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ABSTRACT

The Rho subfamily GTPases (Rho, Rac, Cdc42) are small GTP-binding proteins
that act as molecular switches, controlling many cellular functions. These GTPases
fluctuate between a GTP-bound ‘on’ state and a GDP-bound ‘off’ state, and convey
signals into the cell. Cdc42 has been implicated in a diverse array of processes, including
vesicular trafficking, gene expression, formation of F-actin based membrane protrusions

(filopodia), cell polarity, apoptosis, and cell cycle regulation.

Model systems such as Drosophila have furthered the understanding of the
functional .roles of Cdc42 in epithelial morphogenesis, establishment of cell polarity, and
neuronal path finding and development. The use of model systems allows the study of
molecular processes at levels not possible in cell culture. These include genetic
approaches and the study of gene function at the level of tissue morphogenesis. Three
putative downstream effectors for Cdc42, originally identified in mammals, were studied
in Drosophila. DCIP4, a putative cytoskeletal regulator, is expressed in a dynamic
pattern throughout development. DCIP4 is reqﬁired during oogenesis and functions with
Cdc42 in crossvein development. The two members of the Drosophila ACK non-
receptor tyrosine kinase family, DACK and DPR2, are both expressed at the leading edge
epidermis during the embryonic process of dorsal closure. DACK functions downstream
of Cdc42 in dorsal closure, but is not required for JNK signalling during embryonic

development. However, DACK may modulate signalling downstream of, or in parallel

to, the Decapentaplegic pathway in this process.
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1 INTRODUCTION

1.1 The Rho subfamily of Ras-related small GTPases and their
regulators

The Rho subfamily is part of the large family of Ras-related small GTPases.
Although there are over 20 members of this subfamily to date, the original and best
characterized members are Rho, Rac and Cdc42. These proteins are of low molecular
weights, ranging between 20-30 KDa in size, and contain a ~13 amino acid alpha helical

domain that distinguishes them from Ras GTPases (Johnson, 1999).

Rho GTPases have the ability to bind to and hydrolyse GTP and this characteristic
controls their activation states. Rho proteins are active when bound to GTP and become
inactive once they hydrolyse this GTP into GDP. This “on”/“off” state is directly
regulated by at least three different types of protein. First, proteins called GTPase
Activating Proteins (GAPs) stimulate the relatively slow intrinsic GTPase activity of the
Rho proteins to hydrolyse their bound GTP and thus become inactive. Second, Guanine
nucleotide Exchange Factors (GEFs) bind to inactive Rho proteins and induce the
exchange of GDP for GTP to activate the GTPase. And third, Guanine nucleotide
Dissociation Inhibitors (GDIs) act to lock the GTPase in either its active or inactive state
by inhibiting the exchange of GDP or GTP (Johnson, 1999). Although very little is

known about GDIs in general, several studies have provided insight on how GAP and

GEF proteins function to regulate GTPases.



Rho GAP proteins regulate Rho GTPases through the RhoGAP domain. The
RhoGAP domain interacts with the two switch regions, switch I and II, of Rho GTPases.
These regions constitute the Rho GTP-binding pocket. Interaction of the RhoGAP
domain with these regions restricts the freedom of a water molecule required for GTP

hydrolysis and thus may reduce the energy barrier needed for hydrolysing GTP (Moon

and Zheng, 2003).

The second family of proteins that regulate Rho GTPases, GEFs, can catalyse the .
exchange of GDP for GTP within Rho proteins by stabilizing or promoting a nucleotide-
free state. This leaves the nucleotide-binding pocket, the switch regions, completely
solvent-exposed. As GTP is found at substantially higher concentrations than GDP
within the cell, another GTP molecule is then loaded into the switch regions. Binding of
GTP to the Rho proteins then causes further conformational changes that leads to

dissociation of the GEF-GTPase complex (Rossman et al., 2005).

1.2 The Rho GTPase, Cdc42

Intensive efforts have been made to elucidate the cellular functions of Rho
GTPases, including Cdc42. Much of the work on Cdc42 has been done in cultured
mammalian cells with the use of constitutively active (CA) or dominant negative (DN)
versions of this protein (Van Aelst and D'Souza-Schorey, 1997). Numerous studies using
these constructs have demonstrated that Cdc42 is required for activation of cellular
signals and for regulation of the actin cytoskeleton (Van Aelst and D'Souza-Schorey,
1997); (Johnson, 1999). In particular, Cdc42 can stimulate the formation of finger-like
protrusions of the cell membrane, referred to as filopodia, at the leading edge of a

migrating cell (Johnson, 1999). Filopodia formation is dependent on the formation of

2



long filamentous actin (F-actin) structures under the plasma membrane. In order to form
such structures, Cdc42 relies on downstream effector proteins that directly regulate F-
actin formation. Cdc42-mediated filopodia formation also requires other signalling
components that lead to activation or expression of components required for regulation of
the cytoskeleton (Johnson, 1999). Though it is not clear in each case, how, or even if,
Cdc42 activation of a given pathway is directly linked to Cdc42-mediated regulation of
the cytoskeleton, the mechanism or components required for Cdc42-mediated F-actin
formation are known. Actin nucleation downstream of Cdc42 requires Cdc42 to bind to
and activate a downstream effector protein called the Wiskott-Aldrich Syndrome Protein
(WASP). Active WASP then recruits globular actin (G-actin), and a complex of actin
nucleating proteins known as the Arp2/3 complex, to sites of filament assembly or
branching on a previously existing actin filament-the mother filament (Carlier et al.,

2003). A new daughter filament is then formed in the presence of G-actin from the pre-

existing mother branch.

WASP binds to active or GTP-bound Cdc42 via a Cdc42 and Rac Interacting and
Binding (CRIB) domain (Burbelo et al., 1995). Upon binding to Cdc42, WASP
undergoes a conformational change that relieves the protein from an autoinhibited state
(Pufall and Graves, 2002). The once-hindered domains within the. WASP protein
sequence become solvent-exposed and allow for actin nucleation to take place. WASP is
not the only CRIB-containing Cdc42 effector protein. Members of the non-receptor
serine/threonine p2 1-activated kinase (PAK) and the tyrosine activated Cdc42-associated
tyrosine kinase (ACK) families also interact with Cdc42 via a CRIB domain. Similar to

WASP, some PAK family members have been shown to be released from autoinhibition



by Cdc42 (Pufall and Graves, 2002). However, this has not been shown for any member

of the ACK family to date.

1.2.1 The ACK family of non-receptor tyrosine kinases

The ACK family of non-receptor tyrosine kinases is comprised of four
mammalian family members, ACK1, ACK2, Kosl, and TNK1 (Sem et al., 2002). There
is also one C. elegans family member, ARK-1, and two Drosophila ACKs, DACK and
DPR2 (Sem et al., 2002). Not all of these family members directly bind to Cdc42. In
particular, DACK and TNK-1 lack CRIB domains and thus may not bind directly to
Cdc42 (Sem et al., 2002). Very little is known about the cellular functions of this kinase
family. However, a few key studies have implicated members of this family in both
integrin signalling and clathrin-mediated endocytosis of the Epidermal Growth Factor

Receptor (EGFR) (Yang et al., 2001b); (Lin et al., 2002).

Studies performed on ACK2 revealed that ACK tyrosine kinase activity was
stimulated by cell attachment to plates coated with fibronectin or polylysine. This
stimulation of ACK2 kinase activity was in part mediated by integrin ;. ACK2 co-
immunoprecipitates with the integrin ; complex (Yang et al., 1999). As this complex is
a part of a large group of proteins that give rise to the focal adhesion (FA) complexes,
which are responsible for the docking and maintenance of actin stress fibres, ACK2 may
have a regulatory role in the assembly or disassembly of FA complexes. To further
support this hypothesis, ACK2 was shown to co-immunoprecipitate with the FA proteins
vinculin and the integrin-associated protein, talin. Also, cells expressing ACK2 showed
loss of vinculin from FAs and consistently inhibited activation of the Focal Adhesion

Kinase (FAK). It was hypothesized that ACK2 binds to integrin and/or vinculin and



talin, leading to a change in FAK activity and cytoskeletal alterations that lead to cellular
extentions (Yang et al., 2001a). Activation of ACK2 tyrosine kinase activity was then
proposed to lead to FA disassembly and the dissolution of acin stress fibres, mediated by

the phosphorylation of a focal contact or of cytoskeletal-associated components (Yang et

al., 2001a)

Integrins and focal adhesion assembly are known to be required for invasion and
uptake of bacterial pathogens by the host cell. The process of invasion involves the
pathogen’s induced uptake of itself into the host cell, and therefore manipulation of the
host cell endocytic machinery. Interestingly, in addition to ACK2’s association with
Focal adhesion complexes, both ACK1 and ACK2 directly bind to the clathrin heavy
chain, a component of the clathrin coat that encapsulates forming vesicles (Teo et al.,
2001); (Yang et al., 2001b). Overexpression of ACK seemed to enhance clathrin coat
formation suggesting that ACK overexpression results in an increase in endocytosis,

possibly through stablilization of the clathrin coat (Lin et al., 2002; Yang et al., 2001b).

One function for ACK2-mediated endocytosis may be to regulate EGFR levels at
the cell surface (Lin et al., 2002). ACK2 accomplishes this with the aid of another
protein required for endocytosis, Sorting Nexin 9 (SH3PX1). ACK2, SH3PX1 and
clathrin heavy chain form a complex and promote the uptake of EGFR, leading to down
regulation of EFGR from the cell surface. Interestingly, this may be a negative feedback
loop, as EGF stimulation activates ACK2 in a Cdc42-dependent manner; ACK2, in turn,
binds to and phosphorylates SH3PX1 (Lin et al., 2002). The Drosophila ACK, DACK,

has also been shown to bind to and phosphorylate the Drosophila homologue of



SH3PX1, DSH3PX1 (Worby et al., 2002), implying that the role of ACKs in EGFR

recycling or endocytosis might be conserved.

Aside from CRIB-containing Cdc42 effector proteins such as the ACKs, there is
also an emerging group of proteins that bind to Cdc42 with another GTPase effector
domain, the HR1 domain. One member of this protein family is the Cdc42 Interacting
Protein 4 (CIP4). Interestingly, CIP4 belongs to a larger family of proteins, the Pombe
Cdc15 Homology (PCH) family, in which only certain members contain an HR1 domain

and hence act as effectors for GTPases such as Cdc42.

1.2.2 Cdc42 interacting protein 4 (CIP4) is a member of the Pombe
Cdc15 Homology (PCH) family of proteins

The first mammalian CIP4 protein was isolated in a yeast two hybrid screen for
interactors of GTP-bound Cdc42 (Aspenstrom, 1997). The Cdc42 construct used in the
screen, Cdc42L.61, contained a Gln to Leu substitution in the GTP binding and hydrolysis
domain and results in a decrease in the level of intrinsic Cdc42 GTPase activity. This
mutation thereby generates a constitutively active protein that remains bound to GTP
(Johnson, 1999). CIP4-related proteins make up a unique group of Cdc42 effectors, in
that they bind to Cdc42 via a PRK1/PNK homology region 1 (HR1) domain. HRI1
domains, also known as Rho Effector Motifs (REMs), were first characterized as the
PRK1/PKN effector domain for Rho binding (Flynn et al., 1998). The CIP4 HR1 domain

was the first HR1 domain shown to bind Cdc42 (Aspenstrom, 1997).

Besides an HR1 domain, CIP4 also contains an N-terminal Fer/CIP4 Homology
(FCH) domain, implicated in microtubule binding (Fankhauser et al., 1995; Tian et al.,

2000), a coiled-coil region that can result in self assembly or oligomerization (Kessels



and Qualmann, 2004), proline-glutamic acid-serine-threonine rich (PEST) sequences,
characterised as motifs that are recognized by the degradation machinery (Blondel et al.,
2005; Rechsteiner and Rogers, 1996), and a C-terminal Src Homology 3 (SH3) domain
shown to interact with several proline-rich domain-containing proteins such as WASP
and Huntingtin (Holbert et al., 2003; Tian et al., 2000). This arrangement of domains
places CIP4 into the Pombe Cdcl15 Homology (PCH) family of proteins (Lippincott and

Li, 2000).

PCH family proteins bear greater resemblance in the organization of their
predicted structural domains than they do at the level of their primary sequence
(Lippincott and Li, 2000). Similar to CIP4, most PCH family proteins contain an FCH
domain, one or two coiled-coil domains close to their amino terminus, one or two SH3
domains at their carboxyl terminus, and one or more PEST sequences. Some family
members such as Felic and MAYP/PSTPIP2 lack the SH3 domain, while some ’members
also contain additional domains. For example, CIP4, Rapostlin/FBP17 and TOCA-1

contain HR1 domains for GTPase binding (Aspenstrom, 1997; Fujita et al., 2002).

One function that PCH family members have in common is that they regulate the
organization of the actin cytoskeleton. For example, overexpression of CIP4 in Swiss
3T3 fibroblasts led to a decrease in F-actin and stress fibre content, while the remaining
actin filaments appeared thinner and less organised than control cells (Aspenstrom,
1997). This suggested that CIP4 either caused breakdown of the pre-existing stress fibres
or interfered with their formation and organization. In addition, other PCH family
members, such as different Syndapins/FAPS52/Pacsin isoforms and Raposltin/FBP17 can

induce filopodia and localise to these sites of high actin turnover (Kessels and Qualmann,



2004). The yeast PCH family members, Cdc15p, Bzzlp, Hoflp/Cyk2p, and Imp2, all
localize to actin structures and are required for either maintenance or formation of an

acto-myosin contractile ring required during cytokinesis (Lippincott and Li, 2000).

The majority of PCH family members probably induce these effects on the actin
cytoskeleton through their association with WASP. Many PCH family members,
including CIP4, bind to a proline-rich region of WASP via their SH3 domains
(Aspenstrom, 1997). Biochemical studies have shown that, through their association with
WASP, the PCH family members TOCA-1 and Bzzlp can recruit the actin
polymerization machinery in vitro to form actin fibres (Ho et al., 2004; Soulard et al.,
2002). TOCA-1, a close homologue of CIP4, is specifically required for Cdc42-mediated
activation of N-WASP, and hence actin nucleation. The presence of TOCA-1 was shown
to be essential for Cdc42 dependent N-WASP mediated actin nucleation in cell extracts
prepared from calf brains. However, Rohatgi et al. had previously reported that Cdc42-
mediated actin nucleation could occur in a purified system consisting only of Cdc42-
GTPyS, recombinant N-WASP, the Arp2/3 complex, and Rhodamine-labeled actin,
suggesting that no other components were required (Rohatgi et al., 2000). In calf cell
lysates, N-WASP was predominantly found in a complex with Verprolin/WASP
interacting protein (WIP) (Rohatgi et al., 2000). This suggested that the importance of
TOCA-1 for Cdc42-mediated N-WASP activation may be through relieving N-WASP of
a preexisting inhibitor such as WIP. In the revised model, Cdc42 interacts with TOCA-1
and the N-WASP/WIP complex, and these interactions lead to the activation of N-WASP,
which in turn stimulates actin nucleation through the Arp2/3 complex (Ho et al., 2004).

Interestingly, the S. cerevisiae PCH protein, Hoflp, has been shown to interact with the



S. cerevisine WIP, verprolin, via its SH3 domain and is required for Hoflp localization
during cytokinesis (Naqgvi et al., 2001).

Similar to TOCA-1, the §. cerevisiae Bzzlp can only polymerize actin in the
presence of yeast cell extracts (Soulard et al., 2002). Cell extracts prepared from yeast
mutants in several of the polymerization machinery proteins such as the S. cerevisiae
WASP, lasi7, verprolin, vrpl, and arp2 of the Arp2/3 complex, could not induce Bzz1p-
mediated actin polymerization. When purified Las17p was introduced back into las/7-
deficient cell extracts, Bzzlp-mediated nucleation occurred. This polymerization
required the Bzzlp C-terminal SH3 domain, which interacts with Lasl7p. Unlike
TOCA-1, which is probably an orthologue of CIP4, Bzzlp does not contain an HRI1
domain and thus its directed actin polymerization via WASP may not be dependent on

Cdc42p.

The functional studies of TOCA-1 and Bzzlp define a clear requirement for
WASP in the association of PCH family members with the actin cytoskeleton. However,
other studies suggest that WASP may not be the only component linking these proteins to
actin. For example, the S. pombe Cdcl5 does not rely on Wsplp directly for its effects
on actin dynamics. Instead, it interacts with the Type I myosin, Myolp, which binds to
and activates the Arp2/3 complex (Lee et al., 2000); (Carnahan and Gould, 2003). The
interaction of Cdc15p with Myolp requires the N-terminal domains, and not the SH3
domain, of Cdcl15p. Cdcl5p also interacts directly with an actin nucleator, the formin
Cdc12p (Carnahan and Gould, 2003). In §. pombe, Cdc12p, like Cdc15p, is required for
the formation of the cytokinetic actin ring (Arai and Mabuchi, 2002) and its localization

1s lost in cdcl5 mutants (Carnahan and Gould, 2003).



MAYP is another PCH protein that regulates the actin cytoskeleton in an
SH3/WASP-independent manner. MAYP does not contain an SH3 domain and hence
cannot bind WASP. However, expression of MAYP in macrophages can induce
filopodia but inhibits membrane ruffling in response to colony stimulating factor-1, CSF-
1 (Yeung et al., 1998). Further analysis showed that MAYP functions as an actin
filament bundling protein, producing flexible actin structures, both in vitro and in vivo
(Chitu et al., 2005). MAYP does not directly bind to actin to perform this function.
However, MAYP aggregates in the presence of the actin polymerization machinery and

this aggregation may lead to its actin-bundling function (Chitu et al., 2005).

MAYP is not the only PCH family member that has been shown to
aggregate/oligomerize in vitro and in vivo. Different PCH family members, such as
Syndapins/Focal adhesion protein 52 (FAP52)/Pacsins, can self-assemble via their coiled-
coil domains and, in particular, different Pacsin isoforms can hetero-oligomerize (Kessels
and Qualmann, 2004). The coiled-coil domain present in all PCH family proteins may be

an integral component for their role in actin cytoskeleton reorganization.

The association of PCH family members with other signalling molecules has
provided a bridge between the actin cytoskeleton and many different signals and cellular
processes. For example, Syndapins are PCH family members that link the actin
cytoskeleton to vesicle trafficking (Kessels and Qualmann, 2002). Syndapins arise at this
function through binding, via their SH3 domains, to N-WASP and different proteins
required for vesicle trafficking, such as the GTPase Dynamin, the phosphatidyl 5-
phosphatase, Synaptojanin (a protein essential for uncoating of clathrin coated vesicles)

and Synapsin I (a protein that associates with the pool of synaptic vesicles that are in
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reserve) (Kessels and Qualmann, 2004). It is not clear whether Syndapins function to
inhibit or promote vesicle trafficking; however, it is clear that Syndapin can recuit N-
WASP to membranes and trigger local actin polymerization in vivo in an SH3-domain
and Arp2/3 complex-dependent manner (Kessels and Qualmann, 2004). This
cytoskeletal role of Syndapins is reflected by the fact that these proteins are enriched at
sites of high actin turnover such as lamellipodia and neuronal growth cones (Kessels and
Qualmann, 2004). Another PCH family member, FBP17, has been shown to bind to
Sorting Nexin 2 (SNX2) and Dynamin, indicating that FBP17, similar to Syndapins,

functions in vesicle trafficking (Fuchs et al., 2001); (Kamioka et al., 2004).

FBP17 contains an HR1 domain; however, it does not bind to Cdc42 or other
members of the Rho GTPase family such as RhoA, RhoB, RhoC, RhoG, TTF, Racl or
Rac2 (Fuchs et al., 2001). The rat homologue of FBP17, Rapostlin, also does not bind to
Cdc42 (Fujita et al., 2002). Rapostlin is 93% identical to FBP17 yet only 47% identical
to CIP4 (Fuchs et al., 2001; Fuyjita et al., 2002). Though Rapostlin and FBP17 have a
similar domain arrangement to CIP4, they contain an insert region prior to their HR1
domains. In Rapostlin, this domain is essential for interaction with the GTPase,
Rnd2/Rho7 (Fujita et al., 2002). Given the level of homology between Rapostlin and

FBP17, it is possible that FBP17 may also function as an effector for Rho7.

Members of the mammalian PCH family seem to be required in neuronal
development and have been implicated in neurodegenerative disease. Rapostlin and its
associated GTPase, Rnd2, are highly expressed in neurons in the brain and can induce
neurite branching in neuronal PC12 cells (Fujita et al., 2002). CIP4 and different

Syndapin isoforms are also expressed in brain tissue (Holbert et al., 2003; Kessels and
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Qualmann, 2004). Two Drosophila PCH family members, Nervous Wreck (Nwk) and
Drosophila Syndapin, are enriched at the larval neuromuscular junctions (Drysdale,
2005); (Coyle et al., 2004). Drosophila Syndapin mutants show severe locomotive

defects, whereas in #wk mutants, motor neurons contain an excess of synaptic boutons.

Two PCH family members, Pacsin I and CIP4, have been shown to interact with
the Huntingtin (Htt) protein, which is associated with Huntington’s Disease (HD), a
neurodegenerative disorder caused by polyglutamine expansion (PGE) of Htt (Modregger
et al., 2002). Although these proteins both bind to Htt, their role in development of HD
may differ from one another. First, the interaction between Pacsin I and Huntingtin is
enhanced by the presence of PGE within Htt (Modregger et al., 2002). Unlike Pacsin I,
CIP4 bound equally to normal and mutated Htt from HD patients (Holbert et al., 2003).
Second, these proteins show distinct distributions during development of HD. Pacsin I,
which is normally found within synaptic boutons, is found mostly in the cytoplasm of HD
patient neurons. This relocalization of Pacsin I is seen early in HD development as brain
tissue of presymptomatic patients show Pacsin I redistribution. Further, Pacsin I
immunostaining of HD patient tissue reveals concentration of Pacsin I in perinuclear
regions, coincident with mutant Htt (Modregger et al., 2002). In tissues of later stage
HD, Pacsin I staining is almost completely lost, though analysis of normal and HD brain
homogenates suggest that Pacsin I is not degraded, but rather delocalised in the
cytoplasm of HD neurons. In contrast, elevated CIP4 protein levels were observed in
human brain tissue of HD brain striatum and in neostriatum of HD patients. CIP4

accumulation was increased in patients with later stages of HD. Furthermore, CIP4
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localised to inclusions that form in neurons of HD patients and overexpression of CIP4

induced death of striatal neurons in normal brain cells (Holbert et al., 2003).

As mentioned above, Pacsin I concentrated to perinuclear regions in HD neurons.
Perinuclear staining can often include the Golgi apparatus (Larocca et al., 2004). Pacsin I
localization at perinuclear regions is a result of a biological pathway gone wrong and may
not represent its true biological localization (Modregger et al., 2002). However, CIP4
does localise to the Golgi apparatus and is required for the maintenance of the Golgi
apparatus through its association with cyclic AMP-dependent protein kinase A (AKAP)
350 (Larocca et al., 2004). AKAP350 is a large anchoring protein that is found at the
Golgi apparatus and the centrosomes, where it interacts with Protein Kinase A (PKA), in
epithelial cells (Larocca et al., 2004). Both FBP17 and CIP4 bind to AKAP350. Thus far,
CIP4 is the only AKAP350 binding partner that is also a substrate for PKA. CIP4
localization at the Golgi does not require of the presence of Cdc42. AKAP350 and CIP4
are necessary for maintenance of normal Golgi structure (Larocca et al., 2004). CIP4
may be modulating the Golgi actin cytoskeleton by interacting with cytoskeletal
regulators. This hypothesis is supported by the fact that an inhibitor of actin nucleation,
latrunculin B, induced similar morphological changes on the Golgi as observed with
displacement of CIP4 from the Golgi (Larocca et al., 2004). Interestingly, the PCH
protein PSTPIP localizes to the cytoplasm and perinuclear regions when it is bound to the

protein tyrosine phosphatase, PTP-PEST (Cote et al., 2002).

In addition to being phosphorylated by PKA, CIP4 has also been shown to be
phosphorylated by Src kinase (Abram and Courtneidge, 2000). Though the ramifications

of these phosphorylations on CIP4 function are unknown, it is likely that phosphorylation
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is one mechanism of regulation of PCH family proteins. The murine PSTPIP is
hyperphosphorylated in cells lacking the tyrosine phospatase, PTP-PEST (Cote et al.,
2002). PSTPIP phosphorylation can also be induced in mouse fibroblasts that have been
treated with EGF or PDGF. Interestingly, this phosphorylation seems to be independent
of Src kinases as treatment of fibroblasts with the Src inhibitor, PP2, did not affect
PSTPIP phosphorylation. The phosphorylation of PSTPIP allows it to interact with
various phosho-tyrosine binding domains, named Src Homology 2 (SH2) domains. In
particular, tyrosine-phosphorylated PSTPIP interacted with SH2 domains of Crk, Fyn,

Abl and Src tyrosine kinases. However, phosphorylation of PSTPIP in its SH3 domain

blocks its binding to WASP.

Many PCH family members are phosphorylated and this phosphorylation can lead
to changes in their localization and function, as described above. In the case of S.
cerivisiae Hoflp, regulation by phosphorylation can lead to its degradation. Hoflp is
hyperphosphorylated in its PEST domain at the end of mitosis. Interestingly, Hoflp is
degraded at this time, most likely by the ubiquitin ligase, SCF°™. SCF®™ binds to the
PEST domain of Hoflp; Hoflp without its PEST domain is stable in cells and leads to
severe cytokinesis defects due to a delay in contraction and subsequent ingression of the

actomyosin ring (Blondel et al., 2005). Interestingly, comprehensive yeast two hybrid

FO! suggesting that

analysis has also identified Bzzlp as a binding partner for SC
degradation may be a common mechanism for regulation of yeast, and perhaps other,

PCH family members, as most members contain PEST sequences (personal observation).

Very little is known about the function of the FCH domain of PCH family

proteins. However, a few experiments have shown that it may be required for
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microtubule binding: murine CIP4 and rat Rapostlin were shown to cosediment with
microtubules unless the FCH domains were not present (Tian et al., 2000); (Fujita et al.,
2002). Overexpression of CIP4 leads to translocation of WASP from actin filaments to
the cellular microtubular array (Tian et al., 2000). Whether the translocation of WASP to
microtubules was an artifact of overwhelming the system with CIP4 or if it provides

insight to methods of regulation or other functions of WASP remains to be seen.

1.2.3 Cdc42 is required for cytoskeletal regulation downstream of the
Transforming Growth Factor-f (TGF-f) family of cytokines

As more Cdc42-interacting proteins become known, it is necessary to begin
deciphering which upstream signals lead to activation of each set of downstream
components by finding interactions between growth factors/receptors and effector
proteins of Cdc42. One example of a signal in which researchers are beginning to

establish such connections is the TGF- pathway.

In the most recent model, the TGF signal 1s transduced by the binding of TGF-
B/Activi/BMP family of ligands to different receptor complexes, which always consist
of one member of a Type-I and one member of a Type-II receptor family. Ligand
binding results in the phosphorylation and subsequent activation of the receptors. At this
stage it is proposed that the active receptor-ligand complex is endocytosed (Gonzalez-
Gaitan, 2003). Within early endosomes the activated Type-1 receptor protein
phosphorylates the transcription factor Smad (Smad2/3 for TGF-B and Smadl/5 for
BMP2/4; (Newfeld et al., 1999), which is recruited to the endosome by an adaptor protein
called SARA (Smad Anchor for Receptor Activation). SARA itself is recruited to the

endosome by binding to phosphotidylinositol-3-phosphate (PtdIns(3)P). The activation
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of the Smad protein by the receptor is thus dependant on SARA and endosome formation.
Phosphorylated Smad protein then interacts with a co-transcription factor, Smad4, and

enters the nucleus to regulate gene expression (Gonzalez-Gaitan, 2003).

TGF-B has also been shown to induce responses independent of Smad-related
transcription. TGF-B-induced filopodia formation requires the activation of Cdc42 and
Cdc4?2 downstream targets, the p38 MAPK and PAK2, but does not require Smad-related
transcription (Edlund et al., 2002; Wilkes et al., 2003). Recently, PAK1 was shown to
co-immunoprecipitate with the TGF-f receptor and it is possible that PAK1 is required
for TGF-f induced downregulation of tight junctions (Barrios-Rodiles et al., 2005;
Ozdamar et al., 2005). In addition, it has been suggested that Rho GTPases may also
contribute to TGF- induced gene expression in a long range response to TGF-f

signalling (Derynck and Zhang, 2003; Edlund et al., 2002).

1.3 Cdc42 is required for the development of Drosophila melanogaster

As many of the cellular processes that require Cdc42 function, such as cell
migration, endocytosis, and cell adhesion, are required for morphogenesis of tissues, it is
not surprising that Cdc42 is an important component of several developmental processes.
In particular, Drosophila Cdc42 has been shown to be required for several aspects of
Drosophila development. The developmental processes requiring Cdc42 that are relevant

to this thesis will be introduced below, followed by discussion of the role of Cdc42 in

each process.
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1.3.1 The role of Cdc42 during Drosophila oogenesis

A Drosophila ovary consists of roughly 16 ovarioles (Figure 1.1). Each ovariole
represents an independent egg assembly line, containing a single germarium that gives
rise to multiple future eggs (Spradling, 1993). The germarium is made up of two kinds of
cells, germ cells and somatic epithelial cells. Each germ cell divides to produce a cyst of
16 cells that stay connected to each other via an actin-rich cytoplasmic bridge referred to
as a ring canal. One of the 16 cells differentiates to become the oocyte, while the other
15 cells, the nurse cells, provide nutrients to the oocyte as it develops. The 16-cell cyst
becomes encapsulated by the somatic epithelia and forms a round shaped egg chamber, or
follicle. This follicle buds off from the germarium but stays connected to the next
developing egg chamber by a string of epithelial cells referred to as stalk cells. A healthy
germarium typically contains 12 forming cysts at different stages of their development,
with the most developed cyst becoming encapsulated at the posterior end of the
germarium (Spradling, 1993). The most developed egg chamber is at stage one of its

development at this time and continues through a total of 14 developmental stages before

it becomes a mature egg.

- The actin cytoskeleton is essential for Drosophila oogenesis (Cooley and
Theurkauf, 1994) which makes this an excellent system to study cytoskeletal regulators
such as Cdc42. Both the germ cells and the follicle cells are large, allowing the
visualization of different types of F-actin present in each cell type. As in many cell types,
subcortical F-actin outlines both the germ cells and the follicular epithelium (FE) that
surrounds them (Figure 1.1 C). Expression of CA or DN Cdc42 mutant transgenes in the

germ cells disrupts this subcortical F-actin causing it to become discontinuous. The
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Figure 1.1 An ovariole in the Drosophila ovary.
(A-P) axis is oriented left to right in this and subsequent figures. (A)

Schematic diagram of an ovariole from a wild-type ovary. An ovary
typically contains about 16 ovarioles. At the anterior end of the ovariole the
progeny of germline and somatic stem cells are assembled into egg chambers
in the germarium. Egg chambers exit the germarium and move posteriorly as
they develop; each ovariole consists of a chain of progressively older egg
chambers. The FE shown in green surrounds the germline cells of each egg
chamber. Germline cells consist of 15 nurse cells and the oocyte, which is at
the posterior end of the egg chamber and increases in size as it ages. The
boundary between nurse cells and the oocyte is depicted with a vertical line
in each egg chamber. Staging is according to Spradling (1993). (B)
Schematic diagram showing apical-basal organization of the FE. Apical
membrane is shown in green, lateral membrane in yellow and basal
membrane in blue. za, zonula adherens. (C) Phalloidin-stained ovariole,

extending from germarium through to stage 9 chamber.

This figure was kindly donated by R. Conder (unpublished).
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specialized actin structures, the ring canals, that allow the germ cell cyst to exist as a
syncitium, are released from the membrane in Cdc42 mutant egg chambers, resulting in
germ cell fusion and the formation of multinucleated cells (Murphy and Montell, 1996).
Though expression of both types of Cdc42 mutant transgenes cause release of ring canals
into the germ cytoplasm, this phenotype is more severe in the presence of CA Cdc42

(Murphy and Montell, 1996).

Another germ cell-specific actin structure that requires Cdc42 function begins
forming in stage 10 within the nurse cells. Extensive actin bundles form radially around
each nurse cell nucleus at this stage (Cooley and Theurkauf, 1994). The bundles begin at
the plasma membrane and extend to the nuclear membrane, where they bend to form a
large cage around the nucleus (Cooley and Theurkauf, 1994). At the plasma membrane,
actin bundles of neighbouring cells intercalate, suggestiing that the membrane insertion
sites protrude into their neighbours (Cooley and Theurkauf, 1994). It is hypothesized that
these actin cages secure the nurse cell nuclei in place before the nurse cells contract to
rapidly transfer their cytoplasmic contents to the oocyte in stage 11. This hypothesis is
based on the phenotypes observed in egg chamber mutants such as Drosophila profilin,
chickadee, that do not form these specialized nurse cell actin structures (Verheyen and
Cooley, 1994b); (Cooley and Theurkauf, 1994). When nurse cells contract in such
mutants, the nurse cell nuclei become lodged into the ring canals, blocking transfer of the
nurse cell cytoplasm into the oocyte. Egg chambers of heteroallelic combinations of
different Cdc42 mutations appear to have fewer nurse cell cytoplasmic actin filaments

and improper transfer of the nurse cell cytoplasm to the oocyte (Genova et al., 2000).
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Besides the cortical F-actin that outlines the follicle cells, one other specialized F-
actin distribution can be found in the developing egg chamber. Beginning in early egg
chamber development (stages 4-7), F-actin fibres assemble in polarized bundles at the
basal surface of the FE, perpendicular to the anterior-posterior (A/P) axis. These
polarnised actin bundles may act as a molecular corset to promote elongation of the oocyte
in the A/P axis (Gutzeit and Haas-Assenbaum, 1991). As the egg chamber develops, the
FE reorganises from a cuboidal to a columnar epithelium that migrates over the oocyte
and leaves behind a thin sheet of squamous epithelium to cover the nurse cells. As this
process is occuring, the basal F-actin also becomes less organised and no longer lies
perpendicular to the A/P axis. Instead, the actin bundles seem more randomly
distributed. Though it is unclear if Cdc42 is required for the change in basal F-actin
distribution during egg chamber development, it has been shown that Cdc42 mutant egg
chambers remain cuboidal during stage 9 when the wild-type FE has begun to take on a

more columnar appearance (Genova et al., 2000).

1.3.2 The role of Cdc42 in cellularization of the Drosophila syncitial embryo

In Drosophila, embryogenesis begins by a series of nuclear divisions occuring in
a common syncitium; that is, the nuclei divide in a common cytoplasm in the absence of
cytokinesis. After the 9™ division, nuclei begin to migrate to an area just below the
embryonic membrane where they continue to divide to complete the last set of syncitial
nuclear divisions. During the final division cycle, cycle 14, the plasma membrane
invaginates between the blastoderm nuclei, creating an epithelial monolayer of
approximately 6000 blastodermal cells (Foe, 1993). This process, whereby the formation

of the membrane cleavage furrows leads to eventual encompassing of each nucleus, is
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referred to as cellularization. Cellularization is dependent on the acto-myosin and
microtubule cytoskeletons as well as the donation of new membrane via vesicles from
internal cellular compartments (Mazumdar and Mazumdar, 2002). The requirement of
both the actin and microtubule cytoskeletons in cellularization is supported by the fact
that treatment of a pre-cellularization stage embryo with inhibitors of microtubule
formation, such as cholchicine, or of F-actin formation, such as cytochalasin-D, block
cleavage furrow formation (Foe, 1993). Similarly, the importance of new membrane
addition to the growing cleavage furrow was demonstrated by the finding that
cellularization is blocked in mutants for endocytic proteins such as the GTPases,

Dynamin and Rab11 (Strickland and Burgess, 2004).

Injection of cellularization stage embryos with CA Cdc42 also disrupted
cellularization (Crawford et al., 1998). In these embryos, progression of cellularization
halted, leading to collapse of the cleavage furrow and further arrest in embryonic
development. The nuclei that had migrated to the egg membrane began to fall away from
the embryo surface and were no longer found in a regular array at the cortex. These
phenotypes correlate with disruption of the F-actin and myosin localization in these

embryos and most likely occur a result of actin and myosin disruption (Crawford et al.,

1998).

1.3.3 The function of Cdcd42 in the context of other signalling components
required in dorsal closure of the Drosophila embryo

Dorsal closure (DC) refers to a process that occurs late in embryogenesis where
the lateral epidermis migrates from both sides of the embryo over a dorsally localised

tissue called the amnioserosa. During stage 12 of embryogenesis, at the beginning of
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DC, the epidermis consists of two types of epithelial tissues (Figures 1.2 and 1.3). A
sheet of unified polygonal-cell epithelium covers the ventral and lateral sides of the
embryo. The dorsal surface of the embryo at this stage is occupied by the amnioserosa,
which is an epithelium comprised of large, flat cells (Harden, 2002). Morphogenetic cues
signal the lateral epidermis from each side of the embryo to migrate over the
amnioserosa. The opposing lateral epithelia meet at the dorsal midline where they adhere
to one another, forming a seamless embryo. The amnioserosa, which then lies

underneath this epithelium, undergoes cell death.

The process of DC begins with the dorsalward elongation of the first row of
lateral epidermal cells on each side of the embryo, known as the leading edge (LE) cells.
This elongation occurs as a result of a polarised accumulation of F-actin and myosin at
the dorsal end of each LE cell, leading to its constriction in an A/P direction (Harden,
2002). This elongation is first seen in the LE cells; however, it subsequently occurs in
the more ventrally located epidermal cells as well. Accompanying LE elongation is the
formation of filopodia at the apical surface of each LE cell and the cells of the
amnioserosa (Harden, 2002). Loss of the LE cell filopodia leads to failure to close the
dorsal hole (Jacinto et al., 2002). Live imaging of developing Drosophila embryos has
demonstrated that at the final stages of DC, filopodia of LE cells on one side of the
epidermis seek out filopodia of LE cells from the opposing side, leading to adhesion of

the once-lateral surfaces at the dosal midline (Jacinto et al., 2002).

Many signalling cues are required for DC to occur. The c-Jun N-terminal Kinase
(JNK) cascade has been found to be a central component of the signalling driving DC

(Harden, 2002). The JNK cascade is a Mitogen-activated Protein Kinase (MAPK)
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Figure 1.2 Dorsal closure is a model for epithelial movement in the Drosophila
embryo.

(A — D) Panels show dorsal views of progressively older embryos stained
with anti-phosphotyrosine antibodies to show closure of the epidermis over

the large flat cells of the amnioserosa.
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cascade that is required for epithelial morphogenesis in many different developmental
processes (Xia and Karin, 2004). MAPK cascades consist of a string of kinases that
activate each other via phosphorylation leading to the eventual phosphorylation, of their
downstream non-kinase substrates, which, in most cases, are transcription factors.
Therefore, target transcription factors are phosphorylated and activated by a MAPK that
was itself activated by a MAPK kinase (MAPKK) that was activated by a MAPKK
kinase (MAPKKK). The first gene cloned encoding a JNK component that affected DC
was hemipterous (hep), a MAPKK most similar to JNKK (Glise et al., 1995). Following
this, Drosophila INK (DINK) was shown to be encoded by basker (bsk) and Drosophila
JNKKK (DINKKK) encoded by a MLK gene, slipper (slpr) (Harden, 2002). Mutations
in the Drosophila INK cascade produce non-constricted LE cells, disruption of F-actin
and myosin at the LE, and the failure of DC to complete. A downstream substrate of the
JNK cascade is c-Jun, which, with c-Fos, forms the AP-1 complex of transcription
factors. The Drosophila homologues of these proteins are Djun and Dfos, encoded by the
genes, /(2)A109 and kayak (kay), respectively (Harden, 2002). /(2)A109 and kay mutants

exhibit the same DC defects as seen for mutants in the other JNK components.

Activation of the AP-1 complex leads to transcriptional activation of several
target genes. Two of these genes have been well characterised with respect to their AP-1
dependent expression in the LE cells during DC. The first gene, puckered (puc), encodes
the Drosophila homolog of a VH-1 family MAPK phosphatase for DINK (Harden,
2002). This is a demonstration of a negative feedback loop present during DC to regulate
INK activity. Overexpression of Puc resembles the loss-of-function phenotypes of JINK

pathway components, and a reduction of puc can partially rescue the DC defects
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associated with reduction of Hep/DIJNKK (Martin-Blanco et al., 1998). The second gene
whose transcription is activated by the JNK cascade in the LE cells is decapentaplegic
(dpp). Dpp is the Drosophila homologue of the Bone Morphogenetic Protein 2 (BMP2)
and BMP4 proteins, which are members of the TGF-B family of cytokines (Martin-
Blanco et al., 1998; Ring and Martinez Arias, 1993). Embryos mutant for various
combinations of dpp alleles die before DC due to an earlier requirement for Dpp in

embryogenesis (Morisato and Anderson, 1995).

Although the role of Dpp cannot be directly assessed during DC with loss-of-
function dpp alleles, mutations exist for several components of Dpp signalling, some of
which do show DC defects. Loss-of-function mutations in either of the Type-I and Type-
II Dpp receptors, thick veins (tkv) and punt (put), or a transcription factor required for
Dpp signalling, schnurri (shn), cause DC defects (Harden, 2002). Moreover, the
overexpression of Dpp or expression of an activated version of Tkv can rescue DC
defects caused by mutations of the JNK pathway (Ip and Davis, 1998). This clearly
demonstrates that Dpp signalling is required during DC, but the exact mechanisms of
action have not yet been resolved. However, it has been observed that the transcript
levels of the Drosophila non-muscle myosin heavy chain, zipper (zip), are reduced in LE

cells deficient in tkv (Arquier et al., 2001).

Several studies have indicated that Cdc42 is also required for DC (Harden, 2002).
Although it is not possible to produce embryos completely devoid of both maternal and
zygotic Cdc42 function due to a requirement for Cdc42 during oogenesis, females
bearing heteroallelic combinations of weak and strong Cdc42 alleles can be used to

produce Cdc42 mutant embryos severely lacking in Cdc42 function (Genova et al.,
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2000). These mutant embryos display DC defects (Genova et al., 2000). In addition,
expression of DN Cdc42, Cdc42N17, during DC results in holes in the dorsal surface
(Harden et al., 1999). Expression of Cdc42N17 at the LE results in loss of filopodia of
the LE cells, leading to failure to seek out and adhere to the opposing epidermis (Jacinto

et al., 2000).

The involvement of Cdc42 in DC with regard to JNK and Dpp signalling has also
been addressed. It was initially observed that overexpression of CA Racl or Cdc42
during DC results in ectopic activation of the JNK cascade, suggesting that these
GTPases contribute to DC by acting as upstream activators of this MAPK cascade (Glise
and Noselli, 1997). However, several studies indicate that Cdc42 may act largely
downstream of JNK. First, Cdc42 mutants and expression of DN Cdc42 produce DC
defects where by the epidermis looks bunched at the LE (Harden et al., 1999). This
phenotype is similar to that seen in embryos of Dpp pathway mutants (Ricos et al., 1999).
Second, overexpression of CA Cdc42 can suppress the DC defects associated with loss of
Tkv function (Ricos et al., 1999). Finally, Cdc42 mutant embryos display wild-type Dpp
transcript levels at the LE during DC, suggesting that Cdc42 does not signal through the
JNK pathway during DC (Genova et al., 2000). The ectopic expression of Dpp seen in
embryos expressing CA Cdc42 may have been an artifact of overexpression, leading to
“bleedthrough” activation of the JNK cascade, which may normally be only regulated by

Rac.

The research described above demonstrates that Cdc42 is required for Dpp
signalling and regulation of the actin cytoskeleton during DC. However, the components

required for Cdc42 to relay its signal during DC have not been well characterised. As an
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effort to characterise downstream effectors for Cdc42 during DC, we decided to
characterise Drosophila homologues of two mammalian proteins that had been identified
as effectors for Cdc42. These two proteins were CIP4 and ACK. We chose to name the
Drosophila homologues of these proteins after their mammalian counterparts, and thus
called them Drosophila CIP4 (DCIP4) and Drosophila ACK (DACK). As previously
mentioned, there are two Drosophila ACKs, and during the course of our research we
found it necessary to begin characterising both ACKs in order to define the function of
DACK. Our aim was to characterize the function of these genes with respect to Cdc42
signalling in DC. However, we found that although all three genes are expressed at the
LE during DC, embryos mutant in either of these genes do not display DC defects. We
were, however, able to establish a role for DACK in Dpp signalling during DC. We also
identified the possibility of a role for DCIP4 in several other tissues/processes that have
been shown to require Cdc42 signalling, such as cellularization, nervous system

development, wing development, and oogenesis.
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2 MATERIALS AND METHODS

2.1 Fly Stocks

Unless otherwise stated, all stocks were obtained from the Drosophila Stock
Centre at Bloomington, Indiana. Unless otherwise stated, all crosses were raised at 25°C.
w''® was used as a wild-type control strain. DACK mutations were generated by
imprecise excisions of the P element, KG00869, kindly provided by H. Bellen. UAS-
thy2'9P (TAJ3) was a gift from M. O’Connor, GAL4%2? from B. Giebel, Hs-Gal4"*
from J. Roote, kay’ from D. Bohmann, dpp”?’ from K. Wharton, and Med” from R.
Padgett. UAS-DACK and UAS-KD-DACK transgenes were described previously (Sem et
al., 2002). PBc02472 was obtained from S. Artavanis-Tsakonas. Cdc42 mutants /-6
were obtained from R. Fehon, wsp’ and wsp’ mutants from E. Schejter, and nwk’ and

nwk’ alleles were obtained from T. Littleton.

2.2 c¢DNAs
All cDNA were produced by the Berkeley Drosophila Genome Project. LDI14951

and the zip (LD21871) cDNA can be currently obtained from Open Biosystems

(http://www.openbiosystems.com/drosophila_gene_collection 2.php). Ribosomal protein

49 (rp49) cDNA used as a loading control was provided by D. Sinclair (O'Connell and
Rosbash, 1984). ¢cDNAs for CG15014 (GH15813), DPR2 (LD28966), CapG (LD22256),

TppIl (LD 24257), and Dfos (SD04477) were obtained from the Canadian Drosophila

Microarray Centre.
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2.3 Standard molecular techniques

Routine techniques such as restriction digestion, cloning, agarose gels, and
Polymerase Chain Reaction (PCR) were performed as described in Sambrook et al.

(1989) or according to manufacturer’s instructions.

PCR reactions where high fidelity was required, such as generating cDNA
constructs for protein expression, were carried out using Vent DNA polymerase obtained
from New England Biolabs and used according to manufacturer’s instructions. Screening
and analytical PCR were carried out using Taq polymerase from Qiagen according to

manufacturer’s instructions.

cDNA constructs were transformed into DHS-alpha or XL1-Blue bacterial
competent cells for amplification and general maintenance. The cells were obtained from
Stratagene and used according to manufacturer’s instructions. ¢cDNAs in pGEX5X-3 or
pMAL-c2, for generation of GST- or MBP-fusion proteins required JM109 or BL2!
bacterial competent cells obtained from Stratagene and used according to manufacturer’s
instructions. JM109 was used as it is recd- and therefore prevents recombination
commonly experienced with pGEX5X-3, while being an efficient competent cell. BL21
was used for enhanced expression of GST- or MBP-fusion proteins, and prevention of

protein degradation or formation of inclusion bodies.

2.4 Sequencing

To obtain the sequence of LD4951, a restriction map was built and identified
overlapping EcoRI and PstI fragments were cut, subcloned into pBS and sequenced using

the Sanger chain termination method with T7 and T3 primers. The Sanger method was
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carried out using either the T7 Sequenase version 2.0 DNA sequencing kit or the Thermo
Sequenase radiolabeled terminator cycle sequencing kit following manufacturer’s

instructions (Amersham Life Science).

2.5 Generation of Transgenic Drosophila lines

Components:

Injection buffer: SmM KCI, 0.1mM sodium phosphate pH 6.8. Filter sterilized

using 0.2 micron filter.

The pUAST construct has two P-element ends necessary for insertion into
chromosomes and contains a marker, the white (w) gene, which enables visualization of
the presence of an insert in w” flies (Brand and Perrimon, 1993). The gene of interest is
placed under the control of a pre-engineered UAS promoter. This, along with another
plasmid encoding a transposase, is injected into the pre-blastoderm of an embryo, and
should invoke a random insertion into a chromosome resulting in progeny containing

transgenic DNA (Ashburner, 1989).

Preblastoderm w'’/® embryos obtained from a 30 minute collection at room
temperature were put onto a wet piece of Whatmann filter paper using a wet paint brush.
Excess water was removed and the embryos were transferred onto double sided sticky
tape by inverting the Whatmann paper onto a piece of tape attached to a glass slide and
brushing the back of it with a paint brush. The embryonic chorion, or egg shell, was
removed by putting another glass slide with double sided sticky tape on top of the

embryos and subsequently pulling the slides apart. This tears apart the chorion but does
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not harm the vitelline membrane still covering and protecting the embryo. The embryos
were then lifted from within their tom egg shells and transferred to double sided sticky
tape attached to a cover slip, with their posterior ends facing the edge of the coverslip.
Embryos were desiccated at room temperature and immersed in halocarbon oil (Voltalef).
After immersion in halocarbon oil, embryos were injected in their posterior ends with
400pg/mL of pUAST + transgene construct mixed with 200pug/mL of pUChsA2-3, as a

transposase source, in injection buffer.

Plasmid DNA to be used for injection was prepared using the Qiagen MidiPrep
kit and quantified by absorbance spectroscopy at 260nm and by comparison with
standards on a 1% agarose/TAE gel. The microinjection system used was as described in
O'Connor and Chia (O'Connor and Chia, 1993). Injected embryos were allowed to
develop at room temperature and surviving adults were individually mated to w'’’® fljes.
Progeny with eye colour were mated to yw; Gla/Cyo and w; Tm3Ser/Tm67Tb to capture and
balance insertions on the second or third chromosome. First chromosome insertions were
easily identifiable by following the migration of the X chromosome in male and female

progeny and were left unbalanced.

The ability of the transformants to express cDNA from the UAS promoter was
verified using Northern blot analysis. Transgenic flies were crossed to a heat shock
inducible Gal4 driver on the second or third chromosome. Progeny carrying both the
UAS-insertion and the Gal4 driver were then heat shocked 1-2 hours at 37°C, to induce
expression of Gal4 and thus transcription of the cDNA in front of the UAS promoter.

Subsequently the flies were incubated for 1 hour at room temperature to allow
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transcription to continue. RNA was then collected from these flies and Northern blot

analysis was performed as described below.

2.6  Generation of Drosophila mutations by P element mobilization

The EP element is a nonautonomous P element, meaning that it does not contain
an active transposase necessary for its mobilization and consequent transposition within
the genome (Rorth, 1996). Introduction of a source of transposase allows for the re-
mobilization of a nonautonomous P element in the germ line. The re-mobilization of a P
element often results in an imprecise excision event, resulting in random deletions about
its insertion point and consequently a mosaic reflecting this in the germ line (Preston et
al., 1996). The progeny of the mosaic will bear the resulting genotype. Monitoring the
generation of mosaics is made simple by the presence of a marker gene engineered into
the P element, which produces a visible phenotype such as eye or body colour in the adult

fly. Cells lacking the P element will also lack the phenotype of the marker gene, thus

making it easy to spot a mosaic fly.

EP elements contain a mini-white marker gene, which codes for a transmembrane
transporter required for the transport of pigment precursors into pigment cells in the fly
eye. The presence/absence of eye colour confirms the presence/absence of the EP
element and thus allows the identification of mosaic flies as their eyes will be mosaic in
their pigmentation. As WT flies already contain a functional white (W) gene on their first
chromosome, the EP collection was generated in a w background to allow detection of

the EP element through eye colour produced from expression of the mini-white gene.
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The EP elements that were mobilized to generate mutations in DCIP4, EP(3)0671
and EP(3)3507, were mated en masse to transposase-containing flies of the genotype
w;A2-38b/TM3Ser. 200 and 60 mosaic F1 males of the genotype EP(3))0671/A2-35b
and EP(3)3507, respectively, were selected, and each was mated individually to 6
w, TM3Sb/TM6Tb females. Non-Sb, white eyed male progeny isolated from these crosses
were assumed to have lost their EP element-and associated mini-white gene in an
excision event. These males were mated individually to 6 w,; TM3Sb/TM6Th females to
generate further progeny bearing the excised chromosomes, and subsequently brother-
sister crossing was completed to establish individual lines. Homozygous viability of each
line was assessed by the loss of the balancer chromosome marker in the stock. Molecular
analysis of the excision events were carried out using Northern blotting to screen for loss
of DCIP4 transcript and PCR of the genomic region where the EP element was
previously inserted. Ifa reSulting PCR fragment was shorter or longer than oneiobtained
from wild-type flies, the PCR fragment was sent for sequencing using the primers used to
generate the fragment. Lethal lines or lines that failed to produce PCR products were

screened by Southern blotting, using cDNAs for DCIP4 and C(G15014 as probes.

2.7 Northern hybridization

Total RNA from embryos or adult flies was prepared using the TRIzol reagent
(Life Technologies) according to manufacturer’s instructions. 20mg of tissue or 20 adult

flies was homogenized in 400ul of TRIzol.

Formaldehyde-agarose gels were prepared according to Sambrook et al. (1989).
Northern analysis was done using the protocol of Virca et al. with staining of the gels
with Acridine Orange omitted (Virca et al., 1990). RNA in the gel was transferred to the
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Hybond N membranes using capillary action and hybridized as described by Virca et al.

Probes for Northern hybridization were generated as described in section 2.9..

2.8 Southern hybridization
Genomic DNA was prepared as described by Roberts (Roberts, 1998) and

digested with the appropriate restriction endonuclease for ~12 hours at 37°C. Samples
were run on 0.7% agarose gels and treated as described in Sambrook et al. (1989).
Denatured DNA was transferred onto Hybond N membranes using capillary action and
hybridized as described in Sambrook et al. (1989), except that the last 2 washes were

done at 80°C. Probes for Southern hybridization were generated as described in section

2.9.

2.9 Generation of radiolabeled probes for Northern and Southern
blotting

DNA fragments to be used as probes for Northern or Southern blotting were
purified from agarose gels using QIAquick gel extraction kit. The DNA fragments were
amplified in the presence of 50uCi of {a->’P}dCTP using the Rediprime™II random
prime labelling system (Amersham Pharmacia biotech, RPN 1633). Unincorporated
radionucleotides were removed using MicroSpin™ S-200 HR columns (Amersham
Pharmacia biotech, 27-5120-01) according to manufacturer’s instructions. Probe made
from a 600 bp EcoRI-Hindlll rp49 fragment was used as a loading control for Northern

blot.
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2.10 Generation of DCIP4 polyclonal antibodies

DCIP4 polyclonal antibodies were generated by immunizing hens with purified
DCIP4 conjugated to a 6xhistidine epitope tag. The recombinant DCIP4 protein was
made by our collaborator, Dr. Avital Rodal from Dr. Troy Littleton’s lab at
Massachusetts Institute of Technology (MIT), and sent to Aves Labs Inc for
immunization of chickens, and subsequent egg and serum collection. Avital cloned
RE39037 into pTRCHISA (Invitrogen) and transformed this construct into BL21 DE3 RP
cells (Invitrogen). She grew 2L of this culture and induced it with 40uM IPTG for 2
hours at 37°C. Cells were spun down and resuspended in 20ml of 20mM NaPO4 pH 8.0,
20mM imidazole, 500mM NaCl and complete protease inhibitors (Roche, 1 tablet/50ml
buffer) and sonicated 3x30 seconds at high voltage or until the cell suspension cleared.
TritonX-100 was added to a final concentration of 0.5%, to aid in solubilization of
protein. Cell debris was pelleted and the supematant was filtered through a 0.45um
syringe filter. The filtrate was applied to a prepared HiTrap chelating HP column
(Amersham) and eluted according to manufacturer’s instruction. The eluted protein was
further purified by running it through an FPLC, and concentrated using Amicon Ultra 10
KDa MWCO (Millipore) concentration devices to 4mL in PBS (roughly 1.2mg of protein

per mL). The concentrated protein was sent to Aves labs as 500ul aliquots.

2.11 Affinity purification of the DCIP4 antibody

Components:

GLB: LB + 0.2% glucose
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LB: 5g bactotryptone, 5g NaCl, 2.5g bacto-yeast extract in 500 mL of water.

Autoclaved.

LB agar: LB + 7.5g agar. Autoclaved. Cooled to 55°C and ampicillin added to

50ug/mL. Poured on plates.

LB + ampicillin: LB. Autoclaved. Cooled to 55°C and ampicillin added to

50ug/mL.
PBS: as per Sambrook et al. (1989).
PBT: PBS + 0.5% TritonX-100

TritonX-100

RE39037 was cloned into pMALc-2 to generate RE39037p-Maltose binding
protein (MBP) fusion proteins. This construct was transformed into BL21 cells
(Invitrogen) and a single bacterial colony of BL21 harbouring the appropriate MBP-
fusion construct was inoculated into 50mL of GLB + ampicillin and cultured at 37°C
overnight (O/N). This O/N culture was diluted 1/50 and added to 4L of GLB +
ampicillin and grown at 37°C until the OD600 reached ~0.5. Alternatively, a single
bacterial colony of BL21 harbouring the appropriate MBP-fusion construct was streaked
onto an LB agar plate and incubated O/N at 37°C. The following morning, cells were
scraped off the agar plate, inoculated into 4L of GLB + ampicillin and grown at 37°C
until OD600 reached ~0.5. The culture was induced with 0.5mM IPTG at 37°C for 3-4
hours, and then spun at 4000 rpm for 10 minutes repeatedly in 4 X 50mL Falcon tubes
(BD Falcon). Each Falcon tube thus contained cells from approximately 1 L of culture.

Pellets were washed with 20mL of cold PBT and spun down at 4000rpm for 10 minutes
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in a table-top centrifuge. The supernatant was removed and the cell pellet was stored at
-70°C. On the next day, pellets were thawed, and resuspended in 15mL of Column
buffer by vortexing. The suspension was sonicated until the viscous solution appeared
fluid. The debris was spun down and supernatant passed through a 0.45um filter. The
filtrate was supplemented with 1mL of 80% glycerol, mixed and aliquots of 2 mL each

were flash frozen and stored at -70°C or put through the purification process.

The MBP fusion protein was purified as described in pMAL™ Protein Fusion and
Purification System (Expression and Purification of Proteins and Cloned Genes) manual
(PFPSM) (New England Biolabs). The purified protéin was then desalted 2X with
Coupling buffer, using Amicon Ultra 10 or 30 kDa MWCO (Millipore) concentration
devices. Roughly, 7-10 mg of fusion protein in coupling buffer was cross-linked to a
HiTrap NHS column (Amersham) according to manufacturer’s instructions and the
affinity columns were kept at 4°C until use. The efficiency of the coupling or

crosslinking reaction was determined according to manufacturer’s instructions.

The affinity column was put through a series of washes at 0.5mL/min. First, it
was washed with SmL 0.1M glycine pH 2.8 to remove noncovalently bound protein from
the column. This wash was followed by 20mL of PBS, 5SmM PBS + 1mg/mL BSA, and
10ml PBS washes. The DCIP4 antibody was diluted 1/10 in PBS and applied to the
column and the flow thorough was reapplied to the column once more. For every 10ml
of diluted antibody, the column was washed with 20mL of PBS, and the bound antibody
was eluted with SmL 0.2M glycine pH 2.8 or 3.5M MgCl,. The eluted antibody was
desalted 1 X with PBS and once with PBS + 0.02% sodium azide using Amicon Ultra 10

or 30 KDa MWCO (Millipore) concentration devices. The antibody was concentrated to
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its original volume (1mL) or to half its original volume and tested for reactivity against
lysates from wild-type and mutant DC/P4 flies and recombinant purified MBP-DCIP4 at

1/20,000-1/1000 dilutions.

2.12 Embryo fixation

Components:

20% paraformaldehyde: 10g of paraformaldehyde was added to a 50mL Falcon
tube. 35mL of water and 0.5mL of 1M NaOH was added and the tube was heated

at 65°C until the paraformaldehyde dissolved. 10mL of 5X phosphate buffered

saline (PBS) was added.

PBS: as per Sambrook et al. (1989).
Heptane

Methanol or 80% Ethanol

0.01% Triton-X

Household Bleach

Embryos were fixed as described in Ashburner (1989). Embryos were allowed to
develop as indicated and dechorionated using 50% household bleach: 0.01% Triton-X,
for 3 minutes and rinsed with 0.01% Triton-X. Removal of the protective chorion is

required to allow the diffusion of molecular probes into the embryo.

Embryos were fixed in a solution containing 1ml. 20% paraformaldehyde, 4mL

1X phosphate buffered saline (PBS), and SmL heptane. Vigorous shaking was performed
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for 25 minutes and the bottom aqueous layer was removed. 5mL methanol was added
and the tube was shaken vigorously for one minute and the embryos were allowed to
settle. Embryos were removed and washed with methanol three times. Some antibodies

are sensitive to methanol fixation therefore some embryos were fixed by substituting 80%

ethanol for methanol.

2.13 Cuticle preparations
Components:
Hoyer’s medium: 30g of gum arabic was added to 50mL of water. Once
dissolved, 200g of chloral hydrate was added sparingly while stiurring. 20g of
glycerol was introduced, mix and centrifuged at 5000rpm to 10000rpm for 20

minutes to separate and remove the sediment. Medium was stored in the dark.

Household Bleach

0.01% Triton-X

Cuticle preparations were performed as described by Ashburner (1989). Embryos
were allowed to develop a full 24 hours AEL in order to allow for the secretion of the
cuticle. Embryos were dechorionated using 50% household bleach : 50% 0.01% Triton-

X for three minutes and rinsed with 0.01% Triton-X.

Hoyer’s medium was placed upon glass slides and dechorionated embryos were

added to the medium. A glass coverslip was used to cover the medium and the slides

were incubated at 65°C until the embryos cleared, leaving the cuticle.
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2.14 RNA in situ hybridization

Components:
4% paraformaldehyde

Methanol
PBSTw: PBS with 0.1% Tween-20

Bovine Serum Albumin (BSA)

Hybridization buffer: 50% deionized formamide, 4X SSC (as per Sambrook et
al. (1989), 1X Denharts (as per Sambrook et al., 1989), 0.1% Tween-20, 5%
dextran sulphate, 250pg/mL salmon sperm DNA, 50pug/mL heparin. Stored at -
20°C.

Wash buffer: 50% formamide, 2X SSC (as per Sambrook et al., 1989), 0.1%
Tween-20.

Ashburner Wash Buffer: 100mM NaCl, 50mM MgCl,, 100mM Tris, pH 9.5,

0.1% Tween-20. As described by Ashburner (1989).

NBT: 4-nitro blue tetrazolium chloride at 100pg/pL (Roche, 92451026)

BCIP: 5-bromo-4-chloro-3-indolyl-phosphate at 50pg/ul. (Roche, 1383221)

RNA in situs were performed as described in Sem et al. (2002). Digoxigenin-
labelled (DIG) RNA probes were generated by in vitro transcription of the antisense
strand of the cDNA clones using the DIG RNA labelling kit from Roche Molecular

Biochemicals according to manufacturer’s instructions. Unincorporated nucleotides were
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then removed using MicroSpin S-200 HR columns. One microlitre of the probe was run
on a 1% DNA agarose gel to quantitate the concentration of RNA. The intensity of the
RNA band was compared to the intensity of the 1.6 kb band from a 1 kb DNA ladder
(Invitrogen, 0.5pg loaded). As a general rule, the amount of probe added to each
hybridization reaction was two times the intensity of the 1.6 kb DNA marker. Fixed
embryos stored in either methanol or 80% ethanol were serially rehydrated for two
minutes in 3:1, 1:1, 1:3 methanol : 4% paraformaldehyde. The embryos were then fixed
in 4% paraformaldehyde for ten minutes, followed by three rinses in PBSTw. 0.5mL of
hybridization buffer (boiled for ten minutes and put on ice) was added to the embryos and
prehybridized for one hour at 52°C. The probe was then added and incubation was
allowed to proceed at 52°C overight without agitation. Following overnight incubation,
the probe was removed and stored at -20°C for reuse. Before reuse, the probe was heated
at 65°C for 10-15 minutes to denature the RNA. After removal of probe, the embryos
were then washed in wash buffer at 52°C for at least four times, with the last wash
allowed to proceed overnight. Room temperature rinses were done 3X with PBSTw
followed by washing for 30 minutes in PBSTw. PBSTw was removed and anti-
digoxigenin-alkaline phosphatase (Roche Molecular Biochemicals), diluted 1,000X in
ImL PBSTw + 5% BSA, was added. Samples were incubated for 90 minutes at room
temperature. The antibody solution was discarded. Embryos were washed 3 X 10
minutes in PBSTw followed by 3 X 5 minutes in alkaline phosphatase wash buffer. The
last wash was not removed and 3.4puL of NBT and 3.5uL of BCIP were added. Colour
development was allowed to proceed under dissection microscope and halted when the

desired resolution was obtained. The colour reaction was stopped by rinsing embryos 3X
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in PBSTw. Embryos were rotated in 70% glycerol for 30 minutes at room temperature to
allow clearing of embryonic tissue and subsequently stored at 4°C or mounted for
visualization. Embryos were observed using differential interference contrast (DIC)

microscopy on a Zeiss Axioplan microscope.

2.15 Immunostaining of Drosophila embryos

Components:

PBT: PBS + 0.1% Triton-X

BSA

PBB: PBT + 1% BSA

Nickel solution: 2.5% Nickel ammonium sulphate, 0.1% sodium acetate buffer
pH 6.

DAB reaction mix: 50uL of 5Smg/mL DAB, 10uL of 0.2 g/mL glucose, 2uL of

0.2g/mL NH,Cl, ImL of Nickel solution, and 3pL of 2mg/mL glucose oxidase

(Sigma, G2133, 250000U).

Immunostaining was performed as described by (Harden et al., 1996). Fixed
embryos were rehydrated in ImL PBT for 3 X 10 minutes on a Nutator. All incubation
and wash steps were performed at room temperature while rotating, unless otherwise
stated. Embryos were blocked in PBB for one hour. An appropriate concentration of
primary antibodies diluted in PBB was introduced to the embryos and incubated at 4°C

overnight. Concentrations of antibodies were as follows: Hts, 1/5; DCIP4, 1/20,000-
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1/1000; pMad 1/10,000-1/7,500. Solution was then removed, followed by washing 3 X
10 minutes in PBT. The last PBT wash was then removed and embryos were exposed to
the appropriate PBB diluted secondary antibody conjugate to Horseradish peroxidase

(HRP), Fluorescein (FITC), or biotin.

HRP-mediated visualization of antibody staining using DAB was performed using a
secondary antibody directly conjugated to HRP or a biotinylated secondary antibody which was
then subsequently exposed to streptavidin conjugated-HRP to amplify the signal. HRP or biotin
conjugated goat anti-rabbit or goat anti-mouse secondary anﬁbodies were added in a 1/200
diluﬁon (Vector Laboratories). HRP or biotin conjugated donkey anti-chicken was used
in a 1/500 dilution (Jackson Immunoresearch). Incubation was done for two hours at
room temperature. Embryos were then washed 3 X 10 minutes in PBT. If a biotinylated
secondary was used, the embryos were then incubated with 1/1000-2000 streptavidin-
HRP in PBB for 30 minutes, followed by 3 X 10 minute washes with PBT. Colour
development proceeded in the presence of DAB reaction mix and staining was stopped
by rinsing 3X with PBT. PBT was then substituted with 70% glycerol and embryos
equilibrated for 30 minutes. Samples were stored at 4°C or mounted for observation.

Embryos were observed using differential interference contrast (DIC) microscopy.

Fluorescent detection of antibody staining was conducted using goat anti-mouse or goat
anti-rabbit antibodies conjugated to FITC or biotin, or with donkey anti-chicken-HRP and
subsequent Cyanine 3 (Cy-3)-tyramide (Renaissance, Perkin Elmer). Biotinylated secondaries
were subsequently exposed to streptavidin conjugated Texas Red (TRITC) (Vector
Laboratories). All steps were perfomed in the dark following the addition of the fluorophore

conjugates to embryos. FITC- or biotin-conjugated anti-mouse or anti-rabbit secondary
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antibodies were added in a 1/200 dilution (Vector Laboratories). Incubation was done for two
hours at room temperature. Embryos were washed 3 X 10 minutes in PBT. If a biotinylated
secondary antibody was used, the embryos were then incubated with 1/1000 TRITC in
PBB for one hour and subsequently washed 3 X 10 minutes in PBT. If anti- chicken-
HRP was used, the embryos were subjected to 1/400 Cy3-tyramide in Amplification
buffer for 30 minutes and subsequently rinsed 3X with PBT. Following the removal of the
last wash/rinse, Vectashield mountant (Vector Laboratories) was added and embryos
equilibrated for 30 minutes at room temperature or overnight at 4°C in the dark. Embryos were

observed using confocal microscopy.

Unless otherwise stated all primary antibodies were obtained from the
Developmental Studies Hybridoma Bank. The p-Mad antibody was obtained from P. ten
Dijke. DNA was stained with 1/10,000 Propidium Iodide (Molecular probes), or

1/10,000 SYBR GREEN (Molecular Probes).

2.16 Generation of mutations in Drosophila using Ethyl Methyl
Sulphonate (EMS)

Flies homozygous for the ebony marker, ¢’, which produces black body colour,
were fed media that contained 50 pM EMS in 1% sucrose as described in (Greenspan,
1997). 500 EMS-exposed chromosomes were isolated as described in (Greenspan, 1997)
and screened for lethality when in combination with the deficiency, DA3L)C175. All
lines that complemented Df{3L)C175 were identified by the presence of brown bodied F1

progeny as Df{3L)C175 does not carry the ¢’ marker.
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2.17 Generation of Drosophila mosaics

The generation of genetic mosaics or ‘clones’ has been shown to be an important
tool for the analysis of the maternal effect of recessive zygotic mutations as well as the
examination of the tissue specific roles of a gene. This method takes advantage of the
site-specific recombination activity of the FLP recombinase, which can direct

recombination between homologous chromosomes at FRT sequences during mitosis.

Alleles of the gene of interest are recombined onto chromosomes containing FRT
sequences near the centromere. FLP-mediated recombination allows the creation of

clones of cells homozygous for the allele in a heterozygous individual.

FLP is placed under the control of a heat shock promoter, hsp70, and is therefore
induced, usually at 37°C. The scheme for the duration and repetition of heat shock is
determined experimentally by the investigator. In this way, specific tissues can be

targeted by heat shock inductions at the desired developmental stage.

To generate follicle cell clones lacking DCIP4, hsFLP, TM3Sb/TM6Th females
were crossed to FRT79D, GFP males. The ubi-GFP transgene is a reporter that allows
visualization of cells that are not homozygous mutant clones. The AsFLP; FRT79D, ubi-
GFP/TM3Sb males from the F1 progeny were mated to FRT79D, DCIP4*’/TM3Sb
females. F2 progeny were heat shocked for 2 hours at 37°C, in order to drive genetic
recombination in follicle cells undergoing mitosis. This was done for 4 consecutive days
to ensure younger larva that were emerging at later times were also exposed to the same
heat shock regiment at the proper developmental stage. Female progeny, of the genotype

hsFLP;FRT79D, ubi-GFP/FRT79D, DCIP#*! , were grown on media containing yeast
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for a couple of days to allow for development of healthy ovaries. The females’ ovaries

were dissected and stained as described in section 2.15 to retrieve the egg chambers.

2.18 Fixation of Drosophila egg chambers

Components:

EBR buffer: 130mM NaCl, 4.7mM KCl, 1.9mM CaCl,, 10mM HEPES pH 6.9

as per Sambrook et al. (1989).

Buffer B: 100mM potassium phosphate pH 6.8 as per Sambrook et al. (1989),

450mM KCl, 150mM NaCl, 20mM MgCI2.

Devitellinizing buffer: 1 vol buffer B, 1 vol formaldehyde 36%, 4 vol water.
Formaldehyde 36%
BSA

PBS

PBO: 1 X PBS, 0.3% Triton-X, 0.5% BSA.

Heptane

Ovary fixation and staining was performed as described by (Verheyen and
Cooley, 1994a). Ovaries were dissected in cold EBR and transferred to a microfuge tube
containing cold EBR on ice. EBR was removed and 100uL devitellinizing buffer and
600uL heptane was added. The sample was vigorously agitated to be sure that the buffer
was saturated with heptane and then was rotated for 10 minutes at room temperature.
The solution was removed with a pipette and rinsed with PBS three times. The ovaries
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were washed 3 X in PBS for 10 minutes each. If F-actin was being visualised, the egg
chambers were subjected to 1:1000 phalloidin-FITC or TRITC conjugate (Sigma) for 30
minutes while rotating. The sample was then rinsed 3X with PBS and the last rinse was
replaced with Vectashield. If DNA was being visualised, ovaries were treated as
described by Orsulic and Peifer (1994). Briefly, dissected ovaries were fixed and
incubated with Ribonuclease A for 2 hours at 37°C. The sample was then rinsed 3X with
PBS and treated with either 1/10,000 Propidium Iodide (Molecular Probes) or 1/10,000

SYBR Green (Molecular Probes) for 20 minutes. The egg chambers were then rinsed 3X
with PBS.

If ovaries were stained for a specific protein, after the 3 X 10 minute washes with
PBS, the ovaries were blocked for 10 minutes in PBO and then primary antibody was
added. Sample were treated the same as embryos from this point on. If doing antibody
staining and visualising F-actin or DNA, after the last wash, F-actin staining or DNA

staining was completed as described above and Vectashield was added. Ovaries were

viewed with a confocal microscope.

2.19 Western analysis

Components:

Protein sample buffer: 0.01% mercaptoethanol, 2% SDS, 0.01% bromophenol

blue, 6% glycerol, 25mM Tris pH 6.8.

Running buffer: 2.5mM Tris pH 8.3, 19.2mM glycine, 0.01%SDS.
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Transfer buffer: 2.5mM Tris pH 8.3, 19.2mM glycine, 0.01% SDS, 20%

methanol.

Protein samples were separated on 8-12% polyacrylamide gels using the BioRad
Mini-Protean II Electrophoresis Cell and transferred to nitrocellulose membrane using the
BioRad Trans-Blot Semi Dry following manufacturer’s instructions. Gels were prepared
as in Sambrook et al. (1989). Protein samples were loaded with sample buffer and
electrophoresis carried out in running buffer. The Trans-Blot was run at 15V for one

hour using the transfer buffer to transfer the proteins from the gel to the nitrocellulose

membrane.

Western blotting was performed as per manufacturer’s instructions using reagents
from the Western Blotting Chemiluminescence Kit obtained from Roche. Concentrations
of primary antibodies as follows: affinity purified chicken polyclonal anti-DCIP4 1:5-
10,000 or 1:5000 rabbit polyclonal DPAK. Secondary antibody was a 1:2000-5000

~dilution of an anti-rabbit or anti-chicken coupled HRP antibody. Visualization was

performed using the luminal reagent from the Western Blotting Chemiluminescence kit

(Roche).

2.20 Transgene expression using heat shock inducible GAL4 lines
during embryogenesis.

For heat shock induction of transgenes, embryos were collected and aged at 25 °C
for the appropriate stage. They were then placed in vials and heat shocked in a water

bath set at 37°C. Following heat-shock, embryos were aged at 21°C for at least 48 h and
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subjected to cuticle preparation, or aged for 7 h at 21°C and fixed for RNA in situ

hybridization.
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3 RESULTS PART 1: DROSOPHILA CDC42
INTERACTING PROTEIN 4 (DCIP4)

3.1 Identification of the DCIP4 gene and ¢cDNA

As part of our effort to better understand Cdc42 signalling in Drosophila, we
decided to characterize the Drosophila homologue of the Cdc42 effector protein, CIP4.
Expressed Sequence Tags (ESTs) were identified that represented candidate full-length
cDNAs of DCIP4 (Rubin et al., 2000). This was accomplished by performing a
tBLASTn search, using the human CIP4 protein sequence and the six-frame translation of
all known Drosophila ESTs. We identified LDI14951 as the longest cDNA with a
translation that bore homology to CIP4. Overlapping EcoRI and Pst I fragments of this
cDNA were subcloned and sequenced. Figure 3.1 shows the alignment of the cDNA
sequence of LD1495] with its corresponding translated protein product. We named the

gene encoding LD14951, Drosophila CIP4 (DCIP4), after its mammalian homologue.

Following the completion of this work, the Drosophila genome was sequenced
(Adams et al., 2000). Blast searches against the six-frame translation of the Drosophila
genome with both the CIP4 protein sequence and the translation of the DCIP4 ¢cDNA
sequence returned two predicted genes, CG15015 and CG11341. After completion of the
Release 3 annotation of the Drosophila euchromatic genome (Misra et al., 2002), these
two predicted genes were combined to form the complete DCIP4 gene, which was
assigned the prediction name, CG15015. DCIP4 is 39654 nucleotides in length and

physically maps to bases 4307066-4346719 on the left arm of the third chromosome,
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Figure 3.1 Nucleotide sequence and conceptual translation of the DCIP4 cDNA,
LD14951.

Shaded regions outline the different domains present in the protein sequence.

Purple: FCH, red: Coiled-coil, orange: HR1, green: PEST and blue: SH3.
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according to release 4.1 of the Drosophila annotated genome sequence (Drysdale, 2005).
This region corresponds to the cytological location 64B2-4. The DCIP4 gene is

transcribed on the minus strand of the third chromosome.

As more cDNA libraries were generated by the Drosophila Gene Collection
(DGC) (Stapleton et al., 2002), another DCIP4 full-length ¢cDNA, RE39037, was
identified. =The DGC and Flybase recognise this cDNA as the longest cDNA
corresponding to the predicted gene, CG15015. RE39037 was isolated from the RIKEN
0-22 hour embryonic ¢cDNA library and is 60 bases longer than LD/4951. The difference
between the two cDNAs results from alternate splicing of the 9™ intron where the splice
donor site (GT), used to generate RE39037, is 60 bases downstream from that used to

generate LD 14951 (Figure 3.2 B).

3.2 The DCIP4 transcript and protein

The DCIP4 transcript, isolated from adult flies, is roughly 2.4 Kb in length, as
determined by Northern blot analysis with a labelled DCIP4 cDNA probe and
comparison with RNA standards (Figure 3.4 I). This is comparable to the lengths of
RE39037 and LD14951 cDNAs (roughly 2.5 and 2.45 Kb, respectively). This transcript
makes a protein that migrates at an estimated molecular weight of 100 kDa as detected
from Western blot analysis using an antibody made against recombinant DCIP4 protein
made from the RE39037 cDNA (Figure 3.5 I). A 75 kDa band is also seen (data not

shown). The predicted RE39037 protein has a molecular weight of about 70 kDa.

The DCIP4 protein (the translation of the RE39037 ¢cDNA sequence), has three known

domains and one putative motif (Figure 3.1 and 3.2). At its amino (N)-terminus
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Figure 3.2 LD14951 and RE39037 may be splice variants of DCIP4.
Alignment of the translated sequences of DCIP4 cDNAs, LD14951 and
RE39037. (A) Schematic showing that LD14951 and RE39037 differ by
alternate in-frame splicing of an exon (shaded in red) near the 3’ end of the
DCIP4 gene. This results in a smaller exon in LD14951. (B) Bases 4308379-
4308559 of the minus strand of chromosome 3L, within the DCIP4 gene,
showing the different splice donor sequence (GT) used by each variant.
Sequence in red outlines the exon shaded in red in (A). Sequences in black
represent introns. The splice acceptor site is shown in bold black. The donor
site in green is used to generate LD14951 and the donor site in blue is used to
generate RE39037. (C) Alignment of the translated products of LD7495] and
RFE39037. Shaded regions outline the different domains present in the protein
sequence. Purple: FCH, red coiled-coil, orange: HR1, green: PEST and light
blue: SH3.
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there is an FCH domain, which has been implicated in actin polymerization and direct
microtubule binding (Fankhauser et al., 1995; Tian et al., 2000). This domain is followed
by an alpha helical region that is predicted to form a coiled-coil domain. This domain is
used for self assembly for other members of the PCH family (Kessels and Qualmann,
2004). Following the coiled-coil region, there is an HR-1 domain which is required by
mammalian CIP4 proteins for binding to Cdc42 (Aspenstrom, 1997; Tian et al., 2000).
Following the HR1 domain, there is a putative PEST motif. PEST motifs are
characterised as motifs that are recognized by the degradation machinery (Blondel et al.,
2005; Rechsteiner and Rogers, 1996). It is interesting to note that the translations of
RE39037 and LD14951 differ only in the composition of their PEST domains. The PEST
domain predicted in LDI14951 is disrupted in RE39037 due to the extra 20 amino acids
inserted by the alternate splicing (Figure 3.2 C). Finally, a protein-protein interaction
domain, the SH3 domain, makes up the C-terminal part of DCIP4. CIP4’s SH3 domain
has been shown to bind to proline-rich domains of proteins such as WASP and

Huntingtin (Holbert et al., 2003; Tian et al., 2000).

As more genomes are being sequenced, the number of predicted DCIP4
homologues in other organisms is increasing. However, several DCIP4 homologues have
already been at least partially characterised. Those that are most homologous to DCIP4
include mammalian CIP4s (Aspenstrom, 1997; Tian et al., 2000), vertebrate and
mammalian TOCA-1 (Ho et al., 2004; Insall and Machesky, 2004), and the mammalian
FBP17s/Rapostlins (Fuyjita et al., 2002; Kamioka et al., 2004) (Figure 3.3). Overall, the

two possible DCIP4 splice forms (translations of RE39037 and LD[4951, named
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Figure 3.3 Alignment of LD14951 and RE39037 translations with closest relatives
and homologues from other species.

The alignment program Clustal X was used to produce alignments of DCIP4
isoforms and other homologous proteins. The sequence alignment was
viewed with Genedoc. A four level shading system was used in Genedoc to
visualise conservation of amino acid residues across the aligned proteins. The
darkest to lightest shadings represents 100% (black), 80% or greater (dark
grey), 60% or greater (light grey), and less than 60% (no shading) sequence
conservation. The consensus line is displayed at the bottom of the alignment
with upper and lower case letters representing residues that are 100% and
80% conserved, respectively. Numbers in the consensus line represent
different amino acid similarity groups. Similarity groups represent amino
acid residues that are considered similar with respect to the chemical

properties and structure of their side chains.
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Table 3.1 Comparisons of identities and similarities between DCIP4 isoforms and
their domains with homologues from other organisms.

Percentages were compiled from data returned from BLASTp searches with
the conserved domains present in the RE39037p/LD14951p protein sequence
or with translations of RE39037 and LD14951 against the nr (Non-redundant
GenBank CDS translations + PDB + SwissProt + PIR + PRF, excluding those

in env_nr.) protein databases.
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RE39037p and LD14951p, respectively) are most homologous to Xenopus tropicalis
TOCA-1 (LD14951p and RE39037p: 36% amino acid identities and L.D14951p: 56% and
RE39037p: 55% amino acid similarities). However, Homo sapiens CIP4 and FBP17
bear similar levels of homology (31-35% and 50-54% identical and similar amino acid
residues respectively) to DCIP4 (Table 3.1). The percentage of sequence identities
increases in most cases (the exception being the % identities between the FBP17 and
DCIP4 coiled-coil domains) when individual domains of the proteins are being compared
to the corresponding domain in DCIP4. Thus, the percentage of similar residues
increases to 68-83% demonstrating that these homologues bear greater resemblance in
their individual domains than they do across the entire protein. It is important to note that
the extra sequence present in the PEST domain of RE39037p due to alternate splicing
does not align to the primary sequence of any of the homologues shown (Figure 3.3,

region between numbers 560-620 shown above alignment).

3.3 DCIP4 transcript and protein embryonic expression pattern

The wild-type embryonic expression pattern of the DCIP4 transcript and protein
was determined using RNA in situ hybridization and antibody staining of either Canton S
or w''!® embryos. Whole mount RNA in situ hybridization was performed using a DIG-
labelled antisense probe generated from either LD/495] or RE39037 ¢cDNAs, and the
DCIP4 protein expression pattern was determined using the DCIP4 antibody described in

Materials and Methods.

DCIP4 has a dynamic mRNA and protein expression pattern during embryonic
development. The protein expression pattern not only confirmed stainings thought to be

background in the RNA in situs, but also provided clues as to where and how DCIP4 may
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Figure 3.4 DCIP4 has a dynamic mRNA expression pattern throughout embryonic
development.

(D) Northern blot of total RNA isolated from adult flies showing the DCIP4

transcript in comparison with the loading control, rp49.

(ID) Anterior is to the left. (A) Lateral view of a stage 8 embryo showing
enrichment in the first few rows of epidermal cells of the maxilla (mx) and
labium (Ib). (B) Dorsal view of a stage 12 embryo showing enrichment in the
brain (arrow) and hind gut (arrowhead). (C) Lateral view of a stage 12
embryo showing expression in the epidermis but absence from the
amnioserosa (AS). (D) Dorsal view of a stage 14-15 embryo showing
enrichment of DCIP4 transcript along the dorsal midline (arrowheads) after
completion of DC. (E) Ventral views of a stage 13, and a (F) stage 14
embryo, showing expression in the CNS. (G) Dorsal view of a stage 14
embryo showing expression in the visceral mesoderm (arrow). (H) Dorsal
view of a stage 12 embryo showing expression in the developing visual
system (arrows). (I) Dorsal view of a stage 15 embryos showing enrichment
in the Bolwig’s Organs (arrows) and in the dorsal longitudinal trunks of the
trachea (arrowheads). (J) Dorsal view of a stage 17 embryo showing
continuing expression in Bolwig’s and in unidentified cells in the head
arrows). (K, L, M, N) Lateral views of stage 12-13 embryos showing
enrichment in the PNS. Arrows in K point to possible cells bodies of
developing sensory neurons. (N) Higher power view of embryo in M
showing enrichment of DCIP4 mRNA in neuronal cluster comprising the
lateral monocolopidial chordotonal organ, ventral campaniform sensillum,
and ventral chordotonal organ. Arrows in (E) and (M) show enrichment of

DCIP4 in segmental stripes, possibly in the epidermis.
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Figure 3.5 The DCIP4 protein is present throughout embryonic development.

118 3 qult flies showing a band

(I) Western blot of protein prepared from w
recognized by an affinity-purified DCIP4 antibody used at a 1/10,000

dilution.

(II) Anterior is to the left. (A-C) Lateral views of early embryo showing
DCIP4 protein throughout the progression of cellularization. Insets show
high powered view. (A) DCIP4 is localized at the apical membrane prior to
membrane invagination. (B) Apical DCIP4 localization is maintained in
addition to its localization with the invaginating membrane. (C) DCIP4
localizes with apical, lateral and basal cell membranes when cellularization is
complete. (D) Dorsal view of stage 12 embryo showing localization of
DCIP4 in the hind gut (arrow). (D-F) Dorsal views of stage 13 (D), and early
(E) and late (F) stage 14 embryos showing DCIP4 localization at the leading
edge throughout DC (arrowhead). (G-I) Ventral views of embryos showing
DCIP4 expression in the CNS at stage 12-13 (G) stage 14-15 (H) and stage
16 (I). Lateral view of a stage 13 embryo showing expression of DCIP4 in
the ventral nerve chord (J). (K-L) Dorsal views of embryos showing DCIP4
expression in the developing embryonic visual system at stage14 (K) and
stage 16 (L). (M) Ventral view of a late stage 13 embryo showing expression
of DCIP4 in motor neuron axons of the segmental (arrows) and
intersegmental (arrowhead) nerve roots. (N-O) Lateral views of embryos in
(M) showing DCIP4 expression in neuronal cluster comprising the lateral
monocolopidial chordotonal organ, ventral campaniform sensillum, and

ventral chordotonal organ (N, arrow) and magnified in (O, arrow).
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be functioning in particular embryonic processes. For example, the distribution of
DCIP4 transcript during cellularization and gastrulation was difficult to interpret as it was
diffuse, making it seem like non-specific background. It is possible that this background
is actually maternally contributed DCIP4 mRNA. DCIP4 protein distribution during
these stages was more specific. Beginning in early embryogenesis, the DCIP4 protein
accumulates on the apical membrane prior to cellularization (Figure 3.5 II A). Once
cellularization begins, the apical membrane invaginates to form peripheral cell
membranes, and finally pinches to form the basal cell membrane, which seals each
individual cell (Lecuit, 2004). In addition to remaining enriched apically, DCIP4

localizes with the membrane movement throughout cellularization (Figure 3.5 II A-C).

Later, during stage 8 of embryogenesis, the DCIP4 transcript and protein are
highly enriched in the first two developing segments of the embryo, the maxilla and the
labium (Figure 3.4 II A and data not shown). DCIP4 continues to be present in these
tissues during later stages of embryogenesis. A close up view of the cells that make up
these two structures revealed DCIP4 expression in a fibrous and matted pattern, which

was difficult to resolve using confocal microscopy (data not shown).

At stage 12, DCIP4 transcript and protein are enriched in the developing hindgut
and brain (Figure 3.4 II B and 3.5 II D). Though DCIP4 is expressed throughout the
epidermis during DC, which occurs between stages 12-14, it is not enriched in the
amnioserosa (Figure 3.4 II C). A closer look at the DCIP4 protein distribution revealed
weak enrichment of DCIP4 in the LE cells from stage 13 through until the end of hole
closure (Figure 3.5 II D-F). Furthermore, DCIP4 transcript and protein also seem to

accumulate in cells along the dorsal midline after the completion of DC (Figure 3.4 II D

73



and 3.5 Il F). DCIP4 transcript is also found in the visceral mesoderm that forms a thin
layer of muscle fibres that surround the digestive tract (Figure 3.4 II G). DCIP4
transcript and protein may also be expressed in the dorsal longitudinal trunks of the
embryonic trachea; however, these stainings could be artifacts due to probes and

antibodies being trapped in these hollow structures (Figure 3.4 II 1 and 3.5 IT F).

DCIP4 RNA and protein are also expressed in the embryonic central and
peripheral nervous systems. Specifically, DCIP4 is enriched in the CNS from stage 12-
14 (Figure 3.4 II E-F and 3.5 II G-I), and is also seen in the developing embryonic visual
system (Figure 3.4 IT H-J and 3.5 II J-L). DCIP4 protein distribution in the ventral nerve
chord outlines the commisures and longitudinal connectives (Figure 3.5 II G-I). As well,
DCIP4 is expressed in motor neuron axons that exit the CNS via the segmental (Figure
3.5 II M, arrows) and the intersegmental (Figure 3.5 II M, arrowhead) nerve roots.
During PNS development at stagel3, DCIP4 is enriched in the axons and cell bodies of a
cluster of sensory neurons that are comprised of the lateral monoscolopidial chordotonal
organ, ventral campaniform sensillum 5, and the ventral chordotonal organ (Figure 3.4 II
K-N and Figure 3.5 II N-O). DCIP4 is also expressed in segmental stripes, which could
be epidermal cells or neurons beneath the epidermis (Figure 3.5 IT E and M). Finally,
DCIP4 is expressed in a subset of cells in the embryonic head region at stage 16 (Figure

34117).

3.4 DCIP4 expression during oogenesis

DCIP4 is predominantly expressed in the follicular epithelium throughout egg
chamber development. However, it has a more dynamic expression pattern during earlier

stages of oogenesis. Beginning in the germarium, DCIP4 is found weakly at all cell
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surfaces and in cytoplasm, and localizes to unidentified actin-rich structures (Figure 3.6
D-F arrows). DCIP4 expression elevates during germ cell cyst encapsulation by follicle
cells in region 2b of the germarium. In this region, DCIP4 is found in both the germ cells
and follicle cells. DCIP4 is not restricted to the cell surface during this stage and can also
be found in the cytoplasm. Interestingly, DCIP4 localises to sites of ring canal
attachment to the cell membrane during cyst encapsulation and in stage 1-3 egg chambers
(Figure 3.6 D-F, arrowheads). It is possible that DCIP4 may actually be part of the ring
canal structure as some DCIP4 staining overlaps with the ring canals. DCIP4 staining
becomes restricted to the follicular epithelium from stage 8. DCIP4 expression in the
follicular epithelium is predominantly at the basal surface in a diffuse pattern. However,
it outlines cell borders and accumulates at tricellular corners. Figure 3.6 P shows
expression of DCIP4 at tricellular corners of squamous follicular epithelium in a stage 12
egg chamber, although this staining pattern is present in all follicle cells throughout egg

chamber development.

3.5 Generation of mutations in the DCIP4 gene by P element
mobilization

A null mutation can be used to specifically characterize the functional role of a
gene through phenotypic analysis and by interaction studies with other mutations and
transgenic lines. To generate null mutations in the DCIP4 gene, EP elements inserted
either upstream or downstream of DCIP4 were mobilized to generate random deletions in
the flanking fly genomic DNA as described in Materials and Methods (Hawley and
Waring, 1988). EP elements, as described previously, are immobile P-elements, which

lack the active transposase enzyme they require for transposition. Inducing mobilization
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Figure 3.6 DCIP4 expression during oogenesis.
Egg chambers were double stained with affinity-purified anti-DCIP4 (1/1000

dilution) (red) and FITC-phalloidin (green). (A-C) Ovariole showing
different stages of egg chamber development. (A) DCIP4 is localized at the
basal surface of follicle cells throughout egg chamber development, as well
as at apical and lateral surfaces during early stages of egg chamber
development. (D-F) Germarium. (D) DCIP4 staining is prominant at region
2b where follicle cells first surround the germ cells. DCIP4 staining in 2b is
found within the cytoplasm and at the cell surface, and is enriched at sites of
ring canal attachment to the cell membrane within the germ cells
(arrowheads). In region 1-2a, DCIP4 localises to unidentified actin-rich areas
(arrows). (G-H) Stage 1 egg chamber. (G) DCIP4 is enriched in follicle cells.
(J-K) Stage 2-3 egg chamber. (J) DCIP4 is expressed at the cell surface of
follicle cells (strong) and germ cells (weak). Punctate DCIP4 staining at the
apical membrane co-localizes with F-actin rich areas (L, arrows). (M-0O)
Stage 7-8 egg chamber. (M) DCIP4 expression remains high at the basal
surface of follicle cells but becomes weak at the apical and lateral surfaces.
DCIP4 expression at this stage is absent from the nurse cells and oocyte. (P-
R) Stage 12 egg chamber. DCIP4 localizes to cell boundaries and
accumulates at tricellular junctions of the squamous follicular epithelium (P,

arrow).
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of the EP construct by introducing a transposase source into the genetic background of
the flies can result in random deletions of genomic sequences neighbouring the EP

insertion site due to imprecise excision events.

About 70 excision events were generated from EP(3)3507, which is inserted 109
bases upstream of the predicted initiator methionine codon of the DCIP4 gene. We later
realised that there exists a second site mutation on the original £P(3)3507 chromosome
which results in larval lethality. This was confirmed by recombining this mutation away
from the chromosome bearing the EP insertion. All of the chromosomes isolated from
the excision of £P(3)3507 contained this second site mutation. Excised lines generated
from mobilization of EP(3)3507 were phenotypically characterised and lines bearing a
significant percentage of embryonic defects were kept. These lines were later
characterized by Southern and Northern analysis and were shown to not carry deletions in

the DCIP4 gene (data not shown).

After completion of the Drosophila genome, and thus assembly of sequences
flanking the DCIP4 genomic region, another EP element, EP(3)0671, was positioned
approximately 1.3 Kb away from the 3’ end of the DCIP4 gene (Figure 3.7 A).
Incidentally, it is inserted after the first base of the neighbouring gene, CG15014. This
EP element was mobilised to generate 200 excision events that were screened
molecularly as described in Section 2.6 and below, to identify chromosomes containing
lesions in DCIP4. Since the imprecise excision event results in deletions of random
length and direction about the EP element insertion point (Adams and Sekelsky, 2002),
many lines needed to be screened in order to only obtain a deletion in the DCIP4 gene,

and not in the neighbouring genomic regions.
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Figure 3.7 Molecular characterization of DCIP4 alleles.
(A) Schematic showing molecular breakpoints of DCIP4 alleles, 34-1, 32-1,
and 37-1, as determined by genomic PCR. Red arrows indicate positions of
forward and reverse primers used in PCR reactions. Numbers represent base
positions along the left arm of the third chromosome. (B) Northern blots of
total RNA prepared from adult flies showing loss of DCIP4 transcript from
flies homozygous for the DCIP4 alleles 34-1, 32-1, and 37-1. The transcript
of CG15014 is expressed at wild-type levels in these flies. (C) Northern
blots of total RNA prepared form adult flies showing loss of DCIP4
transcript in deficiencies Df{3L) Exel8098, Df(3L)ED4342 and Df(3L)GN40
but not Dff{3L)Exel9001 nor Df(3L)GNI19 when in combination with 34-1.
Flies homozygous for Df{3L)Exel9001 also do not show loss of DCIP4
transcript. The DCIP4 allele, 49-1, in combination with different deficiencies
or 34-1 does not result in loss of DCIP4 transcript, indicating this allele is not

1118 \as used as wild-type

anull. RNA isolated from Canton S flies or w
controls in (B) and (C) respectively. »p49 was used as a loading control in

(B) and (C).
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EP(3)0671 excision lines were screened initially by Northern blot analysis for the
lack of DCIP4 transcript. Lines failing to produce DCIP4 mRNA were examined by
PCR with primers flanking genomic regions that encompassed the EP insertion site. PCR
products of excision lines which gave shorter fragment sizes than the expected PCR
product generated from wild-type genomic DNA, were sequenced to reveal the exact
break points of the deletion. Lines with deletions too large to be characterized with PCR
were analyzed by Southern hybridization, using the DCIP4 cDNA and subsequently, the

cDNA of the neighbouring gene, CG15014, as probes.

Three independent homozygous viable deletions, 32-1, 34-1 and 37-1, each
lacking the DCIP4 transcript on Northern blots, were isolated (Figure 3.7 B). The
chromosomal breakpoints of 32-/ and 34-1 were determined using PCR. It has been
difficult to determine the exact breakpoints of the 37-/ allele. Another excision allele,
49-1, removes the intergenic region between DCIP4 and CG15014. This allele seems to
express less DCIP4 transcript compared to wild-type flies; however, the excised
chromosome also contains a lethal mutation that was possibly generated during the

excision of EP(3)0671 (Figure 3.7 C). This second-site mutation complements GN50.

It 1s important to note that the sequence of the PCR fragments used to define the
molecular breakpoints of the 32-/ and 34-1 alleles, suggest that most of CG15014 is
removed in 32-1, and partially lost in 34-/. However, Northern blot analysis of adult
flies homozygous for these alleles show wild-type levels of CG15014 transcript (Figure
3.7 C). We confirmed, by sequencing, that the cDNA (GHI15813) we were using to
probe for the CG15014 transcript was correct. This transcript migrates to roughly 1.6

kilobases which is the same size as the predicted CG/5014 transcript. It is possible that
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this gene was duplicated during the excision of EP(3)0671 and now resides somewhere
else within the DNA of DCIP4 mutant flies. However, we have not been able to detect

this in Southern blots (data not shown).

3.6 Identification of previously characterised chromosomal
aberrations that lack DCIP4

The DCIP4 mutations generated by mobilization of EP(3)0671 show no DCIP4
transcript in Northern blots, suggesting that they are null alleles. However, the 5° end of
the DCIP4 gene is still intact in these mutants since their molecularly determined
breakpoints suggest that only the 3’ end of DCIP4 is truncated. It is therefore possible
that transcript is still made but is undetectable on a Northern blot. We therefore set out to
find stocks containing chromosomal deficiencies that had previously been mapped to the
DCIP4 region, 64B. Identiﬁéation of such chromosomes would allow us to generate flies
with the strongest DCIP4 mutant background we could produce. With the aid of the
Cytosearch tool on Flybase, we were able to identify several different stocks, including 5
which we tested for the loss of DCIP4 (Figure 3.7 C). To check for loss of DCIP4 in
these deficiencies, DCIP4 alleles were crossed to each deficiency and Northern blots
were performed on flies heterozygous for the DCIP4 allele and the particular deficiency.
The deficiency stocks, Df(3L)GN50 (GN50), Df(3L)EXEL8089 (EXEL), and
Df(3L)ED4342 (ED) do not produce DCIP4 transcript, but Df{3L)GNI9 and
Df(3L)EXEL900] do (Drysdale, 2005). GNS50 is a large deficiency predicted to remove
regions 63E2-64B17 (Drysdale, 2005). EXEL and ED are smaller deficiencies estimated
to remove 64A12-B and 64B1-13 respectively (Drysdale, 2005). These three

deficiencies, in combination with the DCIP4 excision alleles, were used to analyse the
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phenotypic consequences of loss of DCIP4 gene product throughout Drosophila

development.

3.7 Characterization of DCIP4 mutant phenotypes

3.7.1 DCIP4 mutant adult phenotypes

The role of DCIP4 throughout development was analysed using the variety of
alleles described above. Initially, heteroallelic combinations of different DCIP4 alleles
were generated to assess their affects on development. The heteroallelic combinations of
DCIP4 excision alleles are semi-lethal, as is homozygosity for each individual allele.
The homozygous survivors that arise from the 34-1/TM3Sb stocks represent only 11%
(out of an expected 33.3%) of the total population within the stock. Though some DCIP4
embryos are dying during embryogenesis (Table 3.2), the percentage is not large enough
to account for the expected ratio of DCIP4 mutants. Therefore, it is possible that the
remainder of DCIP4 mutants are dying throughout development and not at one particular

stage.

Most DCIP4 homozygous mutant escapers are quiescent and unable to fly, with
almost 50% bearing opaque, slightly held outward wings. However, combinations of
either of the DCIP4 alleles with chromosomes deficient in the DCIP4 gene, such as
GNS50 or ED, produce different results. Flies heterozygous for either DCIP4 alleles, 34-1
or 32-1, with GN50 are behaviourally similarly to homozygous 34-/ and 32-1 flies.
However, more than 50% of flies bearing the genotype DCIP4 allele/GN50 have
blistered wings (Figure 3.8 E and F). Wing blisters result from non-adherence of the two

wing surfaces. In
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Table 3.2 Cuticle phenotypes of DCIP4 mutant embryos.
Embryos were obtained from various crosses to determine the cuticle
phenotypes of DCIP4 mutant embryos. To assess the embryonic phenotypes
of loss of maternal DCIP4, embryos were collected from Df{3L)GN50

'8 males. To control for phenotypes

females crossed to wild-type w
associated with heterozygosity for Df{3L)GN50, embryos were collected
from Df{3L)GN50/+ females and crossed to w8 males. To assess the
effects of loss of maternal and zygotic DCIP4, Df{3L)GN50/34-1 females
were crossed to either Df(3L)GN50/34-1 or 34-1 homozygous males.
Embryos were aged at 25°C for over 48 hours. A dash denotes that no

embryos were found for the indicated category.
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Figure 3.8 DCIP4 mutant wing phenotypes.
(A) Wild-type w'!/® fly with wings folded towards the body. (B) 34-
1/Df(3L)GN50 fly with wings held out, downwards and away from the body.
(C) Wild-type w'/*® wing. (D-F) 34-1/Df{3L)GN50 wings showing an extra
anterior crossvein between veins L2 and L3 (D, arrow), and loss of adhesion

between the wing surfaces (blistering) (E-F).
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addition to the 50% of blistered wings, the rest of the wings have lost their integrity and
are usually opaque, folded downwards, and pointing away from the body (Figure 3.8 B).
A small percentage of wings (15%) also have extra anterior crossvein(s) between any two
longitudinal veins (Figure 3.8 D, 34-1/GN50 wing showing extra ACV between L2-13).
Flies heterozygous for the DCIP4 allele with ED behave similarly to flies that are
homozygous for the individual DCIP4 alleles. However, only a small subset of DCIP4
allele/ED flies have blistered wings. As previously mentioned, GN50 is a much larger
deficiency than ED, suggesting that the DCI/P4 mutant background is sensitive to the
gene dosage of one or a combination of genes that are lost in the GN50 deficiency,

resulting in a genetic interaction that generates wing blisters.

3.7.2 Loss of DCIP4 results in semi-sterility in females

DCIP4 mutant males are fertile and produce wild-type progeny when crossed to
w'!!® virgin females. However, all different allelic combinations of DCIP4 mutant
females are semi-sterile and produce very few eggs. The eggs produced by these females
are wild-type in structure, suggesting that the semi-sterility might be a result of
developmental defects prior to egg formation. To address this question, DCI/P4 mutant
ovaries were dissected to analyze egg chamber and ovariole development. It was
observed that about 50% of DCIP4 mutant egg chambers were degenerating (Figure 3.
9). The degeneration can be seen as early as stage 5-6 (Figure 3.9 H and K). Defects
were also observed in F-actin distribution. First, cross-sectional views of many egg
chambers showed discontinuities in F-actin staining (Figure 3.9 H and J). As well, the

basal F-actin of follicle cells, which lies in parallel bundles perpendicular to the A/P axis,

was randomly distributed and sometimes absent (Figure 3.9 F and I). There were gaps
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Figure 3.9 Phenotypes of DCIP4 mutant egg chambers.

Anterior is to the left. Assessment of developmental stages are based on the
emergence and size of the oocyte. Wild-type (A-C). DCIP4 mutant egg
chambers (D-0). F-actin staining (A-I). Wild-type ovariole (A) compared to
DCIP4 mutant ovarioles (D and G). The oldest egg chamber in the chain is
degenerating in DCIP4 mutant ovarioles. Cross-sectional view of wild-type
stage 6 egg chamber (B) compared to cross-sectional view (H) of DCIP4
mutant egg chambers. Wild-type egg chambers show large germ cells
encapsulated by smaller follicle cells that are outlined by F-actin whereas
DCIP4 mutant egg chambers show loss of F-actin staining in some follicle
cells (H, arrowhead). Sometimes ring canals of DCIP4 mutant egg chambers
are not attached to germ cell membranes and instead are found floating in the
germ cell cytoplasm (arrow in H). Basal view of DCIP4 mutant egg
chambers contain gaps in their follicular epithelium (E) leaving the germ
cells unsurrounded (compare to basal view of wild type in C). Basal views of
stage 5-6 egg chambers showing basal F-actin distribution in the follicular
epithelium (C, F, and I). Wild-type follicle cell basal F-actin bundles lie
parallel to each other perpendicular to the A/P axis (C). However, the
follicular basal F-actin distribution in DCIP4 mutant egg chambers is
sometimes absent (F arrow) or random (I arrow) in certain cells. Cross-
sectional view of stage 3 DCIP4 mutant egg chamber (J-L) showing loss of
F-actin from follicle cells. (J) F-actin, (K) DNA, (L) merge of F-actin and
DNA staining. F-actin is lost in some regions where a nucleus is found and
hence a cell is present (arrowhead in J-L). Gaps in the follicular epithelium
are shown by the absence of nuclei (arrow in J-L). Stage 6 DCIP4 mutant
egg chamber (M-O) showing gaps in the follicular epithelium shown by loss

of F-actin and by loss of cell surface markers such as Hts (M-O, arrow).
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present in the follicular epithelium (Figure 3.9 E). Presence of gaps was confirmed by
the absence of nuclei in these regions and absence of cell boundary markers such as Hu
Li Tai Shao (Hts) (Figure 3.9 L and O). We also observed that older DCIP4 mutant egg

chambers contained multinucleated nurse cells (Figure 3.10).

3.7.3 DCIPA{ cuticle phenotypes

We assessed the effects of loss of DCIP4 during embryogenesis by performing a
series of crosses to generate embryos that lack either maternal or zygotic, or lack both
maternal and zygotic (MZ) DCIP4 (Table 3.2). As summarised in Table 3.2, a very low
percentage of embryonic defects is seen in cuticle preparations of the crosses used to
generate loss of maternal, zygotic, or MZ DCIP4 embryonic function. The percentage of
the sum of all of these defects is quite low and may be due to genetic background.
However, one thing that is striking is the number of embryos that did not secrete cuticle
in cuticle preparations containing MZ mutant DCIP4 embryos. A subset of embryos
from any cuticle preparation will not secrete cuticle. Eggs that have not secreted cuticle
(empty cuticles or ECs) are often unfertilised eggs. The amount of ECs in a given cuticle
preparation is usually less than 30% (personal observations and Table 3.2). However, the
percentage of ECs in cuticle preparations containing MZ DCIP4 mutant embryos is
greater than 60 %. This high percentage of ECs is not due to loss of maternal DCIP4 as
DCIP4 mutant females lay normal levels of unfertilised eggs when mated to wild-type
males (Table 3.2). As previously mentioned, DCIP4 mutant males are fertile and
produce wild-type progeny when mated to wild-type females. This suggests that the ECs

are MZ DCIP4 embryos that die due to a lack of epidermal development for cuticle

secretion.
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Figure 3.10 Loss DCIP4 results in the formation of multinucleate nurse cells.
Cross-sectional views of stage 8 DCIP4 mutant egg chambers showing F-
actin staining (A and D), DNA staining (B and E) and the merge of F-actin
and DNA (C and F). Arrowheads point to multinucleated nurse cells. Arrow
in (A and C) points to a ring canal that has detached from the germ cell

membrane and is floating in the cytoplasm.
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3.7.4 Loss of zygotic DCIP4 does not affect the morphology of the larval
photoreceptors, the embryonic nervous system or the embryonic hindgut

As previously mentioned, DCIP4 is expressed in the embryonic nervous system
and hindgut. We assessed the morphology of these organs in DCIP4 zygotic mutant
embryos. Hindgut development was visualised using the Crumbs specific monoclonal
antibody, Cq4. No defects were observed in the overall morphology of the hindgut in
DCIP4 mutant embryos (data not shown). We also looked at the development of the
embryonic nervous system using the following markers: anti-ELAV, anti-Futsch (mAb
22C10) (ELAV: marks neuronal nuclei, Futsch: marks all axons and cell bodies) to look
at the number and morphology of PNS neurons; and anti-Fas II and anti-HRP to look at
axons of motorneurons and the ventral nerve chord. No defects were observed in nervous
system development in DCIP4 mutant embryos using the above-mentioned markers (data

not shown).

Another Cdc42 effector, DPAK, is required for photoreceptor cell axon guidance
and targeting. To assess if DCIP4 was also required in this photoreceptor growth cone,
we looked at the morphology of photoreceptor axons in the larval visual system of
DCIP4 zygotic mutants. Using the monoclonal antibody 24B10, which stains the axons
of photoreceptor cells, we were able to conclude that loss of zygotic DCIP4, unlike the
loss of zygotic DPAK, does not affect axon guidance and targeting of photoreceptor cells

(data not shown).
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3.8 Construction of transgenic DCIP4 flies and DCIP4 overexpression
phenotypes

We generated UAS-DCIP4 transgenes to assess which developmental processes
are affected by overexpression of DCIP4. Initially, the DCIP4 cDNA, LDI1495] was
cloned into the Drosophila nonautonomous P-element vector pUAST, thus placing its
expression under the control of a UAS promoter, as described in Materials and Methods.
Subsequently, the RE39037 cDNA was cloned into 2 different UAS vectors, pUAST and
pUASP, a vector that allows transgene expression in the germline, as well as other
tissues (Joseph, 2002). Transgenic Drosophila lines bearing individual UAS-DCIP4
insertions on the X, 2™ and 3™ chromosomes were established. The localization of the P-
element insertions to each chromosome was determined by crossing the various lines to
individual balancers for each chromosome and screening for the maintenance of
heterozygosity of the balancer with the insertion in subsequent generations. Northern
blot analysis of these lines crossed with hs-GAL4™* and heat shocked for 1 hour at 37°C,
were used to test that the UAS-DCIP4 transgenes could in fact overexpress DCIP4 (data

not shown).

UAS-RE39037 (UAS-RE) and UAS-LDI14951 (UAS-LD) were crossed to different
tissue-specific GAL4 drivers to assess the effects of DCIP4 overexpression throughout
development (Table 3.3). Overexpression of UAS-LD yielded interesting adult
phenotypes. These phenotypes were seen when different UAS-LD lines were crossed to
the same GAL4 driver and when the same UAS-LD line was crossed to GAL4 drivers
with overlapping GAL4 expression domains. Expression of UAS-LD during bristle
development using the drivers elavGAL4, scaGAL4, apGAL4, pnrGAL4, or 30AGAL4,

lead to abnormal bristle development (Table 3.3 and Figure 3.11 B-F). Particularly,
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Table 3.3 Phenotypes of UAS-LD14951 overexpression during Drosophila
development.

GAL4 lines were crossed to UAS-LD14951 lines /7-1 and 62. Phenotypes
generated with these UAS-LD14951 transgenes were reconfirmed by
repeating the GAL4-UAS crosses using the UAS-LD14951 transgenic lines 5,
52-1, 30-1 and 39-1. A slash indicates that no obvious phenotype was seen,
L: lethal, PL: pupal lethal, L-PL: larval to pupal lethal. GAL4 drivers were
also crossed to UAS-RE39037 line 27-3 (generated with pUASP) and lines
184 and 14 (generated with pUAST), however, these produced no
phenotypes.
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Table 3.3 GALA4 drivers crossed to UAS-LD14951 lines

GAL4 Driver GAL4 Expression Pattern Phenotype of GAL4/UAS-LD14951
ubiquitous ubiquitous /
198y border cells and follicle cells over oocyte L
185y embryo: sah"vary glal?d;oocyte: stalk L
cells,germarium, follicle cells over nurse cells
repo glial cells /
scabrous (sca) SEnSory organs upwards bristles
311 eye'disc. peripodial epithel.ia, \ying disc PL
peripodial & columnar epithelia, nervous system
daughterless (da) da[+] pattern>embryo, CNS L-PL
decapentaplegic GALA in dpp(+) pattern>embryo,A/P boundary multiple wing hairs, similar to ptcGAL4, except
(dpp) in imaginal tissue milder
eyeless (ey) ey[+] pattern>embryo, CNS /
elav Nervous system PL @25°C, thin scutellar bristles @ RT
epidermal embryonic gate CNS/PNS /
3322 amnioserosa /
Lp-T amnioserosa, leading edge, other embryonic cells PL
leading edge (LE) Embryo>leading edge cells /
c381 amnioserosa, PNS zl;lf%elg, :rl::;(;;;al bristles at 25°C, wings don't
24B mesoderm>embryo, larva L-PL
armadillo (arm) arm[+] pattern> embryo, imaginal disc, CNS.... /
optomerblind(omb) gg:lll[}-lk] pattern>imaginal discs,dorsal wing \f:irltllée},) }r:;gl)tg}l)ee wing hairs, enhanced ombGAL4
71B imaginal dics small wings @ RT
peripodial peripodial membrane /
bs most intervein cells of wing /
MS1096 wing imaginal disc /
scalloped (sd) F;(&]};r::::s GALA in the pattern of the scalloped /
GMR morphogenic furrow during eye development /
1780 imaginal disc /
T113 imaginal disc /
793 imaginal disc /
A9 dorsal wing pouch /
;‘ej;tlet/rhomboid ve[+] pattern in wing veins /
vestigial (vg) vg[+] pattern in wing disc /
- e et o
719a wing pouch small wings @ RT with multiple wing haris
pannier (pnr) par[+] pattern> embryo, imaginal discs bent, broken and fat scutellar bristles
328 embryo, imaginal discs very small flies with abnormal wings at RT
698 embryo, imaginal discs /
patched (ptc) ptc(+) pattern> embryo, imaginal discs E:;lslgglge‘;.z:tihalrs’ blistered wings, scutellar

apterous (ap)

engrailed (en)

ap[+] pattern>embryo, imaginal discs, nervous
system...
en[+] pattern>embryo imaginal discs

Abnormal thick scutellar bristles

/
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Figure 3.11 Phenotypes of UAS-LD14951 overexpression during Drosophila
development.

(A) Wild-type notum. (B) pnrGAL4/UAS-LD14951 and (C) apGAL4/ UAS-
LD 14951 notums showing abnormal bristle development. Machrochactae
look abnormal, however the positioning of the michrochaetae are also
affected. (D) 304GAL4 homozygous fly showing extra bristles (arrows)
close to the anterior half of the scutellum. Note that regions with loss of
bristles may have arisen due to the bristles falling off and may not necessarily
be a cell fate change. (E) Overexpression of UAS-LD 14951 with 30AGAL4
leads to excess scutellar bristles. (F) Overexpression of UAS-LD14951 with
719aGAL4 leads to a mild bristle phenotype where the posterior scutellar
bristles cross upwards towards the anterior. Excess anterior bristles also cross
laterally and are almost adhered to the scutellum along their length (arrow).
(G) ombGAL4/+ wings are mostly wild-type in appearance except for a mild
margin defect caused by the presence of excess vein tissue (arrow). Wings of
UAS-LD 14951 crossed to ptc-GAL4 (H), ombGAL4 (1), and 719aGAL4 (J)
are smaller than wings of ombGAL4/+ controls (G). Overexpression of UAS-
LD14951 with ombGAL4 leads to an enhancement of the ombGAL4/+ wing
margin defect (arrow in I). Insets in (G-J) show a high power view of wing
cell trichomes from positions marked with asterisks within each wing.
Trichomes in ombGAL4/+ are wild-type in appearance, distribution and
polarity. However, overexpression of UAS-LD 14951 with all three drivers

leads to development of multiple trichomes that are improperly oriented.
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UAS-LD expression with pnrGAL4 or apGAL4 in the notum resulted in fat, spikey,
brittle, bristles (Figure 3.11 B and C). Overexpression of UAS-LD with 719aGAL4 or
304GAL4 produced ectopic scutellar bristles that often cross and point towards the

anterior (Figure 3.11 E and F).

Overexpression of UAS-LD with 719aGAL4 produced flies with small wings
(Figure 3.11 J). Interestingly, UAS-LD/32BGAL4 flies were generally half the size of
wild-type flies. A second interesting phenotype was also seen in the wing.
Overexpression of UAS-LD with ptcGald4, dpp-GAL4, ombGAL4 and 719aGAL4
produced multiple wing hairs, or trichomes, on the surface of the wing epithelium.
Normally, each epithelial cell in the wing reorganises its cytoskeleton to produce an actin
spike at the distal vertex, which gives rise to the distally-oriented trichome, seen in adults
(Mlodzik, 1999). However, the multiple trichomes associated with overexpression of

UAS-LD are randomly oriented (Figure 3.11 H-J).

Suprisingly, expression of RE39037 from transgenes made using the pUAST or
pUASP vectors did not produce any of the LD14951 phenotypes. In fact the UAS-
RE39037 transgene did not produce any phenotype when expressed by several different
drivers (data not shown). This was not dependent on the strength of transgenes, as both

weak and strong transgenes were tested.

3.9 Searching for genetic interactors of DCIP4

3.9.1 DCIP4 may genetically interact with Cdc42 during crossvein development

As DCIP4 is a potential effector protein for Cdc42, we searched for a link

between Cdc42 and DCIP4 using several different approaches. First, we tested to see if
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Cdc42 could affect DCIP4 expression during embryogenesis. Ectopic expression of CA
or DN Cdc42, Cdc42V12 and Cdc42N17 respectively, in the embryo did not affect
DCIP4 RNA expression. In addition, DCIP4 protein expression in Cdc42 mutant

embryos was not altered (data not shown).

We then began looking for genetic interaction between DCIP4 and Cdc42. As
DCIP4 mutant females are semi-sterile, we tested the sterility of females heterozygous
for weak or strong mutations in Cdc42 and heterozygous for either of the DCIP4 alleles,
32-1 or 34-1. One copy of any of the Cdc42 alleles alone or either of the DCIP4 alleles
alone does not result in female sterility. We found that Cdc42/+;DCIP4/+females were
also fertile. Next, we assessed the defects associated with heterozygosity for Cdc42 and
loss of zygotic DCIP4 in embryonic development. We crossed weak and strong Cdc42
alleles to either 34-7/ or 32-1 to establish females heterozygous for both a DCIP4 and a
Cdc42 mutation and crossed these females to 34-7 homozygous males. Loss of 50% of
functional MZ Cdc42 had no effect on the low percentage of embryonic phenotypes

associated with homozygosity for the DCIP4 mutations.

Combinations of Cdc42 mutants contain extra crossveins on their wings. Also
wings of 34-1/GN50 show extra ACVs (Figure 3.7 D). We decided to see if we could
sensitize the DCIP4 mutant background by removing one functional copy of Cdc42.
However, we were not successful in obtaining any interaction using this method. We
then set out to look at crossvein development in a Cdc42; DCIP4 double mutant. We
chose two viable Cdc42 alleles for our experiments, Cdc42’ and Cdc42°. We were
unsuccessful in generating a double balanced Cdc42;DCIP4 stock to generate a double

mutant background due to difficulties in establishing an intermediate step that contained
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the Cdc42 allele and two balanced third chromosomes. However, we generated crosses
that produced progeny that were 50% mutant for both DCIP4 and Cdc42. Wings of
progeny from this cross were mounted and the frequency of ectopic crossveins was
analysed. Although the percentage of wings containing ectopic crossveins did not
increase with respect to controls, we did see an increase in the frequency of ectopic
crossveins in affected wings. Cdc42’ hemizygous mutant males exhibit ectopic
crossveins on roughly 50% of their wings (Table 3.4). To characterize the frequency of
ectopic crossveins in this subset, we calculated the occurrence of incomplete, 1, or 2 or
more crossveins. Cdc42’ hemizygotes have 19.2%, 24.7% and 4.1% incomplete, 1, or 2
or more ectopic crossveins, respectively. However, in a DCIP4 mutant background the
number of wings with 2 or more ectopic crossveins in Cdc42 hemizygotes increases to an
estimated 25%. In TM3 balancer-containing flies, half of which were heterozygous for
32-1, a more modest increase in wings with 2 or more ectopic crossveins was seen (an

estimated 9.6%).

3.9.2 Loss of zygotic DCIP4 and wsp or nwk does not lead to defects in embryonic
nervous system development

Both WASP and Nwk are expressed in the embryonic nervous system, and loss of
maternal and zygotic wsp results in a duplication of embryonic sensory neurons. Similar
to DCIP4, loss of zygotic nwk or wsp during embryogenesis does not cause defects in
nervous system development of the embryo (data not shown). DCIP4 and Nwk are both
PCH family proteins and may have overlapping functions. As previously mentioned,
DCIP4 has been shown to bind to WASP in the Drosophila comprehensive yeast 2 hybrid

study. Our collaborators have been successful in demonstrating that DCIP4 can activate
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Wsp in in vitro actin polymerization assays: the DCIP4-mediated Wsp activation does
not require Cdc42 but is potentiated by the presence of Cdc42 (Avi Rodal, personal
communications). We tested to see if wsp, DCIP4 or nwk,DCIP4 double zygotic mutants
would have an effect on the development of the embryonic nervous system. Using the
previously described markers (anti-elav, anti-Futsch, anti-HRP, and anti-FaslI), we were
able to determine that these double mutants did not have an effect on nervous system

development during Drosophila embryogenesis (data not shown).
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Table 3.4 Loss of DCIP4 enhances Cdc42 mutant wing phenotypes.
To generate progeny that were homozygous mutant for DCIP4 and Cdc42,

we crossed Cdc42°/+; 32-1/+ females to +/Y;32-1/TM3Sh males. We
separated males that contained the 7M3 balancer from those that did not by
scoring for the presence of the dominant visible marker, Sb, on the balancer
chromosome. Wings of Sb vs. Non-Sh males were mounted and analysed.
Non-S$H males were the following genotypes: Cdc42°/Y;32-1/32-1,
Cdcd2°/Y;32-1/+, +/Y;32-1/32-1, +/Y;32-1/+. Sh males were used as an
internal control for genetic background and were of the following genotypes:
Cdc422/Y; 32-1/TM3Sb, Cdc422/Y; +/TM3S8b, +/Y; 32-1/TM38b, +/Y;
+/TM3Sh.
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Table 3.3 GAL4 drivers crossed to UAS-LD14951 lines

GAL4 Driver GAL4 Expression Pattern Phenotype of GAL4/UAS-LD14951
ubiquitous ubiquitous /
198y border cells and follicle cells over oocyte L
185y embryo: saliyary glapd;oocyte: stalk L
cells,germarium, follicle cells over nurse cells
repo glial cells /
scabrous (sca) Sensory organs upwards bristles
311 eye disq peripodial epithel'ia, vfring disc PL
peripodial & columnar epithelia, nervous system
daughterless (da) da[+] pattern>embryo, CNS L-PL
decapentaplegic GALA in dpp(+) pattern>embryo,A/P boundary multiple wing hairs, similar to prcGAL4, except
(dpp) in imaginal tissue milder
eyeless (ey) ey[+] pattern>embryo, CNS /
elav Nervous system PL @25°C, thin scutellar bristles @ RT
epidermal embryonic gate CNS/PNS /
332.2 amnioserosa /
Lp-1 amnioserosa, leading edge, other embryonic cells PL
leading edge (LE) Embryo>leading edge cells /
o381 amnioserosa, PNS singed, abnormal bristles at 25°C, wings don't
’ unfold properly
24B mesoderm>embryo, larva L-PL
armadillo (arm) arm(+] pattern> embryo, imaginal disc, CNS.... /
optomerblind(omb) ;:Lt::[}:-] pattern>imaginal discs,dorsal wing g:;tllgle},) }:21:1 gi;l; wing hairs, enhanced ombGAL4
71B imaginal dics small wings @ RT
peripodial peripodial membrane /
bs most intervein cells of wing /
MS1096 wing imaginal disc /
scalloped (sd) Z}é};r;:;s;s GALA in the pattern of the scalloped /
GMR morphogenic furrow during eye development /
780 imaginal disc /
T113 imaginal disc /
793 imaginal disc /
A9 dorsal wing pouch /
nglewhombmd ve[+] pattern in wing veins /
vestigial (vg) vg([+] pattern in wing disc /
— S el bt o
719a wing pouch small wings @ RT with multiple wing haris
pannier (pnr) pnr(+] pattern> embryo, imaginal discs bent, broken and fat scutellar bristles
32B embryo, imaginal discs very small flies with abnormal wings at RT
69B embryo, imaginal discs /
patched (ptc) pte(+) pattern> embryo, imaginal discs ;r:_\ixslgsl:ieeg;ihalrs, blistered wings, scutellar

apterous (ap)

engrailed (en)

ap[+] pattern>embryo, imaginal discs, nervous
system...
en[+] pattem>embryo imaginal discs

Abnormal thick scutellar bristles

/
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4 DISCUSSION: DCIP4

4.1 The DCIP4 gene and cDNAs

Collections of full-length, sequenced cDNAs allow the accurate determination of
protein sequence and can identify inaccuracies in protein sequences predicted from
genomic sequence data (Misra et al., 2002). An example of an error that often occurs in
the prediction of large genes or genes with large introns, is that the gene is split into two
separate annotations. These errors can be rectified by comparing the translated
annotations to translations of full-length cDNAs and/or by alignment with available
homologous protein sequences from other species. As most of the initial genome
annotation of Drosophila melanogaster (Release 1 and 2) was done using computational
gene-prediction algorithms, some predictions were synthetic and required subsequent
manual annotations by human curators, as well as, supporting data from cDNA sequences

(Misra et al., 2002).

Initially, DCIP4 was annotated as two separated predicted genes, CG15015 and
CGI11341. These two predictions were separated by a large 24 Kb intron and were
corrected in Release 3 of the genome sequence. With the aid of the euchromatic genome
sequence, completed to high quality, several different sources of full-length cDNA
sequences, and the expertise of human curators, Release 3 was a more correct annotation
of the Drosophila euchromatic genome (Misra et al., 2002) and thus could correct for

errors such as those described for the DCIP4 gene.
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Collections of cDNA sequence can also offer the prediction of alternately spliced
transcripts. In the case of DCIP4, sequences of two different cDNAs, which were used
and described in this study, indicate that DCIP4 is alternately spliced. Alignment of
these cDNA sequences with the DCIP4 genomic sequence revealed that these two
cDNAs differ by a 60 bp region that could have resulted from alternate splicing of the 9™
DCIP4 intron. It is quite possible that DCIP4 transcripts corresponding to both RE39037
and LD14951 exist, as the band corresponding to the DCIP4 mRNA on Northern blots is
fairly broad suggesting that it is a possible doublet (Figure 3.4 I and Figure 3.6 B-C).
However, it has been very difficult to confirm the presence of two transcripts
corresponding to DCIP4 with Northern hybridization. Using techniques such as Reverse
Transcriptase (RT)-PCR may help in identifying alternate splicing of DCIP4. The extra
sequence in RE39037p does not align to sequence in any of its closest homologues nor
other members of the PCH family (Figure 3.3 and data not shown), providing evidence
that this cDNA may be an artifact. It was surprising that transgenes generated from these
two different cDNAs, produced a variety of phenotypes when expressed under the control
of different tissue-specific GAL4 drivers (Table 3.3). Although LDI4951 transgenes
produced different phenotypes when ectopically expressed throughout development,
expression of weak or strong RE39037 transgenes did not show any observable

phenotypes.

4.2 LDI14951 overexpression leads to actin-linked phenotypes

Overexpression of LDI495] under the control of different GALA4 drivers
produced phenotypes possibly associated with changes in the actin cytoskeleton. First,

ectopic expression of LDI14951 led to formation of multiple trichomes, or hairs, on the

107



surface of wing epithelial cells. Normally, each epithelial cell in the wing reorganises its
cytoskeleton to produce an actin spike at the distal vertex, which gives rise to the distally-
oriented trichome, seen in adults (Mlodzik, 1999). Formation of multiple trichomes has
been associated with a failure in cytokinesis in the developing wing epithelium, with the
formation of multiple prehair initiation centres on the apical surface of a single wing
epithelial cell, and with the formation of multiple prehairs from what seems to be one
initiation centre (Adler et al., 2000). Extra trichomes resulting from polyploidy are
typically separated from hairs of neighbouring cells by a larger than normal cell-to-cell
distance (Adler et al., 2000). This phenotype is seen with both the reduction of the Rho
GEF, pebble and the expression of a DN version of a GAP for Rac and Cdc42,
RhoGAP50C, in the wing (Shandala et al., 2004); (Sotillos and Campuzano, 2000). Both
of these proteins have been shown to be required for cytokinesis in Drosophila S2 cells
(Echard et al., 2004). Cell-cell distance is normal when multiple hairs arise from a single
initiation centre. UAS-LD-associated trichomes resemble those of DN RhoGAP50C and
pebble reduction, and thus may result from a failure in cytokinesis. The involvement of
yeast PCH family proteins in maintenance of the actin bridge during cytokinesis supports
a role for this DCIP4 splice variant in cell division. Also, as DCIP4’s in vitro function 1s
to activate Wsp to promote actin nucleation, it can be assumed that a role for DCIP4 in
cytokinesis may be actin-related.

UAS-LD-associated multiple trichomes were also shorter than wild-type
trichomes. This phenotype has been seen with mutations in cytoskeletal components

such as a Type VI myosin, crinkled, and suggests that disruption of the cytoskeleton leads

to defects in prehair elongation (Adler et al., 2000). This phenotype has also been seen
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when wing epithelium is treated with cytochalasin D, a known inhibitor of the actin
cytoskeleton (Adler et al., 2000). Therefore it is possible that DCIP4 is also required for
prehair elongation. Interestingly, endogenous Cdc42 localizes to the tips of elongating
trichomes, while overexpression of a DN Cdc42 construct, Cdc42S89, in the wing

epithelium resulted in loss of trichomes (Eaton et al., 1996).

An actin-based function for DCIP4 in wing hair development is further supported
by overexpression phenotypes of UAS-LD during bristle development. UAS-LD
expressing scutellar machrochaetae were often short, bent, or brittle. This phenotype has
been seen with mutations in several actin associated proteins, such as the Drosophila
actin capping protein and Drosophila profilin, Chickadee (Hopmann and Miller, 2003)
(Hopmann et al., 1996; Verheyen and Cooley, 1994b). This phenotype is also associated
with loss or gain of function of Wsp family regulators, such as Abi and Kette (Bogdan et

al., 2004; Bogdan et al., 2005).

Interpretation of overexpression phenotypes can often be misleading when trying
to establish a role for an endogenous protein, such as DCIP4, in a given process.
Phenotypes caused by ectopic placement of DCIP4 in a given process do not necessarily
suggest that the endogenous protein function is actually required for that developmental
event. We can however find clues about the endogenous function of DCIP4 by looking
for similar effects or patterns generated by ectopically expressed protein in different
developmental processes, and then make educated guesses about the mechanism by
which it is causing this disruption. These educated guesses would be based on what is
known about DCIP4 through mutant analysis, expression patterns or literature review.

By looking at the overexpression phenotypes generated with overexpression of UAS-LD,
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we can conclude that too much of this DCIP4 splice variant is causing a disruption in
cytoskeletal regulation. This maybe achieved through blocking/promoting the functions

of Cdc42 and/or Wsp, or the function of unknown components.

4.3 The role of DCIP4 during embryonic development

DCIP4 is expressed during several stages of embryonic development (Figure 3.4
IT and Figure 3.5 II). However, the majority of DCIP4 zygotic mutants embryos
complete embryogenesis (Table 3.2) suggesting at least three different possibilities. The
first possibility is that DCIP4 is not essential for embryonic development. The second
possibility is that embryos are relying on maternal DCIP4 RNA and protein to complete
embryogenesis. Finally, it is possible that the DCIP4 deletions generated are not nulls
and thus a small zygotic (and possible maternal) DCIP4 contribution is sufficient for
DCIP4 mutant embryos to complete development. As demonstrated by sequencing of the
molecular breakpoints of the DCIP4 alleles, the 3° end of the DCIP4 gene was removed
during the excision of EP(3)0671 (Figure 3.6). Although the 5° of DCIP4 is still intact in
these mutants, no truncated transcript is seen in Northern blots, suggesting that either
DCIP4 is not transcribed in these mutants or that the truncated transcript is unstable, due
to loss of a polyA tail, and is degraded. It is therefore more likely that either DCIP4 is
not essential during embryogenesis or that maternal DCIP4 is contributing to the survival
of zygotically mutant embryos. The maternal DCIP4 contribution may be in the form of
mRNA as we do not see accumulation of DCIP4 protein in the nurse cells or oocytes of
late stage egg chambers (Figure 3.8). In order to address the possibility that maternal
DCIP4 is contributing to the survival of zygotic mutant embryos, germline clone

embryos must be generated that lack both maternal and zygotic DCIP4.
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As shown in Table 3.1, DCIP4 mutant males crossed to DCIP4 mutant females
produced a high percentage of embryos that failed to secrete cuticle. These maternal and
zygotic mutant embryos may have died prior to cuticle secretion which begins at stage 12
(Martinez-Arias, 1993). It is possible that these embryos died as a result of failure to
complete cellularization and/or gastrulation. This would be consistent with the DCIP4
expression pattern. Beginning in early embryogenesis, DCIP4 is found at the apical
membrane and remains localised apically during membrane cleavage.  Post-
cellularization and throughout gastrulation, DCIP4 protein remains localised to the cell

membrane, and can be found surrounding all epithelial cells (Figure 3.5 A-C).

As previously mentioned, cellularization requires the actin cytoskeleton as well
as microtubule networks (Foe et al., 2000). Microinjection of activated Cdc42 into pre-
cellularization or cellularization-stage embryos blocked further development. However,
no effect was seen with microinjection of mammalian PAKSs, suggesting that Cdc42 was
acting through other downstream components, possibly DCIP4.  Unfortunately,
examining the role of Cdc42 in early embryogenesis through mutation analysis has not
been possible as strong Cdc42 alleles are lethal and germline clones cannot be produced

due to the requirement of Cdc42 during oogenesis (Genova et al., 2000).

Cellularization also requires the donation of internal membrane from endocytic
compartments such as endosomes, and from cellular compartment such as the endoplamic
reticulum and the Goli apparatus (Mazumdar and Mazumdar, 2002). This membrane
movement requires many proteins involved in endocytosis, including Rab GTPases and
Dynamin (Mazumdar and Mazumdar, 2002; Strickland and Burgess, 2004). As

previously mentioned, PCH family proteins such as Syndapin and FBP17 can bind to the
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Dynamin proline-rich regions via their SH3 domains. Given the strong similarities
between the FBP17 SH3 domain primary sequence and that of DCIP4, it is possible that
DCIP4 may also bind to Dynamin in an SH3-proline-rich-dependent manner. This
speculation can be further supported by the punctate staining of DCIP4 seen within the
nervous system. It is possible that these punctate structures are vesicles or sites of vesicle
budding. If DCIP4 can bind Drosophila Dynamin, it would be interesting to see if

DCITP4 is required for actin-mediated vesicle trafficking during cellularization.

Although DCIP4 is highly expressed in the embryonic nervous system, we were
unable to detect any defects in nervous system development in DCIP4 zygotic mutant
embryos. It is possible that both maternal and zygotic DCIP4 must be removed to see a
assess phenotypes within embryonic development. The same reason could explain why
no defects were observed in DC or hindgut development in DCIP4 zygotic mutant

embryos.

4.4 The role of DCIP4 during oogenesis

DCIP4 mutants are semisterile and dissection of DCIP4 mutant ovaries reveals
that many egg chambers degenerate. These egg chambers may be degenerating due to a
loss of F-actin, which is seen in DCIP4 mutant egg chambers. Specifically, cortical and
basal F-actin distribution is disrupted and sometimes lost in the FE. This correlates well
with the DCIP4 protein distribution as it is mostly present in the follicle cells and
becomes mainly basal beyond stage 6 (Figure 3.6). Some DCIP4 mutant egg chambers
display multinucleated nurse cells which can result from detachment of the ring canals
from the nurse cell membrane (Figure 3.10). This is also consistent with the expression

pattern of DCIP4 as it seem that DCIP4 protein accumulates at sites of ring canal
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attachment to the germ cell membrane in early stage 1-3 egg chambers. Similar effects
have been observed in Cdc42 mutants (Genova et al., 2000), when CA or DN Cdc42 is
expressed during oogenesis, and in egg chambers mutant for chickadee (Murphy and
Montell, 1996; Verheyen and Cooley, 1994b). Interestingly, a study conducted to find
regions in the genome that interacted with the gene cut identified two deficiencies that
removed DCIP4 (Jackson and Berg, 1999). Cut is a homeodomain protein that regulates
soma-to-germline signalling during Drosophila oogenesis. Loss of cut leads to
multinucleated nurse cells, and this phenotype was enhanced in the presence of one copy
of the two different deficiencies that remove DCIP4. The gene responsible for this
interaction was not identified. As loss of DCIP4 also produces multinucleated nurse

cells, it may be possible that DCIP4 is the gene responsible for this interaction.

Another phenotype observed in DCIP4 mutant ovaries was the presence of gaps
in the follicular epithelium. This phenotype could be due to a reduced number of follicle
cells covering the cyst, or due to detachment of follicle cells from their neighbours
(Tanentzapf et al., 2000). A reduced number of follicle cells could result if follicle cell

proliferation was defective (Dobens and Raftery, 2000).

It has been documented that degeneration correlates with breakdown of the actin
cytoskeleton (Nezis et al., 2000). When looking at degeneration as a phenotype, it is
difficult to decipher if cell death is occurring as a secondary effect to loss of cell structure
and specificity provided by the cytoskeleton, or if degeneration is leading to the
breakdown of the cytoskeleton. Given that DCIP4 is implicated in Cdc42-mediated actin
nucleation, it is plausible to speculate that degeneration of egg chambers in DCIP4

mutants occurs as a cause of disruption of the cytoskeleton. Degeneration and disruption
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of the actin cytoskeleton has also been linked to malnourishment (Mazumdar and
Mazumdar, 2002). That is, weak flies that are kept in overpopulated stocks, with less
fresh food available often do not produce many mature eggs. As previously mentioned,
DCIP4 flies are dormant, and thus may not be feeding properly. Therefore, it is also
possible that the defects seen in egg chambers of DC/P4 mutant females are as a result of

malnutrition.

4.5 DCIP4 is required with Cdc42 in crossvein development

Homozygosity for weak Cdc42 alleles or heteroallelic combinations of weak and
strong Cdc42 mutations produces flies with ectopic crossveins. This phenotype was
shown to be enhanced in a DCIP4 mutant background. It is not known why loss of
Cdc42 function results in ectopic cross vein formation. Also, the role of the cytoskeleton
in crossvein development has not been well-defined. Therefore, it is difficult to interpret
the reason for why loss of DCIP4 enhances this Cdc42 phenotype. Nonetheless, this

result does demonstrate that DCIP4 and Cdc42 function in a common process in vivo.
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5 RESULTS PART 2: THE DROSOPHILA ACK FAMILY

5.1 Characterization of the Drosophila ACK family

As part of our efforts to understand Cdc42 signalling in Drosophila, we set out to
generate loss-of-function mutations in DACK and DPR2. The results presented here are
not in chronological order. Only in the past year have we obtained a mutation in DPR2,
thus most of our analysis has been with DACK. As we were able to generate wild-type
and kinase inactive DACK transgenes two years prior to successfully obtaining mutations
in the DACK gene, we have accumulated a large body of data using DACK transgenes.
Here, I will present the characterization of DACK and DPR?2 alleles first and follow with
transgenic and mutant analysis of DACK function. We cannot eliminate the possibility
that DACK transgene expression may also affect DPR2 function, therefore we will
assume that expression of wild-type or kinase inactive (KD) DACK transgenes is

affecting the function of both members of the ACK family.

5.1.1 Characterization of DACK null alleles

DACK 1is located on the left arm of the third chromosome at the cytological
region 644170. Initially, we set out to generate DACK loss-of-function alleles using an
EMS mutagenesis screen. We screened for alleles that failed to complement the
deficiency Df{3L)C175 (Drysdale, 2005); (Sem et al., 2002), which removes DACK. We
generated 500 EMS-mutated chromosomes, only one of which failed to complement
Df(3)C175. This chromosome did not contain a mutation in DACK. Concurrently, a P

element, KG00869 (Bellen, 2004), was identified that was inserted 4bp prior to the start
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point of the longer of the two DACK splice forms. This P element was excised by a
Master’s student in our lab, Xing (Barton) Xu, to generate DACK null alleles. Three
independent excisions were isolated that showed loss of DACK transcript but retention of
transcripts of DACK’s two neighbouring genes, GC/499] and CG14996, on Northern
blots (Figure 5.1 B). Through Southern blotting, Barton was able to show that the allele,
DACK'®, still contains part of the P element sequence. However, he was unable to
determine if the DACK initiator methionine was deleted in this allele. Using genomic
PCR, he determined the molecular breakpoints of the DA CK?S allele. This allele removes
roughly 2.8 Kb of the DACK gene, including the first exon, but does not affect the DACK
coding sequence. The molecular breakpoints of the DACK*” allele have not been
determined (Figure 5.1 A). All three DACK alleles are homozygous viable and are fertile
when in combination with Dff{3L)C175. However, all three DACK alleles carry a second
site mutation that results in male sterility either alone or in conjunction with

homozygosity for DACK.

5.1.2 DPR2 hypomorphic allele

DPR? is located on the right arm of the second chromosome at the cytological
region 49F3-4. DPR2 and another gene, Tppll, reside in an intron of CapG (Figure 5.2
A). A piggy-Bac element, PBc02472 (PB), was identified that inserts into the first intron
of DPR2 (Thibault et al., 2004). Piggy-Bac elements have been shown to silence the
region where they are inserted (Thibault et al., 2004). This PB element causes a decrease
in DPR?2 transcription (Figure 5.2 B). Although PB is also in close proximity to CapG

and Tppll, its presence does not affect the transcription of these two genes (Figure 5.2 B).

116



Figure 5.1 DACK null alleles.
(A) Schematic representing the DACK gene region. Numbers represent base

positions on scaffold AE003480 of chromosome 3L. Southern analysis of
DACK"'™ indicates retention of partial P element sequence within the allele.
DACK®® contains a deletion of 2,769 nucleotides (positions 9726-12495 of
AE003480) and the deletion does not remove the DACK coding sequence. It
has not been determined if the DACK coding sequence is disrupted in the
DACK'® or DACK*” alleles. (B) Northern blots showing loss of DACK
transcript in flies homozygous for the DACK'?®, DACK**® and DACK®®
alleles. rp49 was used as a loading control. The work shown in this figure

was completed by Xing (Barton) Xu.
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Figure 5.2 Characterization of a DPR2 hypomorphic allele, PBc02472.
(A) Schematic of the DPR2 gene region showing cut sites for the restriction
enzymes Xhol and Xbal. Genomic fragments that would result from a X#4ol or
Xbal digest and would hybridize to a probe generated from a DPR2 cDNA
template are represented in the box. The schematic is not drawn to scale. (B)
Northern blots showing the two DPR?2 transcripts are decreased in PBc02472
homoygotes. However, CapG and Tppll transcript levels in PBc02427
homozygotes are similar to w'/’® wild-type controls. (C) Southern blot of
genomic DNA from w'/’é, PBc02472/CyO and homozygotes from PBc02472
reversion lines, 4Bii, 5Ai, 10Bii, and 14Bii, digested with XZol or Xbal. A
DPR2 cDNA was used as a template to generate a probe. Expected genomic
fragments from the two different digests are presented in (A). The bands
corresponding to the asterisks in the Xhol w!!’® and PBc02472/CyO lanes are

1118 and

most likely undigested DNA as they are not present in the other w
PBc02472/Cy0O lanes shown. A band that is smaller than 2kb is present in the
Xho 1 PBc02472/CyO lanes. This band may be due to the CyO balancer as it
is not present in the lane showing PBc02472 homozygotes digested with Xko
I (D) Northern blot showing DPR?2 reversion lines from (C) express wild-

type levels of DPR2 transcript. rp49 was used as a loading control.
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The PB insertion is semi-lethal and completely lethal when in trans to deficiencies that
remove DPR2, Df(2R)VgB and Df{2R)CX1 (Drysdale, 2005). Homozygous PB males are

fertile; however, homozygous females are sterile, as they do not lay eggs.

In order to ensure that the decrease in DPR2 transcription was due to the PB
insertion, we remobilized this element in order to isolate a precise excision, thus reverting
the DPR2 gene to wild-type. Flies that no longer contained the PB element were
identified by the loss of the mini-white gene associated with PB (Thibault et al., 2004).
We generated 50 lines that no longer contained the PB element. All of these lines were
homozygous viable suggesting that all had reverted back to wild-type. We performed
Southern and Northern analysis on five of these putative revertants to assess the condition
of the DPR?2 gene and transcript, respectively. All five lines showed that the DPR2
genomic region and DPR?2 transcript levels had reverted to wild-type (Figure 5.2 C-D). It
has been observed that PB elements excise precisely in comparison to EP elements
(Thibault et al., 2004). We in fact noticed that all 50 of our excisions were viable,
suggesting that they had all reverted to wild-type, thus supporting the prior observations

of (Thibault et al., 2004) .

5.2 DACK and DPR? transcripts and DACK protein are enriched at
the leading edge of the epidermis during dorsal closure

We looked at DACK and DPR2 transcript distribution during embryogenesis

using whole-mount in situ hybridization with a DACK or DPR2 RNA probe. DACK

transcript was widely distributed during embryogenesis. In the early stages of DC,
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Figure 5.3 ACK family expression during embryonic development.

(A) Dorsal view of a late stage 13 embryo showing DACK protein expression
at the leading edge of the epidermis late in dorsal closure (arrowhead). (B)
Lateral view of stage 13 wild-type embryo at the beginning of dorsal closure
showing enrichment of DACK transcript at the leading edge of the epidermis
(arrowhead). (C) Lateral view of stage 13 wild-type embryo during dorsal
closure showing enrichment of DPR?2 transcript at the leading edge of the
epidermis (arrowhead). DPR?2 transcript is also found in the developing

tracheal system (arrow).
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DACK transcript was elevated at the leading edge of the advancing epidermis (Figure 5.3
A). Affinity purified polyclonal antibodies against a GST-fusion protein containing
amino acids 873 to 979 from the C-terminal, non-conserved region of DACK (Sem et al.,
2002) or an antiserum raised against the full-length DACK (Clemens et al., 2000) showed
elevated DACK staining along the LE similar to what was seen with DACK RNA in situ
hybridizations. However, DACK protein persisted at the LE until a later stage of DC
than the transcript (Figure 5.3 B). DPR?2 transcript is also found at the leading edge
epidermis during DC at similar times as DACK transcript (Figure 5.3 C arrowhead).
Unlike DACK, which has a more ubiquitous staining throughout the embryo, DPR2
transcript is also highly enriched in the developing embryonic tracheal system (Figure 5.3
C arrow). We unfortunately do not have an antibody against DPR2 to assess its protein

distribution during embryogenesis.

5.3 Embryos zygotically mutant for DACK and DPR2 do not display
dorsal closure defects

Cuticle preparations revealed that DACK mutant embryos had a low frequency of
holes in the dorsal and anterior surfaces, indicative of defects in DC and possibly head
involution (Table 5.1). We wondered if this low penetrance of defects was due to the
presence of DPR2. As both ACKs are enriched in the LE cells (Figure 5.3 and (Sem et
al., 2002), 1t is likely that they have overlapping functions during DC. First, we tested to
see if reduction of DPR2 alone had any affect on DC. Although we do not have a null
allele in DPR2, we generated DPR2 mutant embryos that were heterozygous for PB and
Df{2R)VgB, a deficiency that removes DPR2. Cuticle preparations of these embryos also

revealed no DC defects (data not shown). A higher frequency of DC defects was seen in
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Table 5.1 DACK and DPR2 embryonic phenotypes.
PB represents the DPR2 piggy-Bac allele, PBc02472. N/A is used when

cuticle preparations were not scored for a particular phenotype. As described
in the text, scars refer to possible wounds that may be present in the dorsal
surface leading to defects in cuticle secretion. Some embryos in the dorsal
hole category also contained head defects. All crosses were completed at
25°C. Each cross produced similar levels of embryos that did not secrete
cuticle. Therefore, these embryos were assumed to be unfertilized eggs and

not included in the total number of embryos counted.
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embryos expressing KD-DACK, which could be acting in a dominant negative manner to
impede signalling from both kinases (Sem et al., 2002). We therefore set out to generate
embryos that were zygotically mutant for both DACK and DPR2 using the alleles
described. As females homozygous for DACK alleles are fertile, we crossed females that
were maternal and zygotic mutant for DACK and heterozygous for DPR2 to males that

10b

were homozygous mutant for DPR2 and heterozygous mutant for DACK™™ (we could not

use males homozygous for DACK due to the male sterility present in the DACK’®
homozygous mutant background). Twenty-five percent of the F1 from this cross were
homozygous mutant for both DACK and DPR2. Progeny of this cross did not fail to
complete DC. As PB is a hypomorphic DPR?2 allele, we introduced into the crossing
scheme a copy of Df{2R)VgB to decrease the amount of DPR2 transcript, and hopefully
DPR2 protein, present in F1 embryos. We mated females that were heterozygous for the
PB allele and homozygous for DACK'® to males that were heterozygous for Df(2R)VgB
and DACK®® and performed cuticle preparations of the resulting progeny. Twelve
percent of the F1 from this cross were zygotically mutant for both DPR2 and DACK. Out
of 191 embryos counted, 97.5% were wild-type, 1.5% percent showed possible scars that
may be due to certain cells on the dorsal surface failing to secrete cuticle properly, and
1% displayed head defects. We conclude that a dramatic reduction in zygotic ACK

family function is not sufficient to produce DC defects. One possibility is that we need to

remove not just zygotic ACK function, but also maternal function to see defects in DC.
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5.4 Overexpression of DACK can rescue the dorsal closure defects
caused by expression of dominant negative Cdc42

Although DACK mutants successfully complete embryogenesis, induction of
wild-type or KD DACK transgenes in the embryo cause a range of defects in embryonic
epithelial morphogenesis, including dorsal holes (Sem et al., 2002). The DC failures
caused by DACK transgene expression and the presence of endogenous DACK and DPR2
at the LE are indicative of a role for ACK family kinases in DC. We therefore wondered
if ACK family tyrosine kinase activity was operating downstream of Cdc42 during DC.
We tested to see if overexpression of DACK could rescue the DC defects caused by

ectopic expression of UAS-Cdc42N17. Flies heterozygous for a chromosome bearing

both UAS-Cdc42N17 and the heat shock-inducible GAL4 driver Hs-GAL4  were mated
to either a control line or flies homozygous for a UAS-DACK transgene. The F1 progeny
were heat shocked as embryos 6 to 12 h AEL, allowed to age to the appropriate stage for
cuticle secretion, and examined with cuticle preparations. Heat shock times were kept to
30 minutes to avoid embryonic phenotypes result from overexpressing DACK. For each
experiment in which the UAS-DACK transgene was co-expressed with UAS-Cdc42N17, a
control cross was performed in parallel. Co-expression of UAS-Cdc42N17 with UAS-
DACK produced significantly lower dorsal hole frequencies with respect to expression of
UAS-Cdc42N17 alone (Table 5.2). Half of the progeny in each cross will have transgene
expression, thus the actual frequencies of phenotypic effects in transgene-expressing
embryos are estimated to be twice the values shown. In the two experiments shown in
Table 5.2, the control cross was designed to account for possible genetic background
effects of UAS-DACK flies. For this, the Hs-GAL4**” ,UAS-Cdc42N17 line was crossed

to the yw strain that had been used to establish the U4S-DACK line. Following induction
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of UAS-Cdc42N17, 8.9% and 22.4% of the progeny from this cross had dorsal holes. In
the parallel cross, in which UAS-DACK was co-expressed with UAS-Cdc42N17, the

frequency of dorsal holes decreased to 1.1% and 3.2%, respectively.
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Table 5.2 Overexpression of DACK can suppress the dorsal closure defects caused
by expression of dominant negative Cdc42.

Percentage of embryonic phenotypes are shown for two independent
experiments, each of which consisted of one control expression of UAS-
Cdc42N17 and one co-expression of UAS-Cdc42N17 with UAS-DACK. The
rescue experiment was conducted on two independent occasions, with results
shown as Experiment 1 and Experiment 2. The F1 progeny from each cross
were heat shocked for 30 minutes at 37°C as embryos 6 to 12 hours AEL,
allowed to age to the appropriate stage for cuticle secretion, and examined
with cuticle preparations. Control and experimental crosses were performed
in parallel and heat shocked simultaneously. Heat shock was kept to 30
minutes to avoid generation of DACK-specific phenotypes. Each cross
produced similar levels of embryos that did not secrete cuticle. Therefore,
these embryos were assumed to be unfertilized eggs and not included in the

total number of embryos counted.
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5.5 DACK transcript levels in tissues participating in dorsal closure are
affected by the level of Cdc42 function

To determine if alterations in Cdc42 signalling had any effect on DACK
expression in embryos, we looked at DACK transcript levels in embryos expressing UAS-
Cdc42V12 and UAS-Cdc42N17 transgenes under the control of a ubiquitous heat shock
GAL4 driver, Hs-GAL4*. RNA in situ hybridizations were subsequently performed
using a DACK RNA probe. As controls, we hybridized DACK probe to wild-type
embryos, transgenic embryos not exposed to heat shock, as well as heat shocked Hs-
GAL4™* embryos. A strong staining for DACK transcripts was observed in the
amnioserosa late in DC in UAS-Cdc42V12/Hs-GAL4"* embryos that had been exposed
to a 1 h heat shock (Figure 5.4 A). None of the control embryos showed enrichment of
DACK transcript in the amnioserosa (Figure 5.4 C and data not shown). Accumulation of
DACK transcripts at the leading edge of the epidermis persisted until late in DC following
Cdc42N17 expression with a 1 h heat shock (Figure 5.4 B). Control wild-type embryos,
heat shocked Hs-GAL4™* embryos, and UAS-Cdc42N1 7:Hs-GAL4M* embryos that were
not exposed to heat shock, only showed DACK transcript accumulation at the LE at the

beginning of DC and not later (Figure 5.3 B, Figure 5.4 D and data not shown).
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Figure 5.4 DACK transcript levels in tissues participating in dorsal closure are
affected by the level of Cdc42 function.

(A) Dorsal views of stage 15 UAS-Cdc42V12/Hs-GAL4 " embryos that had
been heat shocked for 1 h at 37°C, showing DACK transcript accumulation in
the amnioserosa (arrowheads). (B) Dorsal views of stage 15 UAS-
Cdc42N17:Hs-GAL4 " embryos that had been heat shocked for 1 h at 37°C,
showing DACK transcript accumulation at the leading edge at later stages
than seen in wild-type embryos (arrowheads). (C) Dorsal view of stage 15
UAS-Cdc42V1 2/Hs-GAL4M_4 embryo that had been maintained at 21°C,
showing no areas of elevated DACK transcription on the dorsal surface. (D)
Dorsal view of stage 15 UAS-Cdc42N17:Hs-GAL4  embryo that had been
maintained at 21°C, showing no areas of elevated DACK transcription on the

dorsal surface.
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5.6 DACK does not participate in activation of gene expression
downstream of the JNK cascade, and the JNK cascade is not
required for the leading edge expression of DACK

A key regulator of DC in the LE cells is the INK cascade. Since both ACKs are
expressed at the LE, and expression of wild-type and KD-DACK induce dorsal holes, we
wondered if ACK family kinases are required for INK signalling. Previously, a Master’s
student from our lab, Kaiping Sem, showed that overexpression of DACK did not lead to
ectopic expression of puc, a target gene downstream of the JNK cascade (Sem et al.,
2002). We tested the effects of DACK overexpression on the JNK-dependent
transcription of dpp at the LE. Embryos in which DACK had been overexpressed in the
amnioserosa, using the GAL4*%%? driver (Sem et al., 2002), or in the epidermis in
segmental ptc stripes, using the GAL4>>*" driver (Hinz et al., 1994) were hybridized with
a dpp riboprobe. Ectopic expression of dpp expression was not observed and the
distribution of dpp transcripts in these embryos was identical to wild-type (data not
shown and (Sem et al., 2002). We looked at the effects of impairment of DACK function
on the JNK cascade by examining the LE transcription of dpp in embryos homozygous
for Df(3L)C1735, which removes the DACK gene, and in embryos expressing KD-DACK.
We also looked at dpp expression in embryos that were maternally and zygotically
devoid of DACK. In both cases, dpp transcription was maintained at the LE (data not

shown and (Sem et al., 2002).

Given that DACK is expressed at the LE during DC, it is possible that DACK
itself could be a target gene of the JNK cascade. We looked at DACK transcript levels in

basket mutant embryos, which bear a loss-of-function mutation in the gene encoding
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Drosophila INK (Riesgo-Escovar et al., 1996; Sluss et al., 1996). The LE expression of
DACK was intact in these mutant embryos (data not shown). We also ectopically
activated the JNK cascade in engrailed (en) segmental stripes by expressing UAS-
DraclV12 with en-GAL4 (Sem et al., 2002) and looked at DACK transcript levels in these
embryos. We did not observe ectopic DACK transcript levels in en stripes (data not

shown and (Sem et al., 2002).

5.7 DACK can suppress the dorsal closure defects associated with
mutations in the TGF-p/BMP-2 Type I and Type II receptors, Tkv
and Put

DACK does not seem to signal through the JNK cascade during DC. We next
asked if DACK functions downstream of the JNK target gene, dpp. Dpp, as previously
mentioned, is a fly homologue of the mammalian BMP-2 ligand. It relays its signals to
two fly TGF-B/BMP-2 receptors, Thickveins (Tkv) and Punt (Put) in the epidermis
during DC. Mutations in tkv or put result in holes in the dorsal cuticle due to the
requirement for these genes in DC. Ricos et al. previously showed that expression of
constitutively active Cdc42, Cdc42V12, could suppress the DC defects associated with a

thy loss-of-function allele, thy’ (Ricos et al., 1999).

Roughly thirty-five percent of embryos laid by tkv’/CyO parents die with dorsal
defects in the form of head holes, germband retraction failures, and/or dorsal holes (Table
5.3; also see Figure 1.2 for a review of morphogenetic events during embryogenesis).
Embryos homozygous for the CyO balancer die without dorsal defects; it can therefore be
assumed that these defects are due to homozygosity for the kv’ mutation. We attempted

to rescue the DC defects associated with kv’ by overexpression of DACK. Flies
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2207 and the thkv’ mutation were

heterozygous for a chromosome bearing both Hs-GAL4
mated to either flies heterozygous for the thv’ allele, or flies heterozygous for a
chromosome bearing kv’ and a UAS-DACK transgene. Therefore, 25% of the progeny
from either cross will be homozygous for tkv/, and either expressing or not expressing
DACK. We found that kv’ mutant embryos developed slower than wild-type, therefore,
we aged embryos to 7-14 hours AEL, instead of 6-12 hours AEL, for our DACK heat
shock inductions. Similar to activated Cdc42, overexpression of DACK could suppress
the DC defects of kv’ from 27.1% to 4.3%. However, the head defects or germband
retraction failures were not suppressed. As explained in the legend of Table 5.3, any
given embryo was counted only once. Many of the embryos counted in the “dorsal hole”
category for the tkv’ control and experimental crosses also contained head defects and
germband retraction failures. The increase in the frequency of head hole and/or
germband retraction failures seen in the progeny of the experimental cross (tkv’, hs-
Gal4/CyOR x thv!, UAS-DACK/CyO3) most likely represent the percentage of thv’
mutant embryos whose DC defects, but not their head defects or germband retraction
failures, were rescued by overexpression of DACK (Table 5.3). This suggests that
DACK only contributes to Tkv function in DC, and not in germband retraction or head
development. We also noticed that 5.1% of embryos from the experimental cross had
small specks, scars, or puckers on their dorsal surfaces, indicating that DC may not have
completed properly, and/or that cuticle was not secreted properly by a subset of cells on
the dorsal surface. These scars may represent the dorsal holes of kv’ mutant embryos

that were suppressed, but not rescued to completion, by overexpression of DACK.
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Table 5.3 Suppression of the dorsal hole defects of tkv” and pur™’ by expression of

UAS-DACK.
The F1 progeny from each cross were heat shocked for 30 minutes at 37°C

as embryos 7 to 14 hours AEL, allowed to age to the appropriate stage for
cuticle secretion, and examined with cuticle preparations. Control and
experimental crosses were performed in parallel and heat shocked
simultaneously. Any given embryo was only counted once. Any embryo
containing a dorsal hole was assigned to the “dorsal hole” category.
However, many of the embryos counted for the “dorsal hole” category for
both of the crosses tkv’, hs-Gal4/CyOQ x thv’/CyOd and thv’, hs-
Gal4/CyOQ x thv’, UAS-DACK/CyOQ also contained head holes and/or

germband retraction failures.
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Similar rescue experiments were conducted with a mutation for put, put'?’ (Table
5.3). All embryos homozygous for the put’’ mutation die with holes on their dorsal
surfaces. However, unlike v/, put'”® mutant embryos do not display defects in head
development or germband retraction. To attempt our rescue of the puntJ 33 embryonic
phenotype, we crossed flies heterozygous for a chromosome bearing the punt’® mutation
and Hs-GAL4-™ to either flies heterozygous for the punt”’ mutation, or flies
heterozygous for a chromosome bearing the punt’®® mutation and UAS-DACK. Twenty-
five percent of the F1 from these crosses will contain embryos homozygous for punt'>,
and will either be expressing or not expressing DACK. For each cross, embryos §-12
hours AEL (another common time point used for heat shock driven transgene expression
during DC) were subjected to a half hour heat shock and allowed to age to the appropriate
stage for cuticle secretion, then analysed by cuticle preparations. Overexpression of
DACK reduced the percentage of dorsal holes associated with punt' from 24.4% to

3.3%.

5.8 DACK can induce ectopic expression of Dpp target genes

To investigate the role of DACK in Dpp signalling, we asked if DACK could
ectopically induce transcription of genes previously shown to be targets of Dpp receptor
signalling. We chose to look at two Dpp target genes which are themselves required for
proper DC to occur: kayak (kay) (also known as Dfos) and zipper (zip). Dfos and zip
encode the Drosophila orthologues of the transcription factor Fos and non-muscle
myosin-II heavy chain, respectively (Arquier et al., 2001; Riesgo-Escovar and Hafen,
1997; Zeitlinger et al., 1997). Dfos transcription in the lateral epidermis is severely

reduced in tkv and put mutant embryos, while expression of an activated Tkv receptor can
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induce ectopic Dfos expression (Riesgo-Escovar and Hafen, 1997). In embryos
zygotically mutant for tkv, transcription of zip in the LE cells is greatly reduced (Arquier

et al., 2001).

The Dfos and zip transcripts are not normally expressed in the amnioserosa
(Figure 5.5 A and C). However, when UAS-DACK was expressed in the amnioserosa
using the driver GAL4%**? (Wodarz et al., 1995), ectopic expression of both target genes
was induced (Figure 5.5 B and D). This induction was dependent on the kinase function
of DACK, as expression of a KD-DACK transgene did not lead to ectopic expression of
Dfos or zip (data not shown). The induction of gene expression was specific, as the dpp
transcript was not upregulated as a consequence of DACK misexpression (Figure 5.5 F).
This result also confirms that DACK is not driving Dpp signalling by upstream activation
of the JNK cascade. This is consistent with our earlier studies showing that dpp
expression is normal in embryos homozygous for a deficiency in DACK and in embryos
expressing KD-DACK (Sem et al., 2002). Expression of DCIP4 was also not

upregulated in response to DACK expression in the amnioserosa (data not shown).

5.9 DACK-induced gene expression of Dpp target genes is not due to
ectopic phosphorylation of Mad

The Dpp/BMP2 signal is transduced to the nucleus by a complex of transcription
factors and cofactors which includes the Smad proteins (reviewed in (Shi and Massague,
2003). Upon activation of the receptor complex, initiated by ligand binding, the Type I
receptor phosphorylates Smadl/5 which then binds to its cofactor, Smad 4, and
translocates into the nucleus to regulate gene expression. We asked whether changes in

ACK function could affect receptor-mediated phosphorylation of the Drosophila
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Figure 5.5 DACK can induce expression of Dpp target genes.
Lateral views of stage 14 w''’® embryos showing (A, C, E) wild-type RNA

expression pattern of Dfos (A), zip (C), and dpp (E) or UAS-DACK

/ GAL4*3%* embryos (B, D, E) showing ectopic expression of Dfos (B), zip

(D) in the amnioserosa but no ectopic expression of dpp (F).
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Smad 1/5 homologue, Mad. Activation of the Dpp pathway at the level of the receptor
complex can be visualized by staining embryos with an antibody that recognizes the
receptor-phosphorylated Mad, p-Mad (Persson et al., 1998). Ectopic activation of the
Dpp pathway can be triggered by overexpression of Dpp or by a CA version of the Tkv
receptor, Tkv?®'*’" (Hoodless et al., 1996). For example, expression of UAS-Dpp or UAS-
TP with a prd-GALA4 driver leads to p-Mad accumulation in prd stripes (Figure 5.6
C, D, G and (Dorfman and Shilo, 2001). However, expression of UAS-DACK with the
prd driver, or with GAL4*%?, does not produce ectopic p-Mad (Figure 5.6 F and data not
shown). Furthermore, UAS-Tkve'**® or UAS-Dpp expression can still induce ectopic p-
Mad, either when co-expressed with UAS-KD-DACK (Figure 5.6 E and data not shown)

or in a maternal and zygotic DACK mutant background (data not shown and Figure 5.6

H).

5.10 Loss-of-function DACK alleles genetically interact with components
of Dpp signalling

In DACK mutant embryos, Dpp signalling may be impaired, but not sufficiently to
cause a strong phenotype. We reasoned that if we further impaired Dpp signalling in
DACK mutant embryos we might see a DC phenotype. We were successful in achieving
this goal when we impaired Dpp signalling in DACK mutant embryos at three different
levels — ligand, pathway member, and target gene — by reducing the amount of dpp,
medea (med), and Dfos, respectively (Table 5.4). We used three dpp alleles in this
analysis: a pharate adult lethal, dpp*’’, and two embryonic lethals, dpp™™?’ and dpp"™®? (St

Johnston et al., 1990; Wharton et al., 1993). Embryos heterozygous for these dpp alleles
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Figure 5.6 DACK-induced expression of Dpp target genes is not due to ectopic
phosphorylation of Mad.

Lateral views of stage 10 (A, C, F) and stage 13 (B, D, F, G, H) embryos
stained with an antibody against p-Mad. (A, B) w'/’® embryos showing wild-
type p-Mad staining during DC. (C, D) UAS-Tkv?"**®/prd-GAL4 embryos
showing ectopic p-Mad in prd stripes. (E) UAS-Tkv2"**P UAS-KD-
DACK/prdGAL4 embryo showing ectopic p-Mad is not affected by
expression of KD-DACK. (F) UAS-DACK / prd-GAL4 embryo showing that
ectopic expression of DACK in prd stripes does not lead to elevated p-Mad
levels. (G) UAS-Dpp/prd-GAL4 embryo showing a broader domain of
ectopic p-Mad than seen in UAS-Tkv?'*?/prd-GAL4 embryos. (H) UAS-
Dpp, DACK'®/prdGAL4, DACK'® embryo generated from UAS-Dpp,
DACK'®/, UAS-Dpp, DACK™ females, showing the broader ectopic p-Mad
domains are not affected by loss of maternal and zygotic (MZ) DACK.
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alone showed a low frequency of DC defects. We made DACK mutant embryos
heterozygous mutant for dpp and looked for effects on DC. Heterozygosity for any of the
dpp alleles resulted in an increased frequency of DC defects in DACK®® embryos, with
the weakest allele, dpp®’!, having the mildest effect. Embryos homozygous for med”
(Das et al., 1998) showed a low frequency of anterior cuticle defects which was

significantly increased when they were made homozygous for DACK*”

. kay’ (Riesgo-
Escovar and Hafen, 1997; Zeitlinger et al., 1997) is a weak hypomorphic allele of Dfos,
homozygotes for which showed a low penetrance of dorsal and anterior holes in the
cuticle. Embryos doubly mutant for kay’ and DACK” > showed an increased frequency of
dorsal and anterior holes compared to homozygosity for cither alone. We also tested if
heterozygosity for mutations in tv (tkv"), mad (mad"), zip (zip"), the Drosophila TGE-p
ligand, screw (scw’) and a transcription factor that positively contributes to Dpp
signalling during DC, schnurri (shn®), could enhance the frequency of dorsal defects of a
DACK mutant background. Heterozygosity for alleles of these genes did not result in an

increase in the dorsal defects in a maternal and zygotic DACK mutant background (data

not shown).

5.11 Effects of constitutively active Tkv can be suppressed by loss of
DACK function

Thus far we have only tested the ability of DACK to suppress or enhance the loss-
of-function phenotypes of Dpp pathway components. We therefore asked if loss of
Q199D

DACK function could suppress the effect of ectopically expressed CA Tkv, Tkv

Previously, it had been shown that ectopic expression of either Dpp or activated Tkv in

147



Table 5.4 DACK mutants genetically interact with components of Dpp signalling.

To generate control and experimental crosses for Dpp/DACK interactions,
dpp/CyO;+/+ flies were mated to +/+;DACK**/TM3Sb. F1 males of
genotype dpp/+; DACK®%/+ were then crossed to +/+;DACK*/DACK*®
females. For control crosses, F1 males from the initial cross, bearing the
genotype dpp/+; TM3Sb/+ were crossed to w!’!® females. The percentage of
defects is assumed to be associated with the presence of the various alleles in
the F1 of each cross. Therefore, (**) represent the estimated frequencies of
dorsal and anterior holes present in individuals that are DACK/DACK (A-B),
dpp/+;DACK/DACK (C,F, and H), dpp/+;+/+ (D, G, and 1), kay’, DACK**®/
kay’, DACK®” (), kay’/kay’ (K), med”’, DACK**/ med”®, DACK**® (L), or
med” /med”(M).
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the prd expression domain during embryogenesis results in a variety of defects in denticle
development on the ventral cuticle, including regions with loss of denticles and loss of
naked cuticle, which can lead to fusion of the denticle belts (Figure 5.7 B, C, and
(Arquier et al., 2001). Denticles are membrane .protrusions that form on the surface of
the most anterior cells of each segment on the ventral surface of the embryo. The
prdGAL4 driver expresses GAL4 in cells that become competent to form denticles. We
wondered if disruption of endogenous DACK function by co-expression of KD-DACK,
or by loss of maternal and zygotic DACK, could suppress the denticle phenotypes
resulting from an excess of Dpp signalling. First, we crossed virgin females homozygous
for UAS-Thkv?'**P, or a chromosome bearing UAS-TkvQ199D and UAS-KD-DACK, to
males heterozygous for the prdGAL4 driver. 50% of embryos from either of these
crosses will be expressing the transgenes. An estimated 60% of embryos that express
Tkv¥**P die with denticle defects on their ventral surface. Simultaneous expression of
KD-DACK can suppress these phenotypes, but not the lethality of the embryos (Figure
5.7 E and F, embryonic frequencies of this suppression are not shown). We next tested to
see if loss of maternal and zygotic DACK could affect the ability of the activated Tkv
transgene to induce defects in the ventral cuticle. ~We crossed virgin females
homozygous for DACK'% and UAS-Tkv?"**P with males heterozygous for a chromosome
bearing both the prdGAL4 driver and DACK'®. Loss of maternal and zygotic DACK not
only rescued the denticle ventral cuticle phenotypes but also the embryonic lethality
associated with expression of activated Tkv in the prd pattern (Figure 5.7 D and Table

5.5).
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We next asked if DACK could also suppress activated Tkv phenotypes in wing
development. In our experiment we used 74J3, an enhancer piracy line that expresses
Tkv?"P in the wing pouch under the control of an unknown promoter (Hoodless et al.,
1996). Homozygosity for T4J3 results in 100% of wings containing ectopic vein tissue
between L3-L4 (Figure 5.8 B). However, in a DACK'® mutant background, this
phenotype is suppressed in 100% of the wings to a milder ectopic vein phenotype (Figure

5.8 C).
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Figure 5.7 Loss of DACK function can suppress the phenotypes associated with
ectopic expression of activated Tkv.

Ventral views of larval embryonic cuticle of (A) w8 (B, C) UAS-
Tiv?"**P/prd GAL4. Arrowheads in (B) point to regions where denticles of
adjacent segments have fused, possibly due to loss of naked cuticle. Arrow in
(C) points to a region where there is a loss of denticles. (D) Ventral view of
larval cuticle of UAS-Tkv?"**® DACK'®/prdGAL4, DACK'®. (E, F) Ventral
view of embryonic cuticle of UAS-T} @199 , UAS-KD-DACK/prdGALA4.
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Table 5.5 Loss of DACK function can suppress the phenotypes associated with
ectopic expression of activated Tkv.

Crosses were maintained at 25° C.
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Table 5.5 Denticle defects associated with ectopic expression of activated Tkv are
suppressed by loss of DACK

% Phenotype

Denticle
Cross Wild-type defects n
T2/ Ti?"*PQ x prdGAL4/TM3Sh3 70.37 29.62 216
TP DACK'®/Ti?"*P, DACK'®Q x
prdGAL4, DACK'®/TM3Sb3 99.01 0.99 606
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Figure 5.8 Loss of DACK can suppress wing phenotypes of ectopically activated
Tkv.

(A) Wild-type wing. (B) TAJ3/TAJ3 wing showing ectopic vein tissue
between L3 and L4 (arrowhead). (C) TAJ3, DACK'®/ TAJ3, DACK'®

wings produce a milder ectopic vein phenotype (arrowhead).
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6 DISCUSSION: THE DROSOPHILA ACK FAMILY

6.1 DACK is required for Cdc42 signalling during dorsal closure

Several studies have demonstrated that Cdc4?2 is a key signalling component for
DC. DACK, unlike DPR2 and the mammalian ACKs, does not contain a CRIB domain
and Kaiping Sem was not able to show that DACK binds to Drosophila Cdc42.
However, ectopic expression of wild-type and KD-DACK transgenes throughout
development produce similar phenotypes to expression of CA and DN Cdc42,
respectively (Sem et al., 2002), suggesting that these proteins function in a similar
pathway. We therefore asked if DACK is a component of Cdc42 signalling during DC.
Overexpression of wild-type DACK was able to suppress DC defects caused by
Cdc42N17 expression. Also, the LE enrichment of DACK, and the alterations in DACK
transcription in the LE and amnioserosa in response to Cdc42 transgene expression, are

indications that DACK has a role in Cdc42 signalling during DC.

The transcriptional regulation of DACK does not appear to be a simple
homeostatic response as it is tissue-specific, and works in opposite directions in two
tissues: DN Cdc42 causes upregulation of DACK transcripts at the LE, whereas CA
Cdc42 causes upregulation of transcription in the amnioserosa. The relevance of this
transcriptional regulation of DACK remains unknown, but it may provide a route for
Cdc42 to regulate DACK function during DC. The serine/threonine kinase DPAK, a
downstream effector for Racl and Cdc42, also responds transcriptionally to a change in

Cdc42 signalling in the amnioserosa, but interestingly in the opposite direction from

158



DACK in that DN Cdc42 induces upregulation of DPAK transcription in this tissue (Sem
et al., 2002). Cdc42 might also regulate DACK through its GTPase activity. Although
Cdc42 does not appear to bind DACK directly, it could possibly influence DACK
function indirectly in a signalling complex. An indirect mode of activation of ACK
proteins by Cdc42 proteins is consistent with the finding in mammalian cells that CA
Cdc42 fails to activate ACK2 in vitro, but can promote activation when cotransfected

with ACK2 in vivo (Yang and Cerione, 1997).

6.2 DACK is not a component of the JNK pathway during dorsal
closure

During our analysis of the role of DACK in Cdc42 signalling, we simultaneously
tested if DACK functions downstream of the JNK pathway, another key signal required
for DC. We tested to see if overexpression of DACK could trigger ectopic activation of
JNK. It had previously been shown that ectopic expression of CA Cdc42 could induce
ectopic JNK activation (Glise and Noselli, 1997). However, overexpression of DACK
was not able to trigger ectopic activation of the JNK cascade, in contrast to the results
obtained with CA Cdc42. We know that our DACK transgene is functional in vivo
because DACK overexpression is capable of elevating phosphotyrosine levels in the
embryo, in the absence of a corresponding increase in Cdc42 function (Sem et al., 2002).
Furthermore, the JNK cascade is not disrupted by either impairment of ACK family
tyrosine kinase function through expression of KD-DACK, or by loss of zygotic DACK
through a deficiency removing the DACK gene. These results suggest that the JNK
cascade does not lie downstream of ACK family tyrosine kinase activity in Cdc42

signalling. The LE expression of DACK was also not under the control of the JNK
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cascade. These results are consistent with analysis of loss-of-function alleles of Cdc42
which indicates that the JNK cascade is not a major component of Cdc42 signalling
(Genova et al., 2000). Cdc42 may normally make a minor contribution to the activation

of the JNK cascade that could be greatly amplified by expression of Cdc42V12.

6.3 DACK function is required for Dpp signalling
As DACK does not signal through the JNK pathway during DC, we asked if

perhaps it functions downstream of Dpp in this process. Our reasoning was based on the
fact that expression of CA Cdc42 could suppress the DC defects associated with the kv
loss-of-function allele, v’ (Ricos et al, 1999). Similar to CA Cdc42, DACK
overexpression was able to suppress the DC defects associated with loss-of-function
mutations in zkv. In addition, DACK could also suppress DC defects of put. Although
DACK mutants do not display DC defects we were able to show that we could sensitize
the DACK mutant genetic background to generate DC defects by decreasing the dose of
Dpp pathway components. DACK was able to ectopically activate the expression of two
Dpp target genes, zip and Dfos, which themselves are required for DC. These results
demonstrated that DACK functions in Dpp signalling during DC. To determine a
possible route by which DACK functions in Dpp signalling, we tested to see if loss of
DACK could block receptor phosphorylation of Mad. We were unable to inhibit
phosphorylation of Mad by Tkv in vivo, suggesting that this is not the route by which
DACK functions in Dpp signalling. These results indicated that DACK either functions
downstream of Mad, possibly in the nucleus, or is part of a pathway parallel to the

canonical Dpp cascade. With regard to a possible nuclear role for DACK, it is interesting
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to note that a recent study found that mammalian ACK-1 can translocate into the nucleus

in a Cdc42-dependent manner (Ahmed et al., 2004).

We have yet to establish if DACK is a downstream effector for Dpp per se; that
is, if the kinase activity of DACK is activated by the Dpp receptor complex. In support of
this possibility is the dramatic suppression of zkv and put mutant phenotypes by DACK
overexpression, and the finding that TGF-f can induce activation of Cdc42 in
mammalian cells (Barrios-Rodiles et al., 2005; Edlund et al., 2002; Ozdamar et al., 2005).
If DACK were found to be activated by Dpp, it would suggest the existence of a Dpp
pathway parallel to the canonical Dpp/Smad pathway, as DACK function does not affect
Mad phosphorylation. Alternatively, DACK might not be a direct component of a Dpp-
induced cascade but rather could be activated in a parallel pathway to positively
contribute to Dpp signalling during DC. Based on what is known in the literature about
mammalian ACKs, it is possible that DACK’s contribution to Dpp signalling is through
an association of DACK with EGFR and/or integrin signalling during DC. One
possibility is that DACK, similar to ACK2, is activated by EGFR, and this activation
leads to positive regulation of Dpp signalling. A role for EGFR in DC has not been
established; however, recent data obtained by a Ph.D. student in our lab, Weiping Shen,
suggests that loss of EGFR signalling leads to failure in DC (unpublished data).
Similarly, DACK could be contributing to Dpp signalling through an association with
integrins. Integrin signalling is known to be required for DC and interestingly, integrins
are required for Dpp signalling during wing development (Araujo et al., 2003; Hutson et
al., 2003; Stark et al., 1997). Whatever the mechanism through which it acts, we have

established DACK as an important contributor to Dpp function in DC.
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6.4 Loss of DACK function can suppress ectopic activation of the Dpp
pathway

We wished to address if loss of DACK could suppress ectopic activation of Dpp
signalling during DC. However, we found that induction of CA Tkv during DC did not
lead to DC defects. We therefore searched the literature for other processes that are
affected by ectopic activation of the Dpp pathway. We found that expression of CA Tkv
during ventral patterning of the embryo lead to defects in denticle development (Arquier
et al., 2001). Loss of DACK function greatly reduced this phenotype, again
demonstrating that DACK functions with Dpp signalling components. A similar result
was obtained with an activated Tkv phenotype generated in wing development. Loss of
DACK also greatly reduced the ability of CA Tkv to generate ectopic vein tissue.
Together these results demonstrate that DACK function is utilised by Dpp signalling,

whether in a paralle]l pathway, or either in a canonical or a non-canonical manner.

6.5 Loss of zygotic ACK family function during embryogenesis does
not produce dorsal closure defects

As previously stated, zygotic DACK;DPR2 double mutants can complete DC and
hatch into larva, despite the fact that both kinases are expressed during DC. One reason
for this may be that our DPR2 allele is not a null, and that the low amount of DPR2
transcript is sufficient to produce enough protein to compensate for ACK function during
DC. As well, since the DPR2 maternal contribution was not removed in our experiments,
it is possible that the pool of DPR2 transcript/protein from this source is aiding in the
survival of the ACK double mutant embryos. It is also possible that the ACK
contribution to DC is not essential for hole closure. However, the results discussed above

would argue against this point. Another possibility is that the function of ACKs during
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DC overlaps with other kinases or signalling factors. The generation of 4CK null double

mutants may aid in determining which of these possibilities is true.
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7 CONCLUSIONS

The objective of this thesis was to gain a better understanding of the function of
Drosophila Cdc42 through gain- and loss-of-function studies on the putative Cdc42
effectors, DCIP4 and the ACK family of non-receptor tyrosine kinases. The model
system that we set out to study the function of these effectors in was DC of the
Drosophila embryo. DC has proven to be an excellent model for characterizing
signalling proteins that regulate the actin cytoskeleton. Here we have shown that one of
these regulators, DACK, affects Dpp signalling and can induce expression of two Dpp
target genes, zip and Dfos, that themselves impinge on actin cytoskeletal function during
DC, directly and indirectly, respectively. These findings suggest a possible route of
action for the Cdc42-dependent reorganization of the actin cytoskeleton induced by TGF-
B seen in mammalian cell culture (Edlund et al., 2002; Edlund et al., 2004). Though both
Cdc42 signalling and gene expression were shown to be required for TGF-B-induced
reorganization of the cytoskeleton in these earlier studies, the authors did not address
whether the gene expression was dependent on Cdc42 signalling. As we have already
established DACK as an effector for Cdc42 during DC, the results shown here are the

first to link Cdc42 signalling to regulation of TGF-B/BMP target gene expression.

We were unable to establish a role for DCIP4 during DC, although we identified
the possibility of a role for DCIP4 in several other tissues/processes that have been shown
to be affected by Cdc42 signalling, such as cellularization, nervous system development,

wing development, and oogenesis. However, it cannot be concluded that DCIP4 does not
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function in DC, as DCIP4 protein is weakly present in the LE cells. Further analysis is
required to determine the role of this protein during DC. This thesis provides the ground

work for future study of these three Drosophila Cdc42 effector proteins.
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APPENDIX A: DACK MISEXPRESSION PHENOTYPES
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Figure A.1 Misexpression of DACK and KD-DACK during SOP
development
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APPENDIX B: DEFICIENCY SCREEN TO IDENTIFY
MODIFIERS OF PHENOTYPES ASSOCIATED WITH
MISEXPRESSION OF DACK DURING EYE
DEVELOPMENT
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Table B.1 Chromosome 2 Deficiencies

Effect on Effect on
Deficiency Locus GMER;UAS- Deficiency Locus GMFE,UAS-
DACK RE DACK RE
DAR2I)net-PMF  21A1;21B7-8 S DfoR)ML1A4 41A:41A L
In(2R)bw(VDe2L]
DA2L)BSC4 21B7-C1;21C2-3 L Cy[R] 41A-B;42A2-3 /
21B8-C1;21C8-D1,
DAR2I)al 22D1-2;33F5-34A1 / Df2R)STI 42B3-5;43E15-18 /
Df2L)ast2 21D1-2;22B2-3 S Df(2R)Drllrv18] 42E3-7;44A3 E
21C8-D1;60D1-2 +
In@LR)bwlV1] 40F;59D4-E1 / DfI2R)H3C1 43F;44D3-8 /
Df(2L)JS32 23C3-5;23D1-2 E Df2R)H3E1 44D1-4;44F12 /
Df(21)JS17 23C1-2;23E1-2 L DfI2R)Np5 44F10;45D9-E1 /
Df(21)S2590 23D2;23E3 / DA2R)w45-30n 45A6-7;45E2-3 /
Df(2L)ed1 24A2;24D4 E DA2R)B5 46A;46C L
Df2L)sc19-8 24C2-8;25C8-9 E DfeR)X1 46C;47A1 S
Df2L)sc19-4 25A5;25E5 S Df2R)stanl 46D7-9;47F15-16 E
Dfi2L)cl-h3 25D2-4;26B2-5 / Df2R)en-A 47D3;48B2 S
DAR2LJ)E110 25F3-26A1;26D3-11 <S DA2R)en30 48A3-4;48C6-8 \Y
Df2L)BSC5 26B1-2;26D1-2 / Df2R)CB21 48E;49A /
48E12-
Df2L)BSCé6 26D3-E1;26F4-7 E DfI2R)BSC3 F4;49A11-B6 E
49A4-13;49E7-
DA2L)BSC7 26D10-E1;27C1 E DA2R)vg-C F1 E
49C1-4;50C23-
Df(2L)Dwee-delta5 27A;28A S DA2R)CX1 D2 /
Df(eL)J-H 27C2-9;28B3-4 MS  DfI2R)BSC11 50E6-F1;51E2-4 S
DfI2L)Dweel- W05 27C2-3;27C4-5 S Dfi2R)Jp1 51D3-8;52F5-9 /
26A6-B1;27E1- 52F5-9;52F10-
Df(2L)spd, 3;28B1-3 S DR2E)Jp8 53A1 /
Df2L)XE-2750 28A5-B1;28C1-9 E DfI2R)P803-Deltal5 53E;53F11 /
54B17-C4;54C1-
DR2L)Tr-C6R31 28DE;28DE DfI2R)robl-c 4 /
DR2I)TE294a-11 28E4-7;29B2-C1 Df2R)k 10408 54C1-4;54C1-4 /
54E8-F1;55B9-
DfI2I)N22-14 29C1-2;30C8-9 L Df(2R)Pc17B C1 S
DR2L)BSC17 30C3-5;30F1 E DfI2R)PC4 55A;55F /
Df(2L)J39 31C;32D1-E5 S DA2R)P34 55E2-4;56C1-11 E
DR2L)FCK-20 32D1;32F1-3 / DfieR)017 56F5;56F15 S
56F9-17;57D11-
Df2L)Prl 32F1-3;33F1-2 / DfI2R)AAZ2] 12 S
Df(2L)prd1.7 33B2-3;34A1-2 L Df(2R)X58-3 58C3-7;58D6-8 /
34B12-C1;35B10-
DfI2L)b87e25 C1 L Df2R)X58-12 58D1-2;59A /
DAZL)TE35BC-24 35B4-6;35F1-7 S DA2R)59AD 59A1-3;59D1-4 S
DfR2L)r10 35D1;36A6-7 / Df@R)bw-S46 59D8-11;60A7 S
DA2L)cact-255rv64 35F-36A;36D / Df(2R)Chilg230] 60A3-7;60B4-7 /
Df(2LYH20 36A8-9;36E1-2 L Df(2R)106 60A3;60A7 S
Df2L)TW137 36C2-4;37B9-C1 S DfI2R)Px2 60C5-6;60D9-10 <S
Df(2L)TW50 36E4-F1;38A6-7 / Df(2R)DII-MP 60E3-4;60E5-6 /
DA2L)TW161 38A6-B1;40A4-B1 E DAR2R)ES1 60E6-8;60F1-2 L
Dfer)c' h35;h38L / DfI2R)Kr10 60F1;60F5 /
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Table B.2 Chromosome 3 Deficiencies

Effect on Effect on
Deficiency Locus GME,UAS- Deficiency Locus GMR,UAS-
DACK RE DACK RE
DA3L)emc-E12  61A;61D3 / DA3L)Pc-101 78C3-4;78C8-9 L
DASI)Ari2-1 61C;61F S DASL)Pc-2q 78C5-6;,78E3-79A1 L
DABL)Aprt-32 62B1;62E3 \Y% DABL)Ten m-AL2979C1-3;79E3-8 /
DABL1227 65C01-02,63F01 <S  DABL)HDI 79D3-E1;79F3-6 s
DASI)HRII9  63C263F7 E  DABL)DeltalAK (7)2E05-F01;79F02- /
DA3BL)GN34 63E6-9;64A8-9 E DA3R)ME15 81F3-6;82F5-7 /
DABL)GN24 63F6-7;64C13-15 / DR3R)3-4 82F3-4;82F10-11 /
DR3L)v65¢ 64F2-5;65D1-3 / Df3R)e1025-14 82F8-10;83A1-3 /
DA3L)XDI98 65A2;65E1 / DA3R)Tpll0 83C1-2;84B1-2 /
DASL)pbl-X1 65F3;66B10 / DfISR)WINI1 83E1-2;84A4-5 S
DA3L)ZP1 66A17-20;66C1-5 S DAI3R)Scr 84A1-2;84B1-2 /
. . 84B1-2;84D11-12

DA3BL)66C-G28  66B8-9;66C9-10 S DfI3R)Antp17 or 84A6:84D 14 /
DAR3L)h-i22 66D10-11;66E1-2 / DA3R)p712 84D4-6;85B6 E
DA3L)ScF-R6 66E1-6;66F1-6 / Df3R)p-XT103  85A2;85C1-2 <S
DASL)RAI-2 66F05;66F05 S DA3R)by10 85D8-12;85E7-F1 L
DAI3L)2946 66F05;67B01 / DAI3R)M-Kx1 86C1;87B1-5 L
DABILJACI 67A2;67D11-13 / DAI3R)T-32 86E2-4;87C6-7 /
DAGL)Ixd6 gZEO‘r’m’GSCOZ' | DABRIy615 87B11-13:87ES-11 L
DR3L)BSC14 67E3-7;68A2-6 / Tp(3Vry506-85C 87D1-2;88E5-6 /
DA3L)vins 68A2-3;69A1-3 / DA3R)ea 88E7-13;89A1 FS
DASL)vin7 68C8-11;69B4-5 S DA3SRISpf %%?20'22’891309' s
DA3L)eyglCl]  69A4-5;69D4-6 | DASRICY 32E°3'°4;9°A01' /
DAI3L)BSC10 69D4-5;69F5-7 S DABR)Cha7 90F1-F4;91F5 S
DABL)BSCIZ ~ 69F6-T0AL;T0A1-2 | DABR)DI-EX23 g;C°7'D°3’92A°5' E
DASL)Ly (7)2A02-03;70A05- E  DA3R)eRI 93B6-7;93D2 /
DABL)f-GF3b (7)2001'02;701304' E  DA3R)e-H4 93D01;93F06-08 E
DA3L)-M21 70D2-3;71E4-5 / DA3RII3FIx2l/  93F05,94A08 /
DABL)Ly, 70A02-03;70A05- 93F11-14;94D10-
DABL)BE10 06, 71C;71F S Df3R)hkh 13 E
DA3L)brm11 71F1-4;72D1-10 / DA3R)23D1 94A3-4;94D1-4 <S
DA3L)st-f13 72C1-D1;73A3-4 S DA3R)mbc-30 95A5-7;95C10-11 /
DABL)81k19 73A3;74F S DA3R)mbc-R1 95A5-7;95D6-11 S
DAI3L)BSCS 74D3-75A1;75B2-5 \Y% DA3R)crb-F89-4 95D7-D11;95F15 /
DASL)W10 75A6-7;75C1-2 S DAI3R)crb87-4 95E08-F01;95F15 v
DA3L)VW3 76A3-76B2 / DAI3R)96B 096A21;096B08-10 \Y%
DA3L)kto2 76B1-2;76D5 S DA3R)Espl3 96F1;,97B1 E
DABL)XS533 76B4;77B S DA3R)TI-P 97A;98A1-2 E
DA3LrdgC-co2  TTA1;77D1 / DAI3R)D605 97E3;98A5 /
DA3L)ri-79¢ 77B-C;77F-78A / DAI3R)3450 98E3;99A6-8 A%
DASL)ri-XT1 77E2-4;78A2-4 / DA3R)Drrvl 99A1-2;99B6-11 L
DABL)ME107 77F3;78C8-9 S DA3R)L127 99B5-6;99E4-F1 A%
DR3L)Pc-MK 78A02;78C09 S DA3R)B81 99C8;100F5 L
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Table B.3 Break down of suppressive regions within Chromosome 2

Smaller

deficiencies Effect on  Gene (Allele) Effect on
Deficien within Locus GMEUA within Locus GMEUA
&y SUnorossive u SDACK  suppressive SDACK
PpTe RE regions RE
region
Df2L)net-PMF  DA2L)net18 21A4;21B3-4 E
21A1;21B7-8 DA2L)net62 21A1;21B4-5 E
DA2IJ)TE21A 21A1;21B4-6 E
DA2L)net-PMC  21A1;21B6-7 E
21D2-3;21F2-
DA2L)ast2 DA2I)S3 22A1 S dbelk05428] 21D4-E1 /
21D1-2;22B2-3 DRA2L)ast4/ 21D1-2;21E1-2 S 21E2-3 <E
DA2L)ast6 21E1-2;21E2-3 / captlE593] 21F2 /
capt/E636] 21F2 /
25A3-
DAZL)E110 eell] 27F2 E
25F3-
26A1;26D3-11 weelDS1] 27C4 S
nop?,
xI6x16[k00230] 27C4-5 S
DA2L)Dwee-
deltas DA2L)J-H 27C2-9;28B3-4
DAZL)Dweel-
27TA;28A wos 27C2-3;27C4-5
DA2L)spd 2] 27C1-2;28A S
26A6
B1;27E1-
DA2L)spd 3;28B1-3
DA2L)wg-CX3 27F1-3;28A L Wingless 27F1 E
DA2L)DE 27E1-2;28A1-2 / wglex4]
27E3-F;28B3-
DAZL)RF 4
DAZI)J39 DA2L)J77 31Ci31E E
daughterless- 31F1-
31C;32D1-E5 like 32D4 E
dalf1]
DAZI)TE35BC-
24 DA2L)A48 35B2-3;35D5-7 S>
DA2L)TE35BC-
35B4-6;35F1-7 7 35B3;35B9-10
DRA2I)A220 35B1-2;35B9 /
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Table B.3 Break down of suppressive regions within Chromosome 2

des,’ﬁ‘:iaeﬂz.’es Effocton  Gene (Allele) Effect on
Deficien within Locus GMEUA within Locus GME;UA
oy SuUDDressive SDACK suppressive SDACK
Ppre RE regions RE
region
DA2L)nNxF1 35B3;35B10 E
DA2L)osp29 35B1-3;35E6 S
DA2L)rd9 35C2;35C5 S esgl35Ce-1]
DA2L)ospl8 35B2;35C4-5 / Reduced 35C3+ S>
rdf(1]
Reduced 35C3+ S>
Rdls]
Alcohol
dehydrogenas
e Adh[n10}; 35B3;
guftagu gft/2]  35C3-D1 /
ms(2)35Ci 35D1 S>
FEscargot 35D2 /
DfeL)TW137 DA2L)T317 36C:36E°F /
36D1-
E1;36F1-37A1,
36C2-4,37B9-C1  DAZL)M36F-S5  36F +7? E
36F7-9;37B9-
DA2L)OD15 C1 /
DA2R)X1 DA2R)X3 46C;46F1-2 !
46F1-
F11;47A13-
46C;47A1 Df2R)12 Bl4 !
DA2R)en-A DAf2R)en-B 47E3;48A4 /
47D3;48B2 DA2R)en-SFX31 048A-B /
DA2R)stan2 46F1-2;47D1-2 E>
DA2R)E3363 47A;47F E>
No further
DA2R)vgl35 breakdown S
49A;49E1-
2,47F4-18
DA2R)BSC11 Df2R)trix 51A1-2;51B6 ) Lobe L{2] 51A2 S
50E6-F1;51E2-4 Auk auk{2R-4] 51A2-B6 /
Additional sex
combs
Asx[XF23] 51A4 vary
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Table B.3 Break down of suppressive regions within Chromosome 2

Smaller

deficiencies Effecton  Gene (Allele) Effect on
Deficienc oy Locus GMR;UA within Locus GMR;UA
eficiency u“’“‘hmi ¢ SDACK  suppressive SDACK
suppressive RE regions RE
region
Ascl1] 51A4 E
Xenicid
xen[72-3] 51A5-C1 S
Transformer?2
tra2lts1] 51B6 E
54F6-
DA2R)Pcl7B DA2R)Pcl11B 55A1;55C1-3 /
54E8-F1;55B9-
C1 DFA2R)RM2-1 54F2;56A1 S
Dfi2R)017 DA2RII73 56F S>
56F8-17,56F8-
56F5;56F15 DA2R)min 17 E
No further
DfIZR)AA2] breakdown S
56F9-17;57D11-
12
No further
DAZR)59AD breakdown
59A1-3;59D1-4
59D8-
Df2R)bw-S46 DFf2R)egl3 59F 1;59F5 / Takahe 60B1 E
59D8-11;60A7 Df2R)egl2 59E;60A1 E tak(52-8]
minus 59E1-2 /
mill]
Abbreviated ~ 59E2-F8 S
abbl1]
Death
caspase-1 Dcp-
1lk056061; 5.90E+04 /
Apontic,
aptlk15608] 59F1-4 S
Retained
retn[RO44] 59F5 /
Retained 59F5 /
retn[02535]
egalitarian 59F7 /
egll1286]
Glassbottombo
at gbbl 60A3-4 /

178



Table B.3 Break down of suppressive regions within Chromosome 2

de?incli?a]iifes Effect on  Gene (Allele) Effect on
Deficienc within Locus GMEUA within Locus GMEUA
4 Suomressive SDACK  suppressive SDACK
ppre RE regions RE
region
Glassbottombo
at ghb4 60A3-4 /
benign gonial
cell neoplasm 60A4 E
begenf1]
ken and
barbie 60A6-7 /
ken[02970]
gek[KG03105] 60B9-10 E
genghis khan 60B9-10 /
gek[09373]
enoki
mushroom 60B10 /
enok(1]
enoki
mushroom 60B10 E
enok/2]
Dopamine N
acetyltransfer  60B12-
ase Cl S>
Dat{lo]
Spaghetti 60B12-13 S>
spaglk12101]
B-Tubulin at
60D 60C6 E
beta Tub60D[2
7/
pin 6006-D1 /
Pin{2]
60C6-
plopio D11 /
piol2R-16]
eyes closed 60D1-2 E
eycl[04012b]
No further
DR2R) 106 breakdown
60A3;60A7
No further
DA2R)Px2 breakdown

60C5-6,60D9-10
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Table B.4 Break down of suppressive regions within Chromosome 3

deficiencies Effect on Gene. (A.]lele) Eﬁ.eCt. on
. . within GMR,UA
Deficiency GMR,UAS . Locus
. suppressive SDACK
suppressive DACK RE .
regions RE
N-myristoyl
DA3L)66C-G28 Df(3L)66C-165 S transferase 66B10-11 /
66B8-9,66C9-10 Nmtff1c7]
L(3)L0139[L013
DA3BL)RAI-2, e[1] a7 66C1-2 /
66F5 pbll09645] 66A17-18 /
DA3L)vin7 Abdominal 66D10-F5 /
68C8-11,69B4-5 abd[2]
Resistant to
dieldrin 67A1 /
RdI[MD-RR]
Resistant to
dieldrin 67A1 S
Rdif1]
Plryl+t7.21=PZ}  068C12-
(3)05408(05408] 13 E
lethal (3) 68Dc 68D3--6 /
X3)68Dcl2]
Cyclin A 6.80E+02 E
CyeAl03946]
Cyelin A 6.80E+02 E
CycA[C8SLR1]
68F1-
rolling pebbles 68F3 E
rols{08232]
68F2-
LB)j2D3f2D3] 68F3 /
68F6-
Neurexin IV 68F7 E
1(3)05088[05088
7 69A1-3 E
approximated 69A3-4 E
appl6le]
Approximated
appl1] 69A3-4 E
Eyegone 69C2 E
DA3L)BSCI0 evgll]
69C3-
69D4-5,69F5-7 sticky 70F4 E
stif3]
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Table B.4 Break down of suppressive regions within Chromosome 3

Smaller

deficiencies Effect on Ge]::i ﬂ;(Aillllele) gg;;tgj
Deficiency within Locus GMR,UAS . Locus ’
. suppressive SDACK
suppressive DACK RE .
. regions RE
region
Autophagy-
specific gene 1 69E2-4 S
Atg1[00305]
Ribosomal
protein 812 69F5-6 /
RpS12[s2783]
69F 3-
Sneaky 70C4 S
snkyll]
DA3L)Ly Tartan 70A1 E
70A2-3,70A5-6 trn[S064117]
Df3L)BKI0 1(3)71CDc 71C-D /
71C71F 13)71CDc[ET]
1(3)71CDb 71C-D E
(3)71CDb[E36]
1(3)71CDb 71C-D /
K3)71CDb[E65]
X3)71CDa 71C-D E
1(3)71CDalE3]
K3)71CDa 71C-D /
K3)71CDalE71]
marionnettemrn
137 71C3-E5 /
drop out 71C3-E5 S
dopl1]
K3)s1754 71D1-2 /
1(3)s1754(s1754
Cyclic-AMP
response
element binding
protein A 71D1-2 E
CrebAl03576]
RhoGAP7I1ERA
0GAP71E[j6B9] 1T1E1-2 E
72D5-
10;73A5-
DA3L)st-f13 Df(3L)st-e4 8 E thread 72D1 E
72C1-D1,73A3-4 thl1]
thread 72D1 /
thi4]
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Table B.4 Break down of suppressive regions within Chromosome 3

Smaller

deficiencies Effect on Ger;:it(ﬁlﬂnele) g;l"{e;tlc}z
Deficiency within Locus GMR,UAS . Locus §
. suppressive SDACK
suppressive DACK RE .
- regions RE
region
Notum 72C3-D1 S
Notum[72Da-1]
Notum 72C3-D1 /
Notum/[T6]
TBP-associated
factor 4 72D7-8 S
Taft[1]
Zn72D 72D6-7 s
Zn72DIBG0267
77
Phosphoglucona
te mutase 72D8 /
Pem[nGB1]
Phosphoglucona
te mutase 72D8 /
Pem/6tr]
male sterile (3)  72D1-
72D 72D12 E
ms(3)72D[03957
72D12--
ascute 73C4 S
aslhg/
argos 73A2 S
argos/W11]
argos 73A2 E
argos [05845]
Argosldelta 7] 73A2 E
bulge 73A2 E
bul[D]
bulge 73A2 S
bull6d7]
73A2;73B
DA3L)81k19 Df(3L)st-j7 2 /
7343, 74F
73A3-
Df3L)st7 4,74A3 S (good)
No further
DA3SL)WI0 breakdown
76A6-7,75C1-2
DA3L)kto2 Df(3L)XS2182 76B;76F S
76B1-2,76D5
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Table B.4 Break down of suppressive regions within Chromosome 3

Smaller

N Gene (Allele) Effect on
deficiencies Effect on within GMR.UA
Deficiency within Locus GMR;UAS . Locus ’
. suppressive SDACK
suppressive DACK RE .
. regions RE
region
DASBL)XS533
76B4,77B
78A2;78C Integrin linked
DA3SL)ME107 Df(3L)Pc-MK 9 S> kinase 78C2 /
77F3,78C8-9 k(1]
DABL)3IA Skuld 78A2-5 E
78A,78E,
78D;79B skd[L7062]
Df(3L)Ten-m- 79E1-
DASL)HDI ALl 4;79E3-8 S Rotund 84D3 S>
83E3;84A
79D3-E1,79F3-6 Df(3R)Dfd13 4-5 S rolroe-1]
084E08-
09;085B0
6’
064;090,
DASR)WINI1 Df(3R)p40 055075 / Antennapedia 84A6-B2 E
83F1-2,84A4-5 Antp[18]
85A3;85B
DABR)p-XT103 Df(3R)p25 1 E
85A2,85C1-2
87F12-
14,88C1-
DAI3R)ea Df(3R)red3l 3 S Aurora 87A3 S
89A2;89A
88E7-1389A1 Df(3R)c(3)G-2 5 > aur(87Ac-3]
1(3)L1231(1.123 88C9-
17 89C7 E
supernova 89A1 E
spnolrevé]
supernova 89A1 E
spnofA42]
1(305057/05057
7 89A1-2 /
13)08724 89A1-B4
89B20-
22;89D9- 89B1-
DA3RIP115 Df(3R)Spf El S ms(3)08724; 89B3; E
89B7-889E7,20
91B2:91C
DA3R)Cha7 Df(3R)07280 1 / nanos 91F7 S
91B1-
90F1-F491F5 Df(3R)BX5 2;91D1-2 E nos[L7]
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Table B.4 Break down of suppressive regions within Chromosome 3

Smaller Gene (Allele) Effect on
deficiencies Effect on within GMR.UA
Deficiency within Locus GMR,UAS . Locus ’
. suppressive SDACK
suppressive DACK RE .
. regions RE
region
91CT-
Df(3R)DI-M2 D1;92A1 S
91C7-
Df(3R)DI- D3;92A5-
KX23 8 E
DA3R)23D1 No further
94A3-4,94D1-4 breakdown
95C1;95C
DA3R)mbc-R1 Df(3R)06624 7 /

95A5-7.95D6-11
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Table B.5 Genetic interactions between components of the EGFR signaling pathway and DACK.

Gene Allele Allele Class GMRGal4;
UAS WT-ACK
Egfr egfr''bw 1 Hypomorph E
egfi’ Amorph S
egfi’” loss of function, amorph E
egfrf PinYt Hypomorph /
egf’™! Amorph, loss of function /
egfi't* Temperature sensitive E
CO(f24) Amorph v
Df(2R)top184 /
Argos argos®"’ Loss of function, amorph /
argos™ - /
argos**%% - >MS
argos™! Hypomorph >S
spi Spi’ Loss of function >S
spiY ) /
star s - E
N Amorph E
09530 ) /
polehole phl’”? Hypomorph, loss of function E
phl’ Loss of function, amorph E
ph10047w07c23 ) Varies
sos Sos™ % 4dhn4 - /
Sco7 AdhnB - >E
w67c23;Sos"""* - /
ksr ks - E
wil18ksrj5E2 - v
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Table B. 6 Genetic interactions between DACK and components of the Dpp signaling pathway.

Gene Alleles Allele Class GMRGal4; GMRGald;
UAS WT-ACK UAS KD-ACK
Zipper zip’ - / /
Df{2R)gsb zip™** - E ™M
>EF
w'''% DF(2R) - S /
Loss of function,

Dpp dpp** dpp™*° hypomorph / /
Dpp® Hypomorph / /
dpp"™’ Hypomorph >E /

Medea Med 1 - / >EF
Med23 - /
Med3 - / /

Amorph, loss of
Mad madl2FRT404 function >E
Dsmurf Dsmurf >E /
Hypomorph,
Punt putl35 amorph / >E
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Table B.7 Genetic interactions between DACK and different alleles.

Stock # Genotype of deficiency line Results of Cross with:
GMRGal4;UAS-WTACKZF
nejire
10102* wll118P{EP}nejEP950 supp based on sz, same
morph
5292* ynej*vif/Dp(L,Y)FF1,y*/C(DDX, same
ylwlfl
3728* w* P{lacWinejP/FM7c same
shi
1328* shil enhanced
2248* shiz large, enhanced
7068* willé ghil/FM6 same
Pros
pros 17/Tm6 Tbhu sl.enh(sz var in balanced)
3128 Df(3R)M-Kx1/TM3, Sb! Ser! no RE
wasp
430 wl118; Df(3R)3450/TM6B, Th! same
wsp3(17)/Tm6 Tbhu sup.(larger, bal all blk)
wistewsp/TM6 Thhu sl.sup
Huntington
*x dhH#9(x) same
%% dhH #1(III) same
Longitudinals lacking
10946 lola same
Starry night
6967 stanfrz3 no change (same)
6969 stanl9? same to sl. Sup based on
size
Schnurri
10478 shnk00401 same
Three rows
3262 thr! same
6275 thr3 same
10685 thrk07805b same
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Table B.8 Genetic interactions between DACK and lab

stocks
Effect on
Gene/Deficiency GMRGal4;
UAS WT-ACK

shn E
putl3s S
DCIP4(37-1) /
17-1 UAS-

LD14951(DCIP4)/cyo /
paké6 /
insulin R E
pnr /
myoblastcity /
wrsrc 42 a jp45/sm1 /
wjAl7/A17 (src64b null) <S8
wy10h/TM3Sb ( src64B DY) /
5605 dI(6b)/tm6sb S
(dock) k13421/cyo /
11385 d(dock 04723)/cyo /
ywede 4272 /
yweded2°5 19afrt S
3075 wtH2 S
DfI3L)GN19/TM3Sh <SF/EM
5603 d(1)(/6ksb S
wy(uas-alpha psl wt)3,5 <SF
su(h)"2/cyo S

wt tyc 38 1T S
wsuaspb2c 57wt/cyo <8
ymysm 2" 369 E
wif B4 frt/fm7c <E
ymys’gl ffrtlba/fm7c S

Legend: S: suppression of GMRGAL4;UASDACK rough eye phenotype. E:
enhancement. >: slight. /: no obvious difference detected. M: males. F: females.

Comments: This screen was conducted by myself and one accompanying undergraduate
student each semester. All of the crosses were scored by both myself and a student.
Therefore all of the phenotypes were assessed blindly by at least one of us. In most
cases, the siblings from each cross that contained balancers and expressed DACK in the
eye, were used as control. However, in some cases, the DACK rough eyed flies
heterozygous for a mutation or deficiency were compared to both the parental and sibling
(containing the balancer) rough eyed flies.

Other alleles that were tested that may not be represented here, including crosses
to UAS-transgenes of particular genes, as well as ones for the Dpp and EGFR pathways.
The result of such alleles that were separate from the Df screen can be found in the many
books labelled “Df screen.” In these books, description of each phenotype comparison
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and details of each allele/deficiency tested can be found, as well as the crossing schemes
and the Bloomington stock numbers. Helpful guides are the student reports on the Df
screen. Many of the Df lines were rebalanced over 7M3Sb or CyO using the lab balancer
stocks before they were crossed to GMR;DACK flies. There also exists a complete excel
file containing all of the different stocks used and their effect on the DACK induced
rough eye. As well there is an incomplete schematic chromosome map showing regions
of each chromosome that enhanced, suppressed, or had no effect on the DACK induced

rough eye phenotype.
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