insertions of P{Mae-UAS.6.11} P-element
(abbreviated as P{Ep y+}). Genotypes of the flies: (B) Wild type OreR eye (C) P{w+,GMRupdΔ3’}/+;+/+ (D) P{w+,GMR-updΔ3’}/+;stat92E06346/+ (E) P{w+,GMR-updΔ3’}/+;jimBG01625/+ (F)
P{w+,GMR-updΔ3’}/+;Brd1/+.
One copy of the P{w+,GMR-updΔ3’} transgene inserted on the first chromosome results in over-growth of
the adult eye, and the formation of dorsal folds (arrow in C). Removal of one copy of stat92E in the
P{w+,GMR-updΔ3’} background suppresses the enlarged eye phenotype (D). Examples of the interaction
caused by some of the candidate genes identified in the screen (E&F). Removal of one copy of jim results
in a mild suppression (E) and loss of one copy of Brd results in a good suppression of the overgrown eye
phenotype (F). Note that the dorsal folds present in (C) are missing in these eyes. Dorsal view of the
representative eyes are shown, pictured at 20X magnification.
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Figure 2.16. P{w+,GMR-updΔ 3’} interacting candidate genes.
Dorsal view of eyes carrying single copy of JAK/STAT interacting genes in a P{w+,GMR-updΔ3’}/+
background is shown, pictured at 20X magnification.. The genotypes are (A) Wid type OreR eye (B)
P{w+,GMR-updΔ3’}/+;+/+ (C) P{w+,GMR-updΔ3’}/+;stat92E06346/+ (D) P{w+,GMRupdΔ3’}/+;didl(3)05137/+ (E) P{w+,GMR-updΔ3’}/+;CG8443F3.28/03/+ (F) P{w+,GMRupdΔ3’}/+;SsdpKG03600/+ (G) P{w+,GMR-updΔ3’}/+;Mob1KG05879a/+ (H) P{w+,GMRupdΔ3’}/+;jimBG01625/+ (I) P{w+,GMR-updΔ3’}/+;trblP7.9/02/+ (J) P{w+,GMR-updΔ3’}/+;NFATGE02173/+
(K) P{w+,GMR-updΔ3’}/+;pAbpk10109/+ (L) P{w+,GMR-updΔ3’}/+;CtBPKG07519/+ (M) P{w+,GMRupdΔ3’}/+;mir-14k10213/+ (N) P{w+,GMR-updΔ3’}/+;cpol(3)01432/+ (O) P{w+,GMR-updΔ3’}/+;Cip4EY11321/+
(P) P{w+,GMR-updΔ3’}/+;sprintKG07279/+ (Q) P{w+,GMR-updΔ3’}/+;bunP2.7/03/+ (R) P{w+,GMRupdΔ3’}/+;Brd1/+ (S) P{w+,GMR-updΔ3’}/+;mthl8F29.6/+ (T) P{w+,GMR-updΔ3’}/+;ptc52/+ (U)
P{w+,GMR-updΔ3’}/+;odz29/+ (V) P{w+,GMR-updΔ3’}/+;CG8351F466.1/+ (W) P{w+,GMRupdΔ3’}/+;Sodh-2F595.1/+ (X) P{w+,GMR-updΔ3’}/+;CG3305KG04055/+ (Y) P{w+,GMRupdΔ3’}/+;CG17574EY01345/+ (Z) P{w+,GMR-updΔ3’}/+;CG4306EY06480/+ (A’) P{w+,GMRupdΔ3’}/+;CG32982A1/+
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Figure 2.17. P{w+,GMR-rho} interaction assay.
Dorsal view of the eyes carrying single copy of stat92E06346 or lilliA17-2 in a P{w+,GMR-rho}/+ background
is shown. Genotypes of the eyes are (A) P{w+,GMR-rho}/+;+/+ (B) P{w+,GMR-rho}/+;stat92E06346/+
(C) P{w+,GMR-rho}/+;lilliA17-2. The rough eyes observed in a P{w+,GMR-rho}/+ background is
unaffected upon the removal of a single copy of stat92E (negative control) whereas the phenotype is
markedly suppressed with the loss of single copy of lilliA17-2.

Although most insertions showed interactions specific for only P{w+,GMR-updΔ3’}
(Table 2.7), one insertion, subsequently identified as representing a putative mutation in
the lilli locus, also modified the P{w+,GMR-rho} rough eye phenotype (Fig 2.17A-C).
This finding is consistent with previous studies that identified lilli as a transcriptional
regulator of the GMR promoter (Tang et al., 2001). Identification of lilli in the GMRrho screen represents a conformation of the sensitivity of the screen to identify GMR
modifiers and indicated that the non-GMR modifiers are likely to represent true
JAK/STAT pathway interactors.

2.10 Identification of interacting genes
Having identified the P{Mae-UAS.6.11} insertions specifically interacting with the
P{w+,GMR-updΔ3’} insertion, the next step was to determine the genes associated with
these mutations. Genomic DNA flanking the P-element insertion site was recovered by
inverse PCR (Beinert et al., 2004), sequenced and aligned to release 3.0 and release 4.0
genomic DNA of Drosophila melanogaster, using BLAST searches (Adams et al.,
2000). Unambiguous P-element insertion positions were determined for all interactors.
The position relative to the putatively mutated genes, the absolute position within AE
clones of the Drosophila heterochromatin Release 4.0 sequence and the direction of
potential misexpression from the UAS sequences present within the P{Mae-UAS.6.11}
transposon are given in Table 2.7.
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Of the 24 interacting loci identified, 13 of them had the P{Mae-UAS.6.11} element
inserted within the 5’ untranslated region (UTR) of a gene, 1 with the P element
inserted 3’ to the transcriptional start site, 8 inserted within introns and in the remaining
2 the P{Mae-UAS.6.11} element was inserted within exons. While establishing stocks, 4
of 25 P-element insertion lines were lost but for the remaining 21 interacting loci stocks
were established. 5 lethal P{Mae-UAS.6.11} insertions were identified. H469.2 with the
P-element located 7.9kb, 5’ of the first transcriptional start site of jim, F4.24/03, Pelement inserted within the 2nd intron of NFAT (Nuclear Factor of Activated T-cells),
P10.3/12 identified in the 2nd intron of sequence-specific single-strand DNA-binding
protein (Ssdp), F411.1, located 350bp 5’ of the first transcription start site and driving
the expression of Ten-m (Tenascin-major) and P10.1/12 located within the 1st intron of
CG3305. All other lines were homozygous and viable.
As expected the candidate interacting genes identified belong to various classes of
proteins including: cell cycle proteins did (Gatti and Baker, 1989), Mob1 (Luca et al.,
2001), tribbles (Seher and Leptin, 2000); transcription factors jim (Doerflinger et al.,
1999), NFAT (Abdelilah-Seyfried et al., 2000); DNA and RNA binding proteins, Ssdp
(Chen et al., 2002b), CG8443 (Drysdale et al., 2005), couch potato (Bellen et al., 1992;
Lasko, 2000), pAbp (Lasko, 2000), CtBP (Alifragis et al., 1997); micro RNA gene mir14 (Xu et al., 2003); members of other signal transduction pathways ptc (Hooper
and Scott, 1989), Cip4 (Drysdale et al., 2005), Bearded (Lai et al., 2000), bunched
(Dobens et al., 2000), sprint (Szabo et al., 2001); cell adhesion gene Tenascin M
(Baumgartner et al., 1994), Mth-like 8 (Brody and Cravchik, 2000) and a number of
genes of unknown function CG3305, CG4306, CG17574, CG32982 (Drysdale et al.,
2005).
2.10.1 Secondary validation of candidate alleles
Although no examples of multiple P-element insertions were identified by inverse PCR,
it is possible that the P{Mae-UAS.6.11} transposon may have jumped into one locus
prior to its reinsertion into the position identified by inverse PCR. Therefore it remains
possible that the interacting mutations may be independent of the P{Mae-UAS.6.11}
transposons characterised. In addition, the identity of loci potentially mutated by
transposons inserted at a distance from adjacent transcription units is not always
unambiguous. In order to address these limitations, the interaction of other available
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alleles of the candidate genes were tested against P{w+,GMR-updΔ3’}. Using this
approach all 24 putatively interacting loci were tested for the dominant modulation of
P{w+,GMR-updΔ3’} induced eye over-growth (Table 2.8).
The ability to validate putative mutations in this manner was particularly helpful in the
case of the didF332.1, Mob1P7.7/03, jimH469.2 and CG32982A1 alleles where the putatively
mutagenic P-element insertion was mapped between 2.8 and 11kb upstream of the first
annotated transcriptional start site (Table 2.7). Despite the separation between gene and
transposon, independently generated alleles of each of these genes all demonstrated
consistent interaction with the P{w+,GMR-updΔ3’} phenotype (Table 2.8). It therefore
seems likely that the P-elements originally identified represent bona fide alleles of the
genes listed and may affect enhancer regions or as yet unannotated 5’ exons. Also, a
subset of alleles identified in the screen, including Ten-m, NFAT, jim and patched, show
opposite interactions to those produced by independently generated loss-of-function
alleles (Table 2.8). It has been demonstrated that the P-element lines preferably insert in
the 5’-UTR region of the genes. Given the presence of UAS sequences within the
P{Mae-UAS.6.11} transposon and potential cryptic promoters present within the long
terminal repeats of the P-element (Zhang and Spradling, 1993), it is possible that the
identified P{Mae-UAS.6.11} induced mutations represent gain-of-function alleles which
result in misexpression of the genes. Although not tested directly, this may explain the
converse interactions observed. Based on the ability to consistently identify interactions
with other independently generated alleles, 18 candidate genes that representated
consistent modulators of JAK/STAT signal transduction were chosen for further studies
(shown in bold in Table 2.8).
Some of the interesting genes are mentioned briefly in the following paragraph and
further explained in the Discussion.
From the category of proteins belonging to cell cycle alleles of did, trbls and Mob1
were identified all of which were suppressors of the over-grown eye phenotype. F332.1,
the allele of diminished discs (did) (Gatti and Baker, 1989) identified in the screen was
consistent with the interactions observed with 2 independent alleles EY03597 and
l(3)0513705137 obtained from Bloomington stock centre. An allele of Mob1, another cell
cycle regulatory gene required in yeast cells to exit mitosis (Luca et al., 2001; Seher and
Leptin, 2000) was also identified in the screen. P7.9/02, an allele of tribbles (trbl) was
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identified, which is required for post-translational degradation of String and thereby
negatively regulates entry into mitosis (Seher and Leptin, 2000).
Intriguingly a P-element insertion F393.1 in, mir-14, a microRNA was identified as a
suppressor of the P{w+,GMR-updΔ3’} eye phenotype. It is known to be involved in
regulating cell death and fat metabolism (Xu et al., 2003).
So far, Ken is the only zinc finger containing transcription factor known to interact with
JAK/STAT signalling (Arbouzova et al., 2005). In the screen other transcription factors
were also identified. A lethal allele of jim (Doerflinger et al., 1999) H469.2, a zinc
finger containing transcription factor was identified in the screen. F4.24/03 an allele of
NFAT another transcription factor protein (Abdelilah-Seyfried et al., 2000; Drysdale et
al., 2005) and C-terminal Binding Protein (CtBP) a transcriptional co-repressor
(Alifragis et al., 1997) were identified as well (see Discussion).
Genes involved in Hedgehog, Dpp and Notch signal transduction pathways were also
identified. Two viable alleles of bunched (Dobens et al., 2000) and one viable allele of
bearded (Lai et al., 2000) were identified. Both the bun alleles identified, P2.7/03 and
P1.24, showed moderate and consistent suppression as did 3 independent alleles of bun
obtained from Bloomington stock centre. The allele of bearded (Brd) F716.1 was
identified as a mild suppressor and was consistent with the interactions observed with
other additional alleles obtained from the Bloomington stock centre. Brd1 a
hypomorphic allele and BG02319, a P-element generated mutant allele, was identified
as the strongest suppressors.
Extra-cellular (EC) cell adhesion molecules are not only important for cellular structural
integrity but also now known to be required for signal transduction as has been shown
for Wingless, FGF and Hh signalling (Baeg et al., 2004; Lin et al., 1999; The et al.,
1999). As Unpaired is a secreted ligand and is associated with the EC matrix, the role of
the EC matrix proteins in Unpaired signalling is not yet well defined. A lethal allele of
Tenascin-m (Ten-m), also known as odd Oz (odz) (Baumgartner et al., 1994) F411.1
was identified as a mild enhancer. Ten-m an EC cell adhesion molecule may regulate
Unpaired activity. 3 additional alleles tested odz3, odz1 and odz29 obtained from Ron
Wides (Bar-Ilan University, Israel) all of which were moderate to good suppressors.
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Table 2.7: Interacting candidate genes from the P{w+,GMR-updΔ 3’} screen
P-element

EP

Cytology DisruptedGene

Allele

Position

Location

F332.1

2.8kb 5’ of
first
transcriptional
start site

200515 in
AE003699.3

N

87E8-E9

P7.7/03

8.4kb 5’ of
first
transcriptional
start site

101671 in
AE003544.4

N

68C1213

13bp 3’ of
transcriptional
start site

73903 in
AE003591.4

P7.9/02

st

Interaction
GMR-upd

GMR-rho

diminished
discs (did /
alt1)

--

+/-

Mob1

-

+/-

Comments/References

Defects in cell cycle
and chromosome
condensation (Gatti
and Baker, 1989)
Required for exit from
mitosis in yeast (Luca
et al., 2001)

N

77C1

tribbles (trbl)

--

+/-

Negative regulation of
mitosis (Seher and
Leptin, 2000)

F389.1

in 1 intron

56888 in
AE003581.4

N

23B1-2

lilliputian
(lilli)

-

--

Regulation of cell size
(Wittwer et al., 2001)

F393.1

204bp 5’ of
first
transcriptional
start site

224892 in
AE003833.4

N

45F1-F3

mir-14

--

+/-

Negative regulation of
cell death (Xu et al.,

P1.3/03

nd

in 2 intron

2003)
11985 in
AE003720.3

N

90D1-6

couch potato
(cpo)

-

7.9kb 5’ of
first
transcriptional
start site

32337 in
AE003599.2

N

jim

+

F4.24/03

in 2nd intron

86857 in
AE003493.3

N

12A9-B2

NFAT

F3.28/03

in 1st intron

245143 in
AE003808.4

N

52F5-7

P10.3/12

in 2nd exon

36214 in
AE00–3721.3

N

90F6-7

+/-

RNA binding (Bellen
et al., 1992; Lasko,
2000)

H469.2

80A3

+/-

Zinc finger TF activity
(Drysdale et al.,
2005)

++

+/-

CG8443

-

+/-

Sequencespecific
single-strand
DNA-binding
protein
(Ssdp)

--

+/-

poly Abinding
protein
(pAbp)

-

RNA polymerase II
transcription factor
activity (Drysdale et
al., 2005)
Translation initiation
factor activity
(Drysdale et al.,
2005)

H74.3

in 1st intron

84204 in
AE003800.4

N

55C1

F464.1

1bp 5’ of first
transcriptional
start site

95124 in
AE003698.3

N

85B10

C- terminal
Binding
Protein
(CtBP)

H186.1

33bp 5’ of
first
transcriptional
start site

4346686 in
AE03481.3

N

64B2-4

Cip4

in 3rd intron

60887 in
AE003451.3

P2.3/03

Transcription regulator
activity (Chen et al.,
2002b)

+/-

RNA binding (Lasko,
2000)

-

+/-

Negative regulation of
transcription from Pol
II promoter (Alifragis
et al., 1997)

-

+/-

Rho interactor activity
(Drysdale et al.,
2005)

N

9D2

Rin1/Sprint
(Spri)

+

+/-

Ras interactor activity
(Szabo et al., 2001)
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Table 2.7 continued
P1.24

in 3rd intron

109964 in
AE003636.4

N

33E5-9

bunched (bun)

--

+/-

Component of dpp
signalling (Dobens et
al., 2000)

F716.1

F145.1

F29.6

F411.1

F466.1

305bp 5’ of
first
transcriptiona
l start site

50764 in
AE003532.3

N

417bp 5’ of
the
transcriptiona
l start site

114995 in
AE003836.4

Y

783bp 5’ of
first
transcriptiona
l start site

2649 in
AE003467.3

N

350bp 5’ of
first
transcriptiona
l start site

284254 in
AE003597.4

14kb 5’ of
first
transcriptiona
l start site

139258 in
AE003680.4

71A4

Bearded (Brd)

-

+/-

Negative regulator of
notch pathway (Lai et
al., 2000)

44E1-2

patched (ptc)

--

+/-

Hh co-receptor

(Hooper and Scott,
1989)
61A5

mth-like8 (mthl8)

-

+/-

G-protein coupled
receptor activity

(Brody and Cravchik,
2000)
Y

79D2

Tenascin-major
(Ten-m)

+

+/-

Secreted protein and a
transmembrane
protein. (Baumgartner
et al., 1994)

N

85B1

CG8351

--

+/-

ATPase activity,
coupled involved in
protein folding
(Drysdale et al.,
2005)

F595.1

P10.1/12

st

in 1 exon

st

in 1 intron

5907 in
AE003689.2

30952 in
AE003781.5

N

N

86C7

39E2

Sorbitol
dehydrogenase-2
(Sodh-2)

--

CG3305

-

+/-

Carbohydrate
metabolism (Luque et
al., 1998)

+/-

Contains Lamp/CD68
domains (Drysdale et
al., 2005)

F294.3

F422.1

A1

nd

in 2 intron

46839 in
AE003820.3

N

300bp 5’ of
first
transcriptiona
l start site

112391 in
AE003520.4

Y

11kb 5’ of
first
transcriptiona
l start site

192436 in
AE003623.3

N

49D4-6

CG17574

--

+/-

Unknown (Drysdale et
al., 2005)

75C6

CG4306

-

+/-

Unknown (Drysdale et
al., 2005)

30A2

CG32982

--

+/-

Pleckstrin-like protein
domains (Drysdale et
al., 2005)

The degree of interaction was classified as +/- = no interaction, + = mild enhancer, ++ = moderate
enhancer, - = mild suppressor, -- = moderate suppressor, --- = good suppressor.

62

Results
Table 2.8: Secondary validation of candidate alleles
Gene

Allele

did/alt1

F332.1

--

EY03597

--

l(3)05137

---

F3.28/03

-

KG02346

--

P10.3/12
KG03600

CG8443

Ssdp

Mob1

jim

trbl
NFAT

pAbp

CtBP

mir-14

cpo

GMR-upd

Gene
Cip4

Allele
H186.1

GMR-upd
-

EY11321

---

P2.3/03

+

KG07279

--

P2.7/03

--

--

P1.24

--

---

00255

--

sprint

bun

P7.7/03

-

KG00392

--

KG00128

--

KG00456

--

KG05879a

---

F716.1

-

KG05765

---

1

---

H469.2

+

BG02319

--

BG01625

--

mthl8

F29.6

-

GE23777

-

Patched

F145.1

--

GE16615

--

52

--

P7.9/02

--

iw

---

F411.1

+

Brd

#

F4.24/03

++

GE02173

--

odz3

--

H74.3

-

odz1

---

EP310

+/-

odz29

--

k10109

---

F466.1

--

F464.1

-

KG01477

--

Ten-m

CG8351

87De-10

+/-

Sodh-2

F595.1

--

03463 (*)

+

CG3305

P10.1/12

-

KG07519

--

KG04055

---

F393.1

--

F294.3

--

k10213

-

EY01345

--

P1.3/03

-

F422.1

-

l(3)01432

CG17574

CG4306

+/CG32982

EY06480

---

A1

--

The degree of interaction was classified as +/- = no interaction, + = mild enhancer, ++ = moderate
enhancer, - = mild suppressor, -- = moderate suppressor, --- = good suppressor. * Previously identified as
a mild enhancer (Bach et al., 2003), # A deficiency removing this locus was previously identified as a
suppressor (Bach et al., 2003)
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Characterisation of modifiers using RNAi based assays

The modification of the P{w+,GMR-updΔ3’} induced phenotype may be the
consequence of mutations in genes encoding components of the JAK/STAT pathway,
regulators of the pathway or downstream target genes required by the pathway to elicit
the biological phenotype screened-namely cellular proliferation in the developing eye.
To distinguish between these possibilities a cell based approach, in conjunction with
RNAi knockdown, was carried out with the aim to identify genes that fall into the first
two classes. The Kc167 cell line (Cherbas et al., 1977) has been shown to be suitable for
RNAi approaches (Boutros et al., 2004), a highly specific effect that can be mediated by
adding dsRNA to the culture medium (Clemens et al., 2000). On the basis of this, a cell
based assay system was established with which JAK/STAT pathway activity could be
determined. Starting with 2xDrafSTAT(wt) luciferase based reporter, which contains
two copies of a STAT92E binding site present within the promoter of the Drosophila
raf gene (Kwon et al., 2000), a 6x2xDraf Luc(wt) reporter was generated (Müller et al.,
2005). While the original reporter responds to ectopic pathway activation by the
pathway ligand Upd with a 2-3 fold activation, the 6x2xDrafLuc reporter, containing a
total of 12 STAT92E binding sites (Fig 2.18A) and gives a robust 60 fold induction in
response to pathway activation.
Double stranded RNA targeting 18 candidate genes affecting the P{w+,GMR-updΔ3’}
induced eye over growth phenotype was therefore synthesised in addition to dsRNA
molecules targeting stat92E, socs36E, Rhodopsin-5 and lacZ as controls.
The Upd ligand is a secreted glycoprotein (Harrison et al., 1998) capable of activating
the JAK/STAT pathway in cells located at some distance from the source of expression
(Tsai and Sun, 2004; Zeidler et al., 1999b). In order to fulfil this function, it is assumed
that Upd must be post-translationally modified, secreted into the extra cellular space and
be able to interact with receptors on the receiving cell. This paracrine model of Upd
signalling forms the basis of the over-proliferation phenotype within the P{w+,GMRupdΔ3’} eye as the Upd expression domain is physically separate from the region of
increased cellular proliferation (Tsai and Sun, 2004). The possibility therefore exists
that genes identified in the P{w+,GMR-updΔ3’} screen may also represent loci required
for these upstream processes.
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ATTCGCGGAAA
6x2xDraf

Act5c

firefly
luciferase

Renilla
luciferase

B
+20-50nM dsRNA

Upd

Upd

Dome/JAK/STAT

Act5c-upd

6x2xDrafLuc
Act5c-RL

Signalling cell

Receiving cell

Figure 2.18. Identification of pathway modifiers using a tissue culture based RNAi paracrine assay.
(A) Diagrammatic representation of the 6x2xDrafLuc STAT reporter construct containing 12 STAT92E
binding sites and pAct5c-RL used as transfection control; (B) Outline of the paracrine assay system

To identify loci potentially involved in these processes, a paracrine signalling model
was developed in a tissue culture based system (Fig 2.18B). To mimic the secretion and
uptake of Unpaired, one population of cells was transfected with an upd expressing
vector (termed ‘signalling cells’), and another population of cells was transfected with
6x2xDrafLuc STAT reporter construct (the ‘receiving cells’). These two different cell
types were then mixed in equal proportions. In this way, reportor stimulation in the
‘receiving cell’ must result from Upd originally expressed and secreted by the
‘signalling cells’. Using this approach Upd dependent pathway stimulation in the
absence of dsRNA was found to lead to approximately 60 fold stimulation over
background (Fig 2.19) and is not affected by dsRNA targeting lacZ or the eye pigment
Rhodopsin-5. This level was defined as 1, to be able to better compare the relative
interactions of dsRNA between experiments.
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Figure 2.19. Identification of pathway modifiers in the RNAi paracrine assay
The effect of dsRNA treatment on paracrine mode of pathway activation. JAK/STAT pathway activity in
each case is shown as fold luciferase activity, mock transfection corresponds to basal level of pathway
activity with full reporter activity defined as 1 (dashed line). dsRNA targeting Rh5 and lacZ show no
effect, stat92E dsRNA treatment results in almost basal level of reporter activity, dsRNA treatment
knocking down socs36E results in three fold activation. The seven candidate genes identified in this
screen show statistically significant reduction in reporter activity, cip4 p=0.0002, CG4306 p=0.001,
CG8443 p=0.0007, Mob1 p=0.001, CtBP p=0.05, did p=0.015 and Ten-m p=0.012. No statistically
significant reduction in reporter activity was observed with dsRNA targeting Rh5 and lacZ.

Targeting of the known pathway component stat92E was sufficient to reduce reporter
activity to almost basal levels and knock down of socs36E, a negative regulator of the
pathway (Callus and Mathey-Prevot, 2002; Karsten et al., 2002), boosted the reporter
activity almost three fold (Fig 2.19). These results serve to validate the assay and
suggest that potential positive and negative regulators of the pathway can be identified
using this technique. Having shown that the assay system was sensitive to modulators of
JAK/STAT pathway activity, 18 dsRNAs targeting the loci identified in vivo were
tested using this paracrine assay. Of these, 7 potential suppressors were consistently
identified (Fig 2.19) and therefore probably represent pathway components.

Results

66

2.12 Characterisation of modifiers by in situ hybridisation
In order to represent credible candidates the identified genes must be expressed within
the developing eye imaginal disc during the stages when P{w+,GMR-updΔ3’} induced
over-proliferation occurs. In addition, it is possible that in the screen, pathway target
genes have been identified whose expression is modulated by STAT92E activity and
whose activity is required for the proliferative cellular response. In order to address this
the expression pattern of the genes identified were examined by in situ hybridisation in
both wild type and P{w+,GMR-updΔ3’} expressing late 3rd instar eye antennal imaginal
discs (Fig 2.20).
As expected for genes interacting with P{w+,GMR-updΔ3’} all candidates are expressed
in wild type discs Fig 2.20& 2.21. Of these, twelve do not change in P{w+,GMRupdΔ3’} eye discs (Fig 2.20). However CtBP, trbl, mthl-8, CG3305, Ten-m, and Mob1,
show differences in expression between wild type and P{w+,GMR-updΔ3’} eye discs,
identifying them as potential pathway target genes (Fig 2.21A-L). While CtBP, trbl,
mthl-8 and CG3305 expression was upregulated in P{w+,GMR-updΔ3’} eye discs (Fig
2.21B-H). Ten-m and Mob1 showed weaker expressions in P{w+,GMR-updΔ3’} eye
discs when compared to wild type expression pattern (Fig 2.21I&J; 2.21K&L).
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Figure 2.20. Expression of candidate genes in wild type 3 rd instar larval eye imaginal discs.
In situ hybridisation to detect expression patterns of JAK/STAT pathway interacting genes in 3rd instar
wild type and P{w+,GMR-updΔ3’}/+ eye imaginal discs. The antisense probes used (A) did (B) CG8443
(C) Ssdp (E) jim (E) NFAT (F) cpo (G) Cip4 (H) Sprint (I) bun (J) Brd (K) CG17574 (L) CG4306. All
the genes are expressed uniformly in wandering 3rd instar eye discs, in some expression is also detected in
the morphogenetic furrow (MF; arrowheads). The expression pattern of these genes does not change in
P{w+,GMR-updΔ3’}/+ eye discs. Anterior is to the left; Dorsal is up. Eye imaginal discs pictured at 20X
magnification.
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Wild type eye

GMR-upd eye

Wild type eye

GMR-upd eye

Figure 2.21. Potential JAK/STAT pathway target genes.
In situ hybridisation to detect expression patterns of the candidate genes in 3rd instar wild type and
P{w+,GMR-updΔ3’}/+ eye imaginal discs. Six potential pathway target genes were identified. (A-B, C-D,
E-F, G-H) CtBP, trbl, mthl-8, CG3305 genes are expressed in wild type eye discs and are up-regulated in
P{w+,GMR-updΔ3’}/+ eye discs, consistent with STAT92E being an activator of transcription. (I) Ten-m
is expressed uniformly in a wild type 3rd instar eye disc with strong staining in the MF (arrow head) (J)
Compared to this, the expression in P{w+,GMR-updΔ3’}/+ eye discs is below detectable levels; (K) Mob1
expression is also detected in wild type 3rd eye discs with higher levels of expression ahead of the MF
(arrow head). (L) The expression ahead of the MF disappears in P{w+,GMR-updΔ3’}/+ eye discs.
Anterior is to the left; dorsal is up. All experimental pairs of wild type and P{w+,GMR-updΔ3’}/+ eye
discs were stained for the same time and under identical conditions in parallel. Pictured at 20X
magnification.

2.13 P{w+,GMR-updΔ 3’} and signal transduction pathways
Interacting alleles that were members of Hedgehog, Notch and Decapentalplegic signal
transduction pathways were also identified in the screen. This suggests that ectopic Upd
induced cellular proliferation may also involve signalling cues from other signal
transduction pathways. This may result from direct interaction or a requirement to coregulate the genes involved in cellular proliferation. Other known mutant alleles of the
members belonging to these signal transduction pathways were recovered and checked
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for their interaction with P{w+,GMR-updΔ3’} eye over-growth phenotype. These
interactions are summarized in Table 2.9.
Table 2.9: P{w+, GMR-updΔ 3’} and signalling pathway components
Gene

Signalling

(abbreviation)

pathway

stat92E
engrailed

Hedgehog

patched

Allele

GMR-upd

JAK/STAT

06346

---

Hedgehog

E

--

I031

--

13C

--

AC

--

F145.1

--

52

--

iw

---

36

+

1

+/-

Hedgehog

Hedgehog

Cubitus
interruptus

Hedgehog

smoothened

Hedgehog

3

+

Notch (N)

Notch

I1N

--

Delta (Dl)

Notch

9P39

---

3

---

RevF10

+/+/-

Serate (Ser)

Notch

Bd-3

Bearded (Brd)

Notch

F716.1

-

1

---

BG02319

--

Comments

Positive control

Allele identified in the
present screen

TS allele raised at partially
permissive temp (25°C)

Allele identified in the
present screen

The degree of interaction was identified as +/- = no interaction, + = a weak enhancer, - = weak
suppressor, - - = moderate suppressor, - - - = strong suppressor

In the P{w+,GMR-updΔ3’} screen patched a member of the Hh signalling cascade was
identified as a suppressor of the eye over-growth phenotype. The patched gene encodes
for a receptor (Hooper and Scott, 1989) to which Hedgehog binds, to release the
negative regulation constitutively exerted by Patched on Hh signalling. To therefore
further validate interaction with Hh signalling, bona fide alleles for other members of
the pathway were tested. Removal of hedgehog or engrailed leads to inactivation of Hh
signalling, and when loss-of-function alleles for hh and en were tested, a suppression of
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the P{w+,GMR-updΔ3’} over-grown eye phenotype was observed. Unexpectedly, when
patched, a negative regulator of the Hh signalling cascade, is removed the resulting
activation of Hh signalling also causes a suppression of the P{w+,GMR-updΔ3’} overgrown eye phenotype (Fig 2.22D-F). These interactions were consistent within multiple
alleles of hh, en and ptc tested. The interactions observed within the Hh pathway
components contradict each other and need further characterization.
An interaction of P{w+,GMR-updΔ3’} with Notch signalling pathway was first observed
with Bearded (brd), (Lai et al., 2000). Multiples alleles of Notch pathway components
were therefore tested for their interaction with the over-grown eye phenotype. The
NotchI1N allele tested was identified as a moderate suppressor (Fig 2.22G) as were
alleles of Delta and serrate, which are the ligands required for the activation of Notch
signalling. Three independent alleles of Delta were tested, of which 9P39, an amorphic
allele and 3 a loss-of-function alleles were good suppressors, although RevF10, an
amorphic allele, failed to show any interaction. serBd-3 an antimorphic allele of serrate
failed to show any interaction, however Delta and serrate double mutant (Dl [RevF10]
and Ser [Rx82]) interacted as moderate suppressor of the eye phenotype. Interactions
between JAK/STAT signalling and Notch have been reported in Drosophila eye
development where Notch, Wingless and JAK/STAT pathways function synergistically
to set up a gradient for four-jointed expression (Zeidler et al., 2000b).
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A

D

G

B

E

C

D

F

GMR-upd/+; ptc52/+

Figure
2.22.
P{w+,GMR-updΔ 3’}
interaction with Hh and Notch pathway
components.
The genotypes are (A) Wild type OreR eye
(B) P{w+,GMR-updΔ3’}/+;+/+
(C) P{w+,GMR-updΔ3’}/+;stat92E06346/+
(D) P{w+,GMR-updΔ3’}/+;hh13c/+
(E) P{w+,GMR-updΔ3’}/+;enE/+
(F) P{w+,GMR-updΔ3’}/+;ptc52/+
(G) P{w+,GMR-updΔ3’}/+;NI1N/+
Removal of one copy of hh and en results in
a mild suppression (D&E) and loss of one
copy of patched also results in a good
suppression of the over-grown eye
phenotype (F), which is contrary to what is
expected. Loss of one copy of temperature
sensitive allele of Notch results in small
eyes,
implying its requirement in
JAK/STAT mediated proliferation (G). Note
that the dorsal folds present in (C) are
missing in these eyes. Dorsal view of the
representative eyes are shown, taken at
20xmagnification.

bunched (bun) a member of the Dpp signal transduction pathway (Dobens et al., 2000)
was also identified. bunched is a transcription factor that genetically interacts with Dpp
and Notch (Dobens et al., 2000; Treisman et al., 1995). Consistent with this, Dpp
pathway components have been previously reported as modulators of the P{w+,GMRupdΔ3’} eye phenotype, with hypomorphic alleles of dpp and Mad representing strong
suppressors of eye over-growth (Bach et al., 2003).

2.14 P {w+, GMR-updΔ 3’} and cell cycle components
Given the increase in cellular proliferation associated with the eye over-growth
phenotype used in the screen, it was intriguing that no mutations in components of the
core cell cycle machinery were identified. However, given the non-saturating nature of
the mutagenesis it is possible that such alleles were not included in the collection of
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mutated chromosomes screened. In order to address this, potential interaction assays
with alleles of known cell cycle components were carried out (Table 2.10). Although
weak interactions were observed for some alleles, the majority of mutant alleles
removing diminutive, string, Cyclin A, Cyclin B, Cyclin B3, Cyclin D, Cyclin E, E2f
transcription factor, Ef1-like factor, roughex, p53, dacapo, gigas, Dichaete or the cyclin
dependent kinase cdc2 showed no consistent interaction with P{w+,GMR-updΔ3’}
(Table 2.10). Interestingly, an allele of cdk4 namely, cdk43 has been previously reported
as interacting with STAT92E (Chen et al., 2003). It was also identified in the screen for
cell cycle regulatory components as a weak suppressor but surprisingly, multiple other
alleles of cdk4 tested failed to show any consistent interactions.
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Table 2.10: P{w+,GMR-updΔ 3’} and cell cycle components
Gene (abbreviation)

Allele

GMR-upd

diminutive (dm)

1

-

cdc2

2
3

+/-

string (stg)

4
01235

+/+/-

Cyclin A (CycA)

03946
C8LR1

+
+/-

Cyclin B (CycB)

2

+/-

Cyclin B3(CycB3)

2

+/-

Cyclin D (CycD)

KG04817

+/-

Cyclin E (CycE)

AR95
05206
k05007

+/+/+/-

Cyclin-dependent kinase 4 (Cdk4)

3
k06503
s4639

+/+/-

DP transcription factor (Dp)

49Fk-1

+/-

E2F

07172

+/-

Ef1alpha-like factor (Elf)

k06909

-

roughex (rux)

1
2

+/-

p53

5A-1-4

+/-

dacapo (dap)

4
04454
07309

+/+/-

gigas (gig)

109

+/-

Dichaete (D)

r8

+/-

+/- = No interaction, + = mild enhancer, - = mild suppressor

Comments

Drosophila Cdc25 homologue

cdk4 has been previously reported as
interacting with stat92E (Chen et al.,
2003)

Cell size regulator
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3. DISCUSSION
Cellular proliferaion in both vertebrates and invertebrates is precisely controlled by
constantly fluctuating levels of cyclins and their respective cyclin dependent kinases
(Lee and Nurse, 1987; Murray, 1993). Although mechanisms controlling the inner
workings of the cell cycle have been well characterized (Darzynkiewicz et al., 1996;
Guan et al., 1994; Hirai et al., 1995; Morgan, 1997; Murray, 1993; Muller, 1995) the
machinery linking cellular proliferation with development in multi-cellular organisms is
not as well understood. Questions regarding the external signals that spatially and
temporally coordinate mitosis, and how they integrate with the core cell cycle
machinery remain unresolved.
JAK/STAT signalling is one of the key evolutionary conserved signal transduction
pathways implicated during growth and development of multicellular organisms. Under
normal circumstances the JAK/STAT pathway is known to play roles in cellular
proliferation and differentiation of myeloid and lymphoid lineages (Gouilleux-Gruart et
al., 1996; Migone et al., 1995; Weber-Nordt et al., 1996). STAT3 and 5 can be
activated in response to hematopoietic cytokines and promote proliferation and
differentiation of their progenitor cells (Akira, 2000; Schwaller et al., 2000). The
pathway is also involved during embryonic development. STAT3 is expressed in early
post implantation embryos and individuals deficient for STAT3 die in embryogenesis
prior to gastrulation (Akira, 2000). While under-activation of the pathway results in
immunodeficiencies, its over-activation has a transforming effect that results in tumors
such as leukemias, lymphomas and myelomas as well as breast and prostrate cancers
(Calò et al., 2003; Schindler, 2002). In such cases the gene expression profile of
transformed cells is radically altered resulting in ligand independent survival of these
transformed cells (Sternberg and Gilliland, 2004). However, the mechanisms required
for regulation of the JAK/STAT pathway and candidate downstream target genes
involved in processes regulating cellular growth, proliferation and differentiation are
comparatively poorly understood. The redundancy observed in vertebrate systems with
multiple activating cytokines, Jaks and Stats makes a genetic based approach to identify
mechanisms regulating the pathway difficult (reviewed in Levy and Darnell, 2002). By
contrast, the JAK/STAT pathway in Drosophila represents a complete, less complex,
and genetically tractable system with which the pathway can be studied (Zeidler et al.,
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2000a). In particular, the availability of a wide range of genetic tools makes Drosophila
a very lucrative model system and allows the analysis of in vivo functions.
This study aims to characterise the role of JAK/STAT signalling in cellular
proliferation, and to identify potential modulators and interactors of JAK/STAT
pathway in a proliferation based genetic interaction assay.

3.1 JAK/STAT signalling is required during Drosophila growth and
development
The requirement for JAK/STAT signalling is observed during larval imaginal disc
growth and development as imaginal tissues from 3rd instar homozygous hopM13 mutant
larvae have small discs. When stained with phalloidin cell shape and size seem to be
unaltered in hopM13 mutant discs, in comparison to similar aged wild type discs (Fig 2.1;
Mukherjee et al., 2005; Perrimon and Mahowald, 1986). Heteroallelic hypomorphic
combinations of upd also result in a small adult eye phenotype with ventral eye tissue
missing (Bach et al., 2003). By contrast, ectopic mis-expression of upd in the
developing fly eye results in greatly enlarged eyes (Bach et al., 2003). Misexpression of
upd in the eye (P{w+,GMR-updΔ3’} flies) results in additional rounds of mitosis of
precursor cells anterior to the morphogenetic furrow, resulting in increased numbers of
ommatidia in the eye disc (Bach et al., 2003). These additional cells are patterned
normally within and behind the morphogenetic furrow, indicating ectopic JAK/STAT
signalling in the eye is sufficient to drive proliferation, without affecting differentiation.
Finally, the dominant gain-of-function alleles, hopTum-l and hopT42 show constitutively
activated kinase activity and result in over-proliferation of haemocytes which invade
surrounding tissues and form black melanotic tumours termed ‘fly leukemia’ (Harrison
et al., 1995; Luo et al., 1997). Taken together, these evidences suggest a correlation
between JAK/STAT pathway activity and cell growth or proliferation in several
different processes during Drosophila development.
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3.2. Growth requirements for JAK/STAT signalling in wing imaginal disc
development
Imaginal discs in freshly hatched larvae are ectodermal sacs of undifferentiated,
columnar epithelial cells, which arise from a small group of 20-40 cells located in the
non-proliferating ectoderm of the embryo. These structures then undergo extensive
proliferation during larval stages to achieve a final size of approximately 75,000 cells
by late 3rd instar stages (96hr after hatching, wing disc as an example). During
metamorphosis, the wing disc differentiates to give rise to the adult mesonotum and the
wing disc proper with a characteristic pattern of veins and sensory organs (Cohen,
1993; Bryant, 1978).
To characterise the role JAK/STAT signalling plays in cellular growth or proliferation
at the molecular level, loss- and gain-of-function experiments were undertaken using
Drosophila wing imaginal discs as the model system.
Using loss-of-function clonal analysis, it was observed that clones lacking stat92E
induced ‘early’ in wing disc development and allowed to grow for 24hr, were 40% the
size of the accompanying wild type twin clones. This implies a requirement for
JAK/STAT signalling during this early stage of wing disc growth or proliferation. The
requirement for JAK/STAT signalling observed here is similar to evidences obtained
from the vertebrate field that point towards the proliferative roles played by the STAT
family of transcription factors in normal physiological processes. Stat4- and Stat6deficient animals reveal a requirement for IL-12 or IL-4 mediated proliferation of T
cells (Decker et al., 2002). Stat5b-/- mice develop defects related to a lack of growth
hormone activity (Udy et al., 1997) and Stat5b-/- mice show a modest decrease in the
number of both thymocytes and splenocytes (Imada et al., 1998). Although Drosophila
STAT92E is clearly related to all vertebrate STAT family members, Stat5b represents
the closest vertebrate homologue of the single fly STAT transcription factor (Hou et al.,
1996).

3.3 STAT92E and vertebrate STAT signalling
A strong requirement for JAK/STAT signalling in cellular proliferation is observed
during ‘early’ stages of wing disc development, and a loss of JAK/STAT signalling at
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this time point hinders cellular proliferation. However, when loss-of-function clones of
stat92E are induced ‘late’ during wing disc development a change in the relative
requirement for STAT92E is observed. While ‘early’ stages showed a strong
requirement for JAK/STAT signalling, clones induced during late 2nd instar stages and
dissected 24h later, had a reduced requirement for STAT92E and were 89% the size of
their accompanying twin clones. By mid 3rd instar larval life, 24hr old ‘late’ clones,
showed a very intriguing phenotype. These mutant clones had out-grown their
accompanying twin spots, indicating that the loss of stat92E in these mutant tissues
confers a proliferative advantage. These results were complemented by gain-of-function
experiments, where ‘late’ clones ectopically expressing the JAK/STAT pathway
components, unpaired and hop had fewer proliferative cells and were smaller compared
to only GFP expressing control clones. These loss- and gain-of-function experiments
imply that the endogenous levels of pathway activity is sufficient to inhibit proliferation
at late stages of wing disc development, and this inhibition can be further increased by
ectopic expression of upstream pathway components. These results show dual opposing
functions for the single Drosophila STAT92E.
The closest vertebrate homologues of Drosophila STAT92E are the STAT5a/b proteins
(Hou et al., 1996). Constitutively active STAT5s (as well as STAT3) have been shown
to have transforming properties and are strongly associated with tumour development
(Bowman et al., 2000). Persistent activation of STAT3 and STAT5 have been reported
in both leukemias and solid tumors (Bromberg, 2002; Levy and Gilliland, 2000).
Reconstituted mice with bone marrow cells expressing a constitutively active STAT5a
single point mutation (S711F allele) form more stable STAT5 tetramers which are able
to induce multilineage leukemias (Moriggl et al., 2005). Importantly, enhanced STAT5
tetramer formation is also observed in human leukemia identifying STAT5 tetramers as
a driving force for STAT5-induced leukemia cell growth (Moriggl et al., 2005).
Suggested effects resulting from tetramer formation include the up-regulation of
apoptosis inhibitors, cell cycle regulators and inducers of angiogenesis (Calò et al.,
2003). These facts are consistent with the results obtained from STAT92E loss-offunction analysis, where JAK/STAT pathway activity acts to affect cellular
proliferation, while no changes in the level of apoptosis were observed. These results
are further confirmed by the failure to identify interactions in a JAK/STAT activity
based genetic interaction assay with proteins involved in apoptosis like reaper, hid and
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grim genes (Bach et al., 2003).
By contrast, STAT1 has been described as a potential tumour suppressor and its
activation serves to inhibit growth and promote apoptosis (Durbin et al., 1996). This
anti-proliferative effect is probably a consequence of the role played by STAT1 in the
transduction of interferon signalling (Calò et al., 2003). The type I and II interferons
signal through specific receptors to elicit potent anti-viral and anti-proliferative
responses (Platanias and Fish, 1999), and exert these effects, at least partially, via
STAT1/2/p48 complexes (Bluyssen and Levy, 1997). These complexes show DNA
binding preferences distinct from that of stimulated STAT5 and so result in the
transcriptional activation of different sets of target genes, potentially by up-regulating
caspases and the Cdk inhibitor p21 in particular cells types (Bromberg et al., 1998;
Bromberg et al., 1996). Thus JAK/STAT signalling in vertebrates mediates both
proliferative and anti-proliferative responses via the activation of two distinct, but
related STAT molecules.
Such dual functionality appears to have been conserved through evolution, as the single
STAT-like gene present within the Drosophila genome is also sufficient to mediate both
proliferative and anti-proliferative effects. This implies that the STAT-like protein(s)
present in the last common ancestor and is likely to have had similar activities.
However, the fly and vertebrate systems contain different repertoires of components,
and while the end result of JAK/STAT mediated proliferative control has been
conserved, it seems that the contrasting proliferative roles mediated by the unique
Drosophila STAT have been assigned to separate vertebrate STAT homologues.

3.4 STAT92E is involved in slowing cellular proliferation rates during
wing disc development
One intriguing observation made was the gradually decreasing ‘early’ and ‘late’ gainof-function clone sizes which expressed only GFP (containing endogenous STAT92E).
It is known that wing imaginal disc cells undergo extensive proliferation during the
course of development, and divide synchronously in clusters to generate a disc with a
constant number of cells in the late 3rd instar wing (Graves and Schubiger, 1982;
Madhavan, 1977). Over the course of proliferation the rate of cell divisions gradually
slows and cells progressively arrest in G2 phase of the cell cycle with all proliferation
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ceasing by approximately 20hr after pupal formation. The wing disc then evaginates
during mid pupation and after one more round of cell division, at about 30hr of pupal
development, cellular proliferation finally ceases and cuticular differentiation is initiated
(Cohen, 1993; Garcia-Bellido and de Celis, 1992). ‘Early’ 24hr old clones
misexpressing GFP contained 7.0 cells per clone. By contrast ‘late’ clones, also aged for
24hr and expressing only GFP contained an average of 4.3 cells/clone. Given the same
amount of time for the clones to grow, the clones induced early exhibit a higher
proliferative capacity compared to the older clones, and probably divide faster. While
the signals participating during wing disc development have been well documented, the
processes involved in the slowing down of proliferation are not clearly understood.
Given the changing proliferative role of STAT92E activity through this time, it suggests
that JAK/STAT signalling may play a role in the gradual slowing down of cellular
proliferation from early to late stages of wing disc development. How a single
transcription factor is able to exert these distinct and opposing processes remains to be
determined at a molecular level.

3.5 Late anti-proliferative effect is exerted via a non-cannonical
mechanism of STAT92E activation
Diverse signalling molecules including G-protein coupled receptors (GPCRs), Notch,
Src kinases and Receptor Tyrosine Kinases (RTKs) have all been described as noncannonical activators of STAT in both vertebrates and Drosophila systems (Kamakura
et al., 2004; Li et al., 2003b; Rodriguez-Frade et al., 2003; Silva et al., 2003). Several
lines of evidences in the present study also point towards a non-canonical scheme of
STAT92E activation in late wing imaginal discs. a) The restricted pattern of unpaired
expression in late 3rd instar wings b) hopC111 loss-of-function ‘late’ clones that are the
same size as their twin clones along with unaltered expression levels of STAT92E
protein in them, c) contrasting effects observed with late DomeΔcyt misexpressing
clones. The existence of an N-terminal truncated STAT92E which is differentially
expressed over the course of fly development was reported to function as a dominant
negative (Henriksen et al., 2002). However, ‘late’ gain-of-function clones
misexpressing dominant negative STAT92E, had higher proliferative capacity and
contained more cells compared to GFP expressing control clones (expressing
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endogenous STAT92E). This indicated that endogenous levels of full-length STAT92E
is responsible for the opposing proliferative effect. Additionaly the ‘late’ activation is
via a non-canonical manner, which is Unpaired and JAK independent. Furthermore,
ectopic activation of the canonical pathway remains sufficient to further increase the
anti-proliferative effect. Although not proven it is likely that this endogenous STAT92E
activity is sufficient to account for the accumulation of the wing disc cells in G2 phase
of the cell cycle during normal development (Section 2.6).
The identification of non-canonical STAT92E activation in the wing imaginal disc
represents the only example of such a mechanism in the Drosophila imaginal system. A
recent report has indicated that the receptor tyrosine kinase Torso can activate
STAT92E in the early pole cells (Li et al., 2003a). The Torso RTK is expressed
maternally and required only during early embryogenesis and is thus unlikely to
undertake a similar role in the wing. A detailed analysis of the Drosophila epidermal
growth factor receptor, a related RTK, indicates that this receptor and its downstream
pathway are strongly required for proliferation of the wing imaginal disc cells (DiazBenjumea and Hafen, 1994). As a loss of STAT92E activator would result in late overproliferation, it seems unlikely that RTKs are responsible for the non-canonical
activation observed.
An alternative possibility is an interaction with the Notch signalling cascade. Indeed
genetic interactions in the eye between Notch pathway components and P{w+,GMRupdΔ3’} have been observed (Bach et al., 2003; and see below). However, ectopic
activation of the Notch pathway in late stage wing discs has been shown to result in
cellular proliferation (Baonza and Garcia-Bellido, 2000; Giraldez and Cohen, 2003), a
phenotype opposite to that expected of a STAT92E. In addition, a recent report in
vertebrate systems showed Notch-induced activation of STAT3 activity requires JAK2,
indicating a canonical mode of STAT activation (Kamakura et al., 2004). Taken
together, it therefore seems unlikely that ‘late’ STAT92E activity is mediated via Notch.
Src kinases have been shown to non-canonically activate STAT in vertebrates. The roles
of the two Drosophila Src homologues are therefore of interest. In particular, it has been
shown that STAT92E is involved in the transduction of Src-induced over-proliferation
in the eye (Read et al., 2004). If this is true for late non-canonical activation of
STAT92E, then removal of C-terminal Src kinase, which encodes for a negative
regulator of the Src family kinases, should result in up-regulation of STAT92E activity.
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experiments

conducted

using

RNAi

mediated

knockdown

of

Csk/Src42A/Src64B in unstimulated Kc167 cells, failed to show any change in reporter
activity (not shown). These results do not support a mode in which Srcs are responsible
for the non-canonical activation of STAT92E, but further studies are needed to
characterise this.
G-protein coupled receptors (GPCRs) also represent potential candidates for late
STAT92E activation (Rodriguez-Frade et al., 2003). While no studies have been
undertaken regarding the role of GPCRs in wing disc development, the genetic
interaction screen carried out to identify potential modulators of JAK/STAT pathway
mediated cellular proliferation identified methuselah like-8, a member of the G-protein
coupled receptor signalling pathway. Loss of a single copy of mthl8 inhibits JAK/STAT
mediated cellular proliferation in the eye and results in a small eye size (Table 2.7&2.8).
However, a role for GPCRs in wing disc cellular proliferation remains to be determined.
Another possibility yet unexplored are the effects exerted by the changing levels of
steroid hormones during wing disc development. As is known from the vertebrate
literature, STAT3 can enhance trans-activation of steroid hormone receptors in a
hormone-dependent manner, thereby increasing the sensitivity of these receptors for
their ligands (De Miguel et al., 2003). In fact, STAT3 and STAT5 have been shown to
modulate transcription by direct protein-protein interaction with the glucocorticoid
receptor and the progesterone receptor (Richer et al., 1998; Zhang et al., 1997). The
molting process in Drosophila is initiated by pulses of 20-hydroxyecdysone, which
exerts different responses in different tissues depending on the type of ecdysone
receptors (EcRs) or co-activators expressed in the cells (Hurban and Thummel, 1993;
King-Jones et al., 2005; Stone and Thummel, 1993). In this manner different levels of
ecdysone can activate or repress different sets of genes. It is therefore possible that
STAT92E may mediate its anti-proliferative effect via an interaction with different sets
of EcRs, which are activated during late stages of wing disc development.
To summarize, it is shown that the single STAT92E gene present within the Drosophila
genome is sufficient to mediate both pro-proliferative and anti-proliferative effects, in
the same tissue at different time points. It seems likely that both the positive and
negative regulation of cellular proliferation represent ancestral functions of STAT
signalling that have been conserved through evolution. However, while Drosophila
mediates these differing roles with a single STAT molecule, vertebrate systems have
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divided these roles into at least two separate and distinct STATs. Ultimately, the
identification of the molecular changes within stat92E or interacting partners which
cause the single STAT92E to cease its original proliferation promoting function and
cause it to exert an anti-proliferative effect may shed light on the control mechanisms of
vertebrate JAK/STAT signalling cascades.

3.6 Potential modulators of JAK/STAT mediated cellular proliferation
A genetics based approach to identify regulators of JAK/STAT pathway activity was
undertaken. Using an in vivo eye over-growth assay 2267 independently generated Pelement insertions were screened. 24 genes (1.05%) were isolated as consistent
modifiers of the P{w+,GMR-updΔ3’} eye phenotype. Using a tissue culture based
quantitative STAT92E pathway activity assay it was determined that 7 of these are
likely to be pathway components. in situ hybridisation carried out showed that
expression of 6 of the genes are modulated in response to pathway activity, and so
represent potential pathway target genes.
These 24 genes represent new components of the JAK/STAT signal transduction
pathway, some of which are required for the transduction of the signal itself, some
downstream pathway target genes and the others may be required for the over-growth
phenotype itself. The known biological roles of the candidate genes identified, allow
them to be subdivided into a number of classes:
3.6.1 Cell cycle proteins
In the screen genes involved in cell cycle regulation namely did, trbls and Mob1, were
identified as modifiers of the eye over-grown phenotype. Alleles of trbls and Mob1
were identified as potential pathway target genes (Fig 2.21C&D; K&L) and a loss of
these loci result in smaller eyes. did was also identified as a moderate suppressor of the
over-grown eye phenotype. Homozygous did mutants have been described as having
small imaginal discs (Gatti and Baker, 1989), a phenotype that is similar to hopM13
mutant 3rd instar larval discs (Fig 2.1; Mukherjee et al., 2005; Perrimon and Mahowald,
1986).
Intriguingly, when screened to check for interactions with core cell cycle regulatory
proteins, no potential modulators of the over-grown eye phenotype were identified
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(Table 2.10). While unexpected, this suggests that the core cell cycle regulatory proteins
do not represent components which become rate limiting in the proliferative
environment tested. Rather, the identification of did, trbls and Mob, loci which are not
central to cell cycle progression but involved in its regulation, implies that the
interaction between JAK/STAT signalling and cellular proliferation is indirect.
Of particular significance were the varying interactions observed with different alleles
of the Cdk4 gene. Although cdk4 represents the only Drosophila component of the cell
cycle machinery previously proposed to interact with the JAK/STAT pathway (Chen et
al., 2003) in the screen undertaken, only one of the three alleles tested was identified as
a weak suppressor of the eye over-growth phenotype (Table 2.10). A finding that would
normally lead to a classification as a ‘non-specific’ interaction. Previous studies by
(Chen et al., 2003) did not employ loss-of-function experiments as shown here, but
rather undertook the converse experiments. When coexpressed by the Gal4-UAS system
utilizing GMR-Gal4 driver the co-expression of CycD, Cdk4 and Upd dramatically
enhance the eye over-growth phenotype over that mediated by Upd or CycD and Cdk4
alone (Chen et al., 2003). Although it is possible that the loss of a single copy of the
Cdk4 locus does not reduce protein levels below a rate limiting threshold, the
inconsistency of interactions produced by multiple Cdk4 alleles is puzzling and true
nature of any potential interaction between JAK/STAT signalling and endogenous Cdk4
remains to be established.
3.6.2 Transcription factors and co-regulators
In the screen a number of transcription factors as interacting loci were identified. One of
these was the Drosophila homologue of Nuclear Factor of Activated T-cells (NFAT),
which has been reported to interact with transcription factors NF-κB, AP-1 and STATs
in mediating cytokine and T-Cell Receptor-induced IFN-γ signalling in vertebrates.
These activated transcription factors result in induction and activation of numerous
intrinsic antiviral factors (Malmgaard, 2004). Intriguingly, a similar role of JAK/STAT
signalling mediated generation of antiviral response within Drosophila fat body cells
following immune challenge has also been reported (Agaisse et al., 2003). Although
further analysis of this interaction is required, this is the first report of an interaction
between NFAT and JAK/STAT signalling in Drosophila. This suggests a potential
evolutionarily conserved link between NFAT and JAK/STAT signalling.
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C-terminal Binding Protein (CtBP) encodes a transcriptional co-repressor previously
identified as an enhancer of the eye phenotype caused by Upd misexpression (Bach et
al., 2003). Incidentally, we also identified an allele of CtBP in the present screen but as
a potential suppressor. While not all alleles of CtBP show consistent interaction with
P{w+,GMR-updΔ3’} (Table 2.8), cell culture based RNAi mediated knock down assays
indicate that CtBP acts as a positive regulator of JAK/STAT pathway activity. These
results are supported by an independent genome wide RNAi based screen for
JAK/STAT pathway interactors, which also identified dsRNA targeting CtBP as a
suppressor of pathway signalling (Müller et al., 2005). Finally, an up-regulation of
CtBP transcript was observed in P{w+,GMR-updΔ3’} 3rd instar eye discs compared to
wild type (Fig 2.21A&B). Given the results from cell based assays and in situ
expression pattern analysis it appears most likely that CtBP does indeed represent a
positive regulator of JAK/STAT pathway activity. This finding is particularly surprising
given the previously identified role for CtBP as a transcriptional repressor. It is known
that CtBP in combination with Groucho, a co-repressor is involved in repressing Su(H),
which mediates expression of Notch pathway target genes (Barolo et al., 2002). The
molecular basis of the observed interaction between CtBP and P{w+,GMR-updΔ3’}
remains to be determined.
3.6.3 Extracellular proteins
One intriguing aspect of the phenotype displayed by flies over-expressing Upd in the
P{w+,GMR-updΔ3’} transgenic line is that the region of Upd expression is separate
from the domain where extra cell-proliferation is observed (Bach et al., 2003). As Upd
which is a diffusible ligand and can be detected up to 20 cell diameters away from the
point of its expression, implies a paracrine mode of pathway activation, (Bach et al.,
2003; Tsai and Sun, 2004). Although it has been shown that Unpaired represents a
secreted extra-cellular signalling molecule that is both post-translationally glycosylated
and able to associate with the extra-cellular matrix (ECM) (Harrison et al., 1998) very
little is known about the mechanisms regulating these processes.
One class of molecules previously shown to regulate the extra-cellular trapping and
movement of signalling ligands are the extra-cellular heparan sulfate proteoglycans
(HSPGs) Dally, Dally-like, Perlecan and Syndecan (Princivalle and de Agostini, 2002).
They not only play a part in providing shape and biomechanical strength to organs and
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tissues, but also play a critical role in the transmission of several signalling molecules.
For example, in Wingless signalling, coordinated activities of HSPGs and Fz/DFz2
shape the Wg morphogen gradient (Baeg et al., 2004). Also membrane-targeted,
cholesterol-modified Hedgehog requires HSPGs to be either trapped by receiving cells
or to move from cell to cell (The et al., 1999). Finally, Heartlless (Htl) and Breathless
(Btl), two FGF receptors identified in Drosophila, are involved in activation of MAP
kinases, and this activation is significantly reduced in embryos lacking sulfateless and
sugarless activities (Lin et al., 1999). Despite the significance of HSPGs for the
transduction of these ligands, mutations in the HSPGs themselves, as well as mutations
in the HSPG modifying enzymes sugarless and sulfateless, do not appear to interact
with the eye over-growth phenotypes associated with P{w+,GMR-updΔ3’} (E. Selva
personal communication) and suggest that Upd is likely to interact with the ECM via
different mechanisms.
A locus encoding an extra-cellular adhesion molecule, Tenascin-major (Ten-m), also
known as odd Oz (odz), in the present study was identified as a suppressor of pathway
activity in the RNAi based paracrine assay, and was also identified as a potential
pathway target gene. The observations made from these different experiments were
quite intriguing. JAK/STAT signalling is sufficient to negatively regulate Ten-m
expression which is not detectable in over-grown P{w+,GMR-updΔ3’} eye discs (Fig
2.21 I&J). However, when levels of Ten-m are reduced (as shown in genetic interaction
and RNAi knock down data) pathway activity is reduced. These results indicate the
existence of a feed back loop where pathway activation is dependent on Ten-m.
JAK/STAT pathway activity acts to down-regulate Ten-m thereby potentially reducing
the duration or intensity of pathway activity. The true nature of this interaction remains
to be understood.
3.6.4 Signalling Pathways
Drosophila eye development is a complex process involving inputs from multiple signal
transduction pathways including EGFR, Hh, Notch, Dpp and Wingless signalling. For
example, a gradient of four-jointed expression in the Drosophila eye is determined by
synergistic interactions between STAT92E, Notch and Wg signalling pathways (Zeidler
et al., 1999a). Also, at the posterior D/V boundary in the eye disc, coordinated activities
of Notch and eye gone (eyg) induce expression of upd which acts over long distance to
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promote cell proliferation (Chao et al., 2004). Consistent with these interactions, in the
present screen undertaken Bunched (bun) a member of the Dpp signal transduction
pathway (Dobens et al., 2000) and Bearded (brd) a member of the Notch signalling
pathway (Lai et al., 2000) were identified. bunched is a transcription factor that
genetically interacts with dpp (Dobens et al., 2000; Treisman et al., 1995) and
integrates opposing dpp and EGF signals to set the operculum boundary in the
developing egg (Dobens et al., 2000). Recent evidence also show that bun interacts with
Notch, and functions to establish a boundary for Notch signaling in the follicle cell
epithelium (Dobens et al., 2005). Dpp pathway genes have been previously reported to
modulate the P{w+,GMR-updΔ3’} eye phenotype, with hypomorphic alleles of dpp and
Mothers against dpp representing strong suppressors of eye over-growth (Bach et al.,
2003). Similar interactions have been observed in mammalian systems with bone
morphogenic protein 2 (BMP2). The cytokine leukemia inhibitory factor (LIF) and
BMP2 activate Stat3 and Smad1 respectively, and act synergistically in fetal
neuroepithelial cultures to promote the differentiation of astrocytes from progenitor
cells. Although this synergism requires functional Stat3 and Smad1, these proteins do
not physically interact rather, both bind to p300/CBP to promote transactivation of
target genes (Nakashima et al., 1999).
Finally, a potential member of a G-protein signalling pathway was also identified. mthlike8 a seven-pass trans-membrane protein with predicted G-protein coupled receptor
activity. Although expression of mth-like8 is upregulated in response to JAK/STAT
pathway activation (Fig 2.21E&F), an in depth analysis of its interaction still needs to
be undertaken.

3.7 Concluding remarks
In the present study undertaken, I have characterised functions of the single Drosophila
STAT92E protein, that are analogous to functions of vertebrate STATs. Early during
wing disc development STAT92E is activated canonically and functions to exert a proproliferative effect, resembling STAT3 and STAT5. However, during later stages of
wing disc development STAT92E is activated by a non-canonical mechanism and
functions to exert an anti-proliferative effect, analogous to STAT1. Evidences from the
vertebrate literature support this data, where multiple ligands and kinases are known to
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activate different STATs present, enabling the pathway to exert a wide range of
pleiotropic effects. As such, these results make it clear that the JAK/STAT pathway
does not function in isolation and that the pathway is involved in constant cross-talk
with other interacting loci, many of which remain to be identified. The P{w+,GMRupdΔ3’} screen was carried out to identify JAK/STAT interacting loci and employed a
combination of forward and reverse genetic techniques. It was successful in identifying
a number of diverse loci involved in transducing and regulating the JAK/STAT signal
transduction in vivo. A number of uncharacterised genes were also identified in the
screen as potential interactors of pathway activity, of which CG3305 was additionally
shown to be a potential pathway transcriptional target gene. The biological relevance of
the interaction of these genes with JAK/STAT signalling remains to be identified. Given
the importance of the pathway during development and its implication in human
malignancies it is hoped that a future detailed analysis of these gene products will lead
to a better understanding of this important signal transduction pathway.
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4. MATERIALS AND METHODS
4.1 Molecular Biology
4.1.1 DNA isolation from flies
Approximately 50 flies per sample were frozen and ground in a 1.5ml Eppendorf tube,
using a plastic Eppendorf pestle, in 400µl of DNA extraction buffer. Additional 400µl
of DNA extraction buffer was added to rinse the pestle. Homogenate was incubated for
30min at 65oC. 120µl of 8M K-acetate was added followed by incubation on ice for
30min. The sample was then centrifuged at maximal speed (Haeraus microfuge) for
5min, and the supernatant was transferred into a fresh tube and precipitated with 50%
ethanol (equal volume of 100% ethanol added). The sample was then centrifuged at
maximal speed for 5min. The pellet was then washed with 70% ethanol, air dried and
resuspended in 400µl of TE. RNAase treatment at a final concentration 2µg/ml was
carried out at 37oC for 30min. DNA fraction was isolated by phenol/chloroform
extraction followed by ethanol precipitation. Finally, the DNA was dissolved in 50µl of
TE with approximate final DNA concentration of 1µg/µl.
4.1.2 RNA isolation from wing discs
Total RNA from wing imaginal discs was carried using peqGOLD TriFast (Peqlab). 200
wing imaginal discs from 2nd instar larvae (aged 60+7hr) and 100 wing discs from 3rd
instar larvae (aged 96+4hr) were dissected in DEPBS. These discs were transferred to
1ml TriFast solution. The isolation was undertaken according to the peqGOLD TriFast
protocol. Total cellular RNA was precipitated in 500µl of isopropanol, rinsed in ethanol,
air dried and then dissolved in 20 µl of RNAse free water at 58-60°C for 5-10min. RNA
was then quantified spectrophotometrically.
4.1.3 PCR (polymerase chain reaction)
The present study utilizes PCR amplification to identify the JAK/STAT interacting
genes from the screen using inverse PCR, synthesis of dsRNA of the interacting loci,
semi-quantitative RT-PCR to identify the two different splice variants of STAT92E, and
to synthesise templates for in situ probes. To synthesise sense in situ probe, only the T7forward and reverse without the T7 sequence was used for the PCR reaction. The
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reverse pairing was carried out to synthesise the anti-sense probe, forward without the
T7 sequence and T7-reverse. All the primers used for PCR reactions are listed in the
Appendix Table 7.1, 7.2 and 7.3.
4.1.4 Inverse PCR
Inverse PCR was performed essentially as described on the BDGP Web page
(http://www.fruitfly.org/). Genomic DNA from flies carrying the P{Mae-UAS.6.11}
element was isolated and subjected to digestion by either MaeI or Csp6I o/n at 37°C.
The digestion reactions were carried out in 50µl volume with excessive amount of DNA
(up to 20µl of genomic DNA depending on the yield after isolation). After restriction
the resulting DNA fragments were precipitated by adding 5µl of 3M Na-acetate and
125µl of 100% ethanol. The DNA was washed once in 70% ethanol and then air dried
and resuspended in 50µl of water.
For ligation the entire amount of digested DNA was utilized and incubated with 1U of
T4-DNA ligase (Roche) in ligation buffer (supplied by Roche) in a total volume of
200µl. The reaction was carried out o/n at 4°C. The ligated DNA was purified by
ethanol precipitation (as described after digestion) air dried and resuspended in 50µl of
water.
For inverse PCR one-fifth of the ligated DNA was used. Fragments were amplified
were only from the 5’ end of P{Mae-UAS.6.11} and the primer sequences used are
listed in Appendix Table 7.1. For PCR amplification Hot Star Master Mix from Qiagen
was used. The PCR amplified DNA was sequenced, and the resulting sequences
obtained thereafter were aligned to release 3.0 and release 4.0 genomic DNA of
Drosophila melanogaster using BLAST searches (Adams et al., 2000).
The PCR parameters were a follows:
Activation step for Hot Star Taq polymerase 95°C for 15min
Annealing

75°C for 2min

Denaturation

95°C for 30 min

Annealing

55°C for 1min

Extension

65°C for 2min

Final extension

72°C for 10min

25 cycles
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4.1.5 Semi-Quantitative Reverse Transcription PCR (RT-PCR)

For semi-quantitative RT-PCR to amplify Exon 1a in STAT92E mRNA (Fig 2.13), One
step RT-PCR kit from Qiagen was used. 44ng of RNA isolated from 60+7hr and 96+4hr
staged wing discs was used to set up the RT-PCR reaction. The cDNA synthesis was
performed at 42°C for 1hr, and the annealing temperature used for the RT-PCR reaction
was 50°C. Primer pairs annealing to different Exons of STAT92E mRNA are indicated
in Figure 2.13 and sequences of these primers are listed in Appendix Table 7.3. GAPDH
was used as an internal control, and was used as a measure to check for the quality of
RNA. The PCR reactions were performed under semi-quantitative conditions (i.e., low
number of cycles); therefore, an interpretation of the relative amounts of mRNA where
Exon 1a is spliced to Exon 2 versus to Exon 3 can be made.
PCR parameters were as follows:
pre-denaturation :

2min at 95°C

denaturation :

30sec at 95°C

annealing :

1min at 50°C

extension :

1.30min at 72°C

final extension :

5min at 72°C

24 cycles

4.1.6 RNA intereference
dsRNA targeting the various candidate genes was prepared from PCR products ranging
from 400-500bps, amplified from genomic DNA using primers containing a 5’ T7
promoter (GAATTAATACGACTCACTATAGGGAGA). The gene specific region of
the primers was directed against single exons of the candidate genes (Table 7.2).
The PCR cycling conditions were as follows:
Pre-denaturation:

2.30min at 95°C

Denaturation:

30sec at 95°C

Annealing:

30sec at 57°C

Extension:

1min at 72°C

Denaturation:

30sec at 95°C

3 cycles

10 cycles

Annealing:

30sec at 57°C +1.5°C every cycle
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Extension:

1min at 72°C

Denaturation:

30sec at 95°C
25 cycles

Extension:

1min at 72°C

Final extension:

2.30min at 72°C

One–tenth of the PCR products were then used as direct templates for in vitro
transcription using T7 RNA polymerase. The composition of the transcription reaction
was the following:
1x Transscription buffer
10mM DTT
1mM NTPmix
60U RNAse inhibitor
10U T7 RNA polymerase
PCR template

in vitro transcription reaction was carried out o/n at Troom, followed by a DNAse
treatment at 37°C for 15min. To extract the in vitro transcribed RNA, phenolchloroform extraction was carried out. The RNA was precipitated in isopropanol, rinsed
in ethanol, air dried and then dissolved in 20 µlt of RNAse free water. To obtain
dsRNA, in vitro transcribed RNA was heated to 95°C for 1min and then allowed to cool
slowly to room temperature.
4.1.7 RNA probe synthesis and labeling for in situ hybridisation
For in situ hybridisation experiments, anti-sense RNA probes were prepared using the
DIG-Labelling Kit (Roche). As a template either plasmids containing corresponding
cDNA, or direct PCR products amplified from genomic DNA with T7-containing
primers were used (see Appendix Table 7.2 and Table 7.4). The labeling reaction was
performed according to Roche Instruction Manual. The labelled probe was mixed with
10µl of 20mg/ml non-specific tRNA (Sigma) and the final volume was adjusted up to
200µl with DEPC-treated water. RNA was precipitated by ethanol (salting agent
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400mM LiCl) for at least 2hr (or o/n) at –80oC. The precipitated RNA was centrifuged
at maximal speed (Haeraus microfuge) for 15min, washed twice with 70% ethanol,
vacuum-dried and dissolved in 100µl of DEPC-water for 30min at 37oC.
The efficiency of labelling was tested on dot-blot. For that serial dilutions of the probes
(1:10, 1:100, 1:1000) and control RNA (1ng/µl, 100pg/µl, 10pg/µl, 1pg/µl) were made.
1µl of the each – diluted controls, non-diluted and diluted probes – were spotted onto a
piece of nylon membrane (from Amersham). When fully dried, the nucleic acids were
cross-linked to the membrane in UV-light for 2min. The membrane was washed in PBS
2 times for 5min, blocked for 30min with PBS supplemented with 10µg/ml BSA and
5% sheep serum. Furtheron was hybridised for 30min with anti-DIG alkaline
phosphatase (AP)-conjugated antibody (1:5000 dilution, Roche) at Troom. The membrane
was washed 3 times for 10 min in PBS and 2 times for 10min in AP-buffer. Colour
reaction was developed in NBT/BCIP solution (20µl of stock solution (Roche) per 1ml
AP-buffer) in dark. The intensity of the experimental spots was compared with the
control, and the approximate concentration of the labelled probe was estimated
spectrophometrically (suggested working concentration 1ng/ml).

4.2 Drosophila cell culture and transfection
4.2.1 Maintaining and storing cells
Kc167 cells (Cherbas et al., 1977) were grown in 75cm2 flasks (Falcon®) containing
10ml Schneider’s Drosophila medium (Gibco) supplemented with 10% fetal calf serum
(Sigma) and penicillin/streptavidin (0.1mg/ml) at 25oC.
For permanent storage in liquid nitrogen, 8x107 cells were centrifuged for 5min at
2000rpm (Kendro) and resuspended in freezing medium (Schneider’s Drosophila
medium, 10% DMSO) to achieve a concentration of 2x107 cells/ml. 0.5ml aliquots in
sterile cryovials were rolled in tissue papers and placed in a Dewar flask at Troom. The
flask was tightly closed and placed at –80oC for at least two days to allow the cells to
freeze down very slowly. The frozen vials were transferred to liquid nitrogen for longterm storage. For thawing the cells were brought to Troom and immediately transferred
into a flask with the medium.
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4.2.2 Transfections and dsRNA treatment of Kc167 cells
For the paracrine assay, 5x106 Kc167 cells were seeded in 6 well dishes one day before
transfection. Cells were batch transfected using Effectene Transfection Kit (Qiagen). To
mimic the paracrine mode of JAK/STAT signalling, the cells were transfected in 2
batches. For ‘signalling cell’ (Fig 2.18B) the cells were transfected with 600ng of
pAct5c-upd-GFP per well in a 6 well dish and for the ‘receiving cell’ the cells were
transfected with 500ng of 6x2xDrafLuc(wt) reporter and 25ng of pAct5c-RL as a
transfection control. The transfections were carried out according to the Qiagen
Handbook. Following this, the cells were grown for 24hr, subsequently the media was
removed and the cells were mixed 1:1 in serum free Schneider’s Drosophila medium.
25000 cells from this mixture was aliquoted in 96 well plate (Costar®), containing 2050nM dsRNA/well. dsRNA treated cells were grown for 72hr, and then lysed for dual
luciferase measurements.
4.2.3 Cell lysis and Dual Luciferase measurements
For luciferase reporter assay, cells were lysed in the same 96-well plates where they
were grown. 50µl of passive lysis buffer (supplied by Promega) was added to each well
and incubated for 15min, under mild agitation. 20µl of the resulting lysates was then
directly used for luciferase activity assay without protein concentration measurement.
Firefly and Renilla luciferase activity was measured by Dual-Luciferase Reporter Assay
(Promega) on Wallac VictorTM Light 1420 Luminescence couner (Perkin Elmer).
4.2.4 Dual luciferase assay
Firefly luciferase activity reflecting 6x2xDrafLuc(wt) reporter activation and Renilla
activity indicating transfection efficiency were analysed as suggested by the Promega
Technical Manual. 20µl of each sample was used to measure the same. The scheme of
the assay used was as follows: 25µl of LAR II injected – 10sec delay – 10sec
measurement – 25µl Stop&Glo® injected – 10sec delay – 10sec measurement. The
relative reporter activity was estimated as ratio between the firefly luciferase readout to
that of Renilla luciferase. Reporter activation values in experimental samples were
normalised to mock transfected cells.
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4.3 Fly growth and culture
4.3.1 Fly stocks
Fly stocks and genotypes used were: wild type (Ore R), hopM13/FM7, p{w+, Ubq-GFP},
Mj21a-Gal4 (Betsy Wilder unpublished).
Loss-of-function

clones

were

induced

in:

y,w,p{ry+,hs-FLP}1

/

y,w

;

p{neor,FRT}82B,p{Ubq-GFP}83 / p{neor,FRT}82B,STAT92E06346, ry506 (Hou et al.,
1996), y,w,p{ry+,hs-FLP}1 / y,w ; p{neor, FRT}82B,p{Ubq-GFP}83 / p{neor,FRT}82B,
STAT92E397,

e

(Silver

and

Montell,

2001),

y,w,p{ry+,hs-FLP}1

/

+

;

p{neor,FRT}82B,p{Ubq-GFP}83 / p{neor,FRT}82B,p{w+,arm-lacZ},f36a , p{ry+,hsFLP38}

/

+

;

p{neor,FRT}82B,p{f+}87F,STAT92E06346

/

p{neor,FRT}82B,p{y+,Car20y}96E or y,w,hopC111,p{neor,FRT}18A / w, p[w+,Ubq-GFP],
p{neor,FRT}18A ; p[ry+,hs-FLP}38 / y,w.
Gain-of-function clones were induced in larvae resulting from the cross between y,w ;
p{w+,Act>y+> Gal4}, p{w+,UAS-nGFP} / SM5a-TM6b (Ito et al., 1997) and either
y,w,p{ry+,hs-FLP}1 ; p{w+,UAS-upd} (Zeidler et al., 1999b), y,w,p{ry+,hs-FLP}1 ;
p{w+,UAS-hop} (Binari and Perrimon, 1994), y,w,p{ry+,hs-FLP}1 ; p{w+,UASDomeΔCyt} (Brown et al., 2001), y,w,p{ry+,hs-FLP}1 ; p{w+,UAS-ΔNSTAT92E}
(Henriksen et al., 2002) or y,w,p{ry+,hs-FLP}1 (Golic, 1991). For genetic P{w+,GMRupdΔ3’} interaction assay: y, w, P{w+,GMR-updΔ3’} / FM7, P{w+,Ubq-GFP} (Bach et
al., 2003). To screen for GMR modifiers: P{w+,GMR-rho} (Häcker and Perrimon,
1998).
4.3.2 Fly care and feeding
The care and feeding of Drosophila melanogaster was performed according to
Ashburner, 1989. All flies and larvae were grown and maintained at 25°C, unless
specified.
4.3.3 Genetics
For genetic interaction assays y, w, P{w+,GMR-updΔ3’} / FM7, P{w+,Ubq-GFP} (Bach
et al., 2003) virgins were crossed to males of the genotypes indicated in Tables 2.7&2.8.
For each batch of interaction assay, the flies were grown at 25°C. The ‘average’ eye
over-growth in adult progeny of the next generation were scored in relation to positive
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and negative/neutral controls, when crossed to stat92E06346 mutants (positive control)
and when crossed to wild type (OreR; negative control) lines respectively. In general,
lack of interaction (+/-) results in somewhat variable eye sizes while increasing levels of
suppression or enhancement (indicated by - or + respectively) are more uniform. The
Ten-m alleles were a gift of Ron Wides and the details of other alleles used are available
at http://flybase.bio.Indiana.edu/. To screen for GMR modifiers P{w+,GMR-rho} flies
were crossed to males with genotypes listed in Table 2.7 & 2.8, and as controls
P{w+,GMR-rho} virgins were crossed to wild type (OreR) males and stat92E06346 males.
The degree of eye roughness observed in flies originating from the control crosses was
used as a limit to identify suppressors (eg lilli), enhancers or non-modifiers.
In both of the above mentioned assays, experimental and control crosses were set up in
parallel and with the same batch of food.
4.3.4 Induction of Loss-of-function clones
This approach utilises yeast flipase recombinase FLP and its DNA recognition sites
FRT (flipase recognition target). FRT sites are usually placed in the proximal to the
centromere position. FLP is frequently cloned under the heat shock promoter, though
tissue specific regulation can also be used. Combination of FLP and FRT sources within
same cells results in interchromosomal exchange on the FRT sites between homologous
chromosomes thus producing homozygous mutant clones within the heterozygous
surroundings (Fig 4.1). When heat shock-inducible FLP source is used, the stage of
heat-shock is essential for the size of generated clones, while the duration (30min-2hr)
and the temperature (37-38°C) influence the clone frequency.

Figure 4.1. Mitotic recombination to induce loss-of-function clones
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For ‘early’, mid and ‘late’ STAT92E and Hop loss-of-function clones (Fig 2Ab-d),
embryos

were

obtained

p{neor,FRT}82B,p{Ubq-GFP}83

from
to

crossing

y,w,p{ry+,hs-FLP}1/y,w

p{neor,FRT}82B,STAT92E06346,ry506

/

+

;
or

p{neor,FRT}82B, STAT92E397,e / + or p{neor,FRT}82B, p{w+,arm-lacZ} / + and
crossing

y,w,hopC111,p{neor,FRT}18A, w,

p[w+,Ubq-GFP],

to p{neor,FRT}18A;

p[ry+,hs-FLP}38 / +. The embryos were collected for 2hr, aged accordingly and heat
shocked for 1hr at 37°C. All larvae were then dissected 24hr after the heat shock. Time
points quoted are the middle of the 2hr embryo collection window and are therefore
±1hr. Twin clones examined during larval development were positively marked with
GFP, and the mutant clones are negatively marked.
4.3.5 Induction of gain-of-function clones
This approach combines both Gal4/UAS and FLP/FRT cassette. In this system GAL4
gene and its promoter are separated by a marker gene flanked by FRT sites. Induced
FLP excises the marker thus enabling Gal4 expression and allowing identification of
clones by the absence of marker expression. To generate GOF clones for upd, hop,
DomeΔcyt and ΔNSTAT92E, y,w; p{w+,Act>y+> Gal4}, p{w+,UAS-nGFP} / SM5aTM6b line was crossed to y,w,p{ry+,hs-FLP}1;p{w+,UAS-upd} / +, y,w,p{ry+,hsFLP}1;p{w+,UAS-hop}

/

+,

y,w,p{ry+,hs-FLP}1;p{w+,UAS-DomeΔCyt}

/

+,

y,w,p{ry+,hs-FLP}1;p{w+,UAS-ΔNSTAT92E} / + or y,w,p{ry+,hs-FLP}1. Similar to lossof-function clonal procedure, ‘early’, mid and ‘late’ gain-of-function clones were
generated (Fig 2Ab-d) in larvae obtained from 2hr embryo collections and subsequently
aged. These larvae were heat shocked for 45min at 37°C and were then dissected 24hr
after the heat shock.
4.3.6 Clonal analysis
Clones were analysed on a Leica TCS SP2 confocal microscope and the areas of clones
and twin spots were measured using NIH Image v1.62 software. For loss-of-function
clones the ratio of the size of every mutant clone/ twin clone pair was calculated and the
mean of ratios was expressed as a percentage (ie. clone area / twin-clone area x 100).
For gain-of-function clones the number of cells in each clone positively marked with
GFP. For pH3 density, the total number of GFP positive cells that co-stained with the
anti-phospho Histone3 antibody were counted and expressed as a percentage of the total
number of GFP positive cells present in all clones.
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4.3.7 Statistical analysis

Statistical analysis of the clonal data sets were undertaken using Microsoft Excel to
calculate mean and standard deviation (SD) measurements and double ended t-tests
were

performed

to

calculate

the

corresponding

p

values

(http://faculty.vassar.edu/lowry). For the RNAi data set the p values were calculated
using either Microsoft Excel for mean and standard deviation (SD) measurements and
u-tests for to calculate the p values (http://faculty.vassar.edu.html).
4.3.8 Ectopic expression with Gal4/UAS system
This system is based on using the yeast transcription factor Gal4 and its recognition site
UAS (upstream activating sequence; Brand and Perrimon, 1993). A driver line carries
either a tissue specific or inducible enhancer sequence upstream of Gal4 gene, while an
effector line is composed of an upstream UAS promoter and downstream gene of
interest. When crossed to the driver the target transgene is then expressed in the same
tissue- and stage-specific pattern as the Gal4 driver. In the present study Mj21a-Gal4
was used to drive expression of upd, hop, DomeΔcyt and ΔNSTAT92E specifically in the
dorsal pouch of the wing imaginal disc tissue.

4.4 Histology
4.4.1 Larval Manipulations
Third instar wandering larvae were dissected in PBS, in a way that the imaginal discs
complexes were still attached to the body walls and were not lost during subsequent
procedures.
If necessary, only male or female larvae were taken for analysis. Genders can be
distinguished by the presence of testes that are visible as clear large spaces on each side
of the abdomen, approximately one quarter of the way from the posterior end.
4.4.2 Whole-mount antibody staining of imaginal discs
The dissected disc complexes were fixed with 4% formaldehyde in PBS for 20min at
Troom, washed in PBT 4x 10min, blocked in PBT with 5% serum for 20min and
incubated with antibody o/n at 4oC. Antibodies used were rabbit anti-cyclin B (1:2000;

Materials and Methods

98

(Jacobs et al., 1998) rabbit anti-phospho-Histone3 (1:2000; Upstate Biotechnology) and
rabbit anti-cleaved caspase3 (1:2000; Cell Signalling Technology). Both anti-pH3 and
cleaved Caspase3 were originally raised against human proteins that specifically crossreact with their Drosophila homologues (Jager et al., 2001; Yang and Baker, 2003).
Afterwards, the discs were washed in PBT 8x 10min and incubated in the presence of
0.1mg/ml RNAse A with secondary antibody Donkey anti-rabbit Cy3 (1:250)
(Molecular Probes) for 2hr at Troom. Following this, the discs were washed 8 times for
10min each wash, and then stained for 10min with TRITC conjugated phalloidin
(10ng/ml; Sigma) and DRAQ-5 (10µM; Biostatus Ltd) to mark filamentous actin, and
DNA respectively. These discs were then fixed with 4% formaldehyde in PBS for
15min. Post-fixation washes were 2 times for 10min each wash. Finally, the discs were
dissected completely in glycerol (50% in PBT) and mounted on slides in 70% glycerol.
Coverslips were sealed with a nail polish and imaged immediately or stored at 4oC for
no longer than 2-3 days. Images were captured either with Zeiss Axioskop2 MOT
fluorescent microscope or Leica TCS SP2 confocal microscope.
To stain live discs with Acridine Orange, the larvae were dissected in PBS as described
above and transferred to solution containing Acridine Orange diluted in PBS (1µg/ml;
Molecular Probes; White et al., 2001). The discs were then stained in dark for 5min at
Troom and then washed in PBS for 2 times for 1min each wash. The discs were mounted
carefully in PBS. Coverslips were sealed with a nail polish and the discs were imaged
immediately with Zeiss Axioskop2 MOT fluorescent microscope.
4.4.3 In situ hybridisation of imaginal discs
Partly dissected disc complexes were rocked in Fixative1 (for composition see
Appendix 7.2) for 30-45sec, then transferred into Fixative2 (for composition see
Appendix 7.2) and rocked for 20min at Troom. The fixed discs were washed in methanol
2 times with 5min each wash (at this step discs can be stored for a long time in
methanol at –20oC). To block the endogenous peroxidase activity, the discs were
incubated for 30min in 0.6% H2O2 in methanol. Pre-hybridisation treatment was carried
out 3 times for 5min each in PBT, 10min in the mixture PBT/hybridisation buffer (1:1)
and 10min in hybridisation buffer. The discs were pre-hybridised for 3-5hr at 58oC and
then hybridised with the probe in a minimal volume o/n at 58oC.
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Post-hybridisation treatment (all at 58oC) was 20min in a fresh aliquot of hybridisation
solution and then 20min of each wash in hybridisation solution/PBT in the proportion of
4:1, 3:2, 2:3 and 1:4. Next, the discs were washed in PBT 4 times with 10min each
wash, blocked in PBT with 5% serum and incubated with preabsorbed anti-DIG APconjugated antibody (1:2000, Roche) for 1hr at Troom. To remove unbound antibody 4
washes with PBT for 10min each were carried out. The disc complexes were washed 2
times and for 10min each in AP-buffer. The colour reaction was developed in
PBT/BCIP solution (20µl of the stock (Roche) in 1ml AP-buffer). Finally, the discs
were washed in PBT 3 times with 5min each wash, equilibrated in 70% glycerol (in
PBT) for several hours at Troom or o/n at 4oC. Fully dissected discs were mounted in 70%
glycerol. Coverslips were sealed with a nail polish. These preparations can be stored at
4oC, but should be photographed within a week as the level of staining can decay. These
discs were analysed under Zeiss Axioskop2 MOT microscope. When carrying out in
situ hybridisation of interacting candidates in wild type and P{w+,GMR-updΔ3’} eye
discs, the discs were prepared and stained in parallel and the color reaction was
developed for the same amount of time.
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5. SUMMARY
The Janus kinase / signal transducer and activator of transcription (JAK/STAT) cascade
is required for multiple developmental processes and plays a central role in
haematopoietic development and immune responses. Although the JAK/STAT pathway
has been a major focus of research, the redundancy observed in the vertebrate system
makes genetic approaches difficult to identify mechanisms regulating JAK/STAT
pathway activity.
The JAK/STAT pathway and its role during development has been evolutionarily
conserved and is present in the fruit fly Drosophila melanogaster. By contrast to
vertebrates, the pathway in Drosophila is less redundant and includes the main
components: the ligand Unpaired (Upd), transmembrane receptor Domeless (Dome), a
single JAK tyrosine kinase Hopscotch (Hop), and STAT92E, the transcription factor.
The present study was undertaken to characterize the role of JAK/STAT signalling in
cellular proliferation, using the Drosophila wing and eye imaginal disc as model
systems.
Using loss- and gain-of-function clonal analysis, we observed that JAK/STAT pathway
activity was implicated in cellular proliferation of wing imaginal disc cells without
altering cell size or apoptosis. During second and early third instar wing development
the pathway was both necessary for cellular proliferation and sufficient to drive overproliferation. However, by late third instar stages the JAK/STAT pathway activity
changed such that endogenous levels of STAT92E exerted a pronounced antiproliferative effect in the same tissue. In addition, ectopic activation of JAK/STAT
signalling at this late developmental time point was sufficient to inhibit mitosis and
cause cells to arrest in the G2 phase of the cell cycle. This implies that, JAK/STAT
signalling functions both pro-proliferative in early wing discs, and anti-proliferatively,
in late stages of wing disc development. This late anti-proliferative effect was mediated
via a non-canonical mechanism of STAT92E activation, as late hop loss-of-function
mutant clones did not show any changes in the level of cellular proliferation compared
to wild type cells. Furthermore, we found that the N-terminal truncated form of
STAT92E (ΔNSTAT92E), which is expressed during larval life and shown to act as a
dominant negative was not responsible for the anti-proliferative effect. Further
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suggesting that the full-length STAT92E protein to be responsible for the late antiproliferative effect.
In order to identify modulators of JAK/STAT mediated cellular proliferation, a Pelement based genetic interaction assay was performed in a sensitized background. A
total of 2267 independent P-element insertions were screened for their interaction with
JAK/STAT pathway activity and 24 interacting loci were identified. These candidate
genes were classified as: cell cycle proteins, transcription factors, DNA and RNA
binding proteins, a micro RNA gene, members of other signal transduction pathways
and cell adhesion proteins. Where available, multiple alleles for the candidate
interacting genes were tested, and based on the consistency of interaction observed, 18
candidate genes were selected for further analysis. Of these 18 candidate loci, we
identified 7 potential JAK/STAT pathway components and 6 novel downstream
pathway target genes.
Overall, we have advanced our understanding of Drosophila STAT92E, which
functions much like vertebrate STAT3 to promote cellular proliferation and also acts
anti-proliferatively, analogous to vertebrate STAT1. Also, we have identified 24
potential modifiers of JAK/STAT pathway activity. Characterization of these
interactions opens promising avenues towards understanding how JAK/STAT regulates
cellular proliferation, and may aid in the development of novel therapeutic targets to
treat cancers and developmental defects.
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6. ZUSAMMENFASSUNG
Der Janus Kinase / signal transducer and activator of transcription (JAK/STAT) Signaltransduktionsweg wird für viele Entwicklungsvorgänge benötigt und spielt eine zentrale
Rolle bei der Hämatopoese und bei der Immunantwort. Obwohl der JAK/STATSignalweg in den vergangenen Jahren Gegenstand intensiver Forschung war, erschwert
die Redundanz des Signalwegs bei Wirbeltieren genetische Untersuchungen zur
Identifizierung derjenigen Mechanismen, die den JAK/STAT-Signalweg regulieren.
Der JAK/STAT-Signaltransduktionsweg ist evolutionär konserviert und ebenfalls bei
der Taufliege Drosophila melanogaster vorhanden. Im Gegensatz zu Wirbeltieren ist
der Signaltransduktionsweg von Drosophila weniger redundant und beinhaltet folgende
Hauptkomponenten: den Liganden Unpaired (Upd), den Transmembranrezeptor
Domeless (Dome), die einzige JAK-Tyrosinkinase Hopscotch (hop), sowie den
Transkriptionsfaktor STAT92E. In der vorliegenden Arbeit wird die Rolle des
JAK/STAT-Signalwegs bei der zellulären Proliferation mithilfe der Modellsysteme der
Flügel- und der Augen-Imaginalscheiben von Drosophila charakterisiert.
“Loss-of-function”-

und

“Gain-of-function”-Experimente

zur

Verminderung

beziehungs-weise Erhöhung der Signalaktivität zeigten, dass der JAK/STAT-Signalweg
eine Rolle bei der zellulären Proliferation der Flügel-Imaginalscheiben spielte, ohne die
Zellgröße oder Apoptose zu verändern. Bei der Flügelentwicklung während des zweiten
und des frühen dritten Larvalstadiums war die Aktivität des JAK/STAT-Signalwegs
sowohl notwendig für die zelluläre Proliferation als auch hinreichend, um
Überproliferation anzutreiben. Allerdings änderte sich während der späten dritten
Larvalstadien die JAK/STAT-Signalaktivität, sodass endogene STAT92E-Mengen
einen anti-proliferativen Effekt im gleichen Gewebe aufwiesen. Weiterhin reichte die
ektopische

Aktivierung

des

JAK/STAT-Signalwegs

zu

diesem

späten

Entwicklungszeitpunkt aus, um die Mitose zu inhibieren und die Zellen in der Phase G2
des Zellzyklus zu arretieren. Diese Ergebnisse legen den Schluss nahe, dass der
JAK/STAT-Signalweg sowohl pro-proliferativ in frühen Flügelscheiben als auch antiproliferativ zu späten Stadien der Flügelscheiben-Entwicklung wirken kann. Dieser
späte anti-proliferative Effekt wurde durch einen nicht-kanonischen Mechanismus der
STAT92E-Aktivierung vermittelt, da späte hop defiziente Zellverbände im Vergleich zu
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Wildtyp-Zellen keine Veränderungen im Ausmaß der zellulären Proliferation
aufwiesen. Ferner konnte gezeigt werden, dass eine während der Larvalstadien
exprimierte dominant-negative und im N-Terminus deletierte Form von STAT92E
(ΔNSTAT92E) nicht für den anti-proliferativen Effekt verantwortlich ist. Diese Tatsache
ist ein weiteres Indiz dafür, dass das vollständige STAT92E den späten antiproliferativen Effekt verursacht.
Um Modulatoren für die von JAK/STAT vermittelte zelluläre Proliferation zu
identifieren, wurde ein P-Element-basierter genetischer Interaktions-Screen in einem
sensibilisierten genetischen Hintergrund durchgeführt. Insgesamt wurden dazu 2267
unabhängige P-Element-Insertionen auf ihre Wechselwirkung mit der JAK/STATSignalaktivität untersucht und 24 interagierende Loci identifiziert. Diese Kandidaten
können

in

folgende

Gruppen

eingeordnet

werden:

Zellzyklusproteine,

Transkriptionsfaktoren, DNA und RNA bindende Proteine, ein Mikro-RNA-Gen,
Komponenten anderer Signaltransduktionswege und Zelladhäsionsproteine. In den
meisten Fällen wurden mehrere Allele der interagierenden Kandidatengene getestet. 18
Kandidatengene mit übereinstimmend interagierenden Allelen wurden dann zur
weiteren Analyse ausgewählt. Von diesen 18 Kandidaten-Loci wurden 7 mögliche
JAK/STAT-Signalwegskomponenten und 6 neue Zielgene des Signalwegs gefunden.
Zusammenfassend wurde das Verständnis um STAT92E verbessert. Dieses Protein hat
die gleiche Funktion wie das STAT3-Protein der Wirbeltiere und treibt die zelluläre
Proliferation voran. Analog zu STAT1 hat STAT92E aber auch einen anti-proliferativen
Effekt. Ferner wurden 24 mögliche Modulatoren der JAK/STAT-Signalaktivität
identifiziert.

Die

Charakterisierung

dieser

Wechselwirkungen

eröffnet

vielversprechende Wege zu dem Verständnis, wie JAK/STAT die zelluläre Proliferation
reguliert und könnte bei der Entwicklung von neuartigen therapeutischen “Targets” zur
Behandlung von Krebskrankheiten und Entwicklungsstörungen beitragen.
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7. APPENDIX
7.1 Buffers for DNA isolation and antibody staining

DNA Extraction buffer
0.1M NaCl, 0.2M sucrose, 0.1M Tris-HCl pH 9.0, 50mM EDTA, 0.5% SDS
TE buffer
10mM Tris-HCl pH 8.0, 1mM EDTA
PBS
130mM NaCl, 7mM Na2HPO4, 3mM NaH2PO4
PBT
PBS with 0.1% or 0.2% Triton X-100 depending on penetrance of the antibody

7.2 Buffers for RNA isolation and in situ hybridisation

All the buffers were prepared with DEPC-treated water.
DEPC treated water
For DEPC-treatment 1ml DEPC per 1litre of water was constantly stirred for 1h at 37oC
or o/n at Troom before autoclaving.
PBS
130mM NaCl, 7mM Na2HPO4, 3mM NaH2PO4
PBT
PBS with 0.1% Tween-20
Fixative1
325µl PBT, 75µl 16% formaldehyde and 500µl heptane
Fixative2
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610µl PBT, 150µl 16% formaldehyde and 40µl DMSO
Hybridisation buffer
50% deionised formamide
5x SSC (2.5ml 20x stock in 10ml hybridisation buffer)
100µg/ml tRNA
50µg/ml heparin
100µg/ml salmon testis DNA
0.1% Tween-20

pH of the hybridisation buffer was adjusted to 6.5-8 with 1 M citric acid. Since pH can
affect the signal/noise ratio, while staining for new probes varying the pH can affect the
degree of staining.
AP-buffer
100mM NaCl, 50mM MgCl2, 100mM Tris-HCl pH 9.5, 0.1% Tween-20
Important, MgCl2 included in AP-buffer for in situ hybridisation leads to high levels of
background staining on nylon membranes and should not be used for dot-blots. This
buffer should be prepared freshly or at least contain no precipitate.

7.3 Primer sequences and in situ probe plasmids

Table 7.1: Primer Sequence for inverse PCR
Forward

CAGCTGCGCTTGTTTATTTGC

Reverse

TGGGAATTCGTTAACAGATCCAC

Table 7.2: Primer sequences for PCR to generate dsRNA and in situ probes
Primer sequence 5’ to 3’
(T7 primer sequence in blue and the gene specific sequence in black)
T7 did F GAATTAATACGACTCACTATAGGGAGAAATGCTGGAACTCTGCTCGT
T7 did RGAATTAATACGACTCACTATAGGGAGAATCCACCTCACGGAAGACAC

Product
size

Exon

540bp

exon 2
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T7 Mob1 F GAATTAATACGACTCACTATAGGGAGACCTATCAGCAAGGCGACAAT

542bp

exon 2/3

533bp

exon 1

482bp

exon 1

485bp

exon 6/8

536bp

exon 9

499bp

exon 2

486bp

exon 4

274bp

exon 3

468bp

exon 6

511bp

exon 2

525bp

exon 1

250bp

exon 1

488bp

exon 1

500bp

exon 2

537bp

exon 4

157bp

exon 1

242bp

exon 1

500bp

exon 10

500bp

exon 1

500bp

exon 1

500bp

exon 2

T7 Mob1 R GAATTAATACGACTCACTATAGGGAGAGCTGTTGGTGATGTTGTTGG
T7 trbl F GAATTAATACGACTCACTATAGGGAGACAGTAGCGGTCAAAACAGCA
T7 trbl R GAATTAATACGACTCACTATAGGGAGACCTTATGCAACGGTTCGTTT
T7 trbl F GAATTAATACGACTCACTATAGGGAGAAAAGCCATCACCATTTCGTC
T7 trbl R GAATTAATACGACTCACTATAGGGAGATAGGCAACTTGTTGCTGCTG
T7 jim F GAATTAATACGACTCACTATAGGGAGAAGCACCAACAACAGCAACAG
T7 jim R GAATTAATACGACTCACTATAGGGAGAGGCTACCACAGAGGCAGAAG
T7 NFAT F GAATTAATACGACTCACTATAGGGAGATTGCAGTATCATCGCTTTGC
T7 NFAT R GAATTAATACGACTCACTATAGGGAGACTCCTTTCCAGCACCACATT
T7 CG8443 F GAATTAATACGACTCACTATAGGGAGAAACTGAACCCACAACCGAAG
T7 CG8443 R GAATTAATACGACTCACTATAGGGAGAGACATGGCGCACATGAATAC
T7 ssdp F GAATTAATACGACTCACTATAGGGAGAGGTGCGTTTCATTCTCCATT
T7 ssdp R GAATTAATACGACTCACTATAGGGAGATGATGTTGGTTGTTGGCTGT
T7 CtBP F GAATTAATACGACTCACTATAGGGAGAGGCAGTGGGAGCTCTGA
T7 CtBP R GAATTAATACGACTCACTATAGGGAGACTCGGGTCCGGTGAACT
T7 Cip4 F GAATTAATACGACTCACTATAGGGAGAACCTCACCACACAGCTCTCC
T7 Cip4 R GAATTAATACGACTCACTATAGGGAGACCTCCTTTTCGTTGATGGAC
T7 Sprint F GAATTAATACGACTCACTATAGGGAGAAGTCATGCTGCAACAGCAAC
T7 Sprint R GAATTAATACGACTCACTATAGGGAGATGTCCCCATCCTCTTCAGAC
T7 Bunched F GAATTAATACGACTCACTATAGGGAGAGGTGTCCAGGGCCAGTAGTA
T7 Bunched R GAATTAATACGACTCACTATAGGGAGAGTCTTTGGTTTGCGATTGGT
T7 Bearded F GAATTAATACGACTCACTATAGGGAGACACCACCATCTACACCACCA
T7Bearded RGAATTAATACGACTCACTATAGGGAGATTGCTCGTTCTGGGAGTTCT
T7 mthl8 F GAATTAATACGACTCACTATAGGGAGAAGTCTCTCAAATGGCGCAGT
T7 mthl8 R GAATTAATACGACTCACTATAGGGAGATAAAACGGGGTTGCAGTTTC
T7 Ten-m F GAATTAATACGACTCACTATAGGGAGACTGACGGCAGTCTTTTCGTC
T7 Ten-m R GAATTAATACGACTCACTATAGGGAGAATGCATCTCCTCCAGCTTCA
T7 CG3305 F GAATTAATACGACTCACTATAGGGAGAGACGGAGCGTTTAAGACACC
T7 CG3305 R GAATTAATACGACTCACTATAGGGAGATAAACCCAATTGCGCTTGAT
T7 CG17574 F GAATTAATACGACTCACTATAGGGAGAGGCGTATCCGACGTATCCT
T7 CG17574 RGAATTAATACGACTCACTATAGGGAGAATATCCAGCGGGCATAACAC
T7 CG4306 F GAATTAATACGACTCACTATAGGGAGAAAGGAAATTGCCACAGCATC
T7 CG4306 R GAATTAATACGACTCACTATAGGGAGATTCCAAGGCAAAGTCCAATC
T7 Hop F GAATTAATACGACTCACTATAGGGAGACTATTGCTTTCGGATGCGTTTCC
T7 Hop R GAATTAATACGACTCACTATAGGGAGATTGAGTGTGGCCTCGGAGG
T7 dome F GAATTAATACGACTCACTATAGGGAGACCAGCTGCCTGACAAGCACC
T7 dome R GAATTAATACGACTCACTATAGGGAGACTGGACCCAGGCCCAATCCC
T7 Socs F GAATTAATACGACTCACTATAGGGAGACCGCATCCACATCCGTGTCCAC
T7 Socs R GAATTAATACGACTCACTATAGGGAGAAACGTGCCCTCCGGCTTG
T7 STAT F GAATTAATACGACTCACTATAGGGAGAAAGCTGCTTGCCCA
T7 STAT R GAATTAATACGACTCACTATAGGGAGACAGCTGAGAACCGA
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T7 RH5 F GAATTAATACGACTCACTATAGGGAGAAGGGCTTCCTGACCACCTGC

500bp

exon 3

T7 RH5 R GAATTAATACGACTCACTATAGGGAGAGCTGACACTGGCCACACTCTCC

Table 7.3: Primer sequences to identify STAT92E splice variants
Primer sequence 5’ to 3’
STATRTa F-CAAATGCGCAACCAGTTGAATTC
STATRTb R-GGCAATGCCTGTATTTTGCACA
STATRTc F-TCCGAGCCAGAATCAGAAACAC
GAPDHRT F-ACCGTCGACGGTCCCTCT
GAPDHRT R-GTGTAGCCCAGGATTCCCT

Table 7.4: Upd anti sense probe synthesis
Probe

Plasmid

Restriction enzyme

Polymerase

upd

pBS-KS(+)upd

BamHI

T7

7.4 Abbreviations

Chemicals abbreviated:
BSA

bovine serum albumine

DEPC

diethyl-pyrocarbonate

DIG

digoxigenin

DMSO

dimethyl-sulfoxid

dNTP

deoxy-ribonucleoside-triphosphate

DTT

dithiothreitol

EDTA

ethylen-diamino-tetraacetic acid

MOPS

morpholin-propan-sulfonic acid

NBT

nitroblue tetrazolium

Tris

Toxics Release Inventory System
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TRITC

tetramethyl-rhodamine isothiocyanate

Solutions abbreviated:
PBS

phosphate-saline-buffer

PBT

phosphate-saline-buffer with Triton X-100 or Tween 20

TB

Tris-borate

TE

Tris-EDTA

Abbreviations used in the text:
aa

amino acid

AEL

After egg laying

ALL

Acute lymphoid leukemia

AML

Acute myeloid leukemia

CBM

Cytokine binding module

CCD

Coiled coil domain

Cdk

Cyclin dependent kinase

CLL

Chronic lymphoid leukemia

CML

Chronic myeloid leukemia

DBD

DNA binding domain

DER

Drosophila Epidermal growth factor receptor

Dpp

Decapentaplegic

ECM

Extracellular matrix

EGFR

Epidermal growth factor receptor

Epo

Erythropoietin

FGF

Fibroblast growth factor

GAS

Gamma interferon activating site
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GFP

Green fluorescent protein

GPCR

G-protein coupled receptors

Hh

Hedgehog

IFN

Interferon

IL

Interleukin

JAK

Janus kinase

JH

Jak homology

MAD

Mothers against Dpp

MAP

Mitogen activated protein

MF

Morphogenetic furrow

MT

Malphigian tubules

PCD

Programmed cell death

PIAS

Protein inhibitor of activated STATs

RTK

Receptor tyrosine kinases

SH

Src homology

Shh

Sonic Hedgehog

SHP

SH2-containing phosphatases

SOCS

Suppressors of cytokine signalling

STAT

Signal transducer and activator of transcription

TAD

Trans-activation domain

TGF-β

Transforming growth factor-β

Tkv

Thickvein

UAS

Upstream activating sequence

Upd

Unpaired

UTR

Untranslated region

Wg

Wingless
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ZNC

Zone of non-proliferating cells
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