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ABSTRACT 

Epithelial morphogenesis comprises the various processes by which epithelia 

contribute to the sculpting of organs. These processes are largely regulated by the actin 

cytoskeleton, which is in tum regulated by the Rho family of small GTPases. 

Malfunctions in signaling pathways involving these proteins have been implicated in a 

variety of disorders, including cancer. An important effector for two members of this 

family, Rae and Cdc42 is the serine/threonine kinase Pak. The Paks are divided into two 

subfamilies, designated groups I and II. In Drosophila, two group I members have been 

identified, dPak and Pak3. Drosophila developmental processes provide an opportunity to 

study group I Pak function in the context of a multicellular organism. 

Dorsal closure of the Drosophila embryo is a process in which a hole in the dorsal 

epidermis is sealed through the migration of epidermal flanks over a tissue called the 

amnioserosa. Dorsal closure is driven in part by an actomyosin contractile apparatus at 

the leading edge of the epidermis. Impairment of group I Pak function disrupts the 

leading edge cytoskeleton thereby impeding the correct sealing of the epidermal flanks. 

Drosophila oogenesis provides another tissue in which a role for the Paks can be 

evaluated. During oogenesis, somatic follicle cells migrate to encase cysts of 16 germline 

cells in a simple cuboidal epithelium to form egg chambers. As development progresses, 

the follicular epithelium becomes reorganized into distinct squamous and columnar 

epithelia. The follicular epithelium normally exhibits a planar polarized organization of 

basal filamentous actin bundles and requires contact with the basement membrane for 
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apical-basal polarity. During oogenesis dPak becomes localized to the basal end of the 

follicle cells in an extra cellular matrix receptor dependant manner. dPak is required for 

both the polarized organization of the basal actin cytoskeleton and for the establishment 

or maintenance of apical-basal polarity and therefore may mediate communication 

between the basement membrane and intracellular proteins required for the regulation of 

these processes. 

These findings have demonstrated the first in vivo role for Pak in epithelial 

morphogenesis as well as implicated Pak as a previously unknown component in the 

regulation of tumor suppressor proteins. 
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1 INTRODUCTION 

1.1 Epithelial Morphogenesis 

Epithelial morphogenesis is an essential process in organ formation and in the 

sculpting of body shape in the development of multicellular eukaryotes. These 

complicated and distinct events play key roles in animal developmental and regenerative 

processes. Many developmental models have given rise to a fundamental understanding 

of how cellular rearrangement of shape and size can drive the organization of epithelial 

sheets although a thorough understanding of the mechanisms driving these morphogenic 

processes is still unknown (Schock and Perrimon, 2002). 

An epithelium is a laterally coherent sheet of cells that have distinct apical and 

basal domains which functions to separate two different chemical realms. On the apical 

side of the epithelial layer is either an external environment or in some cases a luminal 

space, while the basal domain is the contact with cell matrix adhesion molecules. The 

lateral domain resides between cells and is where inter-cellular adhesions occur. 

Epithelial cells are subdivided and classified by their shape, cuboidal, which retains a 

cube-like shape, columnar, which is taller than it is wide and squamous, which consists of 

flattened cells. Epithelial cells are also classified as either primary or secondary (Tepass, 

1997). Primary epithelia are derived from the blastoderm embryo where they form 

without a non-epithelial intermediate or input from the basement membrane. Secondary 

epithelia are derived from a mesenchymal-epithelial transition and require contact from 

the basement membrane for their formation. 



Many steps are coordinated throughout epithelial morphogenesis. These include 

the diversification of cell fates by transcription factor activation (Leptin, 1995), the 

extracellular signals that specify a cell or tissue that will undergo a morphogenic event 

(Bokel and Brown, 2002), the cytoskeletal and adhesive rearrangements in the 

responding cells (Jacinto and Baum, 2003) and finally cell proliferation or death (Conlon 

and Raff, 1999). Although each of these steps is critical, this work will only focus on the 

signaling and cytoskeletal rearrangements. 

1.2 The Actin Cytoskeleton 

One of the most common events associated with epithelial morphogenesis is the 

remodelling of the actin cytoskeleton. Actin is a globular protein that cycles between 

monomeric (G-actin) and filamentous (F-actin) states. The addition of ions to a solution 

of G-actin will induce actin polymerization into its filamentous form. Once this 

polymerization begins, ATP bound actin monomers are added to the growing end. This 

end is known as the barbed or plus end (Higgs and Pollard, 200 I). As these filaments age, 

the assembly of G-actin to F-actin is accompanied by the hydrolysis of ATP moiety on 

the monomers from ATP to ADP and phosphate (Pi) (Carlier and Pantaloni, 1988). After 

the hydrolysis, the actin filaments are rapidly disassembled through the loss of actin 

monomers from the pointed or minus end catalyzed by actin severing proteins (Bamburg, 

1999). Throughout the cycle of monomeric to filamentous actin and growth and 

disassembly, regulation is provided by various groups of actin binding proteins, many of 

which are well conserved from yeast to mammals (dos Remedios et aI., 2003). Two of 

these are Profilin, a protein that binds actin monomers and prevents their association with 

pointed, but not barbed ends of the actin filament (Verheyen and Cooley, I994b) and 
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ADF/Cofilin, which induces depolymerization at the minus ends and prevents their 

reassembly (Cooper and Schafer, 2000). In addition to these proteins, actin nucleation, 

the initiation of actin polymerization from free monomers, is regulated by the Arp2/3 

complex (We1ch, 1999). The Arp2/3 complex consists of seven subunits and has two 

distinct biochemical activities. The complex, when activated by nucleation-promoting 

factors can nucleate new actin filaments in response to upstream signals as well as cross

link newly formed actin filaments in 70 degree branched arrays (Ma et al., 1998) (Mullins 

and Pollard, 1999). 

1.3 Rho Subfamily of Ras-related small GTPases 

Although individual actin binding proteins can have a profound effect on local 

actin structures, cells also need to coordinate the activity of various sets of other proteins 

when necessary. The small Rho GTPases have been shown to regulate the formation of 

distinct actin structures in response to specific intracellular or extracellular cues (Hall, 

1998). Rho GTPases are a subfamily of the Ras-related small GTPases. The subfamily 

consists of22 members of which the Rho, Rae and Cdc42 proteins are the best 

characterized. These proteins have low molecular weights, ranging from 20-30 KDa in 

size and contain an approximately 13 amino acid long alpha helical domain that 

distinguishes them from the Ras GTPases (Johnson, 1999). The Rho family, similar to all 

Ras GTPases, have the ability to function as molecular switches, cycling between a GTP

bound active state and GOP-bound inactive state. These states are controlled by guanine 

nucleotide exchange factors (GEFs) that catalyze the exchange ofGDP for GTP and 

GTPase activating proteins (GAPs) that stimulate the weak intrinsic GTPase activity to 

hydrolyze GTP to GDP and Pi. Another level of regulation is provided by guanine 
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nucleotide dissociation factors (GDIs), which are thought to block spontaneous activation 

or inactivation by locking the GTPase in its active or inactive state (Hall and Nobes, 

2000). 

Influential studies in mammalian cell culture demonstrated roles for the various 

Rho GTPases in the organization of the actin cytoskeleton. It has been shown that 

activated Rho can induce the formation of stress fibres, actin rich processes that run the 

length of the cell. Activated Rae induces the formation of lamellipodia and membrane 

ruffling, a process in which actin structures at the leading edge of the cell fold back as the 

underlying migrating edge moves forward. Activated Cdc42 induces the formation of 

dynamic actin protrusions called filopodia (Nobes and Hall, 1994; Ridley and Hall, 1992) 

(Ridley et aI., 1992). 

1.4 p21-Activated Kinase (Pak) 

The Rho family GTPases are involved in a variety of cellular processes through 

their ability to intact with many target proteins. Each of these targets can regulate specific 

downstream signaling pathways. One of the best-characterized effectors for Cdc42 and 

Rae is the Pak family of serine/threonine kinases. The Paks are bound, and in some cases 

activated by, GTP-bound versions of Cdc42 and Rae. They have been extensively studied 

with regard to their effects on a variety of signaling processes including signaling through 

MAPK cascades, transformation, apoptosis and organization of the actin cytoskeleton 

(Bokoch, 2003). The Paks have been categorized into two subfamilies termed group I and 

group II on the basis of sequence conservation and organization of domains (Dan et aI., 

2001b) (Jaffer and Chernoff, 2002). There are 6 members of the mammalian Pak family. 

Pak I, Pak II and Pak III are the group I members and the group lIs are comprised of Pak 
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IV, Pak V and Pak VI. The group I Paks possess an auto-inhibitory domain (AID) whose 

function is abrogated by binding to activated Cdc42 or Rae. The GTPases bind the Paks 

at a Cdc42/Rac Interacting Binding (CRIB) domain, which overlaps with the AID 

(Fig. I. I). The group I Paks share significant sequence homology in their catalytic 

domains with Ste20, a protein kinase from Saccharomyces cerevisiae (Sells et al., 

1997b). The AID is not conserved in the group II Paks, they have significant structural 

differences to the group I Paks, and current evidence suggests that these kinases are 

regulated by Cdc42 and Rae in a different manner (Jaffer and Chernoff, 2002). 

The group I Paks contain an N-terminal regulatory region and a highly conserved 

C-terminal catalytic domain. Within the regulatory region, are five canonical PXXP 

putative SH3 binding motifs, some of which have been shown to interact with adaptor 

proteins and GEFs. There is also a conserved ~-Pix (Pak-interacting exchange factor) 

binding sequence (Figure. 1.1). /3-Pix has been shown to directly interact with the 

mammalian group I Paks and functions as an exchange factor for Cdc42 and Rae, The 

CRIB and the AID overlap and constitute the main autoregulatory component of the 

protein (Figure. 1.1). The inactive state of the group I Paks is dimerized, where two Paks 

bind in opposite orientations, thereby allowing each AID to suppress the other protein's 

kinase activity. Binding of activated Cdc42 or Rae to the CRIB domain introduces a 

conformational change in the proteins, which causes a dissociation of the dimer and 

unblocks both kinase domains (Lei et al., 2000) allowing for autophosphorylation and the 

subsequent phosphorylation of other substrates. 
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Figure 1.1 Structures of the Drosophila Group I Paks. 

The two Drosophila group I Paks, dPak and Pak3 are displayed. Yellow lines 

indicate canonical SH3-binding motifs, purple line the non-canonical proline-rich region 

shown to bind Pix in mammalian Pak. Overlapping CRIB/AID domains are labeled and 

colored red and blue, respectively. The C-terminal kinase domain is shown in green. The 

Pak3-A and Pak3-B structures represent the two alternatively spliced forms. 
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Through various studies, it has been demonstrated that the Pak family ofkinases 

have many significant roles in a variety of biological activities. One of the most well 

studied of these are their role in regulating cytoskeletal dynamics. Much of the initial 

information regarding Pak function was determined from its localization in cells. Early 

studies with Pak specific antibodies showed that the Pak I protein was redistributed from 

the cytosol into cortical actin structures after the addition ofPDGF, insulin, wounding the 

monolayer or transformation by v-Src (Dhannawardhane and Bokoch, 1997). The 

cortical actin structures included lamellae at the leading edge and dorsal and peripheral 

membrane ruffles. 

Pak I has also been shown to localize to focal adhesions (Manser et aI., 1997) and 

a constitutively active Pak expressed in Swiss 3T3 cells can induce the formation of 

filopodia and lamellipodia, structures indicative of Cdc42 and Rae signaling, respectively 

(Sells et al., 1997a). The group I Paks have also been directly implicated in integrin 

signaling at focal complexes. Focal complexes are a class of focal adhesions, which are 

oval shaped structures that are composed of many proteins including Paxillin, Vinculin, 

Integrins, Focal adhesion kinase (FAK) as well as other tyrosine-phosphorylated proteins 

(Katz et aI., 2000; Pankov et aI., 2000; Zamir and Geiger, 200 I). These complexes are 

located near the edge of actin-based protrusions that are induced by active Rae (Nobes 

and Hall, 1994). Some group I Paks associate with Paxillin and Pak III can directly 

phosphorylate Paxillin thereby providing a possible direct link from the integrins to Pak 

(Hashimoto et aI., 2001). 

A number of proteins have also been implicated as downstream effectors for Pak 

in the regulation of the actin cytoskeleton. Lim kinase belongs to a conserved group of 
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serine/threonine kinases, which are characterized by two N-terminal LIM domains, a 

PDZ domain and a C-terminal kinase domain (Bokoch, 2003). Mammalian Lim kinase 

has been shown to phosphorylate Cofilin/ADF and this is its only known substrate (Arber 

et aI., 1998). This inactivation of Cofilin/ADF is thought to be how LIM influences actin 

depolymerization and severing as once phosphorylated, Cofilin/ADF cannot bind F-actin. 

Lim kinase was shown to be activated by receptors that stimulate Rae and active Pak was 

shown to bind and phosphorylate Lim kinase (Yang et aI., 1998) (Edwards et aI., 1999). 

Further studies have shown that Lim kinase is also phosphorylated by the Rho 

downstream effector, Rho kinase (Rok) (Maekawa et aI., 1999) and it has been speculated 

that actin severing and depolymerization is an important step in cytoskeletal regulation by 

all Rho GTPase family members (Bokoch, 2003). 

Another way that Pak may be affecting the actin cytoskeleton is through the 

Filamin A protein. Filamin A is an actin-binding protein that induces the cross-linking of 

actin filaments (Vadlamudi et aI., 2002). Mammalian Pakl was identified as a binding 

partner in a yeast two hybrid screen and confirmed to in vivo by co-immunoprecipitation. 

Pakl was placed upstream of Filamin A as the ruffle formation seen in Pakl-induced 

cells was blocked in Filamin A mutants (Vadlamudi et aI., 2002). Mammalian Pakl has 

also been shown to phosphorylate the regulatory light chain of non-muscle myosin 

(MRLC) and may contribute positively to the actomyosin contractile apparatus (Bokoch, 

2003). 

Pak may also be directly impinging on the branching of actin filaments through its 

interactions with the Arp2/3 complex. It was demonstrated that mammalian Pakl could 

phosphorylated the p41-Arc subunit of the Arp2/3 complex (Vadlamudi et aI., 2004) and 
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that this phosphorylation is required for the correct localization of the Arp2/3 complex in 

the cortical nucleation regions of cells. 

1.5 Drosophila p21-activated kinase (dPak) 

Two group I Paks are known in Drosophila, dPak (Harden et aI., 1996) and Pak 3 

(Dan et aI., 2001a), and a single group II member has been identified, which is encoded 

by mushroom bodies tiny (mbt) (Melzig et al., 1998). The dPak amino acid sequence is 

well conserved, especially in its kinase and p21 binding domains. It is most homologous 

to the rat Pak I sequence as well as to the Caenorhabditis elegans and human Pak family 

members with identities of 79, 74 and 79%, respectively. The kinase domain is slightly 

more similar with 82, 79 and 79% identity, respectively (Harden et aI., 1996). Like its 

mammalian homologues dPak was shown to directly bind the dCdc42 and dRac proteins 

and its localization is influenced by the Rae activation state (Harden et aI., 1996). In the 

Drosophila embryo, dPak levels are elevated in the first row of epidermal cells flanking 

the amnioserosa as well as strongly in the central nervous system (CNS) both in the 

commissures and longitudinal connectives (Harden et aI., 1996). 

Loss of function mutations in dpak (Hing et aI., 1999) and mbt (Melzig et aI., 

1998) have been isolated and indicate a role for the Paks in neuronal development. dPak 

participates in axonal guidance and is thought to function by regulating filopodial activity 

in the growth cone of a growing axon (Kim et aI., 2003). dPak binds to the SH2/SH3 

adaptor protein Dreadlocks (Dock,lmammalian Nck) and this binding is thought to 

facilitate its translocation to insulin receptors at the cell membrane (Garrity et al., 1996) 

(Song et aI., 2003). The Drosophila insulin receptor (DlnR), dock and dpak have all been 

implicated in a pathway regulating photoreceptor axonal guidance (Hing et aI., 1999) 
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(Song et al., 2003). Further studies have also demonstrated roles for dpak with the 

scaffolding protein Dscam in axonal guidance (Schmucker et al., 2000) and a signaling 

cascade consisting of Slit, Roundabout (Robo), Dock and dPak regulating Rae activity in 

axonal repulsion at the CNS midline (Fan et al., 2003). dPak is also involved in the 

regulation of postsynaptic protein localization and structure (Parnas et al., 2001). 

Considerably less is known about the Drosophila Lim (dLimK) than its mammalian 

homologue. It was demonstrated that the Drosophila Cofilin (Twinstar) is phosphorylated 

by dLimk in vitro (Ohashi et al., 2000) and studies using a kinase inhibited dLimk 

transgene demonstrated a role for dLimk in axon growth in the mushroom bodies (Ng and 

Luo, 2004). The first mutational, loss of function studies were recently published and it 

was shown that dPak, dLimK and Cofilin all participate in synapse development and that 

dPak is upstream of dLimK (Ang et al., 2003). The Drosophila Filamin A homologue is 

encoded by the cheerio gene and has been shown to localize to the ring canal structure in 

the egg chamber and is speculated to link filamentous actin to the plasma membrane of 

the ring canal (Sokol and Cooley, 2003). Mutants in myosin phosphatase, which 

dephosphorylates MRLC, have dorsal closure (DC) defects, indicating that the correct 

regulation of MRLC is required for proper closure (Mizuno et al., 2002). 

mbt mutants have defects in the mushroom body of the adult brain, a structure 

corresponding to the human hippocampus that is involved in learning and memory. A 

loss of mbt leads to fewer neurons in the brain, which leads to a reduction in mushroom 

body size (Melzig et al., 1998). A loss of mbt also leads to defects in photoreceptor 

morphogenesis defects, different that the dpak mutant phenotypes seen in the 

photoreceptor axons (Schneeberger and Raabe, 2003). 
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Mutations in the other group I Pak family member, pak3 have not been reported 

but a structural and phylogenie analysis supports a model in which Pak3 forms 

homodimers and that, like dPak, this inactive state is relieved by the binding of activated 

Rae to the CRIB domain. It has also been speculated Pak3 is involved of the 

reorganization in actin filaments (Mentzel and Raabe, 2005). 

1.6	 Rho GTPases and Paks Participate in Drosophila Epithelial 
Morphogenetic Processes 

Although there has been extensive work describing a role for Rae and Cdc42 in 

epithelial morphogenesis, very little has been shown with respect to Pak function in this 

process at the organismal level. In Drosophila, Cdc42 and three Rae proteins; Rae 1, Rac2 

and Mtl, participate in a wide variety of developmental events that involve epithelial 

morphogenesis. Cdc42 has been implicated in morphogenesis of the follicular epithelium 

(FE) during oogenesis, germband retraction and dorsal closure (DC) of the embryo as 

well as cell elongation and the establishment and maintenance of planar polarity in the 

wing disc epithelium (Eaton et aI., 1995) (Genova et aI., 2000; Harden et aI., 1999) 

(Jacinto et aI., 2000) (Ricos et aI., 1999) (Riesgo-Escovar et aI., 1996). The Drosophila 

Rae genes are involved in the migration of border cells during oogenesis, germband 

retraction, head involution, amnioserosa morphogenesis, DC and the assembly of actin at 

adherens junctions in the wing disc epithelium (Eaton et aI., 1995) (Hakeda-Suzuki et aI., 

2002) (Harden et aI., 1995) (Murphy and Montell, 1996a). 

1.7	 Rho GTPases participate in Drosophila Dorsal Closure 

The roles of Rho family small GTPases signaling in DC have attracted particular 

attention. Following germband retraction, which occurs approximately between 5 and 9 
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hours after egg laying, a hole is left in the dorsal surface of the epidermis that is occupied 

by the amnioserosa, an epithelium that consists of large, flat cells (Figure 1.2). DC 

involves the dorsalward migration of the lateral epidermis from each side of the embryo 

with the epidermal flanks meeting at the dorsal midline, completely covering and creating 

a seamless seal on the dorsal side of the embryo (Harden, 2002). This process is regulated 

by two main groups of cells, the dorsalmost epidermal (DME) cells of the advancing 

epidermis as well as the amnioserosa cells. These cells create an interface between cell 

types and upon successful closure the cells of the amnioserosa become completely 

internalized (Stronach and Perrimon, 2002). As part of DC, the cells of the amnioserosa 

undergo extensive morphological changes (Kiehart et aI., 2000) and provide signals to the 

epidermis that are essential for the DME cell fate (Reed et aI., 200 I) (Stronach and 

Perrimon, 2002). The DME cells are characterized by signaling events and cytoskeletal 

changes that are essential for both the migration and the fusion of the epithelial sheets 

(Jacinto et aI., 2002). During DC, there is an accumulation of nonmuscle myosin and F

actin at the leading edge (LE) of the advancing epidermis (Young et aI., 1993). This is the 

side of the cell that faces the amnioserosa. As DC progresses, the DME and subsequently 

more ventrally located epidermal cells constrict in the anterior-posterior (A-P) axis and 

thereby elongate in the dorsal-ventral (D-V) direction. 
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Figure 1.2. Stages of Drosophila embryogenesis. 

Figure depicts the stages of Drosophila embryogenesis. Number on top right 

of each figure indicates the stage. Amnioserosa is indicated by 'as', and germ-band is 

indicated by 'gb'. Stage 5, cellularization, occurs 2 - 2:30 hours AEL, and is the first 

stage of nuclear cellularization. Stage 8, germ band extension, occurs 3 - 3:40 hours 

AEL, mesoderm and endoderm have formed in the previous stages while the germ band 

extends over the amnioserosa. Stage 9, germ band elongation, occurs 3:40 - 4:20 hours 

AEL. Stage 11, germ band retraction begins, 5:20 -7:20 hours AEL. Stage 12, germ 

band retraction, occurs 7:20 - 9:20 hours AEL. Ventral nerve cord forms axons. Stage 13, 

dorsal closure begins, 9:20 - 10:20 hours AEL. Stage 14, head involution occurs and 

dorsal closure continues 10:20 - II :20 hours AEL. Stage 15, dorsal closure completes 

during this stage, II :20 - 13 hours AEL. Stage 17, 16 hours have elapsed, the embryo has 

completed embryogenesis, cuticle has been secreted and hatching into a larval Stage I 

will soon occur. (Figure reproduced with permission from Hartenstein, 1993) 
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This elongation continues until the "stretched" cell meets with a cell from the opposing 

flank, thereby creating the seal (Harden, 2002). Phalloidin staining on embryos fixed 

during DC shows actin rich filopodia-like structures at the LE (Harden et aI., 1996) and 

live imaging on embryos expressing GFP-tagged actin has confirmed that both filopodia 

and lamellipodia are prominent at the LE (Jacinto et aI., 2000). These actin structures are 

thought to be regulated by Cdc42 and Rae and indeed, disrupting either of their functions 

causes defects in DC. It is not possible to produce a Drosophila embryo completely 

devoid of maternal and zygotic Cdc42, however females bearing heteroallelic 

combinations of weak and strong Dede42 alleles can be used to produce embryos 

severely depleted in Dcdc42 function that show DC defects (Genova et al., 2000). 

Expression of dominant negative Rae I in epidermal cells prevents the accumulation of 

actin and myosin at the LE suggesting at least one Rae protein was involved (Harden et 

aI., 1995). Further studies analyzing a triple Rae mutant (RacI, Rae2 and mtf) confirmed 

that Rae has a clear role with Rae I having the most important role (Hakeda-Suzuki et al., 

2002). The other main member of the Rho family GTPases, RhoA also has been shown to 

have defects in DC as both expression of a dominant negative RhoA transgene as well as 

loss of function mutations fail to properly complete the process (Strutt et al., 1997) 

(Magie et al., 1999). 

From the molecular characterization of several genes involved in DC, it became 

apparent that a mitogen-activated protein kinase (MAPK) cascade was involved in the 

process (Riesgo-Escovar and Hafen, 1997) (Glise and Noselli, 1997). The jun-N-terminal 

kinase (JNK) pathway operates in the DME cells and is required for the expression of 

various genes participating in DC, including decapentaplegic (dpp), which encodes a 

16 



member of the transforming growth factor beta (TGFP) superfamily. The JNK pathway is 

also required for the integrity of the F-actin based structures of the DME and correct cell 

shape change (Noselli and Agnes, 1999). 

1.8 Drosophila Oogenesis 

Drosophila oogenesis has been well studied with respect to the understanding of 

actin regulation in epithelial morphogenesis, and provides an ideal system of study as 

there are relatively few cell types (Hudson and Cooley, 2002) (Verheyen and Cooley, 

I994a). The Drosophila ovary consists of approximately 15-17 ovarioles, which are 

chains of progressively maturing egg chambers that will give rise to a mature egg (Figure 

1.3). Each egg chamber initiates its development from a germline stem cell located in the 

furthest anterior region of the ovariole termed the germarium. Each stem cell divides 

asymmetrically producing another stem cell as well as one daughter called the cystoblast. 

The cystoblast undergoes four rounds of incomplete cell division, without completing 

cytokinesis, producing a 16-cell cystocyte whereby each cell is connected by bridges 

termed ring cannels. The somatic follicle cells or follicular epithelium (FE) provide an 

exceptional model for the study of epithelial tissue actin dependent processes. The 

follicle cells begin as a simple cuboidal epithelium, and later become reorganized into a 

squamous epithelium over the nurse cells and a columnar epithelium over the oocyte. 

From the earliest stages these follicle cells exhibit a distinct apical-basal polarity with the 

apical side contacting the germ cells (Figure 1.3). Along the apical surface there appears 

to be an actin rich adhesion belt. 
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Figure 1.3. An ovarlole in the Drosophila ovary. 

The anterior-posterior axis is oriented left to right. (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 chains 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. Boundary between nurse cells and 

oocyte is depicted with a vertical line in each egg chamber. Staging is according to 

Spradling (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 9/10 chamber. The cystocyte is encapsulated by somatic 

epithelial cells, which provide the round shape of the egg chamber or follicle. Of the 16 

germ cells, one will become the oocyte and is positioned to the most posterior end of the 

egg chamber while the other 15 differentiate into nurse cells that are synthetically active 

and contribute cytoplasm to the oocyte. The individual egg chambers are connected to 

each other by small groups of somatic cells called stalk cells, which provide the chain 

structure of the ovariole (Hudson and Cooley, 2002). 
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There is also an actin network on the basal side of the FE associated with the 

plasma membrane, which contacts the underlying basement membrane. A notable feature 

of the of the follicle cells in middle stage egg chambers is that they also exhibit planar 

polarity as the above mentioned basal actin network is organized into filaments that lie 

perpendicular to the A-P axis of the egg chamber. 

1.9	 Planar Polarity of the basal actin cytoskeleton of the Drosophila 
egg chamber 

Many epithelial sheets exhibit a polarization in the plane of tissue. In vertebrates, 

this polarity can be easily visualized in the form of fish scales, bird feathers or 

mammalian hair. There are also clear internal examples such as stereocilia of the inner 

ear. The Drosophila wing and ommatidiaI clusters have been very useful models and 

have been key to determining many of the mechanisms and signaling pathways 

contributing to planar polarity. The Drosophila wing cells produce actin rich hairs, which 

align along a proximal-distal (P-D) axis pointing towards the distal end of the wing. 

Through molecular and genetic analysis, a core group of planar cell polarity (PCP) genes 

have been elucidated (Fanto and McNeill, 2004). Theses genes includejrizzled (jz) and 

winglesslwnt (wg/wnt) and are divided into canonical and non-canonical pathways 

depending on the downstream members of the pathway as well as the cell autonomy of 

the signaling. Although the canonical PCP pathway in the wing and eye dominates the 

research in this field of study, planar polarity has also been observed in various 

components of the FE and DME cells. Recent studies have implicated proteins of the 

JNK pathway as well the ECM and its receptors in planar polarity, and have suggested 
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that although there is some overlap, there are also distinctly different roles in the 

establishment and maintenance of this process in these tissues (Kaltschmidt et aI., 2002) 

(Gutzeit et aI., 1991) (Bateman et aI., 2001). 

Characterization of the actin cytoskeleton within the folIicle celIs has revealed a 

dense actin network of actin filaments at the basal surface that are thought to be highly 

reminiscent of stress fibres observed in cultured celIs (Gutzeit, 1990). During the middle 

stages of oogenesis, these actin filaments exhibit a planar polarity by aligning in paralIel 

bundles that run perpendicular to the A-P axis of the egg chamber and envelope the germ 

layer in a ring of filamentous actin. Late in oogenesis, the egg chamber changes shape 

from round to oblong. The basal F-actin is thought to playa key role in these shape 

changes as mutants that affect the organization ofthe basal F-actin remain rounded and 

fail to elongate properly. One such mutant is kugelei, and its study led to a model in 

which the basal F-actin of the follicle cells acts as a "molecular corset" to promote 

elongation of the egg chamber in the A-P axis (Gutzeit, 1990). 

1.10	 Apical-basal polarity in the follicular epithelium of the Drosophila 
egg chamber 

In addition to planar polarity, the Drosophila egg chamber has defined apical-

basal polarity, and this has been well studied in the follicle cells. A distinct feature of the 

FE is that the apical surface of the cells is in contact with the germ line nurse cells. This is 

critical to oogenesis as in the later stages, the follicle cells act as "protein factories" 

synthesizing yolk proteins and eggshelI components, which are secreted form their apical 

surfaces to the oocyte. The establishment of apical-basal polarity has been studied 

recently and many of the early cues involved in this process are understood although the 
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complete mechanism is not clear. These cues are thought to be generated from the basal 

side of the cells through cell adhesions and through the lateral membrane through cell

cell Cadherin based adhesions. These adhesive events trigger the formation of protein 

complexes at the cell surface, which lead to the refining of apical, lateral and basal 

domains as well as the Cadherin-based, adherens junctions, which divide the apical and 

basolateral domains of the follicle cell (Muller, 2000). 

The protein complexes involved are divided in to three main complexes; the 

Bazooka complex, consisting of the Bazooka (Baz), atypical Protein Kinase C (aPKC) 

and Par-6 proteins, the Crumbs complex, consisting of the Crumbs (Crb), Stardust (Sdt) 

and PatJ proteins and the Scribble complex, consisting of the Scribble (Scrib), Discs 

Large (DIg) and transiently, the Lethal Giant Larvae (LgI) proteins (reviewed in (Muller, 

2000)). These protein complexes have been shown to function in a distinct hierarchy in 

the establishment and maintenance of apical-basal polarity (Bilder et al., 2003) 

(Tanentzapf and Tepass, 2003). The Baz complex localizes slightly towards the apical 

side of the cell in the marginal zone, which overlaps with the adherens junctions, and acts 

to specify the apical domain. The Scrib complex localizes on the basolateral membrane 

and represses the apicalizing activity of the Baz complex, thereby specifying the 

basolateral domain. The maintenance step involves the Baz complex recruiting the Crb 

complex to the apical domain to antagonize the basolateral specifying activity of the 

Scrib complex (Home-Badovinac and Bilder, 2005). 

The Lgl protein has been shown to be a key factor in this process and is the only 

one of the apical-basal polarity proteins known to associate with more than one complex. 

Lgl function in the Drosophila neuroblasts and epithelia has been very well 
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characterized. LgI localization in early Drosophila embryonic epithelial cells is regulated 

by phosphorylation by aPKC, which is in turn activated by GTP-bound Cdc42 (Hutterer 

et aI., 2004). The LgI protein was found to localize to the basolateral membrane in 

epithelial cells in later stages of embryogenesis (Bilder and Perrimon, 2000), however 

when the earlier stages were looked at, it was found that Lgl is initially localized in the 

cytoplasm and then uniformly cortical (Hutterer et aI., 2004). It is not until approximately 

germband extension that LgI is excluded from the apical membrane. It has also been 

demonstrated that this exclusion is dependent on phosphorylation from aPKC as both 

removal of aPKC function or expression of a non-phosphorylatable form of Lgl abolishes 

the exclusion of Lgl at the apical membrane (Hutterer et aI., 2004). 

1.11 The Extracellular Matrix and signaling into the cell 

The extracelluar matrix (ECM) consists of proteins that interact directly with cell 

surface receptors to initiate signal transduction pathways and its study is relevant to 

epithelial morphogenesis. The ECM can influence cell behaviour in two main ways. The 

first is through the harbouring of growth factors or growth factor-binding proteins (Lin, 

2004). The second, and the one concentrated on in this work, is the direct regulation of 

cell behaviour through cell-ECM interactions through receptor-mediated signaling (Watt, 

2002). ECM proteins have been shown to have distinct roles in developmental processes. 

Two key conserved components; Collagen and Laminin both have been well studied. 

Collagen IV is the best characterized protein of this family and has been implicated in 

muscle attachment in Drosophila (Borchiellini et aI., 1996). Laminins function as trimers 

with each subunit consisting of multiple domains and interact with a variety of proteins 

such as Integrins and Lectins. In tissue culture, Laminin functions in neurite outgrowth 
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and is required for proper wing development in Drosophila (Murray et aI., 1995). Both of 

these ECM components transduce signals through integrin receptors. Integrins function 

as heterodimers, consisting of an a and ~ subunit. They link the ECM to the actin 

cytoskeleton at hemiadherens junctions or focal adhesions and are required for many 

developmental processes such as the generation of primitive endoderm and ectoderm in 

mice (Fassler et aI., 1995) and migration of primordial midgut cells in Drosophila (Roote 

and Zusman, 1995). At the junctions, two examples of integrin-dependent adhesion are 

seen in the Drosophila wing and the C. elegans sarcomeric structure. In flies, integrins 

are required for the adhesion between the two epithelial sheets that make up the adult 

wing (Brown et aI., 2000) and hypomorphic integrin mutations result in viable adults 

with large blisters in theirs wings caused by a separation of the two surfaces. In worms, 

the muscle is firmly attached to the basement membrane through the epidermis to the 

exoskeleton at Z and M lines and in an absence of integrins the worm muscles never 

become contractile (Hresko et aI., 1994) (Williams and Waterston, 1994). 

Focal adhesions formed around a a-~ integrin heterodimers also mediate several 

intracellular signaling pathways (Zamir and Geiger, 2001) (Lo, 2006). More than 50 

proteins have been linked to these adhesion complexes including cytoskeletal proteins, 

tyrosine and serine/threonine kinases, modulators of GTPases and phosphatases (Zamir 

and Geiger, 200 1). Because integrins do not contain any actin-binding or enzymatic 

activities, all of the restructuring and signaling events that originate from the focal 

adhesions are thought to be mediated by the various proteins associated with their 

cytoplasmic tails or the binding partners they recruit. Many of these proteins have been 

known to interact with multiple partners within these complexes leading to the 
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assumption that the different assembly of proteins at different times may lead to the 

diversity of functions that may emanate from these structures. 

Recently, the mammalian Scrib protein has been shown to complex with the focal 

adhesion components, ~-Pix and Gitl (Audebert et aI., 2004). Gitl is a multiple domain 

protein that belongs to the Gitl/PKLlp95-APPl family whose members contain an ARF

specific GAP domain (ARF-GAP) as well as a Spa2 domain (SHD), which interacts with 

the PIX protein (Zhao et aI., 2000). In Drosophila dPak and Pix have been linked 

genetically in the neuromuscular junctions (Pamas et aI., 2001) with each protein having 

a role in the others correct localization. 

A few ECM interacting proteins have been shown to have roles in both apical

basal as well as planar polarity although how they are functioning in these processes is 

still largely unknown. The receptor tyrosine phosphatase, DLar, the ECM receptor 

Dystroglycan (Dg) and the integrins all participate in the planar polarization of basal 

actin filaments in the egg chamber (Bateman et aI., 2001) (Deng et aI., 2003). Dg is also 

required for correct apical-basal polarity of the Drosophila FE (Deng et aI., 2003). In 

Madin-Darby Canine Kidney (MDCK) cells mammalian Racl has been shown to 

function downstream of ~ 1-Integrin in the establishment of apical-basal polarity in a 

functional ECM dependant manner (Yu et aI., 2005). Dlar has also been linked to a 

pathway including Rae and Trio, a Rae-specific GEF (Newsome et aI., 2000) (Bateman et 

aI., 2000). Laminin is organized in stripes at the basal surface of the egg chamber in the 

same manner as the basal F-actin. This has led to the idea that signals from the ECM are 

required for the correct organization of the basal actin filaments (Gutzeit et aI., 1991). A 

model to explain the cell non-autonomous roles for Dg in the organization of actin 
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filaments and the cell autonomous role in apical-basal polarity has been proposed. lt 

involves the bi-directional signaling firstly of Dg organizing the Laminin ECM 

architecture, then the communication between the ECM and the neighbouring cells to co

ordinate the orientation of the basal actin filaments. The mechanism of Dg function in 

apical-basal polarity is unclear with the exception of it is required for the correct 

localization of components of the Scrib complex (Deng et aI., 2003). 

1.12 The Spectrin cytoskeleton and epithelial structure 

Spectrins are tetrameric F-actin cross-linking proteins that are comprised of two a 

and two ~ subunits. The Spectrin bases membrane skeleton (SBMS) is a cytoskeletal 

network of Spectrin-crosslinked F-actin associated with the various membrane 

compartments of the cell (Medina et aI., 2002). At the plasma membrane these proteins 

function to provide structural stability for the cell. In Drosophila, a single a-Spectrin 

isoform combines with either of two, structurally distinct B-isoforms, B-Spectrin and 

BHeavy-Spectrin to produce (B)2 and (BH)2 tetramers, respectively. In epithelial cells of 

Drosophila, (B)2 tetramers are restricted to the basolateral membrane, while the (BH)2 

tetramers localize to the apical membrane and the ZA (Medina et aI., 2002). BHeavy

Spectrin is encoded by the karst (kst) gene and has been shown to be required for 

epithelial morphogenesis (Thomas et aI., 1998). Although BHeavy-Spectrin has not been 

directly linked to a role in apical-basal polarity, it has been speculated that an interaction 

between BHeavy-Spectrin, the Crb protein and D-Moesin plays a role in the co-ordination 

of cell polarity, junctional organization and cell morphogenesis (Medina et aI., 2002). 
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1.13 Goals of this thesis 

The goal of this thesis was to further characterize dPaks role in epithelial 

morphogenesis. Previous work from this lab demonstrated that dPak localizes to the 

leading edge of the dorsalmost epidermal cells and also was enriched at the segment 

borders during dorsal closure. It had also been demonstrated that dPak had roles in DC 

and oogenesis and that distinct phenotypes are seen when dPak function is removed. 

These phenotypes include a failure to complete embryogenesis, with development 

terminating at the DC stage. Oogenesis phenotypes were a failure of the egg chambers to 

elongate in the anterior-posterior axis and defects in the basal actin filaments in the 

follicular epithelium. 

My goal was to develop an understanding of how dPak causes these defects and 

therefore provide a better understanding of the mechanisms in which dPak participates 

with regards to epithelial morphogenesis and the regulation of basal actin filaments. I also 

wanted to expand this study to include the other group I Pak, Pak3 to see what roles it 

was having in these processes. 
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2 MATERIALS AND METHODS 

2.1 Fly Stocks 

The UAS-pakmyr 
, dpak", dpak10 and dpak" were gifts from H. Hing. The dpak'", 

dpak'", dpae l
, dpak'", Racl,Rac2 FRT82B and trio' FRT82B flies from B.Dickson. The 

UAS-~1/2-FLAG and dlg l from V. Budnik. The Ga14332 
.
3 and LE Gal4 drivers were 

provided by B. Giebel and S. Noselli respectively. The UAS-LacZ I -7 1 and Hs Ga14M
-
4 

transgene and driver were from J. Roote. The Cdc42 mutants were from R. Fehon. The 

scrib673 FRT82B and crb llA22 FRT82B mutant flies were gifts from D. Bilder and U. 

Tepass respectively. The Dlarbo1a mutants were from A. Spradling and Dlar5 5 and 

Dla/3 2 mutants were from D. VanVactor and K. Johnson. The dpix l 036 and dpixP l 

mutants were provided by P. Haghighi. The Dg mutants were gifts from H. Shcherbata 

and H. Ruohola-Baker. The Dmoesin mutants and transgenes from F. Payres and all 

BHeavy Spectrin flies from G. Thomas. The UAS-dPak:GFP were gifts from Carlos 

Merino. All other stocks used were obtained from the Drosophila Stock Centre in 

Bloomington, Indiana. Unless otherwise stated, all flies were raised at 25°C. Either 

Canton S or W 
l l l 8 stocks were used as wild-type controls. Genotypes for all flies used can 

be obtained from the Harden lab stock list. 

2.2 cDNAs 

All cDNAs were produced by the Berkeley Drosophila Genome Project. 

GH15507 and RE01659 (Pak3) were obtained from the Canadian Drosophila Microarray 
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Centre. Ribosomal Protein 49 (rp49) eDNA, used as a loading control was provided by 

D. Sinclair. 

2.3 Standard Molecular Techniques 

Routine procedures such as restriction digestion, cloning, running of agarose gels 

and polymerase chain reaction (PCR) were performed as described in Sambrook et al. 

(Sambrook et aI., 1989) or according to the manufacturer's instructions. 

eDNA constructs were transformed into DH5a or XLI-Blue bacterial competent 

cells for amplification and general maintenance. The cells were either obtained from 

Stratagene or made as described in Sanbrook et aI., and used according to the 

manufacturer's instructions. cDNAs in pGEX ofpMAL vectors, used for the generation 

of GST or MBP fusion proteins required either JM 109 or BL2l bacterial competent cells 

which were either obtained from Stratagene or made as above. JM 109 competent cells 

were used with pGEX vectors. BL21 cells were used for enhanced expression ofGST or 

MBP fusion proteins and prevention of protein degradation or formation of inclusion 

bodies. 

2.4 Generation of Transgenic Drosophila Lines 

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 et aI., 1994). The gene of interest is placed 

under the control of a pre-engineered VAS 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 
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DNA (Ashbumer, 1989). Preblastodenn W l l 18 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 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 400J..lg/mL of pUAST + transgene construct mixed with 200J..lg/mL of 

pUChs~2-3, as a transposase source, in injection buffer (5mM KC1, O.lmM sodium 

phosphate pH 6.8. Filter sterilized using 0.2 micron filter). These injections were 

performed with J. Sanny. 

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 

l l 18 flies.develop at room temperature and surviving adults were individually mated to W 

Progeny with eye colour were mated to yw;Gla/Cyo and w;Tm3Ser/Tm6Tb to capture and 

balance insertions on the second or third chromosome. First chromosome insertions were 
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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 VAS 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 

VAS-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 VAS promoter. 

Subsequently the flies were incubated for 1 hour at room temperature to allow 

transcription to continue. RNA was then collected from these flies and Northern blot 

analysis was performed as described below. 

2.5	 Generation of Drosophila pak3 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 germline. 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 germline (Preston et 

aI., 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. 
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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. 

The EP element that was mobilized to generate mutations inpak3. EP(3)1191, 

were mated en masse to transposase-containing flies of the genotype w;&-3Sb/TM3Ser. 

200 mosaic Fl males of the genotype EP(3) 1191/&-3Sb were selected and each were 

mated individually to five 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 5 

w;TM3Sb/TM6Tb 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 lack of any non-balancer 

chromosome markered flies in the stock. Our collaborator, Dr. Sami Bahri performed a 

similar excision screen. Molecular analysis of the excision events were carried out using 

PCR primers designed outside of the pak3 gene (Pak3Fwd - 5' 

CGGTCACACTTAGTCTCTGCA, PAK3Rvs - 5' 

AGAGAAACTAACCCATCGGACA). If the PCR reaction from balanced flies produced 

a wild-type as well as a smaller product, it was assumed that the P element had been 

excised and that some of the paks DNA was also missing. The lines were sequenced by 
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our collaborator to confirm and map the deletions. As the first two excisions to be 

molecularly defined were by our collaborator, these are the ones mentioned in the Results 

section. 

2.6 Recombination of dpak and pak3 alleles 

To address a complete loss of group I Pak function, the dpak'" FRT82B allele was 

recombined onto the same chromosome as either the pak3ex27 or pak3ex76 alleles. For this, 

approximately 10 male dpak'" flies were mated to 10 virgin female pak3ex27 flies. Virgin 

female progeny were collected and mated to male TM3/TM6 balancer flies, then grown 

en-masse. Individual male flies, each representative of a single putative recombination 

event were chosen and mated to 5 virgin female TM3/TM6 flies. Brother and sister 

progeny from this mating were collected to expand each line. The lines were screened for 

the "droopy wing" phenotype when mated to the dpak'! stock to confirm that the dpak'" 

mutation was present, and for lethality when mated to the correspondingpak3 allele to 

confirm that the pak3 mutation was present. The pak3 mutation was also confirmed by 

PCR in the same manner by which the mutation was originally screened, the mutant PCR 

product having a second, smaller band indicative of the excision event. 

2.7 Northern Hybridization 

Total RNA from embryos or adult flies was prepared using the TRlzol reagent 

(Life Technologies) according to manufacturer's instructions. 20mg of tissue or 20 adult 

flies were homogenized in 400111 of TRlzol. 

Fonnaldehyde-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 
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with Acridine Orange omitted (Virca et aI., 1990). RNA in the gel was transferred to the 

Hybond N membranes using capillary action and hybridized as described by Virca et a/. 

Probes for Northern hybridization were generated as described below. 

2.8	 Generation of radiolabeled probes for Northern 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 50JlCi of {a_3zP}dCTP using the Rediprime'P'Il 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. A Probe made 

from a 600 bp EcoRI-HindIII rp49 fragment was used as a loading control for Northern 

blot. 

2.9	 Embryo fixation 

Preparation of solutions: 

20% Paraformaldehyde: 109 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: 8g ofNaCl, 0.2g ofKCl, 1.44g of NazHP04 and 0.24g ofKHzP04 were 

added to 800ml ddll-O, The solution was adjusted to pH7.4 then brought to lL and 

sterilized by autoclave. 
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Embryos were fixed as described in (Ashbumer, 1989). Embryos were allowed to 

develop as indicated and dechorionated using 50% 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 ofmolecular probes into the embryo. 

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

1X phosphate buffered saline (PBS), and 5mL heptane. Vigorous shaking was performed 

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. 

2.10	 Cuticle Preparations 

Preparation of solutions: 

Hoyers medium: 30g of gum arabic was added to 50mL of water. Once 

dissolved, 200g of chloral hydrate was added sparingly while stirring. 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. 

Cuticle preparations were performed as described by (Ashbumer, 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% bleach: 50% 0.01% Triton-X for 

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

2.11	 RNA in situ hybridization 

Preparation of solutions: 

Hyridization buffer: 50% deionized formamide, 4X SSC (Sambrook et aI., 

1989), IX Denharts (as per Sambrook et aI., 1989),0.1% Tween-20, 5% dextran 

sulphate, 250f.lg/mL salmon sperm DNA, 50f.lg/mL heparin. Stored at -20°C.) (boiled for 

ten minutes and put on ice). 

Wash buffer: 100mM NaCl, 50mM MgClz, 100mM Tris, pH 9.5, 0.1% Tween

20. (Ashbumer, 1989). 

PBSTw: PBS with 0.1% Tween-20 

RNA in situs were performed as described in (Sem et aI., 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 

then removed using MicroSpin S-200 HR columns. One microlitre ofthe 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, 0.5f.lg 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 
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embryos stored in either methanol or 80% ethanol were serially rehydrated for two 

minutes in 3: I, I: I, 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 was added to the embryos and prehybridized for one hour at 52°C. 

20

The probe was then added and incubation was allowed to proceed at 52°C overnight 

without agitation. Following overnight incubation, the probe was removed and stored at 

DC for reuse. Before reuse, the probe was heated at 65DC 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 3.4IlL of NBT 

(4-nitro blue tetrazolium chloride at IOOIlg!IlL (Roche, 92451026)) and 3.51lL of BCIP 

(5-bromo-4-chloro-3-indolyl-phosphate at 50llg/IlL (Roche, 1383221)) were added. 

Colour development was followed under a dissection microscope and halted when the 

desired resolution was obtained. The colour reaction was stopped by rinsing embryos 3X 

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. 
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2.12 Immunostaining of Drosophila embryos 

Preparation of solutions: 

PBT: (PBS + 0.1% Triton-X)
 

PBB: (PBT + 1% BSA)
 

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

pH 6 

DAB/Nickel solution: 50J.lL of 5mg/mL DAB, 10J.lL of 0.2 g/mL glucose, 2J.lL of 

0.2g/mL NH4Cl, ImL of Nickel solution, and 3J.lL of2mg/mL glucose oxidase (Sigma, 

G2133, 250000U. 

lmmunostaining was performed as described by (Harden et aI., 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. The following primary antibodies were used for visualization in embryos: mouse 

anti-PY lOo(1:500) Cell signaling #9411, rabbit anti-non-muscle myosin (1:750) provided 

by D. Kiehart (Kiehart, 1990) and rabbit anti-dPak (I: 1000) (Harden et aI., 1996). 

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. 

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 (FlTC), or 

biotin. 
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HRP-mediated visualization ofantibody staining using DAB/Nickel solution 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 create the 

signal. HRP or biotin conjugated goat anti-rabbit or goat anti-mouse secondary antibodies were 

added in a 1:200 dilution (Vector Laboratories). HRP or biotin conjugated antibodies were 

used in a I :500 dilution (Jackson Immunoresearch). Incubation was done for two hours at 

room temperature. Embryos were then washed 3 X 10 minutes in PBT. Ifa biotinylated 

secondary was used, the embryos were then incubated with I: 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 PBTw. 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, 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 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. Following the removal of the last wash/rinse, Vectashie1d 
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mountant (Vector Laboratories) was added and embryos equilibratedfor 30 minutes at room 

temperatureor overnight at 4°C in the dark. Embryos were observed and images acquired 

using a Zeiss LSM410 laser scanning confocal microscope using a Plan-Neofluar 

25X10.80, Fluar 40XlI.30 or Plan-apochromat 63XIl.40 oil lenses. All images were 

processed using Adobe Photoshop. 

2.13 Immunostaining of Drosophila R-cell projections 

The pattern of connections between R1-R6 neurons and their targets in the lamina 

is one of the most extraordinary examples of connection specificity known. To visualize 

these, the eye-brain complexes were dissected from third instar larvae in cold PBS. The 

complexes were then fixed in 4% paraformaldehyde in PBS for 15 minutes. The fixative 

was washed off 3X 10 minutes in PBTw. The complexes were then blocked in PBB for I 

hour. They were then incubated with mouse anti-24B 10 (1:200) obtained from the 

Developmental Studies Hybridoma Bank overnight. From there fluorescent staining as 

per embryo visualization proceeded. The R-cell projections were then visualized and 

images acquired using a Zeiss LSM41 0 laser scanning confocal microscope using Plan

Neofluar 25X/0.80, Fluar 40Xl1.30 or Plan-apochromat 63X11.40 oil lenses. All images 

were processed using Adobe Photoshop. 

2.14 Generation of Drosophila somatic clones 

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 (Xu and Rubin, 1993). This method 

takes advantage of the site-specific recombination activity of the FLP recombinase, 
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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. 

For example, to generate follicle cell clones lacking dpak; hsFLP;TM3Sb/TM6Tb 

females were crossed to FRT82B, GFP males. The ubi-GFP transgene is a reporter that 

allows visualization of cells that are not homozygous mutant clones. The hsFLP; 

FRT82B, ubi-GFP/TM3Sb males from the Fl progeny were mated to FRT82B 

dpak/TM3Sb females. F2 progeny were heat shocked for 2 hours at 37°e, in order to 

drive genetic recombination in follicle cells undergoing mitosis. This was done for 3 

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;FRT82B, ubi-GFP/FRT82B, dpak, were grown on 

media containing yeast for a couple of days to allow for development of healthy ovaries. 

The females' ovaries were dissected and fixed and stained as described in section 2.16 to 

retrieve the egg chambers. 
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2.15 Generation of Drosophila germline clones 

The dominant female sterile (DFS) technique allows for the detection of female 

gennline chimera and is essential for looking at embryos and ovaries of what would 

normally be lethal mutations. The OFS technique consists of the production of gennline 

clones in females heterozygous for the X-linked DFS mutation OVOD 1 
. The OvOD l 

mutation contains an FRT sequence on the chromosome ann at a position near the 

centromere on either the second or third chromosomes (Chou and Perrimon, 1996). Male 

flies of the DFS mutant FRT82B stock were mated to females containing a heat shock 

flippase enzyme (hsFLP as above). From these, balanced male Fl progeny were picked 

of the genotype hsFLPIY ; OVOD l FRT82B/TM6 and mated to the various dpak mutants 

with the corresponding FRT82B. 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 3 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;FRT82B, OvoDl/FRT82B, dpak, were grown on media 

containing yeast for a couple of days to allow for development of healthy ovaries. The 

females' ovaries were dissected and fixed and stained as described in section 2.16 to 

retrieve the egg chambers. In the case of the dpak'" FRT82B flies, female gennline 

clones were mated to male of the Of(3R)win11/TM3 stock from Bloomington Stock 

Center, a deficiency line which deletes the dpak containing chromosomal segment 8301

84El 

2.16	 Fixation and staining of Drosophila egg chambers 

Preparation of solutions: 
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EBR: 130mM NaCI, 4.7mM KCI, 1.9mM CaCh, 10mM HEPES pH 6.9 as per 

(Sambrook et al., 1989) 

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

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

450mM KCI, 150mM NaCI, 20mM MgCh 

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 100lJ.,L devitellinizing buffer and 

600lJ.,L heptane were 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 3X. The 

ovaries were washed 3X in PBS for 10 minutes each. IfF-actin was being visualised, the 

egg chambers were subjected to 1:1000 phalloidin-FITC or TRITC conjugate (Sigma) for 

30 minutes while rotating. To visualize cell nuclei, either DAPI or ToPro3 (1:5000, 

Molecular probes) was added for 30 min. prior to the washing. The sample was then 

rinsed 3X with PBS and the last rinse was replaced with Vectashield 

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 PBT (1 X PBS, 0.3% Triton-X, 0.5% 

BSA) and then primary antibody was added. The primary antibodies used were as 

follows: mouse anti-PY lOo (1:500) Cell signaling #9411, guinea-pig anti-Scribble (1:500) 

(Bilder and Perrimon, 2000) provided by D. Bilder, rabbit anti-Lgl (1: 100) (Betschinger 

et al., 2003) provided by J. Knoblich, rabbit anti-Laminin (1: 100) (Murray et al., 1995) 
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provided by L. Fessler, rabbit anti-~Heavy Spectrin (1: 1000) (Thomas and Kiehart, 1994) 

provided by G. Thomas, rabbit anti-GFP (1: 1000) abeam ab290 and rabbit anti-dPak 

(1: 1000) (Harden et al., 1996). The mouse anti-DIg (1 :500), mouse anti-Arm (1 :200), rat 

anti-DE-Cad (1:100) mouse anti-24B 10 (1:200) mouse anti-FasIII (1:500), mouse anti

Crb (1:25) and mouse anti-Myc (1: 10) were all obtained from the Developmental Studies 

Hybridoma Bank. Samples were treated the same as embryos from this point onwards. 

Ovaries were visualized and images acquired using a Zeiss LSM41 0 laser scanning 

confocal microscope using Plan-Neofluar 25X/O.80, Fluar 40X/1.30 or Plan-apochromat 

63XIl.40 oil lenses. All images were processed using Adobe Photoshop. 

2.17	 Co-Immunoprecipitations (Co-IPs) 

Preparation of solutions: 

IP Buffer I: 475mM Tris HCL pH 8.0, 0.5% Triton X-lOO, 1 complete protease 

inhibitor tablet (Sigma) 

IP Buffer II: 500mM NaCl, 475mM Tris HCL pH 8.0, 0.5% Triton X-IOO, 1 

complete protease inhibitor tablet (Sigma) 

To study protein-protein interactions, proteins from a tissue homogenate were 

used in a co-immunoprecitation (modified from (Harlow, 1988)). To generate flies 

overexpressing a specific protein, UAS-dPak or UAS-Lgl flies were mated to M4-Ga14 

expressing flies and grown at 29°C to induce mild, ubiquitous Ga14 expression. 

Approximately 25 flies, or 250J..ll of tissue was homogenized by a pestle in 400ul of IP 

Buffer I. This mixture was centrifuged for 10 minutes at 4°C. The supernatant was 
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removed from the debris and incubated while rotating overnight with 1ul (or appropriate 

amount) of the antibody of choice. A slurry of the appropriate Protein A or Protein G 

beads (Sigma or Santa Cruz) was made from equal parts IP Buffer I and beads washed in 

IP Buffer 1. 25Jll of the slurry was added to the tissue lysates and antibody mixture and 

incubated while rotating at room temperature for 2 hours. The beads were then 

centrifuged briefly, had supernatants removed and were washed 3X with IP Buffer II. 

These beads were then resuspended in SDS-PAGE sample buffer, boiled for 5 minutes 

and run out on an SDS-PAGE gel and western blotted with the antibody against the 

protein that was potentially complexing with the protein of the antibody first added. 

Western blot signals were detected by the BM chemoluminscence western blotting 

substrate (POD) (Roche) and exposed on either Kodak Biomax or Clonex Bioflex film. 

2.18	 Kinase Assays 

Preparation of solutions: 

GST Lysis buffer: PBS + 1 complete protease inhibitor tablet, 10 u/ml DNAse 1, 

10mM MgCh, 0.5mg/mllysozyme 

Kinase buffer: 50mM Hepes, pH 7.3, lOmM MgCh, lOmM NaF, 2mM MnCh, 

1mM dithiothreitol, 0.05% Triton, 0.1mM Na3V04, 25mM ~-glycerophosphate, cold and 

lOJlCi y_32p ATP. (note: different variations of this buffer were used. The NaF and MnCh 

were removed in some attempts as well as more and less concentrations of Hepes and 

MgCh used) 

In order to identify any phosphorylation events on either the dPak or Lgl proteins, 

kinases assays, slightly modified from (Chong et al., 2001) were used. dPak in pGEX was 
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transfected into BL21 cells and the cells grown and harvested as per standard GST 

purification protocols. The cells were lysed in GST lysis buffer, then dPak:GST was 

isolated on glutathione-sepharose beads (Amersham). The beads were then washed in 

kinase buffer. The kinase assay was then conducted in 25t-tl of kinase buffer with 10t-tCi 

of y-32p ATP added. The reaction was run for 20 min. at 29°, then stopped by the addition 

ofSDS-PAGE loading buffer. The proteins were then run out on 10% SDS

polyacrylamide gels, transferred to nitrocellulose membranes and detected by Kodak 

Biomax autoradiography film. A purified, FLAG-tagged Nemo kinase protein was used 

as a positive control in these assays (Zeng and Verheyen, unpublished results). 

As only the positive controls worked for any kinase assays various modifications 

to these protocols were made. In some instances, 1M109 cells were used instead of BL21 

grown at either 37°C or 29°C, as it was found that the mammalian Pak protein grows 

more efficiently under those conditions (E. Manser, personal communication). 

Immunoprecipitation of a GFP tagged dPak protein (as per section 2.17) was also used as 

a way to isolate enough protein for the reaction. 
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3	 RESULTS PART I - The role of the group I Paks in dorsal 
closure 

3.1	 Drosophila Pak is expressed in the dorsal-most epidermal cells 
and amnioserosa during dorsal closure 

During Drosophila DC, the DME cells constrict in the A-P axis and elongate in 

the D-V axis. These cells continue to elongate until they have met their "partner" cell 

from the opposing flank and the embryo is sealed. It has been previously reported that 

dPak localizes to the two tissues regulating this developmental process, the DME and 

amnioserosa cells (Harden et al., 1996). Embryos were doubly stained with anti-dPak 

antibodies (Harden et al., 1996) and anti-phosphotyrosine (PY) antibodies. In addition to 

revealing cell shape, anti-phosphotyrosine staining provides information about the 

organization of the LE cytoskeleton. Nodes of phosphotyrosine staining at the dorsal end 

of each DME cell mark specialized adherens junctions required for the contractile 

apparatus (Kaltschmidt et al., 2002) (Harden, 2002) (Figure 3.1A and B). Early in DC, 

dPak levels were elevated at the leading edge in approximately six cells flanking each 

segment border, while the dPak staining in the amnioserosa remained diffuse (Figure 

3.1C). The anti-PY antibodies accumulated in nodes along the LE and evenly along the 

membrane of the amnioserosa (Figure 3.ID). In embryos midway through DC, dPak 

continued to accumulate at the segment borders, but also became enriched at the LE as 

well as cortically in the amnioserosa cells (Figure 3.1E). In the later stages of DC, the 

dPak levels remained strong and punctate along the LE and an elevation was seen in cells 

located more ventrally to the segment borders. dPak staining in the amnioserosa had 
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again become diffuse (Figure 3.1G and I). The level of phosphotyrosine staining at the 

LE increased dramatically in embryos nearing completion of DC and was not as diffuse 

in the cell as dPak distribution (Figure 3.1Hand J). 

3.2	 Embryos lacking maternal and zygotic dPak kinase function 
exhibit disruption of the leading edge cytoskeleton 

Zygotic dpak mutants survive embryogenesis (Hing et aI., 1999), but the 

expression pattern of dPak during DC suggests a role in this process. I created embryos 

lacking both maternal and zygotic dPak kinase activity by inducing germline clones in 

females heterozygous for the dpak'" allele and mating them to males bearing a 

deficiency, Df(3R) wu", that uncovers dpak (Hing et aI., 1999). dpak20 encodes a 

truncated dPak protein lacking the kinase domain (Newsome et aI., 2000). The progeny 

embryos were assessed by either cuticle preparation or staining with antibodies against 

non-muscle myosin heavy chain and phosphotyrosine. Cuticle preparations demonstrated 

mild DC defects in 41% (n> 100) of embryos ranging from dorsal puckers to small holes 

or "scabs" in the dorsal surface, as well as aberrant head involution in some individuals 

(Figure 3.2B and C). This result suggests that only individuals that are both maternally 

and zygotic mutant for dPak have DC defects as 50% of the embryos would have had a 

zygotic contribution. To achieve a better understanding of what was the cause of these 

defects I looked at the fixed embryos. Antibody staining revealed losses of 

phosphotyrosine nodes and myosin along much of the LE (Figure 3.21 and J). Consistent 

with previous studies, LE myosin was lost in those cells lacking phosphotyrosine nodes, 

but was retained in those with phosphotyrosine nodes. Despite these dramatic disruptions 

in the LE cytoskeleton, the DME cells showed considerable elongation in the 
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Figure 3.1. The distribution of dPak is modulated in the amnioserosa and epidermis 
during dorsal closure (DC). 

Confocal fluorescent micrographs of the amnioserosa and dorsolateral epidermis 

assembled from Z-sections. Embryos were double stained with anti-dPak antibodies (A, 

C, E, G, I) (Harden et aI., 1996) and anti-phosphotyrosine antibodies (B, D, F, H, J). All 

figures are the same magnification with the exception of (C, D) which are higher power. 

(A, B) Embryo at onset of DC showing weak, patchy dPak staining in the amnioserosa 

(top of figure) and uniform dPak staining in the epidermis. (C, D) Embryo early in DC 

showing accumulation of dPak in several dorsal-most epidermal (DME) cells flanking 

each segment border. Note that the DME cells have begun their dorsalward elongation. 

dPak staining in amnioserosa is diffuse. (E, F) Embryo midway through DC showing 

that, in addition to accumulation in DME cells at the segment borders, dPak has 

accumulated at the leading edge (LE). dPak shows strong cortical staining in the 

amnioserosa cells. (G-J) Embryos late in DC showing weak and diffuse dPak staining in 

amnioserosa. dPak accumulation at the LE is retained. 

50 



5 1
 



D-V direction, consistent with the mild DC defects seen in these embryos. This result 

indicates that dPak is not required for the initial elongation of the DME cells, consistent 

with the finding that dPak does not become elevated in the DME cells until after these 

cells have begun elongating (Figure 3.1C and D). Cell shape change in the amnioserosa 

appeared normal in dpak'" mutant embryos (data not shown). 

3.3	 dPak does not regulate the integrity of the leading edge 
cytoskeleton through participation in the JNK pathway 

A central component of DC is a JNK MAPK cascade required for a number of 

events in the leading edge cells, including assembly of the actomyosin contractile 

apparatus, cell shape change, and transcriptional upregulation of several genes including 

decapentaplegic (dpp), which encodes a member of the transforming growth factor-B 

(TGF-~) superfamily (Harden, 2002). The yeast group I Pak Ste20 acts as a MAP kinase 

kinase kinase kinase (MAP4K) in the yeast mating pathway MAPK cascade and there is 

evidence that the mammalian group I Paks can stimulate JNK cascade activation, 

although this function appears to be specific to certain cell types (Bokoch, 2003; Dan et 

aI., 2001b). I tested embryos lacking maternal and zygotic dPak for effects on the JNK 

cascade by assessing JNK-dependent dpp expression in the DME cells by RNA in situ 

hybridization, and found dpp expression to be normal (Figure 3.3B). 

I conclude that dPak is required for the integrity of the LE cytoskeleton and 

normal DC, but its involvement in this process does not include participation in the JNK 

cascade. 
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Figure 3.2. Group I Pak kinase activity is required for integrity of the LE 
cytoskeleton. 

Anterior is to the left in this and all other embryo figures. (A) Cuticle of wild-type 

embryo. (B and C) Cuticles of embryos lacking maternal and zygotic dPak, showing dorsal 

pucker and "scab" (arrowhead) and head defect. (D) UAS-IacZ '-
71;LE-GAL4 embryo showing ji

galactosidase activity in a subset of DME cells around the dorsal hole during DC. Arrows and 

arrowheads mark additional ~-galactosidase activity in salivary glands and cells near posterior 

spiracles, respectively. (E) UAS-IacZ I 
-

71;LE-GAL4 embryo that has completed DC showing 

retention of expression at dorsal midline and in cells near posterior spiracles, but no expression 

elsewhere in the epidermis. (F) Cuticle ofUAS-dpak-AID;LE-GAL4 embryo showing dorsal hole 

(arrowhead). (G-L) Confocal fluorescent micrographs, assembled from Z-sections, of the 

boundary between the arnnioserosa (top) and epidermis midway through DC, stained with anti

phosphotyrosine antibodies (G, I, K) or anti-non-muscle myosin heavy chain antibodies (H, J, L). 

(G)Wild-type embryo showing nodes of phosphotyrosine (arrowhead) at LE ofDME cells, which 

have constricted in the A-P direction. (H) Wild-type embryo showing punctate distribution of 

myosin along the LE. (1) Embryo lacking maternal and zygotic dPak showing loss of LE 

phosphotyrosine nodes. Two patches of DME cells with retained LE phosphotyrosine nodes are 

marked with arrowheads. (1) Same embryo as in I, showing retention of LE non-muscle myosin 

in same cells that retain phosphotyrosine nodes (arrowheads). (K) UAS-dpak-AID;LE-GAL4 

embryo showing lack of cell constriction in the epidermis and loss of LE phosphotyrosine nodes. 

Arrows mark areas of the LE where cells are exceptionally "splayed out", having failed to 

constrict in the A-P direction. Arrowheads mark clusters of DME cells that have maintained their 

phosphotyrosine nodes and have successfully constricted. (L) Same embryo as in K, showing 

losses ofLE myosin, but retention ofLE myosin (arrowheads) in DME cells with retained 

phosphotyrosine nodes. 
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3.4	 Group I Pak function can be inhibited tissue-specifically through 
the expression of an auto-inhibitory domain transgene 

dPak is enriched in the DME cells and its distribution in the amnioserosa varies 

during DC (Harden et aI., 1996) (Figure 3.1). Prior to the onset of DC, dPak shows a 

weak, patchy distribution in the amnioserosa, but by mid DC there are levels of cortical 

dPak in each amnioserosa cell (Figure 3.1E). Late in DC, the strong cortical dPak 

staining is lost from the amnioserosa cells (Figure 3.1G and I). It is likely that dPak 

function in these two tissues is central to its requirement in DC. The fairly mild 

phenotypes seen in embryos maternally and zygotically mutant for dpak'" suggest that 

Pak3, the other member of the Drosophila group I Paks, may be contributing to group I 

Pak function during DC. RNA in situ hybridization and Pak3 antibody staining indicates 

thatpak3 transcripts and protein are present through the embryo during DC (Figure 3.7E

G). To assess the tissue specific requirements for group I Pak kinase activity in DC, I 

chose an approach that has been widely used to inhibit group I Paks in mammalian cells: 

expression ofa Pak autoinhibitory domain (AID). The AID of mammalian Pakl is a 

motif conserved in the group I Pak kinases (Dan et aI., 2001b), that overlaps with the 

CRIB domain of these proteins. The AID acts to inhibit Pak kinase activity in the absence 

of CRIB domain binding by activated Cdc42 or Rae (Frost et aI., 1998) (Lei et aI., 2000; 

Zhao et aI., 1998) (Figure 3.4A). The majority of Pakl in vivo is dimeric, probably 

allowing for the trans-inhibition by the AID (Parrini et aI., 2002). Fragments of Pakl 

containing the AID can inhibit group I Pak activity in trans, and have been useful tools 

for inhibiting group I Pak kinase activity in cultured cells (Frost et aI., 1998; Li et aI., 
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2003; Zhao et al., 1998). These fragments are lacking sequences critical for Cdc42/Rac 

binding and therefore do not non-specifically inhibit Cdc42 or Rae signaling by binding 

to these GTPases. Mutations in particular residues of the AID of Pak 1 result in 

constitutively active kinases (Brown et al., 1996) (Zhao et al., 1998). Crystal structure 

analysis ofPakl in the auto inhibited conformation has revealed additional residues of the 

AID ofPakl that are important for the interaction between the AID and the kinase 

domain (Lei et al., 2000). An alignment of the three Drosophila Pak kinases with Pakl 

reveals that, of the eight residues critical for function of the AID, all are conserved in 

dPak, three are conserved in Pak3 and two are conserved in Mbt (marked with red dots in 

Figure 3.4A). Work by a former graduate student in the lab, HongYu examined the 

Drosophila Pak family kinase domains for conservation of residues known to interact 

with AID in Pakl (Lei et al., 2000) Figure 3.4B) (Yu, 2003). Of seven residues in Pakl 

shown to interact with the AID, six are conserved in dPak, all are conserved in Pak3 and 

three are conserved in Mbt. Based on this conservation of both the target sequences and 

the AID in the kinase domain, dPak is predicted to use autoinhibition as a regulatory 

mechanism. Although the AID is less conserved in Pak3, the conservation of key target 

amino acids in the Pak3 kinase domain suggests that the expression of a Pak AID would 

interfere with Pak3 kinase activity. Mbt shows poor conservation of both the AID and 

target sequences in the kinase domain and seems unlikely to be regulated by the same 

mechanism. Current data indicate that the group II Pak subfamily, to which Mbt belongs 

(Dan et al., 200 1b), is regulated in a distinct manner from the group I subfamily in that 

binding ofGTP-Cdc42 or GTP-Rac does not increase the kinase activity and they lack 
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Figure 3.3. Group I Pak kinase activity is not required for integrity of the JNK 
cascade in the DME cells. 

Embryos were hybridized with a dpp riboprobe. All panels are lateral views of 

stage 13 embryos showing JNK-dependent dpp expression in the DME cells. (A) Wild-

type embryo. (B) Representative embryo from cross of dpak'" germline clone females 

with Df(3R)winll/TM3 males. (C) UAS-dpak-AID;LE-GAL4 embryo. 
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recognizable AIDs (Dan et aI., 200 Ib) (Jaffer and Chernoff, 2002). Based on the above 

considerations, it was predicted that expression of the AID of dPak (dPak-AID) during 

development would inhibit the kinase activity of dPak and Pak3 and therefore transgenic 

lines with dPak-AID under VAS control could be used to alter Pak group I function. To 

determine if dPak-AID transgenes, made previously in the lab, could inhibit group I Pak 

kinase activity in vivo, I assessed the ability of dPak-AID expression to phenocopy an R 

cell axonal guidance phenotype seen in third instar larvae transheterozygous for loss-of

function dpak mutations. Staining of eye-brain complexes from such larvae with the R 

cell-specific antibody mAb24B 10 reveals defects in the projection of R cell axons in the 

brain (Hing et aI., 1999). These defects are particularly apparent in the medulla neuropil 

of the larval optic lobe, where R8 axons are normally observed to terminate with 

expanded growth cones in a well-organized array (Figure. 3.5A). In dpak mutant larvae, 

R8 axons are disorganized, form thick bundles, and fail to terminate in properly shaped 

growth cones (Hing et aI., 1999) (Figure 3.5B). This phenotype is due to loss of dPak 

kinase activity, as it is seen with dpak mutants bearing point mutations in the kinase 

domain, and can be rescued through overexpression of a wild-type dpak transgene but not 

by a dpak transgene carrying a mutation that abolishes dPak kinase activity (Hing et aI., 

1999). Expression of two copies of the UAS-dpak-AJD transgene using the eye-specific 

GMR-Ga14 driver (Freeman et aI., 1996) resulted in axonal guidance defects very similar 

to those seen in dpak mutant larvae (Figure 3.5C).Thus, dPak-AID expression is capable 

of generating phenotypes associated with loss of dPak kinase function. 
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Figure 3.4. Alignments of human Pakl sequences with corresponding sequences in 
the Drosophila Pak kinases. 

(A) An alignment of the CRIB-AID domain of human Pakl (accession no. 

NP 002567) with sequences in dPak (accession no. NP 524681), Pak3 (accession no.

NP_650545), and Mbt (accession no. NP_523375). Residues in Pakl important for 

association with Cdc42 are marked with green dots. The AID of Pak l and corresponding 

sequences in the Drosophila Paks are boxed. Arrowheads delimit the sequences from 

dPak encoded by the UAS-dpak-AID transgene. Red dots indicate residues in the Pakl 

AID whose mutation results in activation of the kinase activity of Pak 1. Blue dots 

indicate residues in the Pak I AID that interact with the kinase domain of 

Pakl. The arrow marks the arginine residue in dPak whose codon is mutated to a stop 

codon in the dpak" allele, leading to production of a truncated protein with no functional 

AID or kinase domain. (B) Alignment of a portion of the Pak kinase domains, showing 

residues in Pakl that bind to the AID (red dots). 
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Figure 3.5. Expression of UAS-dpak-AID in the developing eye generates a similar 
phenotype to dpak loss-of-function mutations. 

Third instar larval eye-brain complexes were stained with the R cell-specific 

antibody mAb24B IO. (A) View of medulla neuropil in wild-type optic lobe showing 

orderly arrangement of R8 axons, which terminate in expanded growth cones 

(arrowheads). (B, C) dpak6/dpaeo larvae (B) and larvae in which UAS-dpak-AID had 

been expressed with the eye-specific GMR-GAL4 driver (C) show abnormally thick axon 

bundles in the medulla neuropil (arrows) and axons terminating in poorly differentiated 

growth cones (arrowheads). 
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3.5	 Inhibition of the kinase activity of Pak I subfamily members in 
the dorsalmost epidermal cells during dorsal closure results in 
loss of the leading edge cytoskeleton and cell shape defects 

To study the role of group I Pak kinase activity in the DME cells, I expressed 

UAS-dpak-AID using LE-GAL4, a driver whose epidermal expression during DC is 

restricted to a subset of DME cells (Glise and Noselli, 1997) (Figure 3.2D and E). 

Progeny were assessed as embryos by either cuticle preparation or anti-phosphotyrosine 

staining. dpak-AID-expressing embryos exhibited a high frequency of embryonic 

lethality, with 44% (n> 100) of embryos failing to form cuticle. Of the embryos that did 

form cuticle, 21% (n> 100) demonstrated DC defects in the form of small holes in the 

dorsal surface of the embryo (Figure 3.2F). Staining for phosphotyrosine revealed 

irregularities in cell shape change in the epidermis. Some sections of the epidermis 

exhibited constriction of the epidermal cells in the A-P direction comparable to wild-type 

embryos (arrowheads in Figure 3.2K), while other areas lacked such constriction and had 

"splayed" cells at the LE (arrows in Figure 3.2K). Constricted DME cells showed 

retention of phosphotyrosine nodes, but the splayed cells tended to lack nodes. I 

continned that the LE cytoskeleton was disrupted by staining AID-expressing embryos 

for myosin. LE myosin is lost in those cells lacking phosphotyrosine nodes, but retained 

in constricted cells with robust phosphotyrosine nodes (Figure 3.2L). The patchy losses 

of LE cytoskeleton seen in UAS-dpak-AID-expressing embryos are consistent with the 

expression of the LE-GaI4 driver in patches along the LE (Figure 3.2D and E). 
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To determine if inhibition of group I Pak kinase activity in the DME cells affected 

the function of the JNK cascade, dpp transcription in dPak-AID- expressing embryos was 

analyzed by RNA in situ hybridization. dpp expression in the DME cells was retained in 

these embryos (Figure 3.3C). 

Taken together, these results indicate that group I Pak kinase activity is required 

in the DME cells for the integrity of the actomyosin contractile apparatus and cell shape 

change, but not for activation of the JNK cascade. 

3.6	 Mutations in dpak have distinct characteristics depending on 
where the mutation occurs 

Different dpak alleles have been reported to behave differently in different tissues 

(Hing et aI., 1999) (Newsome et aI., 2000). I sought to perform a detailed analysis on 

various dpak mutant embryos and obtained some published as well as many unpublished 

alleles from the Dickson group (Table 3.1) (Newsome et aI., 2000). Flies 

transheterozygous for the dpak alleles dpak6 or dpak'" and dpak'", dpakll dpak" or 

dpae2 can all survive as uncoordinated adults with crumpled wings. dpak' and dpak'" are 

predicted to encode truncated dPak proteins with no kinase domains due to mutation of 

arginine 113 and tryptophan 111 to stop codons in the Cdc42/Rac-binding CRIB domain, 

respectively (Hing et aI., 1999). The dpak'" allele produces no detectable product on 

Westerns, whereas in the dpakll and dpak'' alleles, glutamine 227 and glutamine 230 

have been mutated to stop codons, respectively (Hing et aI., 1999) (Table 3.1). The 

dpae2 allele has not been molecularly characterized, but behaves similarly to the dpak'", 

dpak11 and dpak" alleles with respect to its transheterozygote adult phenotypes. 
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dpak14/dpak21 and dpak14/dpae2 adult female flies are sterile and therefore, did not allow 

for a further analysis of dPak function in the Drosophila embryo. 

3.7 Creation ofpak3 alleles 

Since all known reports on Drosophila Pak3 function have been based on 

phylogenie and structural analysis, we wanted to address what effects loss ofpak3 

function had on Drosophila development. Interestingly, the Pak3 protein is expressed in 

two forms via alternative splicing, with both forms having fewer regulatory regions than 

dPak (Figure 1.1 and 3.6A). To generate mutants by P-element excision, I obtained the 

EP(3) 1191 stock from the Szeged Drosophila stock centre, which has a P-element 

inserted 67 base pairs downstream of the start point of transcription. Through the addition 

of transposase source, I mobilized the P-element to create random deletions in the 

flanking genomic DNA. Our collaborator Dr. Sami Bahri did a similar screen and two of 

his alleles were the first to be molecularly characterized. Through PCR analysis he was 

able to determine the precise breakpoints of two deletions, pak3ex27 and pak3ex 76 
. Both of 

these alleles are missing 852 base pairs of 5' untranslated sequences with pak3ex27 and 

pak3ex 76 additionally missing 148 and 325 codons ofPak3-A, respectively (Figure 3.6). 

Both alleles are zygotic lethal and die as pharate adults. 

3.8 Characterization of Pak3 in the embryo 

I wondered if Pak3, like dPak, might have a role in DC. To address this I looked 

at cuticle preparations of embryos collected from the pak3ex27 and pak3ex76 mutant alleles. 

I found that, unlike dpak zygotic mutants that display no DC defects, homozygous pak3 
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Table 3.1. dpak alleles and transheterozygous phenotypes. 

dpak alleles and corresponding mutations 

dpak alleles 
Allele Phenotype Site Mutation Reference 

dpak 6 Ernb. Lethal 113 R > Stop Hing (1999) 

dpek'" Ernb. Lethal Unknown Hing (1999) 

dpek'! Emb. Lethal 227 Q > Stop Hing (1999) 

dpek'" Emb. Lethal 111 W > Stop Newsome (2000) 
dpa~o Emb. Lethal 281 Q > Stop Unpublished 

dpek" Emb. Lethal 382 Q > Stop Unpublished 
dpa~2 Emb. Lethal Unknown Unpublished 

dpak genotypes and representative phenotypes 

dpa~ 
dpa~o 

dpa~J 

dpa~4 

dpa~o 

dpa~J 

d a~2 

DW (Droopy Wing}- dpak mutant flies that survive for approximately four days after 

eclosure but are uncoordinated and have partially unfolded wings that hang over the 

thorax of the mutant flies. EL (Embryonic Lethal). 
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zygotic mutants had a clear role in DC with all individuals dying as embryos with defects 

in germband retraction and/or DC (Fig. 3.7B and data not shown). I wanted to see ifPak3 

was possibly functioning together with dPak in DC, and therefore recombined alleles of 

each onto the same chromosome for genetic analysis. Zygotic dpak'" mutants show no 

DC defects, but when made heterozygous for pak3ex76mild DC defects in the form of 

puckers are seen (Fig. 3.7C). dpakJ4pak3ex76 /dpakJ4pak3ex76 embryos show a similar 

range of DC defects as pak3ex76 mutant embryos (Fig. 3.7D). These various results 

indicate that zygotic Pak3 makes a greater contribution to DC than zygotic dPak. 

As part of my basic characterization of Pak3, I wished to look at the localization 

patterns ofpak3 transcript in the embryo as well as Pak3 protein localization throughout 

embryogenesis. I performed RNA in situs on wild-type embryos with a probe made from 

the REO 1659 Pak3 eDNA, which should detect both pak3 transcripts. I found that the 

pak3 transcript is ubiquitously expressed throughout embryogenesis (Figure 3.7E,F). Our 

collaborator Sami Bahri has generated antibodies against the Pak3 protein. I looked to see 

what the protein localization pattern was and found that, similar to the pak3 transcript, 

Pak3 was ubiquitously expressed throughout the embryo, with enrichment at the leading 

edge (Figure 3.7G). This was compared to the dPak protein by looking at embryos doubly 

stained with dPak and Pak3 antibodies (Figure 3.7G-I). I found that although the protein 

localizations largely overlap, Pak3 is not enriched at that segment borders as the dPak 

protein is. 
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Figure 3.6. Alternative splicing of the pak3 gene and map of two pak3 alleles. 

(A) The two transcripts of the pak3 gene are shown in blue. The position of the p

element EP(3) 1191 is shown. The green stripe shows the start site of transcription. The 

red stripe shows the stop position. (B) The two mutant alleles of the pak3 gene generated 

are shown in yellow. pak3ex 76 is a deletion removing the bases between 67 and 1362, and 

pak3ex27 is missing the bases between 67 and 1893 (data from Sami Bahri). 
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Figure 3.7. Pak3 embryonic defects and localization 

(A-D) Cuticle preparations of (A) Wild-type and (B-D) Pak mutant embryos. (E 

and F) RNA in situ hybridization using the REOl569 pak3 probe in w JJJ 8 embryos. (B) 

pak3ex76embryo showing germ-band retraction defect and dorsal scab. (C) 

dpae4pakJex76/dpak14 embryo showing that when a dpak'" mutant is made heterozygous 

for a pak3 allele, mild DC defects are seen in the form of puckering. (D) dpak14pak3ex76 

/dpak14pak3ex76 embryo showing large dorsal hole and gennband retraction defect. (E and 

F) w lJ 
18 embryos showingpak3 transcript expressed ubiquitously throughout the embryo. 

(G-I) w JJJ 8 embryo double stained with anti-pak3 (G) and anti-dPak (H) antibodies. 

Merge is shown in (I). 
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4	 RESULTS PART II - The role of dPak in the Drosophila 
follicular epithelium 

4.1	 dpak mutant egg chambers fail to elongate and have defects in the 
organization of the follicular epithelium 

To continue studying a role for dPak in epithelial cells, I turned to another well-

characterized developmental process: Drosophila oogenesis. I examined the dpak mutant 

egg chambers by staining with 4',6-diamidino-2-phenylindole (DAPI), and the ToPro III 

stain to visualize nuclei, and FITC and TRITC-phalloidin to observe the morphology of 

the cells and evaluate the F-actin cytoskeleton. In the wild-type ovariole, egg chambers 

become increasingly elongated along the A-P axis as they age (Figure 1.1 and Figure 

4.1A and B). It was found previously by Hong Yu, that dpak mutant egg chambers fail to 

elongate along the A-P axis and were almost spherical (Figure 4.1C-E; Figure 4.2E and 

G) (Yu, 2003). As no eggs were ever seen in the dpak transheterozygote mutants, I 

wished to establish the developmental stage at which oogenesis failed. I estimated the age 

of the egg chambers based on the size of the oocyte relative to the rest of the chamber as 

well as the egg chambers position in the ovariole. Based on this method of staging, it was 

concluded that the dpak mutant egg chambers degraded by approximately stage 9. 

Various defects were seen in the somatic FE covering the dpak mutant egg chambers. 

The integrity of the FE was disrupted in the form ofbilayering and gaps, detectable both 

by phalloidin and DAPI staining (Figure 4.1C, D and F). The bilayering was seen in 95% 

ofdpak'ldpak'" egg chambers (n=41) and was mostly seen over the oocyte although a 

small percentage of these mutant egg chambers had anterior bilayering or multi layering 
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of follicle cells (data not shown). Gaps in the FE were seen in 54% (n> 100) of these 

mutant egg chambers. dpak6/dpakl l and dpak6/dpak22 egg chambers both exhibited 

similar phenotypes but in addition 15% of dpak6/dpakll egg chambers showed areas of 

follicle cell multi layering, with the multilayered cells invading into the germline in some 

cases (Figure 4.1E and Figure 4.5D). Beginning at approximately stage 9, most of the 

follicle cells in the wild-type egg chamber begin to migrate towards the posterior end and 

elongate in the apical-basal axis to create a columnar epithelium covering the oocyte 

(Figure 4.1B). In dpak mutant egg chambers, the follicle cells covering the oocyte failed 

to become columnar and were disorganized, forming a bilayer in patches (Figure 4.1D 

and 4.2G). In wild-type egg chambers, as follicle cells migrate to the posterior end, the 

follicle cells remaining over the nurse cells flatten (Figure 4.1B). In similarly aged dpak 

mutant egg chambers, most of the follicle cells remained cuboidal (Figure 4.1D and 

Figure 4.2G). The expression of ectopic dPak in the follicle cells by means of a UAS

dpak transgene driven by the 198Y-Ga14 driver (Murphy and Montell, 1996b) in mutant 

dpak egg chambers allowed for the formation of normally elongated egg chambers with a 

properly developed FE (Yu, 2003), but did not rescue the sterility defect (Figure 4.1G). 

As shown previously, germline clones for the dpak'" allele (glutamine 281 

mutated to a stop codon) (Newsome et aI., 2000) are fertile and produce progeny with DC 

defects, but I was curious to see if there was a requirement for dPak in the germline in 

other dpak alleles. To address the potential effects dPak signaling from the germline cells 

may be having in oogenesis, I made germline clones for the dpak'", dpak'' and dpae2 

alleles. 1found the egg chambers produced by these mutants elongated normally and had 

few mutilayering defects or gaps seen in the FE (Figure 4.1H). 
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Figure 4.1. Egg chamber defects in dpak mutant ovaries. 

(A-F, H) Cross-sectional views ofFITC-phalloidin-stained egg chambers. (G) DAPI-stained egg 

chamber. Oocytes are marked with an asterisk. (1-0) Egg chambers bearing dpak follicle cell 

clones, double stained with anti-GFP antibody (I, K, M) and FITC-phalloidin (1,0) or ToPro3 

(L) or DAPI (N). Clones are distinguished by a lack of GFP staining. Arrowheads in panels C and 

o delimit discontinuities in the FE, while those in (panels I-N) show some of the clone 

boundaries. (A) Wild-type stage 8 chamber. (B) Wild-type stage 9 chamber in which follicle cells 

have begun to migrate over the oocyte and form a columnar epithelium. (C, D) dpakildpak'" egg 

chambers estimated to be about stage 8 (C) and stage 9 (D). The chambers have failed to 

elongate, and show discontinuities in the FE. The follicle cells over the oocyte are bilayered in 

patches (arrows). (E) dpak'ldpak ' egg chamber, about stage 8, showing multi layering of FE over 

the oocyte. (F) dpak'ldpak" mutant ovariole showing lack of progressive elongation of older 

chambers. (G) Stage 10 dpak6/dpakll egg chamber showing rescue of elongation defect through 

follicle cell expression of a UAS-dpak transgene using the 198Y-GAL4 driver. This panel is 

shown at a different magnification from the others. (H) Stage 8/9 egg chamber bearing dpak'" 

germline clone, showing normal elongation and emergence of squamous and columnar epithelia. 

(I, J) Multilayering of FE in dpak'" posterior follicle cell clone in stage 6 egg chamber. (K, L) 

Bilayering of FE in two dpak'" posterior follicle cell clones in stage 8 egg chamber. (M, N) 

Bilayering of FE in one anterior and one posterior dpak!2 follicle cell clone in stage 6 egg 

chamber. (0) Anterior end of stage 9 egg chamber bearing dpak'" follicle cell clones (GFP 

staining not shown). A gap in the FE is seen within a large dpak clone. Pannels C to G were done 

by Hong Yu.. 
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The number of gaps seen in the germline clone egg chambers is similar to the 

percentage of gaps found in the heterozygous dpak mutant alleles. For example, while 

dpak'' heterozygous egg chambers had 3.6% gaps and 1% bilayering (n= 109), chambers 

bearing dpak" germline clones had 7.1% gaps and 4% bilayering (n=98). A few mature 

eggs were produced by the dpak'" germline clones, but the majority of the egg chambers 

degraded around stage 11 or 12. I conclude that the FE defects and lack of elongation in 

dpak mutant egg chambers are largely due to a lack of somatic, rather than germline 

dPak. 

4.2	 dPak is required for the polarized accumulation of basal F-actin 
bundles in follicular cells 

The rounded morphology of the dpak mutant egg chambers was reminiscent of 

the rounded egg chambers seen in other mutants where the basal F-actin cytoskeleton in 

the follicle cells had been disrupted. dpak mutant egg chambers were defective in both 

the assembly and organization ofF-actin. By stage 7, the basal actin filaments of the 

wild-type FE have become organized into bundles that are oriented perpendicular to the 

A-P axis (Bateman et aI., 2001; Frydman and Spradling, 2001) (Gutzeit, 1991) (Figure 

4.2B). In dpak mutant egg chambers estimated to be stage 7 or older, Hong Yu found that 

the basal F-actin in the follicle cells ranged from almost non-existent (Figure 4.2F) to 

reduced in quantity and disorganized, with improperly polarized bundles (Figure 4.2H) 

(Yu, 2003). To address the possibility that dPak in the germline cells might influence the 

polarity of the basal actin filaments, I again looked at germ line clones from three 

different dpak alleles. In examining the integrity and polarity of the basal F-actin I found 
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that in each case the basal actin filaments were normal (data not shown). Therefore, the 

organization of basal F-actin in the FE is specifically due to a loss of dPak in these cells. 

The heteroallelic dpak combinations that survive to adulthood presumably retain 

some dPak function as no survivors are seen with homozygosity for various dpak alleles. 

This is supported by studies which Pak proteins lacking functional kinase domains have 

been able to maintain kinase-independent, scaffolding functions (Bokoch, 2003). To look 

at potentially stronger dpak mutant phenotypes, and to address the question of cell 

autonomy of dPak function in the organization of basal F-actin in the FE, I created dpak 

follicle cell clones using available FRT-recombined dpak alleles that did not yield any 

homozygous survivors. dpak'", and two additional FRT-recombined alleles, dpak'" and 

dpae I were chosen. dpak mutant follicle cell clones showed similar disruptions in 

cytoskeletal organization as wholly dpak mutant egg chambers (Figure 4.2I-P). Basal F

actin bundles were almost completely non-existent in most cells of large dpak clones 

(Figure 4.21 and L), although some dpak mutant cells were seen with disorganized 

accumulations of actin in the form of tangled fibres with a branched appearance (Figure 

4.2L). Subtle differences were seen between the various dpak alleles used. dpak'" and 

dpak22 clones frequently showed a lack of basal cortical F-actin, a more severe phenotype 

than was seen in the wholly dpak mutant egg chambers (compare Figures 4.21 and L to F 

and H). dpak'' clones, however, generally showed some retention of basal cortical F

actin (Figure 4.2P). 

Two results indicated that regulation of basal F-actin organization in the FE is not 
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Figure 4.2. Loss of dPak results in defects in the accumulation and organization of 
basal F-actin bundles in the FE as revealed by FITC-phalloidin staining. 

(A, E, C, G) Cross sectional views of egg chambers. (B, F, D, H) Higher magnification 

views of the basal F-actin bundles in the FE of these egg chambers. (I-P) Egg chambers bearing 

dpak clones, double stained with anti-GFP antibody (I, K, M, 0) and FITC-phalloidin (1, L, N, 

P). Clones are distinguished by a lack of GFP staining. (A, B) Stage 7 wild-type egg chamber 

showing polarization of basal F-actin bundles perpendicular to the A-P axis of the chamber. (C, 

D) Stage 8/9 wild-type egg chamber showing dense, polarized accumulation of basal F-actin 

bundles. Note that follicle cells over the oocyte have begun to elongate while those over the nurse 

cells have begun to flatten. (E, F) Stage 7 dpak'ldpak'" egg chamber showing spherical shape and 

bilayer of follicle cells over oocyte (arrowhead). The basal F-actin bundles are sparse and 

disorganized. (G, H) Stage 9 dpak'Idpak'" egg chamber showing spherical shape and bilayer of 

follicle cells over oocyte (arrowhead). Note that all follicle cells remain cuboidal, unlike the wild-

type chamber in (C). Basal F-actin bundles are less dense than in a wild-type egg chamber of 

similar age and are disorganized. (I, J) View of large dpak'" clone and neighbouring wild-type 

cells in stage 8 egg chamber. There is little basal actin in most dpak'" cells. Arrowhead indicates a 

dpak'" cell in contact with wild-type cells that has some well-organized, parallel F-actin bundles. 

F-actin accumulation is also sometimes disrupted in wild-type cells in direct contact with mutant 

cells (arrows). (K, L) Stage 7 egg chamber, showing both dpak'" cells (arrowhead) and wild-type 

cells (arrow) with disorganized basal F-actin. Bundles are clumped, cross over each other, and 

have a branched appearance. (M, N) Stage 8 egg chamber showing dpak'" cell (arrowhead), 

surrounded by wild-type cells, containing correctly polarized parallel F-actin bundles. (0, P) 

View of dpak" clone and neighbouring wild-type cells in stage 7 egg chamber. Although basal F-

actin bundles are disrupted in the clone, there is some retention of basal cortical actin. Pannels A

H were done by Hong Yu. 
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cell autonomous. First, it was frequently seen that wild-type cells had reduced levels of 

basal F-actin or disorganization of the parallel bundles; these cells were always either 

directly contacting or near dpak mutant cells (Figure 4.21 and L). Secondly, dpak mutant 

cells in direct contact with wild-type cells frequently showed some retention of parallel 

F-actin bundles (Figure 4.21 and N and summarized in Figure 4.3 K and L). In summary, 

these results indicate that dPak is required for the assembly of parallel basal F-actin 

bundles in the FE, and that the status of the actin cytoskeleton in a cell can affect the 

organization of the cytoskeleton in neighbouring cells 

4.3	 dPak genetically interacts with the receptor tyrosine phosphatase 
Dlar 

There is strong evidence indicating that signaling from the ECM through the 

receptor protein tyrosine phosphatase (RPTP) Dlar participates in egg elongation through 

the polarization ofthe basal actin cytoskeleton in the FE (Bateman et aI., 2001) (Frydman 

and Spradling, 200 1). Reduction of Dlar function in the FE leads to disorganization of 

basal F-actin and rounded eggs, phenotypes similar to what we see in dpak mutant egg 

chambers. Genetic studies on nervous system development in Drosophila indicate that 

dPak may lie downstream of Dlar in a Rae signaling pathway. Data on motor axon 

pathfinding in the embryo are consistent with Trio, a guanine nucleotide exchange factor 

for Rae, and Rae, signaling downstream of Dlar. Furthermore, work on photoreceptor 

axon pathfinding indicates a pathway from Trio to Rae to Pak (Bateman et aI., 200 1) 

(Newsome et aI., 2000). 
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To see if dPak was functioning downstream of Dlar in polarization of the basal 

actin cytoskeleton, I attempted to suppress the rounded egg phenotype of Dlar mutant 

flies through the follicle cell expression of a transgene encoding a myristalated, 

constituatively active version of dPak, UAS-dpakmyr (Hing et al., 1999) using the T155

Gal4 driver. I had hoped that the tethering of dPak at the plasma membrane would 

provide the closest situation to the in vivo function of dPak in its potential function 

downstream of Dlar. The frequency of rounded eggs laid by dlarbo/a2/dlarbo/a2 

vr homozygous females (Frydman and Spradling, 2001) was 16% lower when UAS_dpakm
. 

was expressed in the FE (Table 4.1). The same experiment was performed using a 

heteroallelic combination ofDlar alleles (Bateman et al., 2001). Surprisingly, the 

5IDla/frequency of rounded eggs laid by Dlar5
. 3.2 females was three times higher in the 

presence of UAS-dpakmyr expression (Table 4.1). Expression of UAS_dpakm
.
vr on its own 

did not cause a rounded egg phenotype. I also looked at the effect of heterozygosity for 

5IDlarJ3 2the dpak' allele on the Dlar5
.
5IDlar13.2 individuals. We found that while Dlar5

. · 

individuals bearing the third chromosome balancer from the dpak'' stock could survive to 

5IDla/3adulthood, Dlar5
. .

2 flies bearing the dpak' chromosome died as pharate adults 

prior to ec1osion, thus demonstrating a dependence of dPak in Dlar compromised flies. 

These results establish that Olar and dPak do interact during development, but 

that the relationship between the two proteins may be complex and not simply involve 

dPak as a downstream effector for Dlar. 
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Table 4.1. dPak genetically interacts with Dlar in regulating elongation of the 
oocyte. 

Flies of the noted genotypes were scored strictly for either rounded or non-

rounded eggs. The dLar mutant eggs were completely spherical and easy to 

distinguish from any type of elongation. 

Genotype Rounded Eggs (n) 

Canton 5 0% (50) 

UAS-dpaf<Tly r4/X;Dla,-5·5/Dla,J3.2; +/TM6 10% (80) 
UAS-dpaf<Tly r4/X;Dler":5/Dla,J 3.2; +/T155-GaI4 32% (56) 

UAS-dpaf<Tly r4/X;Dla,JJ°la2/Dla,JJ°la2; +/TM6 96% (94) 
UAS-dpaf<Tly r4/X;Dla,JJ°la2/Dla,JJ°la2; +/T155-GaI4 81 % (88) 
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4.4	 Rae signaling is required for integrity of the basal F-actin bundles 
in the follicle cells 

I tested for involvement of Trio activated Rae signaling in the organization of 

basal actin bundles in the FE. Follicle cell clones mutant for a loss of function trio allele, 

trio' (Newsome et al., 2000), have far fewer basal actin filaments than their wild-type 

neighbours (Figure 4.3B). The polarity of the remaining F-actin bundles in trio mutant 

cells is intact, as is that of the basal F-actin bundles in the wild-type cells neighbouring 

the clones. Trio stimulates guanine nucleotide release on the three Drosophila Rae 

proteins, Rae 1, Rac2 and Mtl; GTP-bound versions of two of these, Rae 1 and Rac2 can 

bind to dPak (Harden et al., 1996) (Newsome et al., 2000). Basal F-actin bundles are lost 

in follicle cell clones doubly mutant for the null alleles, Rael}]] and Rae2 LJ (Ng et al., 

2002) (Figure 4.3D and F). The complete absence of basal F-actin bundles in rae mutant 

clones precludes an evaluation of Rae contribution to the polarization of the cytoskeleton, 

although there is evidence of mild perturbations of polarity in neighbouring wild-type 

cells (Figure 4.3D) Furthermore, wild-type cells in direct contact with Rae mutant cells 

frequently show disruption of the actin cytoskeleton (Figure 4.3F). These results indicate 

that Rae, similar to dPak, has non-autonomous effects on the actin cytoskeleton in the FE. 

In my examination of dpak, trio and rae mutant clones, I noticed that F-actin 

bundles in wild-type cells were frequently aligned with those in neighbouring cells 

(Figure 4.4). My interpretation of this is that some of the remaining actin bundles in 
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Figure 4.3. Effects of loss of Rae and Cdc42 signaling on the basal F-actin in the FE 

Egg chambers were double stained with anti-GFP antibody (A, C, E, I, K, P and Q) and 

FITC-phalloidin (B, 0, F, H, J and N). Some clones were also identified by anti-Myc staining (G 

and M) Mutant clones are distinguished by the lack of GFPIMyc staining. (A, B) Stage 8/9 egg 

chamber showing reduced number of actin filaments in clone of trio' cells but preservation of 

actin polarity. (C, D) Stage 8/9 egg chamber showing absence of actin filaments in clone of 

RaclJll ,Raer cells and mild disruption of actin polarity in neighbouring wild-type cells. (E, F) 

Stage 7 egg chamber showing loss of actin filaments in wild-type cells (arrowheads) flanking a 

RaclJll Rae2!:> clone. (G, H) Stage 7 egg chamber showing a loss of actin filaments in wsp' 

mutant cells. Note that wild-type cells, neighbouring mutant sections also are reduced in number 

and mispolarized. (I, J) Lower magnification image showing that in stage 8 Cde425 clonal cells, 

basal F-actin filaments are slightly reduced in quantity, but polarity is in tact. (K, L) Summary of 

F-actin defects. Wild-type cells are shown in green. Mutant cells shown in red. Yellow cells 

indicate either wild-type surrounded by mutant cells or mutant surrounded by wild-type cells. (K) 

trio and Cde42 mutant cells exhibit a reduction ofF-actin but the polarization perpendicular to 

the A-P axis remains normal. Note that the yellow cells demonstrate the non-autonomous 

signaling as reductions ofF-actin are seen in wild-type cells surrounded by mutants and no 

reduction is sometimes seen in mutant cells surrounded by wild-type. (L) dpak, wsp and 

Racl ,Rae2 mutant cells exhibit both a reduction of F-actin and a loss of planar polarity in mutant 

cells. Yellow cells show non-autonomous signaling similar to the mutants in K, with reductions 

and loss of polarity of F-actin in wild-type cells surrounded by mutants and wild-type actin 

filaments in mutant cells surrounded by wild-type cells. Also note that the severity of these 

phenotypes differed between mutants. 
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mutant cells are anchored at junctional complexes shared with neighbouring cells, such 

that F-actin bundles in neighbouring cells can end up in perfect end-to-end alignment. 

Guitzeit made a similar observation in his analysis of the F-actin bundles in wild-type egg 

chambers (Gutzeit, 1990). 

4.5 Loss of Cdc42 signaling affects the basal actin filaments 

Cdc42 mutant egg chambers show some similarity to dpak mutant egg chambers 

(Murphy and Montell, 1996a) (Genova et aI., 2000). Cde42 mutant follicle cell clones 

have defects in epithelial cell elongation as well as a multi layering in the FE. As the Rae 

mutants exhibited a reduction of basal actin filaments (Figure 4.3D), similar to that of the 

dpak mutants (Figure 4.2H-N), 1wanted to see if dPak was possibly functioning in a 

signaling pathway in which multiple Rho GTPases were participating in the polarized 

organization ofF-actin. To address this, follicle cell clones from the Cde423 and Cde42 4 

alleles were generated. The Cde423 allele is a G 114D mutation and is lethal while the 

Cde42 4 allele has a D65N substitution and produces flies with visable eye and wing 

defects. The Cde42 3 is a missense mutation while Cde42 4 is a mutation in the splice 

acceptor site and have been reported to display similar ranges of phenotypes (Genova et 

aI., 2000). 1stained ovarioles with an anti-myc antibody and phalloidin to assess the 

continuity of the basal F-actin between positively myc-marked follicle cells and cells 

without myc staining (Figure 4.31 and J). 1 found that the myc staining was not as clear as 

clones generated from alleles marked with GFP as the positive indicator, but mutant 
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clones were identifiable. In all mutant follicle cells assessed, I found that the basal F-actin 

was properly arranged in parallel bundles running perpendicular to the anterior-posterior 

axis (Figure 4.31, J and K). There appeared to be a slight reduction in the density of the 

bundles of actin filaments, but to a lesser extent than any of the other mutants examined. 

Actin nucleation downstream of Cdc42 requires the binding to and subsequent 

activation of the Wiscott-Aldrich Syndrome Protein (WASP). Active WASP then recruits 

globular 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 (Carlier 

et aI., 1999). As Cdc42 did have some effects on the basal F-actin in the FE, I wanted to 

see what the effects of a known downstream component to Cdc42 would have. In follicle 

cell clones generated from the wsp' mutant, in which there is a small intragenic deletion 

resulting in a predicted frameshift which causes the cytoskeleton-interacting carboxy

terminal domain to be lost (Ben-Yaacov et aI., 2001), the integrity of the basal F-actin 

was assessed. In mutant clonal cells, as well as those neighbouring the mutants, there was 

a vast reduction of actin filaments (Figure 4.3G and H), similar to the levels of the Racl, 

Rae2 mutants. Polarization of these filaments was also lost as many of the few retained 

filaments were seen running parallel to the anterior-posterior axis of the egg chamber. 

From these data it appears that WASP is functioning in a different manner than Cdc42 in 

the planar polarization of basal actin filaments in the FE. Thus, I conclude that although 

Cde42 mutants share some similar phenotypes to dpak mutants in the egg chamber, the 

two proteins have different roles with regard to the polarized organization of the basal 

actin cytoskeleton. 
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Figure 4.4. Some F-actin bundles are precisely aligned between neighbouring cells in 
the FE. 

Egg chamber double stained with FITC-phalloidin (green, A) and anti-GFP 

antibody (red, C) and and FITC-phalloidin to reveal trio2 clones. Merged image (B) 

reveals precise end-to-end alignment of some F-actin bundles in neighbouring cells. 

90
 



91
 



4.6	 dPak is required for apical-basal polarity in the FE and negatively 
regulates ~Heavy-spectrin levels 

dpak mutant egg chambers were defective in epithelial integrity in that they 

exhibited bilayering/multilayering of the FE and gaps in the FE. Such defects in the FE 

are associated with mutation of a wide variety of genes, including determinants of 

epithelial apical-basal polarity. Crb and PatJ are members of one of three protein groups 

that cooperate in defining apical-basal polarity in the epithelia (Gibson and Perrimon, 

2003). Loss of either of these proteins in the developing egg chamber leads to gaps in the 

FE due to failure of mutant epithelial cells to integrate into the FE during its formation 

(Tanentzapf et al., 2000). Crb mutant clones in the FE also show multi layering of the FE 

over the oocyte, indicative of a defect in epithelial maintenance. Follicle cell clones 

mutant for scrib, dig or Igl, which encode members of a second protein group controlling 

apical-basal polarity, the Scrib complex, exhibit multilayering (Bilder and Perrimon, 

2000) (Goode and Perrimon, 1997) (Goode et al., 2005). Impairment of Cdc42, a 

determinant of apical-basal polarity that regulates a third protein group, the Bazooka/Par-

6/aPKC complex, leads to multilayering of the FE (Dobens et al., 2001) (Genova et al., 

2000) (Hutterer et al., 2004). 

The development of apical-basal polarity in the epithelia divides the plasma 

membrane into two broad domains, apical and basolateral, separated by a junctional 

complex that includes the zonula adherens (ZA) (Knust and Bossinger, 2002) (Figure 

1.3B). In the developing FE the basolateral membrane can be subdivided into distinct 

basal and lateral domains (Tanentzapf et al., 2000). The membrane domains in epithelial 
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cells can be distinguished by their differing distributions of various transmembrane and 

scaffolding proteins. These proteins can be used as markers for the domains of the 

polarized epithelial membrane. I stained dpak mutant egg chambers with anti-DE 

Cadherin (DE-Cad) which localizes to the ZA (Tanentzapf et aI., 2000) and anti-Dig, 

which localizes to the lateral membrane (Goode and Perrimon, 1997), and found that the 

polarized distribution of these markers was disrupted in bilayered/multilayered cells, with 

both associated with all three membranes (Figure 4.6B and D). 

dpak follicle cell clones exhibited defects in epithelial integrity similar to wholly 

dpak mutant egg chambers, in that there was bilayering/multilayering of the follicle cells 

(Figure 4.II-N) and gaps in the FE (Figure 4.10). Bilayering/multilayering was most 

frequently seen in posterior clones over the oocyte, but also occasionally in anterior 

clones (Figure 4.1L). I looked at the effects on membrane organization in dpak clones, 

and was careful to evaluate only clones in which it was clear that the follicle cells were 

still present. I found it was possible to distinguish between a legitimate clone and a gap 

by background staining from the anti-GFP antibody used to mark the wild-type cells or 

by partial retention of a membrane marker (Figure 4.5). I stained egg chambers 

containing dpak mutant clones with anti-DE-Cad and anti-Dig, as well as other markers 

that have been previously used to address effects on apical-basal polarity in the FE, 

namely anti-Armadillo (Ann, a ZA component), anti-Fasciclin III (FasIII, a lateral 

membrane marker) and anti-Crb (Tanentzapf et aI., 2000). All of these markers largely 

failed to associate with the plasma membrane in all dpak mutant clones, although I did 

see partial retention of Ann and DE-cad at the ZA (Figure 4.6F and R). I was concerned 
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Figure 4.5 Protein marker localization in epithelial cells 

Comparison between either transmembrane or scaffolding proteins that localize to 

specific membrane domains in epithelial cells. The different domains are differentiated 

by colour. The sub-apical region (SAR) marked in red, the zonula adherens (ZA) marked 

in green, the septate junctions and lateral domain marked in blue and the focal adhesions 

(FA) marked in purple. The horizontal rows show the homologous protein characterized 

in either Drosophila, C. elegans or Vertebrates. The figure only depicts proteins used for 

antibody staining in this work. Many other proteins have been shown to localize to the 

various regions shown in the schematic. The bottom panel demonstrates stainings 

representative of each domain shown in the above figure, each in the corresponding 

colour. (A) marks the apical side and (B) marks the basal side ofthe cells in the images. 
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that the failure of all markers chosen to localize to the membrane in dpak clones was due 

to a global effect on plasma membrane integrity, rather than a disruption of apical-basal 

polarization, and sought additional markers to determine if the plasma membrane was 

intact in the mutant clonal cells. Interestingly, I found that ~Heavy-spectrin, an apical 

membrane protein, was not only retained in dpak clones, but consistently showed higher 

levels in the mutant cells, with increased amounts at the apical membrane (Figure 4.6I-P). 

Co-staining with anti-Dig indicated that the membrane localization of this protein was 

lost in dpak mutant cells showing increased ~Heavy-spectrin levels (Figure 4.6K-N). The 

fact that membrane levels of ~Heavy-spectrinare increased in dpak mutant clones, together 

with the finding that these cells can retain cortical actin at all membranes (Figure 4.11 and 

Figure 4.2P), indicates that membrane integrity is preserved in dpak mutant clones. 

As it was clear that a loss of dPak resulted in an increase in ~Heavy-spectrin levels, 

I wanted to see if an increase in dPak levels would lower that of ~Heavy-spectrin. To create 

egg chambers with elevated levels of ectopic dPak, I expressed the UAS-myristalated

dPak construct with the hs-Gal4 driver. These egg chambers were stained with anti-dPak 

and anti-~Heavy-spectrin antibodies and examined against wild-type staining for any 

differences in expression levels. Although it was clear that there was a higher level of 

dPak staining in these egg chambers, the ~Heavy-spectrin looked no different than from 

wild-type (data not shown). 
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Figure 4.6. Localization of various markers of apical-basal polarization of the 
membrane is disrupted in dpak mutant follicle cells but levels of ~Heavy
spectrin at apical membrane are increased. 

Egg chambers were stained with anti-Dig antibody (A, B, K, M) or anti-DE-Cad (C, D, 

R) or anti-Arm (F) or anti-FasIII (H, V) or anti-~-Heavy-spectrin (1, L, N, P) or anti-Crb (T) or 

FITC-phalloidin (X). In the case of dpak clones, chambers were also stained with anti-GFP (E, G, 

I, K, M, 0, Q, S, U, W). Panels Q-X are higher magnification views of early egg chambers. (A) 

Wild-type stage 7 egg chamber showing localization of Dig at lateral membrane in follicle cells. 

(B) Estimated stage 7 dpak'Tdpak" egg chamber showing localization of Dig around entire cell 

periphery in some follicle cells (arrows). (C) Wild-type stage 7 egg chamber showing localization 

of DE-Cad at ZA in follicle cells. (D) Stage 9 dpak'tdpak" egg chamber showing localization of 

DE-Cad around entire cell periphery in some follicle cells (arrows). This is an rare example of 

multilayered follicle cells invading into the germline cells. (E, F) Stage 8 egg chamber showing 

disruption of Arm localization at ZA in dpak'" clones. There is some retention of Arm at ZA in 

the clone on the right. (G, H) Stage 8 egg chamber showing disruption of FasIIIlocalization at 

lateral membrane in dpak22 clones. (I-P) Egg chambers showing increased levels of ~Heavy

spectrin in dpak" (I-L) and dpak" (M, N) and dpak" (0, P) clones. In all clones, there are 

elevated levels of ~Heavy-spectrinat the apical membrane. Co-staining with anti-Dig (K, M) shows 

that Dig localization is disrupted in dpak clones that have elevated ~Heavy-spectrin levels. (Q, R) 

Disruption of DE-Cad at ZA in dpak'" clones. There is some retention of DE-Cad at ZA in the 

clone at the bottom. (S, T) Disruption of apical Crb localization in dpak'" clone. (U, V) Disruption 

of FasIIIlocalization at lateral membrane in dpak" clone. (W, X) Retention of apical actin and 

some lateral membrane actin in dpak" clone. 
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To get a better understanding of how dpak was acting in the establishment or 

maintenance of apical-basal polarity, I looked to see if egg chambers that were 

transheterozygous for dpak alleles and mutations in determinants of apical-basal polarity, 

would have FE defects. Upon generating egg chambers that had one copy of dpak and 

one copy of, scrib, lgl, dig, baz, par", sdt or crb removed, I found that only the dpak/crb 

mutants showed an increase in multi layering and gap defects above the levels in their 

original heterozygous stocks of these mutants (Table 4.2). In summary, my various 

results indicate a requirement for dPak for apical-basal polarity in the FE. 
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Table 4.2. dPak genetically interacts with Crb in apical-basal polarity in the 
follicular epithelium. 

Genotype 

dpak6/ T M3 

CrbllA22/TM 3 

Crb2/fM3 

dpek"/CrbllA22 

dpak6/ Crb2 

Multilayering of
 
Follicle Cells (n)
 

2.1 °/0 (48) 

1.4°/0 (74) 

2.2°/0 (89) 

7.3°/0 (137) 

8.0°10 (87) 

Gaps in FE 
(n) 

4.2°10 (48) 

1.4°/0 (74) 

0.0°/0 (89) 

11.7°1o (137) 

10.3°/0 (87) 
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4.7	 Rae and Cdc42 have roles in apical-basal polarity in the FE 

The Rho GTPases Rae and Cdc42 seem to be playing different roles with regard 

to the polarization of basal actin filaments in the FE. I wanted to see if this divergent 

signaling may also be seen in their respective roles in apical-basal polarity. I again 

created follicle cell clones of Rae and Cdc42 mutants and examined the distribution of 

DE-Cadherin and FasIII in the mutant follicle cells. A complete loss ofDE-Cadherin 

staining was seen in the Rac1, Rae2 double mutants (Figure 4.7A and B). A similar loss 

of FasIII was seen in both the Rae and Cdc42 mutants as the protein failed to localize to 

the lateral membrane in the mutant cells. (Figure 4.7 D and F, respectively). While I was 

looking at the protein marker distribution in the somatic clones, it also became apparent 

that there were integrity defects in the FE. Multilayering was seen in large clones in both 

the Rae and Cdc42 mutants (Figure 4.7E and G and H, respectively). The Cdc42 results 

are consistent with previous findings that loss of Cdc42 causes multi layering in the FE 

(Genova et al., 2000). These data are representative of a loss of apical-basal polarity and I 

conclude that both Rae and Cdc42 are functioning in this process. 
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Figure 4.7. Rae and Cdc42 are required for apical-basal polarity in the FE 

Egg chambers stained with anti-GFP (A, C and E), anti-Myc (G), anti-DE

cadherin (B), anti-FasIII (D and F) and FITC-Phalloidin (H). (A, B) Stage 7, Rael l JJ 

Rac2/', egg chamber displaying a loss of anti-DE Cadherin staining in mutant cells. (C, 

D) Stage 6, Rael l l 
I Rac2/', egg chamber showing that FasllI is disrupted on the lateral 

membranes within the mutant clone (marked by arrowheads). (E) Stage 8, Rael l JJ Rac2/', 

egg chamber showing multi layering of follicle cells within the mutant clone marked by 

GFP. (F) Stage 8 Cdc425 egg chamber showing that FasllI is disrupted from lateral 

membranes in mutant cells (marked by arrowheads, Myc staining not shown). (G, H) 

Stage 8 Cdc425 clonal cells showing multilayering of follicle cells (clone marked by 

arrowheads) 
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4.8	 dPak becomes largely restricted to the basal end of follicle cells 
during oogenesis 

I re-examined the distribution of dPak during oogenesis by staining ovarioles with 

an anti-dPak antibody (Harden et al., 1996). It had previously been thought that dPak 

localized solely to the basal end of follicle cells throughout oogenesis (Yu, 2003). 

However, I have found that in the germarium and early egg chambers, dPak staining was 

seen at all follicle cell membranes and in germline cells (Figure 4.8A). In progressively 

older egg chambers dPak staining in the germline cells and at the apical and later follicle 

cell membranes got progressively weaker, such that by stage 9 dPak staining was largely 

restricted to the basal end of the follicle cells (Figure 4.8A-D). Anti-dPak may have some 

immunoreactivity with the truncated proteins encoded by most dpak alleles used in this 

study, but it was hypothesized that as the sequence that was used to make the antibodies 

was against the first sixty amino acids of the protein, staining should show some 

reduction and/or alteration in localization. In dpak mutant cells, dPak staining is reduced 

and does not show the normal cortical localization in follicle cells over the oocyte (Figure 

4.8N). Hong Yu had shown that dPak staining is cortical in the columnar epithelium over 

the oocyte but does not show cortical localization in the squamous epithelium covering 

the nurse cells in older egg chambers, where basal F-actin bundles are reduced (Figure 

3.140). An absence of cortical dPak may underlie this lack of F-actin bundles in the 

squamous epithelium. To see if active, membrane tethered dPak could produce F-actin 

bundles in these cells, I globally expressed a myristalated version of dPak, UAS-dpaftlyr 
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Figure 4.8. During oogenesis dPak becomes largely restricted to the basal end of 
follicle cells and its localization is dependent on ECM receptors. 

Egg chambers were stained with anti-dPak antibody alone (A-D) or together with 

anti-GFP (G-N). Mutant follicle cell clones (FCC) are distinguished by a lack of anti-

GFP staining (some clone boundaries are marked with arrowheads). (A-D) Cross-

sectional views of progressively older wild-type egg chambers stained with anti-dPak 

antibody. In early egg chambers, dPak is in the germline cells and throughout the apical-

basal axis of the FE (A), but becomes largely restricted to the basal surface of the FE as 

chambers age (D). (E, F) Dlarbo
/
a2 egg chambers showing that dPak is capable of 

localizing at the basal surface of the FE in the absence ofDLar, but shows higher levels 

of apical accumulation in the FE than wild-type. (G, H) Clones ofDl48 cells showing 

retention of basal dPak in the FE. (I, J) Clones of if2 cells showing disruption of dPak 

localization in the FE. (K, L) Clones of mew498 cells showing disruption of dPak 

localization in the FE. Arrow indicates bilayering of mew498 cells over the oocyte. Clones 

of mysG1 showed a similar disruption of dPak localization (data not shown). (M, N) 

Stage 8 egg chamber showing reduced dPak staining in dpak'" clones. (0) Stage 11 egg 

chamber showing strong accumulation of dPak at cortex of columnar follicle cells over 

the oocyte, and lack of cortical dPak localization in squamous epithelium. This panel was 

done by Hong Yu. 
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(Hing et al., 1999), in ovaries by heat shock using an hs-Gal4 driver and looked at actin 

filaments. The F-actin levels at the basal surface of both squamous and columnar cells in 

the FE were indistinguishable from wild-type (data not shown). 

4.9	 dPak localization in the follicular epithelium is dependent on 
extracellular matrix receptors 

The localization of dPak at the basal end of follicle cells suggests that 

communication with the ECM may be important for dPak function in the FE. Multiple 

ECM receptors in the follicle cells are required for the planar polarization of the basal F-

actin. The creation of follicle cell clones of Dystroglycan (DG), a receptor for the ECM 

protein, Laminin, disrupts the polarity of the basal F-actin in a non-cell autonomous 

manner (Deng et al., 2003). Mammalian Lar can function as a receptor for Laminin, 

suggesting dLar is interacting with Laminin in establishing the polarization of the follicle 

cell cytoskeleton (Bateman et al., 2001) (Frydman and Spradling, 2001) (O'Grady et al., 

1998). Integrins are important ECM receptors that function as heterodimers of ~ and a 

subunits. In Drosophila, an a-integrin subunit, encoded by multiple edematous wings 

(mew)	 functions together with a ~-integrin subunit, encoded by myospheroid (mys) as a 

receptor for the Laminin a chain, while an a-integrin subunit, encoded by inflated (if) 

acts with Mys as a receptor for ECM proteins bearing the amino acid motif, RGD 

(reviewed in (Brown et al., 2000)). Creation of mew, mys or if mutant clones in follicle 

cells causes rounded eggs, and disruption of the polarization of the basal F-actin 

cytoskeleton has been demonstrated in mys mutant follicle cells (Bateman et al., 2001) 

(Duffy et al., 1998). 
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I wondered if the localization of dPak might be in response to communication 

with the ECM via such receptors, and I assessed dPak staining in follicle cell clones 

mutant for Dlar, dg, if, mew and mys. The Dlarbo 
/
a2 allele is caused by a P-element 

insertion in the first intron and is a strong loss-of-function or null allele with regards to 

the ovaries, with no ovarian Dlar mRNA detectable by Northern blot (Frydman and 

Spradling, 200 I). Dlarbo 
/
a2 egg chambers and Dl48 (Deng et aI., 2003) follicle cell clones 

both showed retention of basal dPak (Figure 4.8E-H). However, in the Dlar mutant egg 

chambers, dPak staining showed an increase in apical intensity and was not excluded 

from the apical membrane in older chambers, as occurs in wild-type (compare Figure 

4.8A-D with Figure 4.8E-F). In contrast to this, in all integrin mutant clones, membrane 

localization of dPak was disrupted (Figure 4.8I-L and data not shown). Consistent with 

this disruption of dPak localization, I noted occasional instances of bilayering of follicle 

cells over the oocyte in integrin mutant clones (Figure 4.8K arrows), but no such defects 

were seen in Dlarbo 
/
a2 egg chambers, in which dPak localization is more subtly affected. 

From these data, I conclude that multiple ECM receptors are required for correct dPak 

localization in the FE. 

4.10	 Defects in dpak mutant egg chambers are not rescuable by 
expression of ectopic Dystroglycan 

The dpak14/dpakll egg chambers shared many defects of the Dystroglycan 

mutants including multilayering of the FE and non-autonomous disorganization of the 

basal F-actin cytoskeleton. I wished to see if dPak was possibly functioning upstream of 

dg and if these defects would be lost by the introduction of ectopic Dg into the dpak 

mutant egg chambers. I created flies of the genotype hs-GaI4/+ ; dpak'" - UAS-Dg 
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LDl/pakJl by recombining the UAS-Dg transgene onto the dpak'" chromosome. These 

flies were grown at 29°C to invoke the low ubiquitous expression of the heat shock Gal4 

driver. These females were dissected and their egg chambers assessed for a single layer 

of follicle cells as well as the orientation of the basal F-actin. All egg chambers examined 

were indistinguishable from the dpak'l/dpak'' mutants. (data not shown). 

4.11	 dPak is not required for the organization of Laminin in the 
extracellular matrix or for the basal localization of the ECM 
receptor p-integrin 

The above results suggest that dPak localization, and possibly dPak activation, are 

regulated from inputs from the ECM. dPak might also be acting in an inside-out manner 

at the basal side of the FE, regulating the organization of the ECM, and/or localization of 

the ECM receptors. To begin to address this question, I looked at the effect of loss of 

dPak on Laminin and the ECM receptor, p-integrin. Laminin in the basement membrane 

underlying the follicle cells is organized into parallel stripes in the same orientation as the 

basal F-actin filaments (Figure 4.9A and B), and mutant clones for the laminin A gene 

can induce round eggs (Bateman et aI., 2001) (Frydman and Spradling, 2001; Gutzeit et 

al., 1991). Furthermore, both Laminin and F-actin are disorganized in kugelei mutant egg 

chambers (Gutzeit, 1991), and disruption of the ECM through collagenase treatment 

affects egg chamber morphology (Gutzeit, 1991). It was previously reported that Dg 

follicle cell clones showed non-cell autonomous disorganization of Laminin stripes 

(Deng et aI., 2003) and therefore DG was involved in an inside-out signaling cascade 

where effects on Laminin via the Dg mutants were affecting the basal F-actin in the 

109 



neighbouring follicle cell. I wondered if dPak was functioning in a similar pathway and 

stained mutant dpak egg chambers with phalloidin and anti-Laminin antibodies and found 

that while the basal F-actin was disrupted, Laminin was maintained in parallel stripes 

(Figure 4.9E and F). Similarly, I found that Laminin was properly organized in the ECM 

underlying dpak" mutant clones, and maintained at wild-type levels (Figure 4.9G and I). 

~-integrin is concentrated at the basal surface of the FE, at cell-cell contacts where there 

is some co-localization with the terminals of actin bundles (Bateman et aI., 200 I). The 

basal, cortical localization of ~-integrin was maintained in dpak'" mutant clones (Figure 

4.9K). I conclude that the present data do not support a role for dPak in inside-out 

signaling at the basal surface of the FE. 

110 



Figure 4.9. dPak is not required for the organization of Laminin or ~-integrin at the 
basal surface of the FE. 

Views of the basal surface of egg chambers double stained with anti-Laminin 

antibody (A, C, E, G, I) or anti-ji-integrin (K) and FITC-phalloidin (B, F, H) or anti-GFP 

(0, J, L). Arrows indicate orientation of Laminin stripes. (A, B) Stage 7 wild-type egg 

chamber showing organization of Laminin into stripes parallel to F-actin bundles. (C, D) 

Stage 7 egg chamber showing reduced Laminin levels in Di23 clone (arrowhead) and 

some neighbouring cells. (E, F) Estimated stage 8/9 dpak6ldpak22 egg chamber showing 

disrupted F-actin polarization but conserved organization of Laminin into parallel stripes. 

(G, H) Stage 8 egg chamber showing loss ofF-actin in presumptive dpak'" clone 

(arrowhead), but retention of laminin stripes in ECM beneath clone. (I, J) Retention of 

parallel Laminin stripes in ECM beneath dpak'" clones. (K, L) Stage 7 egg chamber 

showing retained ~-integrin organization in dpak'" clone. 
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4.12	 dPak is required for the localization of proteins involved in the 
establishment and maintenance of apical-basal polarity 

A functional hierarchy has been established with respect to the actions of the 

proteins involved in apical-basal polarity. The Baz complex begins the establishment 

with its localization to the marginal zone apical of the zonula adherens and specifies the 

apical domain. The Scrib complex localizes to the basolateral membrane and represses 

the apicalizing activity of the Baz complex. The final maintenance step is the recruitment 

of the Crb complex by the Baz complex to antagonize the activity of the Scrib complex 

(Tanentzapf and Tepass, 2003) (Bilder, 2003) (Horne-Badovinac and Bilder, 2005). In 

my initial experiments demonstrating a requirement for dPak in apical-basal polarity, two 

of the markers chosen, Crb and DIg, are members of these complexes that set up apical-

basal polarity. The localization of both of these proteins was completely disrupted 

(Figure 4.6K and T) and I wished to look further at the dependence of polarity complex 

proteins on dPak for localization, in the hope that this, would provide insight into where 

dPak may fit into the hierarchy. To that extent, 1 looked at the distribution of the other 

two Scrib complex proteins, Scrib and Lgl in dpak'" follicle cell clones. The Scrib and 

Lgl proteins were completely absent from the basolateral domains they occupy in wild-

type cells (Figures 4.9K and L and Figure 4.9Q-T). 

1 also performed the reciprocal experiment and looked at the disruption or 

retention of dPak in mutant follicle cells generated from bazXiJ06 (Figure 4.1OA-D), 

crbJ
JA22 (Figure 4.10E and F), scrib673 (Figure 4.101 and J) and 19r' (Figure 4.10M-P) 

alleles. More variability was seen in these mutants, as dPak staining was partially or 
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totally retained in baz mutants, yet lost in crb and scrib mutant follicle cells. Even more 

variability was seen in the 19lmutants, which interestingly displayed distinct differences 

in clones of different ages. dPak was retained in mutant follicle cells in older, stage 9 

clones but largely disrupted in the clones generated in younger, stage 5/6 egg chambers 

(compare Figure 4.1OM and N to 0 and P). In summary, these results indicate that Crb, 

Scrib and Lgllocalize to specific membrane domains in a dPak dependent manner and 

that dPak is dependent on Crb and in some cases Baz and Lgl function for its basolateral 

localization. 
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Figure 4.10. The effects of apical-basal mutants on dPak localization and loss of 
dPak function on the localization of apical-basal proteins 

Follicle cell clones stained with anti-GFP (A, C, E, G, I, K, M, 0, Q and S), anti

dPak (B, D, F, J, Nand P), anti-Crb (H), anti-Scrib (L) and anti-Lgl (R and T) antibodies. 

Panels G,H,K and L are higher magnification images. (A-D) bazXil06 follicle cell clones 

showing partial (B) and complete retention (D) of dPak staining in the mutant cells. (E-F) 

crb' fA22 follicle cell clones showing dPak staining is lost in the mutant cells (F). (G-H) 

dpak'" follicle cell clones in which the Crb protein has been lost from the apical 

membrane (H). (I-J) scrib673 follicle cell clones showing dPak staining is completely lost 

in the mutant follicle cells (1). dpak'" follicle cell clones showing a loss of Scrib staining 

in the mutant cells (L). (M-P) 19t follicle cell clones showing variability in which dPak 

staining is lost (M) in early stage 6 egg chambers (N), but retained in later stage 8/9 egg 

chambers (P). (Q-R) dpak'" follicle cell clones showing that the Lgi protein is removed 

from the basolateral membrane in mutant follicle cells (R and T). 
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5 RESULTS PART III - The role of dPak at focal complexes 

5.1	 Loss of dPak phenocopies loss of focal complex/Scribble complex
associated proteins, Git! and dPix 

From this and previous work (Harden et al., 1996), it has been established that 

dPak has a role signaling at the focal complexes, and recent mammalian data has linked 

Pak to proteins that localize at focal adhesions and which are also involved in apical-

basal polarity (Audebert et al., 2004). Specifically, the focal adhesion/focal complex 

proteins ~-Pix and Gitl proteins co-localize and complex with mammalian Scrib. In 

mammals, ~-Pix is a known binding partner of Pak and these proteins have been shown 

to co-localize and genetically interact in Drosophila (Pamas et al., 2001). As there has 

been no report of either dPix or Gitl function in oogenesis, I obtained alleles and looked 

to see if either of these mutants resembled the described dPak phenotypes. gilrx2l c 

homozygous adult flies (from our collaborator Sami Bahri) survive and look very similar 

to the dpak6/dpakl l and dpak'/dpak'" transheterozygous flies, with respect to the 

crumpled wings and uncoordinated movements. dpix l 036 flies are semi-lethal over the 

deficiency Df(2L)PJ19, which removes the dpix gene (Pamas et al., 2001). The 

dpix I 036/Dj(2L)PJ19 flies are also very similar looking to the dpak transheterozygous 

mutant flies. 

I looked at egg chambers of each of these mutant flies to see if they shared similar 

defects throughout oogenesis. I first looked at the continuity of the FE and found that 

both the gil and dpix mutant egg chambers exhibited multi layering and gaps within the 

118 



FE (Figure 5.1Band C and data not shown). The multi layering found in both of these 

mutant egg chambers was somewhat different than that of the dpak mutants as it was 

more severe with most egg chambers examined having approximately 3-5 layers of 

follicle cells layered upon each other. This phenotype was reminiscent of the neoplastic 

tumor suppressor egg chamber phenotypes seen in scrib, dig and Igl mutants (Figure 5.1E 

and data not shown), with pronounced multi layering of follicle cells (Bilder et aI., 2000) 

(Tanentzapf et aI., 2000) (Manfruelli et aI., 1996) (Goode and Perrimon, 1997). Both the 

FEs of the gil and dpix mutants displayed gaps in similar percentages to dpak mutants. 

When I examined egg chambers from females that had one copy of either dpix, gil, Iglor 

dig removed in a dpak61dpakll mutant background (Figure 5.1G-J) I found that the dpak 

mutant phenotype was significantly enhanced in all cases. The dpix I 0361+; dpak61dpakl l 

and IgI4/+; dpak'tdpak'! egg chambers (Figure 5.1G and I) both showed an increase in 

the severity ofthe multilayering phenotypes seen in the wholly dpak mutant egg 

chambers (Figure 5.1A and F). The difference was mainly noticed in the depth of follicle 

cells "piled up" at the posterior end, as well as increased multilayering at the anterior end. 

Multilayering of that severity at both poles of a single egg chamber is never seen in 

dpak6/dpakll mutants. The gilrx2 ICI+; dpak'Tdpak'! egg chambers (Figure 5.1H) showed 

an increase in the multilayering depth at the posterior end, while the dlg l IX; dpak'[dpak' I 

egg chambers (Figure 5.11) looked as though the most posterior follicle cells were 

invading into the egg chamber, similar to what is seen in scrib, dig and Igl mutants 

(Bilder et aI., 2000) (Tanentzapf et aI., 2000) (Manfruelli et aI., 1996) (Goode and 

Perrimon, 1997). Heterozygousity for any of the above mentioned mutants did not 
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Figure 5.1. dpak interactions with genes encoding proteins that complex at focal 
adhesions. 

All egg chambers stained with FITC-Phalloidin. (A-F) Homozygous or 

1lJ8transheterozygous mutants for (A,F) w , (B) dpix I036/DF(2LjPJl9 (a deficiency that 

takes out dpix), (C) gitlEx2IC/gitlEx2IC (D, E) Igr' follicle cell clones. (F) dpak'/dpak'" (G

1) Egg chambers with one copy of dpix, gitl, Igl or dIg removed in a dpaki/dpak' 1 mutant 

background. (G) dpix1036/+;dpak6/dpakll egg chambers showing multilayering of the FE 

at both the anterior and posterior poles. (H) gillEX2 IC/+;dpak6/dpak'1 egg chambers 

showing multi layering at the posterior end that is 3-4 follicle cells deep. (I) 

Igr'/+;dpak6/dpaki l egg chamber showing follicle cell multi layering at both anterior and 

posterior poles. (1) dli /X;dpak6/dpak i l egg chamber showing follicle cells invading into 

the egg chamber at the posterior end over the oocyte. 
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cause any defects in the FE. I conclude from these differences in egg chamber 

multi layering severity that dPak is interacting with other proteins known to be part of 

focal complexes/Scribble complexes in the regulation of apical-basal polarity in the FE. 

5.2 dPak forms a complex with Lgi and Scrib 

Scrib, DIg and Lgl form a complex at the basolateral membrane of epithelial cells 

(Bilder, 2003) (Tanentzapf and Tepass, 2003) while mammalian Pix, Gitl, Rae and Pak 

cluster at focal adhesions/focal complexes (Audebert et al., 2004) (Manser et al., 1998b). 

These two complexes may be linked in the specification of apical-basal polarity and I 

wondered if dPak might be involved in establishing this link. To see if dPak was involved 

in a complex with any of these other proteins, I performed co-immunoprecipitations on 

lysates from flies expressing a dPak:GFP fusion protein. I found that either anti-dPak or 

anti-GFP antibodies on protein G beads could pull down Lgl and Scrib (Figure S.2A and 

B). The same experiments were performed and western blotted with anti-dPix, anti-Git 

and anti-DIg antibodies, and I found that although specific bands could be seen on control 

lysates, no bands were seen in dPak or GFP immunoprecipitate lanes (data not shown). I 

then performed the reciprocal experiment in which the Lgl protein was overexpressed in 

a similar manner. After using anti-Lgl antibodies to isolate the protein on protein G 

beads, I was able to confirm, by means of western blot with anti-dPak antibodies, that Lgl 

can also immunoprecipitate dPak (Figure S.2C) 

Lgl is phosphorylated by aPKC and this phosphorylation determines its 

localization within the cell (Hutterer et al., 2004). It also contains a conserved Pak 
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Figure 5.2. dPak forms a complex with Lgi and Scrib 

(A) dPak complexes with Lgl. Lanes A,B and C,D are from different 

immunoprecipitations using either anti-dPak (lane B) or anti-GFP (lane D) antibodies 

isolated on protein G beads. The lysates were generated from whole flies overexpressing 

a dPak:GFP fusion protein by the M4-hsGal4 driver. These flies were grown at 29°C to 

induce mild, ubiquitous expression of Ga14. The immunoprecipations were run out by 

SDS-PAGE and western blotted with anti-Lgl antibodies. Controllysates are from w'! 18 

fly extracts. (B) dPak complexes with Scrib. Lane A is lysate from wI 118 fly extracts. 

Lane Band Care immunoprecipitations of anti-dPak (lane B) and anti-GFP (Lane C) 

isolated on protein G beads. The lysates were generated from whole flies overexpressing 

a dPak:GFP fusion protein by the M4-hsGal4 driver in the same manner as A. The 

immunoprecipations were run out by SDS-PAGE and western blotted with anti-Scrib 

antibodies. (C) Lgl complexes with dPak. Lane A is from wI 118 fly extracts. Lane B is an 

immunoprecipitation using anti-Lgl antibodies isolated on protein G beads. The lysates 

were generated from whole flies overexpressing the Lgl protein in a similar manner to the 

dPak overexpression. The immunoprecipations were run out by SDS-PAGE and western 

blotted with anti-dPak antibodies. 
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phosphorylation sequence of KlRRxS (Tuazon et al., 1997). I wanted to see if dPak, 

similar to aPKC, may be involved in this localization by the phosphorylation of Lgl. In 

numerous attempts to purify the dPak protein in order to perform kinase assays, it was 

found that in my hands, a wild-type dPak could not be cloned into any vector allowing 

for its isolation on GST or amylose beads. Every attempt produced a point mutation 

within the kinase domain, as determined by sequencing. In order to determine if the point 

mutations were affecting the catalytic activity of the dPak protein, I performed kinase 

assays both on dPak by itself, as the mammalian Pak proteins have been shown to 

autophosphorylate (Chong et al., 200 I), and with a purified LgI protein. I found in every 

attempt, although a control autophosphorylating kinase showed bands indicative that the 

reaction had occurred, nothing was ever seen in the dPak lanes (data not shown). 

Functional mammalian Paks are toxic to bacteria when cloning (E. Manser, personal 

communication) and as a result tend to pick up inactivating mutations. This may be 

happening with dPak. The various above results suggest that dPak forms a physical link 

between integrin-based focal adhesions/focal complexes and the Scribble complex, and 

that this link may be important in the establishment of apical-basal polarity. 

5.3	 dPak, dPix and Gitl co-localize to the basolateral membrane in 
Drosophila egg chambers 

dpak, dpix and gilI mutants share similar phenotypes and I wanted to see if their 

localization patterns were similar throughout oogenesis. I obtained anti-dPix and anti-

Gitl antibodies from our collaborator, Sami Bahri and doubly stained wild-type egg 

chambers with either anti-Gitl and anti-dPak or anti-dPix and anti-dPak antibodies. In 
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my examination of the localization patterns of these proteins I found that in all egg 

chambers both Gitl and dPix co-localize with dPak to the basal membrane (Figure 5.3L 

and P) I conclude from these stainings that dPak, dPix and Git I are all positioned at the 

basal surface and therefore are in an appropriate position to transmit signals from the 

integrins at focal adhesion complexes. 

5.4 Pak3 shows a distribution in oogenesis distinct from dPak 

As mentioned in section 3.8, Pak3 shows some co-localization with dPak during 

DC, and co-operates with dPak during this process. I was curious about the distribution of 

Pak3 during oogenesis and stained egg chambers with our collaborator's Pak3 antibody. 

Throughout the early stages of egg chamber development Pak3 is expressed fairly 

ubiquitously, but by approximately stage 5/6 it becomes localized to both the apical and 

basaolateral membranes of the follicle cells (Figure 5.3A and D). By the late stages, 

cytoplasmic Pak3 in the nurse cells is almost completely lost while strong localization on 

the apical and basolateral membranes of the follicle cells persists (Figure 5.3E and H). 

This pattern is different from dPak, as dPak staining in the later stage egg chambers is 

completely removed from the apical membrane and only localized to the very basolateral

most membrane in the follicle cells (compare Figures 5.3F and J with E and I). When I 

looked at higher magnification images of the localization of both proteins, it was 

noticeable that whereas dPak and Pak3 largely overlap in the early egg chambers (Figure 

5.3G and H) the dPak persists on the basal-most membrane, yet is completely absent 

from the apical membrane while Pak3 remains apical (Figure 5.3K and L). From these 
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data I conclude that although dPak and Pak3 may have some overlapping functions early 

in egg chamber development, their roles may differ in the late stages. 
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Figure 5.3 Comparisons of dPak, Pak3, Gitl and dPix localization patterns. 

w 
l l 18 embryos stained with anti-Pak3 antibodies (A and E) and anti-dPak 

antibodies (B,F,J and N). w l ll8 egg chambers stained with anti-Gitl antibodies (I) and 

anti-dPix antibodies (M). (C and G) show merged images of Pak3 and dPak, (K) merge 

ofGitl and dPak and (0) ofdPix and dPak. (D,H,L and P) show enlarged sections of the 

corresponding image (D of C, H ofG, L ofK and P of 0). (A-H) Pak3 and dPak largely 

colocalize in early egg chambers but as dPak becomes localized to the basolateral 

membrane and is absent on the apical surface, Pak3 is retained apically (G and H). (I-P) 

Git I and dPak as well as dPix and dPak colocalize at the basolateral surface throughout 

egg chamber development. 
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6 DISCUSSION 

6.1	 dPak regulation of the LE cytoskeleton may be through its effects 
on adherens junctions formation 

The first accumulations of LE actin at the onset of DC occur at the 

phosphotyrosine-rich adherens junctions, forming puncta termed actin-nucleating centers 

(ANCs) that extend apically in the DMEs (Kaltschmidt et aI., 2002). Disruption of the LE 

contractile apparatus either through loss of maternal and zygotic dPak, or expression of 

dPak-AID in DME cells is accompanied by loss of phosphotyrosine nodes marking 

adherens junctions. dPak may be functioning in the assembly and/or regulation of the 

adherens junctions!ANCs at the LE and could control the LE cytoskeleton in this manner. 

It has been previously showed that dPak accumulates at the LE in response to Cdc42 

signaling (Harden et aI., 1999), and that the ability of Cdc42 to drive accumulation of 

phosphotyrosine at the LE is blocked in dpak' mutant embryos (Yu, 2003). The 

Drosophila group II Pak, Mbt is recruited to adherens junctions by Cdc42 in developing 

photoreceptor cells (Schneeberger and Raabe, 2003). In mbt mutants, photoreceptor 

morphogenesis is disrupted and adherens junctions become patchy and disorganized. In 

both DC and developing photoreceptors, localization of Pak kinases to adherens junctions 

may be controlled by localized Cdc42 activation (Schneeberger and Raabe, 2003). Cdc42 

has been shown to be activated in live cells by E-Cadherin, an adherens junction protein 

(Kim et aI., 2000). E-Cadherin is a component of the phosphotyrosine-rich adherens 

junctions at the LE regulated by group I Pak kinase activity (Grevengoed et aI., 2001). In 

addition to adherens junction proteins, ~PS integrin and Talin, components of integrin
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mediated adhesions, accumulate at the LE during DC (Brown et aI., 2002b). Work in 

cultured cells indicates that one means by which Pakl can be localized to the cell 

periphery is through recruitment to integrin-based focal adhesions/complexes by 

interaction with Pak-interacting exchange factor (PIX) (Brown et aI., 2002a) (Manser et 

aI., 1998a). Pak is constitutively active in some breast cancer lines and it has been found 

that in these cells Pak is mislocalized to atypical focal adhesions and that this 

mislocalization is dependent on its interacting with Pix. It has further been shown that 

disruption of this Pak-Pix association causes a decrease in Pix and Paxillin at focal 

complexes (Stofega et aI., 2004). The PIX binding site of Pakl is conserved in dPak, and 

a Drosophila PIX homologue, dPix, is required for dPak localization at the NMJ (Pamas 

et aI., 2001). It is interesting to note that the truncated protein encoded by the dpak' 

allele, which fails to localize properly at cell peripheries, including the LE of the DMEs, 

is missing the PIX binding site. 

Another potential route for dPak regulation of the LE cytoskeleton is through 

phosphorylation of proteins known to regulate actin cytoskeletal dynamics such as LIM 

kinase, Filamin A and p41-Arc, which have been shown to be substrates for mammalian 

Pakl (Edwards et aI., 1999) (Vadlamudi et aI., 2004). Yet another possibility is that dPak 

regulates the LE cytoskeleton through the JNK cascade. Loss of phosphotyrosine nodes 

and the contractile apparatus at the LE is seen with impairment of the JNK pathway in the 

DME cells (Harden et aI., 1999). Group I Paks have been shown to be activators of 

MAPK cascades such as the J1~K pathway, operating, at least in some cases, as MAP4Ks 

(Bokoch, 2003) (Dan et aI., 2001b). My study is the first characterization of group I Pak 

function in JNK cascade activation using loss-of-function mutations. The JNK cascade in 
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the DME cells during DC represents the JNK pathway most thoroughly studied in vivo. 

This pathway is still active in the DME cells in embryos lacking maternal and zygotic 

dPak, and in embryos expressing dPak-AID, indicating that dPak plays little or no role in 

activating the DC JNK pathway. Another Ste20-related kinase, Misshapen, a member of 

the GCK family, has been identified as a likely MAP4K acting upstream of the JNK 

cascade in the DME cells (Su et aI., 2000) (Su et aI., 1998). Although dPak is required for 

integrity of the LE cytoskeleton, the DME cells are still capable of elongating 

significantly in the D-V direction when dPak is absent. Furthermore, dPak does not 

become enriched in the DME cells until after DC has commenced. These results suggest 

that dPak does not contribute to the initial DME cell shape changes, and may not be 

required for the establishment of the LE cytoskeleton but rather its maintenance. 

The polarized accumulation of Pak proteins in cells at sites of dynamic actin 

regulation has been described in a variety of different contexts, including accumulation at 

the LE of motile cells, similar to what we see in DC (Bokoch, 2003). For example, during 

closure of a fibroblast monolayer wound, activated Pakl accumulates at the LE of 

migrating fibroblasts (Sells et aI., 2000). Pakl is also enriched at the LE of migrating 

MCF-7 human breast cancer cells, where it participates in reorganization of the cortical 

actin cytoskeleton (Adam et aI., 1998). DC, a well-characterized process in which loss

of-function mutations are available in the genes encoding many of the participants, 

should provide a convenient system for the genetic dissection ofPak-mediated signaling 

regulating the LE cytoskeleton during cell migration. 
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6.2	 dPak is part of an emerging signaling network regulating the 
integrity and planar polarity of the basal actin cytoskeleton in the 
FE 

A striking feature of dpak mutant egg chambers is that they fail to elongate in the 

A-P axis, and they remain spherical until degeneration. Impaired egg chamber elongation 

has been described in a number of mutants, some of which have been shown to 

genetically interact with each other (Bateman et aI., 2001) (Duffy et aI., 1998) (Frydman 

and Spradling, 2001) (Gutzeit, 1991). The defect underlying this phenotype is a 

disruption of a polarized accumulation of F-actin bundles, at the base of each follicle cell, 

oriented perpendicular to the A-P axis of the egg chamber. In dpak mutant follicle cells 

both the accumulation and organization of this F-actin is impaired. As with other mutants 

affecting the organization of basal F-actin, effects of loss of dPak are non-cell

autonomous, confirming that the organization of the F-actin in one follicle cell impacts 

the F-actin of its neighbours. Several models have been proposed to explain this 

including alignment of bundles in response to forces generated by neighbouring cells, and 

transmission of polarity from cell-to-cell through organization of the ECM (Bateman et 

aI., 2001) (Deng et aI., 2003) (Frydman and Spradling, 2001). Another plausible 

explanation stems from my observation that F-actin bundles in one follicle cell can show 

perfect end-to-end alignment with bundles in a neighbour. Once the filaments in a cell are 

aligned in a particular orientation, the organization of filaments in its neighbours might 

be influenced through shared cell-cell adhesions. 

The vast majority of studies on RaclPak regulation of the actin cytoskeleton have 

been done on cells in culture, and it is worthwhile to try and draw parallels between the 

actin-based structures regulated in these cells with the basal F-actin I was characterizing 
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in the FE. In terms of appearance and position within the cell, the basal F-actin bundles in 

the FE are similar to the stress fibres of cultured cells (Bateman et al., 200 1) (Baum and 

Perrimon, 200 1). Stress fibres are anchored at focal adhesions, integrin-based structures 

that link the ECM to the actin cytoskeleton. That signaling from the ECM can regulate 

the function of dPak is supported by studies in cultured cells on dPak and mammalian 

Pakl. dPak co-localizes with ~-integrin in larval neuronal cells grown on Laminin 

(Takagi et al., 1999) and cell adhesion to the ECM contributes to activation of Pakl 

kinase activity by Rae and Nck (del Pozo et al., 2000) (Howe, 2001). 

dPak, Dlar and the integrins are all required for planar polarization of the actin 

cytoskeleton in the FE, with Dlar and the integrins co-operating in this process (Bateman 

et al., 2001) (Frydman and Spradling, 2001). My data suggest that signaling from the 

ECM via Dlar and the integrins is used to set up dPak localization in the follicle cells. 

Studies on Drosophila nervous system development suggest the existence of 

Dlar-eTrio-e-Rac and Trio-e-Rac-e-dl'ak pathways in axonal guidance (Lin and 

Greenberg, 2000), and I wondered if a Dlar-e'Trio-eRac-edl'ak pathway was being used 

to regulate the basal actin in the follicle cells. My results indicate that expression of UAS

dpakmyr results in a modest suppression of the rounded egg phenotype in Dlarbola2 ovaries, 

yet significantly worsened the rounded egg phenotype in Dlar5
.
5/Dlar132ovaries. The 

explanation of these paradoxical results may lie in the nature of the various Dlar alleles 

being used in this study. The Dlar bola2 allele is caused by a P-element insertion in the 

first intron and is a strong loss of function or null allele with regard to the ovaries, with 

no ovarian Dlar mRNA detectable on Northems (Frydman and Spradling, 2001). The 

Dlar'? and Dlarl3.2 alleles, on the other hand, both contain premature stop codons and 
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encode proteins truncated in the extracellular domain and lacking the transmembrane and 

PTP domains (Krueger et aI., 1996). The significantly lower penetrance of the rounded 

. Dl 5 51'Dl 132· d Dl bola2· h hegg p enotype h III ar . I~ ar . ovanes compare to ar ovanes suggests t at t e 

Dlar5.5 and Dlar13
. 
2alleles retain some function with regard to the basal actin polarity in 

the FE (Frydman and Spradling, 2001) (Bateman et aI., 2001). The truncated extracellular 

domain encoded by the Dlar5.5 and Dla/3
.
2 alleles may be secreted and have some impact 

on dPak signaling in the FE. The ectodomains of mammalian Lar and other PTPs can 

function as homophilic ligands promoting neurite outgrowth, although it is plausible that 

they also signal via heterophilic interactions with other RPTPs (Yang et aI., 2003). If 

Olar ectodomain fragments are secreted in Dlar5. 5IDlar13.2 individuals, they may have 

some gain-of-function signaling properties with regard to effects on other RPTPs. It has 

been suggested that other RPTPs function with Olar in oogenesis, as is the case in neural 

development (Bateman et aI., 2001). 

In Dlarbola2 ovaries, there is an increase in dPak levels at the apical end of follicle 

cells, and dpak cortical localization is lost in integrin mutant clones. It is possible that 

Dlar and the integrins contribute to recruitment and activation of dPak at the basal end of 

the cell. Cdc42 and Trio do not appear to be downstream effectors for Dlar in regulating 

the polarity of the basal actin in the FE as Cdc42 or trio mutant cells and their wild-type 

neighbours show no defects in polarity, only a reduction in the number of F-actin 

bundles. Rae mutant cells are devoid of basal actin filaments, but there are mild 

perturbations of actin planar polarity in their wild-type neighbours, and Rae may function 

in dPak activation with regard to both the assembly of the basal actin cytoskeleton and its 

polarization. Alternatively, Rae could act in parallel with dPak in actin regulation. 
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OG is another protein required for planar polarization of the basal actin bundles, 

but it is not needed for localization of dPak and may operate through a distinct pathway. 

OG is involved in organization of Laminin in ECM (Oeng et al., 2003). There are two 

possible routes of action for dPak in establishing polarized organization of basal F-actin 

that need not be mutually exclusive. The route supported by existing data is that dPak 

links input from the basement membrane to the inside of the cell. Similar to DG, dPak 

could also be involved in inside-out signaling leading to proper organization of the 

basement membrane. In cultured MOCK epithelial cysts, the Pak activator Rae is a 

determinant of apical-basal polarity through its regulation of Laminin assembly in the 

basement membrane (O'Brien et al., 2001). Our observations do not support a role for 

dPak in Laminin assembly, however, we cannot exclude a role for dPak in organizing 

other ECM proteins. 

Throughout their development dpak mutant egg chambers are spherical, whereas 

in dlar mutant ovaries the fully rounded phenotype is seen only in the mature oocyte 

(Bateman et al., 2001) (Frydman and Spradling, 2001). One explanation for this may be 

the stronger effects of loss of dPak on the basal F-actin bundles. Curiously, egg chambers 

bearing even large dpak or rae follicle cell clones are not significantly rounded, in 

contrast to previously published clones of other mutations affecting the basal F-actin 

bundles. In all these other mutant clones, the F-actin bundles are retained but polarized in 

the wrong direction. Thus, the bundles in these clones can present contractile forces 

competing with the normally polarized bundles in wild-type cells and impede elongation. 

In my clones, basal F-actin is largely lost so the clone doesn't provide any counteracting 

contractile forces and the remaining wild-type cells may be able to carry out elongation 
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of the chamber. In support of disrupted basal F-actin being a major cause of the rounded 

egg chamber phenotype, in a screen, another lab member has identified second site 

modifiers which, when heterozygous, allow the formation of normally elongated 

dpak 6/dpakll egg chambers with intact basal F-actin, some of which progress to mature 

eggs (S. Vlachos, unpublished results). 

In dpak mutant egg chambers, the posterior follicle cells over the oocyte do not 

form a columnar epithelium. A specific requirement for dPak in the elongation of the 

posterior follicle cells is supported by the observation that dPak shows strong cortical 

localization is these cells in late stage egg chambers, but no cortical localization in the 

squamous follicle cells over the nurse cells in the same chambers. dPak cortical 

localization in late stage egg chambers is correlated with retention of basal F-actin 

bundles, suggesting that cortical dPak may be required for the formation of these bundles. 

Restoration of cortically-localized dPak in the squamous follicle cells through expression 

of UAS-dpakmyr did not restore F-actin bundles, and I conclude that there may be active 

repression of F-actin polymerization in these cells or that further signals in addition to 

dPak activation are required. 

6.3	 dPak may participate in the formation and maintenance of the FE 
through its effects on apical-basal polarity 

How do the defects in apical-basal polarity in the FE caused by loss of dPak 

compare to those produced by mutations in other determinants of apical-basal polarity? 

Accumulation of Arm and DE-Cad at the ZA are severely reduced in dpak cells, and the 

dpak apical-basal polarity phenotypes show some similarity to clones of the hypomorphic 

allele armXP33 
, with both dpak and arm XP33 cells showing some disruptions of F-actin at 
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the lateral membrane while retaining apical ~Heavy-spectrin (Tanentzapf et at, 2000). 

However, dpak cells show disruption of Crb and FasIII localization while arrnXP33 cells 

do not. dpak mutant egg chambers exhibit gaps in the FE and bilayering/multilayering of 

the FE over the oocyte, two phenotypes seen with loss of Crb, a determinant of apical

basal polarity required for both the formation and maintenance of the FE (Tanentzapf et 

al., 2000). Dig, Scrib and Lgllocalization are disrupted in dpak mutant follicle cells, but 

the dpak phenotype is milder than the pronounced multilayering and invasive FE seen 

with loss of these mutants (Bilder et al., 2000) (Goode and Perrimon, 1997) (Goode et al., 

2005). 

Disruption of the epithelial monolayer at the posterior end of the egg chamber is a 

phenotype associated with mutations affecting a diversity of processes in oogenesis, 

including signaling from the oocyte to the posterior follicle cells (reviewed in (Dobens 

and Raftery, 2000)). However, dpak mutant cells at the anterior end of the egg chamber 

also occasionally show bilayering/multilayering, which cannot be due to disruption of 

such signaling. A number of proteins required for apical-basal polarity are needed for 

integrity of the FE monolayer at the anterior end of the chamber, including the Scrib 

complex proteins and the actin cytoskeletal regulator Abl (Baum and Perrimon, 2001) 

(Bilder et al., 2000) (Goode and Perrimon, 1997) (Goode et al., 2005). 

Lgl is the one component of the apical-basal polarity that has been shown to 

interact with multiple complexes. Its phosphorylation by aPKC is required for correct 

localization to the basolateral membrane, where it functions with Scrib and Dig in the 

repression of apical determinants. In Drosophila, embryos mutant for 19l fail to complete 

DC (Manfruelli et al., 1996). Similar defects are seen in scrib.dlg double mutants (Bilder 
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et al., 2000) and mutations in any member of the Scrib complex leads to invasive cell 

proliferation of the FE in oogenesis (Abdelilah-Seyfried et al., 2003; Goode and 

Perrimon, 1997). I have shown that dPak is functioning in a complex with these proteins, 

yet the question of phenotype severity remains. One possible explanation for this is that 

dPak has multiple roles that are compromising the egg chambers in other ways, 

precluding the invasive phenotypes seen from the other members during oogenesis. Pak 

is the only one of these proteins that directly regulates the integrity of actin filaments. It 

is possible that the lack of follicle cell invasion is a more severe phenotype than is seen 

by the neoplastic tumor suppressor mutants. Indeed, this invasiveness is seen at 

approximately stage 8/9, with the onset of border cell migration, which correlates to the 

oldest egg chambers seen in dpak mutants. It is possible that the other phenotypic effects 

of loss of dPak, such as the disruption of the actin cytoskeleton, prevent cells from 

invading extensively into the germline. 

The dpak phenotypes are consistent with a role for dPak early in the specification 

of apical-basal polarity. The presence of dPak in the follicle cells of the germarium 

supports the idea that dPak is involved in the initial polarization of follicle cells that 

occurs in response to contact with the basement membrane (Tanentzapf et al., 2000). 

6.4 dPak as a regulator of ~Heavy-spectrinin the FE 

The presence of increased levels of ~Heavy-spectrinat the apical membrane in dpak 

mutant cells suggests at least one route by which dPak could affect apical-basal 

organization of the follicle cell membrane. ~Heavy-Spectrin is a component of the spectrin

based membrane cytoskeleton (SBMS) that exists in a complex with Crb at the apical 
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membrane (Medina et al., 2002). Each spectrin molecule consists of two a and two ~ 

subunits, and integrity of the SBMS is vital to the organization and morphogenesis of the 

FE. Loss of u-spectrin leads to multilayering of follicle cells, whereas loss of ~Heavy

spectrin impairs formation of the columnar epithelium by follicle cells over the oocyte 

and disrupts the ZA (Lee et al., 1997) (Zamescu and Thomas, 1999). Of particular 

interest with regard to my data are the results of overexpressing the C-terminal domain of 

~Heavy-spectrin. This overexpression disrupts epithelial morphogenesis (as assessed in the 

salivary gland) and leads to an increase in plasma membrane surface area (Williams et 

al., 2004). The authors of this study proposed that ~Heavy-spectrin stabilized polarized 

membrane domains through negative regulation of endocytosis. Given the profound 

effects of overexpressing a portion of ~Heavy-spectrin,it seems likely that an increase in 

the levels of presumably the entire protein in dpak mutant cells would affect membrane 

organization and FE morphogenesis. Previous studies have indicated that apical 

localization of ~Heavy-spectrinis dependent on Crb, so it is surprising that apical ~Heavy

spectrin is increased in dpak mutant cells in which apical Crb localization is disrupted 

(Medina et al., 2002) (Pellikka et al., 2002) (Tanentzapf et al., 2000). However, there is 

evidence for ~Heavy-spectrin localization in a Crb independent manner (summarized in 

(Medina et al., 2002)). For example, there is some retention of ~Heavy-spectrin in crb 

mutant follicle cells (Tanentzapf et al., 2000). In dpak mutant clones, not only is apical 

~Heavy-spectrin increased but ~Heavy-spectrin levels throughout the cell are elevated. Future 

work will be directed at determining if dPak regulates the amount of ~Heavy-spectrinin 

follicle cells at the protein or transcriptional level. 
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6.5	 Phenotypic variations in dpak alleles and relationship to 
regulation of dPak 

An interesting observation that has been demonstrated throughout this study is the 

different severities of dpak phenotypes. Although there are slight variances within a 

particular genotype, in general two levels of severity have been observed. Phenotypes 

seen in most transheterozygous allele combinations are consistently milder than those 

observed with homozygousity for dpak alleles. For example, all homozygous dpak 

mutants are lethal, yet many transheterozygous dpak mutants can survive to adulthood. 

These differences in severity are also demonstrated in the egg chamber, where many 

proteins completely fail to localize in dpak clones, but are mislocalized in the 

transheterozygous mutants. Many dpak alleles produce some dPak protein as 

demonstrated by both immunofluorescence (Yu, 2003) and western blotting ((Hing et aI., 

1999) and data not shown), but only certain combinations of dpak alleles will produce 

adult flies. In this work, I have used dpakt/dpak'" or dpae/dpakJI flies, and replacing the 

dpak'' (stop codon at aa113) allele with another dpak allele containing a similar mutation, 

dpak'" (stop codon at aalll) produce flies with similar defects. Similarly, the dpakJI 

allele (stop codon at aa227) can be replaced with the dpak'' (stop codon at aa382), or 

dpak22 (not molecular characterized) or Df(3R)winll, a deficiency that removes dpak. 

This is not the case, when heteroallelic combinations of two similar mutations are used. 

For example, dpak6/dpakJ4 flies and dpakJI/dpak2J flies are lethal. All of the molecularly 

characterized dpak alleles cause premature stop codons that occur before the kinase 

domain (aa255-529 in mammalian Pakl, aa415-689 in Drosophila Pak), indicating that it 

is not retention of any kinase activity that is causative of the milder effects seen in some 

allele combinations. The two shorter truncations (dpak6 and dpakJ4
) occur after the part of 
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the pz l-binding motif required for dimerization (aa75-86 in mammalian Pakl, aa83-94 in 

Drosophila Pak), but within the domain thought to be involved in stabilizing the fold of 

the inhibitory switch (aa103-107 in mammalian Pakl, aalll-114 in Drosophila Pak) (Lei 

et aI., 2000). Thus, the truncated proteins produced by these most severe alleles may still 

retain at least the ability to bind the small GTPases. dpak mutant truncated proteins may 

still retain some of their scaffolding functions but may also have dominant negative 

effects, inhibiting other proteins such as Pak3. 

In resting cells, mammalian Pak1 is mainly cytosolic, but after stimulation by 

growth factors or wounding assays, Pak1 translocates to the leading edge membrane 

ruffles and lamellipodia (Sells et al., 1999). These Pak1 molecules are active 

(phosphorylated) (Sells et aI., 1999) but it has also been demonstrated that overexpression 

of a kinase dead Pak l affects cell morphology suggesting scaffolding functions (Parrini et 

al., 2005). Pak I has been shown to complex with Git I, Pix and Paxillin at focal 

complexes (Brown et aI., 2002a) (Manabe Ri et aI., 2002) (Manser et al., 1998b), and 

some of these proteins have also been shown to complex with proteins in the Scrib 

complex (Conder et aI., 2007) (Audebert et al., 2004) (Osmani et aI., 2006). This 

demonstrates that Pak is involved in multiple signaling pathways. In surviving 

heteroallelic combinations, it is tempting to speculate that the truncated proteins produced 

may actually have a gain-of-function activity favouring their own scaffolding function 

and/or favouring the activity of remaining full length Paks in the cell such as Pak3 or, in 

the case of the embryo, maternal dPak. For example, the Pix binding site, which is 

retained in the dpak lJ 
, dpalc' and dpae2 alleles, and the truncated proteins encoded by 

these alleles could bind Pix in an unregulated manner. One study has shown that Rae and 
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Pix compete for binding to Pak (ten Klooster et aI., 2007), and titration of Pix could allow 

for increased Rae binding by any full length group I Paks in the cell. However placing 

these various alleles over, the Df(3R)winll deficiency, which cannot produce any protein 

product, gives a similar phenotype. This suggests that the heteroallelic combinations are 

most likely functioning as null mutations. 

Another scenario is that the truncated proteins are having specific toxic effects 

and that reducing the dosage by half in a transheterozygous or hemizygous fly is 

sufficient to produce surviving adults. Many diseases have had similar situations in which 

mutations affects only one of multiple alternatively spliced proteins and alter the 

phenotypic effects seen. An example of this is seen in a key regulatory gene in which 

mutations in it lead to amyotrophic lateral sclerosis (ALS). This ALS2 gene normally 

produces two transcripts resulting in production of a "long" form and a "short" form of 

the ALS2 protein. Mutations that eliminate production of the long form, but not the short 

form of the protein, result in milder disease than mutations that affect production of both 

forms of the protein (Hadano et aI., 200 I). Another example of a specific region of a 

protein having toxic effects is seen in the Drosophila roughest-irregular chiasm C (rst

irreC) gene. It was shown that expression of a protein 80 amino acids shorter than wild

type was highly toxic to larvae, yet removal of a glutamine rich, 47 amino acid portion of 

this truncated protein suppressed these effects (Machado et aI., 2002). It is possible that 

truncated proteins produced by the dpak alleles are having similar effects although the 

mechanism would more likely entail the truncated dPak proteins having dominant 

negative effects through binding to Pak3 and thereby inhibiting its function. These flies 

may only survive when a heteroallelic combination of mutations is used, thus reducing 
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any specific dominant negative effects by half. Future structural analysis, particular of the 

inhibitory switch domain should provide more insight into how these phenotypes are 

being generated. 

6.6 dPaks role at focal complexes 

dPak and mammalian Pak have both been shown to localize to and interact with 

various proteins at focal complexes (Harden et al., 1996) (Manser et al., 1997). Many 

other proteins have also been linked as structural or signaling components to these 

complexes (Zamir and Geiger, 2001), yet it still not clear what the specific roles of many 

of these proteins are. Some, such as integrins, Talin and Paxillin have been shown to bind 

to various other proteins that associate with the actin and microtubule cytoskeletons 

(Brown, 1994) (Brown et al., 2002b) (Chen et al., 2005), while most have been grouped 

as focal complex proteins due to biochemical or cell culture studies demonstrating 

binding to known components. Interestingly, in vivo studies have found many proteins 

that were expected to play significant roles in signaling from these complex, do not. Such 

an example is the Drosophila focal adhesion kinase (Fak) protein. Fak has been shown to 

bind Talin (Chen et al., 1995), Paxillin (Hildebrand et al., 1995) and PI3K (Chen and 

Guan, 1994), and therefore was expected to playa key regulatory role in integrin 

signaling, yet flies lacking DFak65, the only Drosophila Fak and worms lacking kin-32, 

the C. elegans homologue appear grossly normal (Grabbe et al., 2004) 

(www.wormbase.org). Other interesting examples are the Drosophila integrin-linked 

kinase, which has been shown to bind the integrin ~ tail and is required for integrin 

function in the wing (Zervas et al., 2001) and the C. elegans homologue, PAT-4, which is 
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lethal when removed. Both can have their mutant phenotypes rescued without their 

kinase function, although the actual domain must be present (Mackinnon et aI., 2002). 

These results support a scaffolding role for some kinases at focal complexes and it is 

possible dPak may be playing a similar role. 

Focal complexes could be where dPak is functioning in its regulation of both 

apical-basal and planar polarity. It is clear that Paks role at the focal complexes is 

transient (Manser et aI., 1998b) but the details of what that role may be are currently 

unknown. Some insight into a role in planar polarity can be taken from the data 

demonstrating that focal adhesions are key regulators of planar polarized actin stress 

fibres (Amano et aI., 1997), and that overexpression of Pakl at these focal adhesions 

results in a loss of stress fibres (Manser et aI., 1997). In the Drosophila egg chambers, the 

basal actin filaments have been compared to stress fibres (Bateman et aI., 2001) (Baum 

and Perrimon, 2001) and alterations in Pak function affect these fibres, as in cell culture. 

The common link between the two types of epithelial polarity could be an activity at the 

focal complexes which is regulated by Pak. Pak could also constitute a physical link for 

the establishment of apical basal polarity helping join the Scrib complex to focal 

complexes (Audebert et aI., 2004) (Osmani et aI., 2006) (Conder et aI., 2007). The 

pathway in which signals generated from integrins are influencing apical-basal polarity 

through the Scrib complex has not been well-defined (Margolis and Borg, 2005). I 

propose dPak, whose localization is integrin dependant and interacts with components of 

the Scrib complex may be part of this pathway. 

From the variable results of binding assays and the diversity of the proteins that 

have been connected to these complexes, it is possible to speculate that there are multiple 
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protein complexes dynamically rearranging depending on the specific function required 

at a specific time. Many characterized distribution patterns of proteins, for example Scrib 

and Lgl at the basolateral end of epithelial cells are at a specific stage of development 

only. In my hands, both of these proteins showed a staining pattern of localization both 

apically and basally at early stages of development in the egg chamber (data not shown). 

If this distribution is genuine, it provides an opportunity to complex with the proteins at 

the focal adhesions/focal complexes in the establishment of apical-basal polarity. Some 

insight into dPaks role could be provided by the creation of a dPak construct targeted 

specifically to the focal complexes The DFak56 protein has been shown to require a 

specific focal adhesion targeting (FAT) domain for its binding to Paxillin at the focal 

adhesions (Fox et aI., 1999). I had planned to create wild-type and kinase-inactive 

constructs of a dPak:DFak56 FAT domain protein. Upon the generation of these 

transgenes, we could have addressed the question of whether dPak kinase activity was 

required at focal complexes. Unfortunately, as with the wild-type dPak construct alone, I 

was only able to generate fusion proteins in which mutations in dPak's kinase domain 

had allowed for its growth in bacteria. 

6.7	 dPak may be a key component in regulating the actin and 
microtubule cytoskeletons 

I have shown that dPak functions in the regulation of both apical-basal and planar 

polarity. Although specific interactions and regulatory roles have been shown, many 

questions remain as to whether dPak's role is that of establishment or maintenance or 

both in these processes. It is interesting to ask if dPak is having separate functions with 

regards to apical-basal and planar polarity or is the regulation of one of these pathways 
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affecting the establishment or maintenance of the other? The basis of this could involve 

the complex crosstalk that signals between pathways regulating actin and microtubule 

dynamics. Insights into Pak regulation of actin has been well documented and distinct 

pathways have been assembled from the study of this process (Bokoch, 2003). Pak's role 

in microtubule regulation has been significantly less elucidated and links are just now 

starting to be investigated. It has long been known that microtubules are involved in the 

directional migration of cells (Spooner et al., 1971) (Watanabe et al., 2005). These cells 

have a planar polarized microtubule array in which the minus ends of the microtubules 

are anchored at the centrosome in the middle of the cell and plus end which contacts the 

migrating leading edge of the cell (Goode et al., 2000). It has recently been shown that 

during DC, stable, yet dynamic microtubule arrays align in parallel bundles in the DME 

cells (Jankovics and Brunner, 2006). From this overlap with actin filaments, both in the 

DME cells and the actin rich filopodia and lamellipodial structures, it seems plausible 

that components of actin and microtubule regulation are shared. Key regulatory 

components that have been studied and are shared between these pathways are the Rho 

GTPases. One question is where would this regulatory cycle begin? In mammalian cells, 

it is clear that Rae 1 is required for cell migration and one study demonstrated that an 

increase in activated Rae is seen following restoration of microtubules after alleviation of 

nocodazole treatment, and that increased levels of active, GTP bound Rae correlate with 

increased rates of microtubule polarization (Waterman-Storer et al., 1999. It was inferred 

in this study that microtubule polarization is activating Rae, Cdc42, on the other hand, 

has a lesser role than Rae in cell migration, but is responsible for the polarization of the 

microtubules and golgi/centrosome orientation {Nobes, 1999 #4536) (Etienne

148 



Manneville and Hall, 2001) (Etienne-Manneville, 2004). This potentially positions Cdc42 

in initial cell polarization upstream of Rae function. 

Cdc42 has also been implicated in apical-basal polarity as it was shown to interact 

with the Par6 protein of the Baz/Par3 complex (Hutterer et al., 2004; Lin et al., 2000). It 

has also been shown that Cdc42 signals through adenomatous polyposis coli (APC) in 

mPar3 positioning (Etienne-Manneville and Hall, 2003) (Shi et al., 2004). APC 

constitutes a link with microtubules. A core group of proteins has been shown to function 

at, and are therefore termed, microtubule tip proteins. This family includes the APC, EB I 

and CLIP-l 70 proteins (Nakamura et al., 2001) (Fukata et al., 1997). In mammalian cells, 

EB 1 recruits APC to the microtubule tips. APC has been shown to interact with the 

Rac/Cdc42 effectors IQGAP and CLIP-170 (Watanabe et al., 2004). The Baz protein of 

the Baz complex was shown to act upstream of adherens junction formation in apical

basal polarization, with its localization being Dynein dependent, thus again implicating 

microtubules in apical-basal polarity (Harris and Peifer, 2005). 

What, specifically, could be Paks role in the crosstalk between the actin and 

microtubule cytoskeleton? There are many levels in already established signaling 

pathways in which Pak could affect both of these networks. Pakl has been shown to 

phosphorylate the microtubule destabilizing protein, StathminiOp18 and that this 

inactivation could provide a balance between Rae and Rho at the microtubule tips 

(Wittmann et al., 2004). A caveat here is that Pak alone cannot repress the destabilization 

activity of stathminiOp18, and the phosphorylation result has never been repeated in vivo. 

Future studies on the spatial and temporal distribution of proteins at the focal 

adhesions/focal complexes and the nature of the relationships of particular subsets, 
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specifically those acting on the actin and microtubule cytoskeletons should provide a 

greater understanding of the mechanisms regulating the establishment and maintenance 

of the two kinds of cell polarity. 

6.8	 A requirement for dPak in apical-basal polarity may be restricted 
to secondary epithelia 

The study ofDrosophila epithelial development has identified two distinct types 

of epithelia, primary and secondary (Tepass, 1997). Primary epithelia are derived from 

the blastoderm embryo where they form without a non-epithelial intermediate or input 

from the basement membrane. Secondary epithelia are derived from a mesenchymal-

epithelial transition and require contact with the basement membrane for their formation. 

A requirement for dPak in epithelial integrity may be restricted to secondary epithelia. 

Among the primary epithelia in the embryo is the epidermis, which is well-organized in 

dpak mutant embryos devoid of matemal and zygotic dPak (Conder et al., 2004). The FE 

is unusual in that it combines features of the two epithelial types, but similar to other 

secondary epithelia involves a mesenchymal-epithelial transition in the germarium and 

communication with the basement membrane (Tanentzapf et al., 2000). Communication 

with the ECM in the FE may underlie dPak's involvement in both actin cytoskeletal 

polarity and apical-basal polarity, similar to the laminin receptor DG, which is required 

for both polarization of the basal F-actin and apical-basal polarity (Deng et al., 2003) The 

ECM protein Perlecan interacts with DG in maintaining apical-basal polarity and 

epithelial integrity in the FE (Schneider et al., 2006). Do ECM inputs similarly contribute 

to dPak's role in maintaining epithelial integrity? The bilayering I saw in integrin mutant 
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clones in which dPak localization is disrupted supports this idea. It has been suggested 

that the MDCK model used to study mammalian epithelial development is similar to a 

Drosophila secondary epithelium in that there is a dependence on integrins for correct 

apical-basal polarity (Tanentzapf et aI., 2000). It will be of interest to determine if Pak 

kinases are regulated by input from the ECM and required for epithelial integrity in 

MDCK cells. 

6.9 Pak3 function in epithelial morphogenesis and polarization 

I have shown that dPak is needed for the integrity of the LE cytoskeleton during 

DC, yet only embryos with maternal and zygotic dPak removed have clear DC defects. 

Pak3 might also have a functional role in DC. I have been looking at this in collaboration 

with Dr. Sami Bahri and my supervisor and we have found that zygotic Pak3 is in fact 

playing a more prominent role than zygotic dPak in DC. It has been found that unlike 

dpak zygotic mutants that display no DC, or other morphogenesis defects, all 

homozygous Pak3 zygotic mutants have defects in DC and/or germ band retraction. 

However, dPak and Pak3 do genetically interact in DC. What the specific roles of each 

are is still unknown although it is interesting to speculate that the lack of protein-protein 

interaction motifs in one version of Pak3 may underlie the different roles of the two Paks. 

The version of Pak3 lacking the protein-protein interaction motifs may be subject to less 

regulation than dPak or full-length Pak3, but whether that regulation is through 

redistribution of the protein or activation state, remains to be seen. 
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7 CONCLUSION 

The objective of this thesis was to further characterize dPak's role in the 

morphogenesis of epithelial cells in the Drosophila developmental processes of DC and 

oogenesis. At the onset of my studies it had just been found that dPak had roles in both 

DC and oogenesis and that it was the effects on the actin cytoskeleton that were causing 

the defects seen. I wanted to gain further insight into how dPak was involved in these 

processes. 

During DC, I was able to demonstrate that a loss of dPak results in a loss of 

integrity of the actomyosin cytoskeleton and that the loss correlated with a lack of 

constriction and elongation of dorsal-most epithelial cells at the leading edge of the 

migrating epithelial sheets. I further showed that although it is thought by some that Pak 

signals through the JNK pathway as part of its regulation of the leading edge cytoskeleton 

in mammalian cell culture, this is not the case during DC. 

In Drosophila oogenesis I was able to specifically link the defects in the basal 

actin cytoskeleton and the multi layering and gaps seen in the follicular epithelium, to 

signaling pathways regulating planar and apical-basal polarity, identifying interacting 

components of each. dPak is enriched at the basal surface of the FE and its localization is 

dependent on two ECM receptors, DLar and the integrins. These ECM receptors are 

required for the polarization of the basal F-actin and it appears dPak is a component of 

their signaling to the cytoskeleton. I was also able to demonstrate that dPak is involved 
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Figure 7.1 Model of possible protein interactions at epithelial cell focal adhesions 

The left epithelial cell shows a possible complex localizing at the focal adhesions 

receiving signals from the extracellular matrix (ECM). The cell on the right shows a 

possible rearrangement of these proteins that are now able to participate in signaling that 

regulates apical-basal and planar polarity within this and neighbouring cells. (See text for 

details) The orange oval between cells marks the zonula adherens (ZA) and the blue oval 

between cells marks the septate junctions (SJ). 
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in a complex that includes the tumor suppressor proteins, LgI and Scrib, which have 

important regulatory roles in the establishment and maintenance of apical-basal polarity. 

Furthermore, dPak has a role in the regulation of ~Heavy-spectrin,a member of the 

spectrin-based cytoskeleton that has roles in the maintenance of epithelial membrane 

domains. 

The common bond between the emerging signaling pathways seems to be that 

signals originate at focal adhesions/focal complexes. These integrin-based structures have 

been well characterized in mammalian cell culture, but the specific roles of the numerous 

proteins involved still are not known. I have shown that dPak genetically interacts with 

components of the focal complexes and the Scribble complex and propose that the focal 

complexes are where the initial signals that are required for planar polarization of the 

basal F-actin and apical-basal polarity are generated. 

This thesis places dPak in these important signaling pathways and provides a 

basic understanding of which proteins it is functioning with. Future work should be able 

to identify whether dPak's role is that of a scaffold, bringing its binding partners to their 

required locations, or if it is regulating these proteins by phosphorylation. 
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