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Abstract 

Epithelial morphogenesis takes place in response to F-actin modulation, which is 

regulated by signaling cues from the Rho family of small GTPases and their downstream 

effectors such as the Group-I p21-activated kinases, Pak and Pak3. The basal F-actin 

fibres of the Drosophila ovarian follicular epithelium (FE) form parallel bundles that 

contribute to egg chamber elongation. Pak has been demonstrated to modulate the 

levels of phosphorylated myosin light chain (pMLC) in the FE, but little is known about 

Pak3. Here, I present evidence that Pak3 is a major MLC kinase and is repressed by 

Pak in the elongating FE. In addition, actomyosin contractility promoted by Pak and the 

Rho1 pathway drives Pak3 expression through the MAL-SRF transcriptional regulatory 

complex, to ensure there is sufficient active myosin to provide contractility. The more F-

actin in the FE, the greater the activity of MAL-SRF and consequently the higher the 

levels of Pak3 and pMLC. 

Keywords:  Drosophila; oogenesis; epithelial morphogenesis; F-actin cytoskeleton; 
Group-I Paks; myosin light chain phosphorylation 
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1. Introduction 

1.1. Epithelial Morphogenesis 

Epithelial morphogenesis is a fundamental process in organ formation and in 

sculpting multicellular eukaryotes into their final form. This sophisticated event 

orchestrates animal development as well as regenerative processes during the life of an 

organism (Gumbiner, 1992; Leptin, 1995; Conlon and Raff, 1999). Although the 

complete mechanisms driving these morphogenic processes still await elucidation, a 

number of developmental models have provided a basic understanding of how cellular 

rearrangement of shape and size can drive epithelial morphogenesis (Schock and 

Perrimon, 2002). 

An epithelium is a tissue that has distinct apical and basal domains functioning 

as a barrier to separate two extreme chemical conditions, a lumen/external environment 

and the extracellular matrix (ECM). The apical surface generally faces toward either the 

external environment or a luminal space, while the basal cortex is in contact with 

molecules in the ECM. In between cells, the lateral domain allows inter-cellular adhesion 

to keep the tissue intact. Epithelial cells are classified according to their shape. Cuboidal 

epithelial cells retain a cube-like shape, while columnar and squamous epithelial cells 

are taller than their width and flattened, respectively (Tepass, 1997). Epithelial 

morphogenesis is not only fundamental in instructing tissue development but also crucial 

during the life of an organism, as proper tissue maintenance and homeostasis are 

necessary for survival. It is not surprising to find that mechanisms of epithelial 

morphogenesis are conserved between vertebrates and invertebrates (Tepass et al., 

2001; Knust and Bossinger, 2002; Schock and Perrimon, 2002). Work from cell culture 

has provided great insight into how epithelial morphogenesis orchestrates cell shape 

changes and cell migration, but it is challenging to study in a true in vivo context. 
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The dark-bellied dew lover, Drosophila melanogaster, has been a widely used 

scalpel in dissecting the complex mechanisms of life due to its genetic tools, which have 

proven useful in identifying signaling cascades and components responsible for 

epithelial morphogenesis. Drosophila has two major types of epithelia, primary and 

secondary. Primary epithelium arises from cellularization of the blastoderm embryo, and 

its formation is characterized by the emergence of apical belt-like adherens junctions, 

appearance of an apical ECM and absence of basal ECM (Tepass and Hartenstein, 

1994a; Tepass, 1997; Brown, 2000; Tepass et al., 2001). In addition, primary epithelium 

gives rise to mesenchymal cells through epithelial-mesenchymal transition (EMT). EMT 

involves a conversion of epithelial cells into migratory mesenchymal cells, and this 

process is well conserved between vertebrates and invertebrates (Tepass and 

Hartenstein, 1994b; Revenu and Gilmour, 2009). Secondary epithelium arises from 

mesenchymal cells that undergo a mesenchymal-epithelial transition, and develops with 

or after formation of the basement membrane while receiving signaling cues from the 

basal ECM during its development (Tepass and Hartenstein, 1994b; Tepass, 1997). 

During fly oogenesis, mesenchymal cells give rise to a single layered follicular epithelium 

(FE) surrounding the growing germline cells, and presents as a simple and ideal model 

for studying epithelial morphogenesis. 

Epithelial morphogenesis is driven by cell shape change of individual cells that 

eventually leads to changes in tissue morphology as a whole (Schock and Perrimon, 

2002). These individual cell shape changes include flattening, columnarization, 

shortening and elongation (Knust and Bossinger, 2002). During Drosophila oogenesis, 

the cuboidal follicle cells undergo morphological transitions to become columnar over the 

oocyte, and squamous over the nurse cells (Figure 1.1 A) (Horne-Badovinac and Bilder, 

2005). These individual changes in cell shape within the tissue involve dynamic 

cytoskeletal rearrangements without affecting the cell position (Schock and Perrimon, 

2002). However, cell migration can be a component of epithelial morphogenesis and 

involves changes in polarity and adhesive properties (Tepass and Hartenstein, 1994b; 

Brown, 2000; Tepass et al., 2001; Knust and Boosinger, 2002; Schock and Perrimon, 

2002). During epithelial cell migration, cytoskeletal changes are driven by breaking and 

re-establishment of cell-cell adhesion complexes, including Cadherin-mediated 

adhesion, to allow the cell to move and to reorganize itself into a new epithelial arrange- 
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Figure 1.1 Rho1-actomyosin contractility is essential for Drosophila oogenesis 

(A, B) FITC-phalloidin (green) and DAPI (blue) staining of cross-sectional views 

of wild-type and pak11/pak14 ovarioles with anterior-posterior axis oriented from left to 

right. Egg chambers are produced in an assembly line manner in the germarium and are 

interconnected by stalk cells. (A) Digitally compiled wild-type ovariole extending from the 

germarium to stage-9 egg chamber. Younger egg chambers remain spherical until 

stage-4 or-5, and begin to elongate along the anterior-posterior axis starting at stage-5 

or -6. During egg chamber elongation, the cuboidal follicle cells undergo morphological 

transitions to become columnar over the oocyte, and squamous over the nurse cells (B) 

Egg chamber elongation during middle-stage of oogenesis in a pak11/pak14 egg chamber 

is severely disrupted. The pak mutant egg chambers remain rounded and usually do not 

develop beyond stage-9. In addition, pak mutant females never give rise to mature eggs. 



 

4 

 



 

5 

ment (Tepass, 1997; Knust and Boosinger, 2002; Schock and Perrimon, 2002; Revenu 

and Gilmour, 2009). In the process of convergent extension, polarized cells break their 

adhesions and intercalate along an axis to elongate along the circumferential axis 

(Tepass, 1997; Schock and Perrimon, 2002; Revenu and Gilmour, 2009). To give an 

example from the Drosophila ovary, during inter-follicular stalk formation pre-stalk cells 

are arranged in a cluster composing six to eight cells that intercalate to form a single row 

of disc-shaped cells (Horne-Badovinac and Bilder, 2005). This thesis explores the 

signaling components that are necessary for the ovarian FE in adopting cytoskeletal 

changes in the most obvious morphogenetic change during oogenesis, egg chamber 

elongation. 

1.2. Egg Chamber Elongation in Drosophila Oogenesis 

Drosophila oogenesis is an attractive system for studying epithelial 

morphogenesis due to simplicity of the egg chamber, containing only two cell types, 

germline cells and the surrounding somatic epithelium. A fly ovary contains 

approximately 16 ovarioles, each containing an “assembly line” of egg chambers with 

youngest at the anterior end and oldest at the posterior end (Figure 1.1 A) (King, 1970). 

Fly oogenesis initiates from the asymmetric division of the germline stem cells (GSCs) in 

the germarium, the anterior-most structure of an ovariole. The daughter cell that chooses 

not to replenish the GSC niche undergoes four rounds of incomplete mitosis, without 

completing cytokinesis, to result in a 16-celled cystoblast while migrating along the 

anterior-posterior (A-P) axis in the germarium (Chen and McKearin, 2003; Morris and 

Spradling, 2011). The cystoblast forms the germline cyst, with 15 cells becoming nurse 

cells while one commits to become the future oocyte. Escort cells have been 

hypothesized to accompany the cysts in traveling posteriorly in the germarium, and 

commit to either recycling or apoptosis as they approach the follicle stem cell (FSC) 

niche about half way through the germarium (Morris and Spradling, 2011).  The cyst 

flattens into a lens-shaped disc that spans the width of the germarium as it reaches the 

FSC niche, and is encapsulated in a monolayer epithelium by the nascent somatic 

follicle cells, which are derived from asymmetric division of  the FSCs (Spradling, 1993, 

Kirilly and Xie, 2007; Nystul and Spradling 2007). The follicle cells contact the germline 

cyst with their apical cortex while the basal surfaces lie along a basement membrane. 
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During encapsulation by the follicle cells, cells in the cyst cease to divide and enter an 

endoreplicative and growth phase (King and Vanoucek, 1960).  

When the germline cells and the surrounding follicle epithelium develop and exit 

the germarium to become stage-1 egg chambers, there are approximately 80 simple 

cuboidal follicle cells encapsulating the germline (Horne-Badovinac and Bilder, 2005). 

Egg chambers develop in an isotropic manner in their early days and remain spherical in 

shape until stage-4. The germline cells in each egg chamber increase in volume through 

endoreplication, and the surrounding FE accommodates such extensive growth by 

continuous division, giving rise to approximately 650 squamous and columnar follicle 

cells encasing the germline at the end of stage-6, where the follicle cells cease to divide 

(Gutzeit, 1991). Around stage-5 or -6, egg chambers start to elongate along the A-P 

axis, where the length of the A-P axis exceeds the width, through actomyosin 

contractility of the basal actin filaments in the follicle cells. Such dynamic morphogenesis 

continues through stage-10A, where the egg chamber has elongated about 2.5 fold 

comparing to pre-elongating younger egg chambers, and this elongation is necessary for 

development of mature eggs (Spradling, 1993). In addition, Drosophila oogenesis can be 

investigated with its well-developed genetic tools including classical genetic modifier 

approaches and modern mosaic analysis.  

1.3. Morphogenesis of Somatic Follicle Cells 

Continued work on the ovarian FE will provide an ultimate understanding of how 

a follicle cell derived from a FSC undergoes morphogenesis to take its final roles in 

sculpting the eggshell components (Horne-Badovinac and Bilder, 2005). As 

aforementioned, follicle cells continue to divide until stage-6 to encapsulate the germline 

cells in a single-layer of epithelial cells. After that, egg chambers are able to begin 

elongation along their A-P axis. Elongating stage-9 egg chambers contain different 

populations of follicle cells undergoing dynamic shape changes and diverse 

morphogenetic movements. In a wave of morphogenesis that starts from the posterior-

most end and gradually moves toward the anterior end of the egg chamber, cuboidal 

follicle cells undergo a morphological transition to become columnar in shape causing 

the bulk of follicle cells to migrate posteriorly toward the oocyte (Figure 1.1 A) (Spradling, 
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1993). Completion of such an event stretches the follicle cells surrounding the nurse 

cells to a squamous epithelium, while the columnar follicle cells encapsulate the oocyte. 

Meanwhile, border cells, a subset of anterior follicle cells, carry a pair of non-migratory 

polar cells and delaminate from the FE, and crawl between the nurse cells to migrate 

toward the oocyte (Montell et al., 1992). In stage-10B egg chambers, the columnar 

follicle cells near the border of nurse cells and the oocyte migrate centripetally to 

accommodate the increasing volume of the oocyte (Schotman et al., 2008). In addition, 

the columnar follicle cells stretch and flatten out while transiently exposing a portion of 

their basolateral membrane to the ECM. Near the end of fly oogenesis, the columnar 

epithelial cells secrete components required for eggshell development and formation of 

specialized structures, such as the two dorsal appendages and the operculum and the 

micropyle that are essential for egg and embryo development (Dobens and Raftery, 

2000; Waring, 2000; Horne-Badovinac and Bilder, 2005). Previous work in our laboratory 

has identified that organization of the basal actin filaments in the follicular epithelium is 

indispensible for egg chamber elongation (Conder et al., 2007; Vlachos and Harden, 

2010). 

1.4. Basal F-actin Cytoskeleton of Ovarian Follicular 
Epithelium 

Drosophila oogenesis has been well characterized with regard to actin regulation 

during epithelial morphogenesis, and is readily accessible to study as the ovarian FE 

encapsulates the germline cells in a single layer having characteristic apical-basal 

polarity (Verheyen and Cooley, 1994; Hudson and Cooley, 2002). In middle-stages of 

oogenesis, follicle cells stop cell division while the filamentous-actin (F-actin) polarizes to 

their basal cortex and forms parallel bundles that lie perpendicular to the A-P axis of the 

egg chamber (Gutzeit, 1990; Gutzeit and Haas-Assenbaum, 1991). The basal F-actin 

has been found to initiate such particular patterning from the anterior- and posterior-most 

ends of stage-5 and -6 rounded egg chambers, and spreads circumferentially around the 

egg chambers until they reach the end of elongation at stage-14 (Gutzeit, 1990; 

Frydman and Spradling 2001). Such activity of the basal F-actin has been proposed to 

act as a “molecular corset” in shaping the initially rounded egg chambers into their final 

oval-shape (Gutzeit, 1990; Bateman et al., 2001; Frydman and Spradling 2001; Conder 
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et al., 2007). Regulation of the basal F-actin inside individual follicle cells occurs non-

cell-autonomously, where disrupted F-actin of mutant follicle cell clones can affect the 

neighboring wild-type cells and vice versa (Bateman et al., 2001; Conder et al., 2007). 

The basal F-actin bundles in the ovarian FE exhibit great resemblance to the 

stress fibres in mammalian cultured cells, and thus serve as an ideal model system for 

genetic analysis of the signaling pathways necessary in formation of the F-actin 

cytoskeleton (Bateman et al., 2001; Baum and Perrimon, 2001). Mammalian stress 

fibres are composed of 10 to 30 F-actin bundles anchored at integrin-based focal 

adhesions, and are regulated by RhoA, a member of the Rho family of small GTPases, 

through the Rock-Rok-Rho kinase family of serine/threonine kinases, and by the 

Diaphanous-related formin, mDia1 (Leung et al., 1996; Watanabe et al., 1997; 

Watanabe et al., 1999; Pellegrin and Mellor, 2007). The Rock-Rok-Rho kinase (hereafter 

referred to as Rok) phosphorylates myosin light chain (MLC) in promoting formation of 

stress fibres and actomyosin contractility, and inhibits the activity of MLC phosphatase 

through phosphorylation of the regulatory myosin binding subunit (Amano et al., 1996; 

Kimura et al., 1996; Kawano et al., 1999; Totsukawa et al., 2000). Such a signaling 

cascade regulating actomyosin contractility is well conserved in Drosophila (Figure 1.2 

A) (Settleman, 2001). Myosin activity greatly depends on phosphorylation of MLC at Ser-

19, which has been shown to be catalyzed in vitro by MLC kinase (MLCK), Rho kinase 

and p21-activated kinase (Bresnick, 1999). Mammalian stress fibres are regulated by 

integrin-mediated adhesion (Barry et al., 1997; Defilippi et al., 1999). Integrins are 

heterodimeric transmembrane receptors composed of two distinct chains, α- and β-

subunits, where the extra-cellular domains interact with the ECM while the intra-cellular 

domains come in contact with the actin cytoskeleton through focal adhesion complexes 

(Brown et al., 2000; Petit and Thiery, 2000). Integrins not only anchor cells to the ECM 

but have also been shown to conduct signals bi-directionally. In an inside-out signaling 

event, cytoplasmic proteins interact with the intra-cellular domains of integrins and 

induce interaction of the extra-cellular domain with molecules such as Laminins and 

Collagens in the ECM. During an outside-in cascade, the integrin extra-cellular domains 

interact with the ECM to cause the intra-cellular domains to interact with cytoplasmic 

proteins that tie integrins to the cytoskeleton. 
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Figure 1.2 Rho signaling pathways in Drosophila oogenesis and mammals 

(A) Pak-regulated Rho1 signaling during Drosophila oogenesis. Rho1 signaling is 

required for egg chambers to elongate during middle-stages of Drosophila oogenesis. 

RhoGEF2 activates Rho1, which contributes to actomyosin contractility through 

interaction with Rho kinase (Rok), LIM kinase (LIMK) and Diaphanous. Rok 

phosphorylates myosin light chain (MLC). Activated LIMK phosphorylates Cofilin to 

stabilize filamentous actin. Activated Diaphanous promotes actin polymerization. Pak 

might regulate the Rho1-actomyosin contractility pathway in Drosophila oogenesis at a 

few levels. Pak may down-regulate phosphorylation of MLC through inhibiting Rok, or 

affecting distribution of RhoGEF2. In addition, Pak may repress MLC phosphorylation at 

the level of MLCK. On the other hand, roles of Pak3 is poorly illustrated in fly oogenesis. 

(B) Work in the mammalian system has shown that the RhoA-actomyosin contractility 

pathway can lead to transcription of actin-regulating genes through the cooperation of 

myocardin-related transcription factor (MAL) and serum response factor (SRF) (Miralles 

et al., 2003; Posern and Treisman, 2006; Morita et al., 2007; Vartiainen et al., 2007; 

Medjkane et al., 2009; and Busche et al., 2010). In the assembly of F-actin, MAL is 

released from binding to monomeric actin (Gactin), and is free to translocate to the 

nucleus to carry out its functions with SRF, leading to the transcription of various genes 

including actin cytoskeletal regulators, thus providing a feedback effect. 
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Numerous efforts have been devoted to illustrate that the basal F-actin bundles 

in the Drosophila ovarian FE are organized in relation to the ECM. Integrin subunits are 

conserved between fly and mammals, and one of the β-subunits (βPS) has been shown 

to regulate Drosophila oogenesis (Brown et al., 2000). In addition, a combination of 

integrin heterodimers has been found to localize to the basal surface of the FE in early 

oogenesis, and also localize to the ends of the basal F-actin bundles, and integrins are 

required for egg chamber elongation (Duffy et al., 1998; Bateman et al., 2001; Frydman 

and Spradling 2001; Conder et al., 2007; O’Reilly et al., 2008). Furthermore, mutations 

in genes encoding receptor-like tyrosine kinase Dlar, the ECM component Dystroglycan 

and the downstream kinase effector Rac/Cdc42, Pak, disrupt egg chamber elongation, 

as these components are essential for the association between the actin cytoskeleton 

and ECM (Bateman et al., 2001; Frydman and Spradling 2001; Deng et al., 2003; 

Conder et al., 2007). However, how these components work in concert in establishing 

and maintaining the F-actin architecture remains to be seen. 

In addition to the function of the F-actin in acting as a “molecular corset” in 

promoting egg chamber elongation, another morphogenetic event in the ovarian FE has 

recently been illustrated using live imaging techniques, where developing egg chambers 

rotate around their A-P axis to elongate and to lay down polarized ECM (Haigo and 

Bilder, 2011; Bilder and Haigo, 2012). Egg chambers with mutations in the 

aforementioned integrin βPS subunit or the ECM components, such as Collagen IV, fail 

to rotate and elongate, suggesting that the secretion of and interaction with ECM 

components is necessary for egg chamber elongation. Given the fact that egg chamber 

rotation stops before the egg fully elongates and mutants that block rotation do not 

completely repress elongation, egg chamber rotation by itself is not sufficient to regulate 

the shaping of egg chambers to mature eggs.  

1.5. Rho Family of Small GTPases 

Dynamic regulation of the actin cytoskeleton in epithelial morphogenesis and 

invasive cancer cells takes place in response to signaling cues such as Rho subfamily of 

small GTPases, which belong to the Ras-related superfamily of small GTPases, that 

function as molecular switches cycling between an active GTP-bound form and an 
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inactive GDP-bound form (Hall and Nobes, 2000). RhoA, Rac and Cdc42 are three of 

the best-characterized members of the Rho subfamily, and are highly conserved among 

eukaryotes. The exchange of GDP for GTP is mediated by guanine nucleotide exchange 

factors (GEFs), while GTPase activating proteins (GAPs) promote hydrolysis of GTP to 

GDP by stimulating the intrinsic GTPase activity of the Rho GTPases. However, how 

GEFs and GAPs are regulated in leading to temporal and spatial control of Rho 

GTPases is still under investigation (Hall, 2005). Some GEFs and GAPs have been 

shown to regulate multiple GTPases while some of them seem to be specific to a subset 

of GTPases. In addition, GDP dissociation inhibitors regulate GTPases by inhibiting 

spontaneous activation or inactivation, and thus lock the GTPases in their active or 

inactive states (Hall and Nobes, 2000). 

Work on mammalian cultured cells has shown that each of RhoA, Rac and 

Cdc42 is responsible for particular cytoskeletal dynamics. As aforementioned, activation 

of RhoA is required in formation of stress fibres, actin-rich processes that run the length 

of the cell. On the other hand, both Rac and Cdc42 are necessary for cell migration, 

where activated Rac promotes the formation of lamellipodia and membrane ruffling while 

activated Cdc42 induces the formation of filopodia (Ridley and Hall, 1992; Ridley et al., 

1992; Hall and Nobes, 2000). RhoA GTPases interact with many target proteins that 

regulate specific downstream signaling pathways in a variety of cellular processes such 

as cell morphogenesis, cell division, cell migration and adhesion, membrane trafficking, 

embryonic development and tissue regeneration among eukaryotes (Hall, 1998). Of 

interest, p21-activated kinase is one of the best-characterized downstream effectors for 

Cdc42 and Rac, and is indispensible in regulating the Rho1-actomyosin contractility 

pathway in promoting egg chamber elongation. 

1.6. p21-activated Kinases 

The p21-activated kinase (Pak) is one of the best-characterized downstream 

effectors of Rho signaling (Manser et al., 1994). Paks are serine/threonine kinases that 

regulate cell cycle progression, apoptosis, MAPK signaling, cytoskeletal dynamics and 

cell motility, and are conserved between Drosophila and mammals (Bokoch, 2003). In 

addition, elevated Pak expression has been reported in a number of cancers (Dummler 
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et al., 2009). Mammalian Paks are divided into two subfamilies based on their sequence 

conservation and mode of regulation. The Group-I Paks, Pak1-3, have an N-terminal 

auto-inhibitory domain (AID) and a highly conserved C-terminal kinase domain, while 

Group-II Paks, Pak4-6, are structurally distinct from Group-I Paks, having no conserved 

AID, and thus interacting with different substrates and having diverse regulation (Figure 

1.3 A) (Bokoch, 2003; Arias-Romero and Chernoff, 2008). The Group-I Paks share 

significant sequence homology in their catalytic domains with Ste20, a protein kinase 

from Saccharomyces cerevisiae (Sells et al., 1997). The regulatory domain in Group-I 

Paks mainly consists of a Cdc42/Rac interacting binding (CRIB) domain that overlaps 

with an AID (Bokoch, 2003). Binding to activated Cdc42 or Rac abrogates the function of 

AID in Group-I Paks. In addition to CRIB and AID, there are five canonical PXXP 

putative SRC homology 3 binding motifs in the regulatory region of Group-I Paks, which 

have been shown to interact with adaptor proteins and GEFs (Bokoch, 2003). 

Furthermore, there is a conserved binding sequence for β-Pak-interacting exchange 

factor (β-PIX), which functions as an exchange factor for Cdc42 and Rac. Group-I Paks 

are repressed in a mode of trans-regulation, by forming a homodimer with another 

molecule of Pak, where the catalytic domain of one molecule binds to the AID of another 

(Figure 1.3 B). Upon activation by Rac or Cdc42 through Pak’s CRIB domain, the 

homodimer undergoes a conformational change to dissociate and the free Paks undergo 

autophosphorylation to conduct signaling cascades in part by performing their kinase 

activity on downstream substrates.  

Pak has been shown to regulate cytoskeletal dynamics, as over-expression of 

Pak in cell culture studies induces formation of filopodia, lamellipodia, membrane ruffling 

and elevated focal adhesion turnover (Manser et al., 1994; Manser et al., 1997; Sells et 

al., 1997). Furthermore, Pak seems to regulate the actin cytoskeleton both dependent 

and independent of its kinase activity (Daniels et al., 1999; Bokoch, 2003; Arias-Romero 

and Chernoff, 2008). Downstream substrates of Pak include MLCK, MLC and Lim 

domain kinase (LIMK), and these interactions are conserved across species, suggesting 

that these specific interactions identified in the mammalian system may be applicable in 

the fly and vice versa (Brzeska et al., 1999; Sanders et al., 1999; Yang et al., 1998). 

Mammalian LIMKs are serine/threonine kinases, having two N-terminal Lim domains, a  
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Figure 1.3 Schematic diagram and trans-regulation of Group-I Pak 

(A) Schematic diagram of mammalian Group-I Pak. Group-I Paks, Pak1-3, have 

an N-terminal auto-inhibitory domain (AID), shown in orange, and a highly conserved C-

terminal kinase domain in light blue (Bokoch, 2003). The regulatory domain in Group-I 

Paks mainly consists of a Cdc42/Rac interacting binding (CRIB) domain that overlaps 

with an AID. Binding to activated Cdc42 or Rac abrogates the function of AID in Group-I 

Paks. In addition to CRIB and AID, there are five canonical PXXP putative SRC 

homology 3 (SH3) binding motifs in the regulatory region of Group-I Paks, which have 

been shown to interact with adaptor proteins and GEFs. Furthermore, there is a 

conserved binding sequence for β-Pak-interacting exchange factor (PIX), which 

functions as an exchange factor for Cdc42 and Rac. C-terminus also contains a 

conserved binding site for β- and γ-subunits of Guanine nucleotide binding proteins (G-

proteins). (B) Trans-inhibition of Group-I Paks. Group-I Paks are repressed in a mode of 

trans-regulation, by forming a homodimer with another molecule of Pak, where the 

catalytic domain of one molecule binds to the AID of another. 
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PDZ domain and a C-terminal kinase domain, that inactivate cofilin through 

phosphorylation leading to actin depolymerization (Arber et al., 1998; Bokoch, 2003). 

LIMK can also be phosphorylated by the Rok, a downstream effector of RhoA (Maekawa 

et al., 1999). Mammalian Pak1 can act as a negative regulator of actomyosin contractility 

by phosphorylating MLCK to reduce phosphorylation of MLC (Sanders et al., 1999). In 

addition, it may positively regulate actomyosin dynamics through phosphorylation of 

MLC and LIMK (Edwards et al., 1999; Bokoch, 2003). In Drosophila, LIMK also 

phosphorylates cofilin and is placed downstream of Pak (Figure 1.2 A) (Ohashi et al., 

2000; Ang et al., 2003). Another route where mammalian Pak may be affecting the actin 

cytoskeleton is through Filamin-A, which is an actin-binding protein that induces cross-

linking of F-actin (Vadlamudi et al., 2002). In addition, Filamin-A in the fly has been 

shown to link F-actin to the plasma membrane in ring canals of egg chambers (Sokol 

and Cooley, 2003). Mammalian Pak may be directly impinging on the branching of actin 

filaments through its interaction with the Arp2/3 complex through phosphorylation 

(Vadlamudi et al., 2004). Such phosphorylation is necessary for the Arp2/3 complex to 

localize properly in the cortical nucleation regions of cells. 

1.7. The Group-I Paks and Egg Chamber Elongation 

In this work I focus on, specifically, the Drosophila Group-I Paks. Work on the 

mammalian Paks serves as a great reference for the Drosophila Paks, which are also 

categorized into two subfamilies with Group-I Paks encoded by the genes pak and pak3 

and Group-II by mushroom bodies tiny (Harden et al., 1996; Pirone et al., 2001; 

Schneeberger and Raabe, 2003). The Group-II Pak in the fly has been implicated in 

regulation of adherens junctions and photoreceptor morphogenesis (Menzel et al., 

2007). The amino acid sequence for the Group-I Paks in fly are well conserved, 

especially in the kinase, p21-binding domain and AID. Similar to its mammalian 

homologue, the Drosophila Pak, hereafter referred to as Pak ,has been shown to directly 

interact with the fly Cdc42 and Rac, and its localization is affected by Rac activation 

state (Harden et al., 1996). Pak has previously been shown to play important roles in a 

number of Drosophila developmental events such as dorsal closure, photoreceptor axon 

guidance, salivary gland formation, neuromuscular junction formation and epithelial 
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morphogenesis of the ovarian FE (Harden et al., 1999; Hing et al., 1999; Parnas et al., 

2001; Albin and Davis, 2004; Conder et al., 2004; Conder et al., 2007; Bahri et al., 2010; 

Pirraglia et al., 2010; Ozdowski et al., 2011).  

Previous work in our laboratory has demonstrated a role for Pak in the 

establishment of the basal F-actin cytoskeletal architecture during egg chamber 

elongation (Conder et al., 2007; Vlachos and Harden, 2010). Egg chambers that are 

trans-heterozygous for alleles of pak are round and remain spherical, as they fail to 

elongate due to disruptions in their basal F-actin (Figure 1.1 B) (Conder et al., 2007). In 

addition, pak mutant ovaries never produce mature eggs as egg chambers seldom 

develop beyond stage-9. Mosaic analysis of pak follicle cell clones (FCCs) show that 

loss of pak in the FE results in reduction of basal F-actin assembly and thereby 

demonstrates a role for Pak during assembly of the basal F-actin. Discovered through a 

deficiency screen of the Drosophila second chromosome, removal of a single copy of 

rho1 can suppress the pak round egg chamber phenotype (Vlachos and Harden, 2010). 

Further genetic interaction studies have also demonstrated that reduction of any 

component of the Rho1-actomyosin contractility pathway suppresses the pak elongation 

phenotype, suggesting an antagonistic relationship between Pak and Rho1 signaling 

(Figure 1.2 A). Prior to elongation, pak FCCs exhibit reduced levels of MLC 

phosphorylation from apical and lateral membranes. During elongation, phosphorylation 

of MLC (pMLC) is ectopically expressed in older pak FCCs, and may be in part due to 

mislocalization of RhoGEF2, an activator of the Rho1-actomyosin contractility pathway. 

These data suggest that Pak both promotes and restricts pMLC in a temporally distinct 

manner during Drosophila oogenesis. 

Pak3, the other member of the Drosophila Group-I Paks, was an “orphan” that 

never caught anyone’s attention, as no mutation in pak3 had been reported until 

recently. pak3 has been found to genetically interact with spastin, which encodes an 

AAA ATPase that regulates microtubule lengths in development of the neuromuscular 

junction (Ozdowski, et al., 2011). More recently, Pak3 has been found to participate in 

Rac1 signaling responsible for actin and myosin organization during Drosophila 

epidermal wound healing (Baek at el., 2012). Similar to Pak, Pak3 seems to regulate 

formation of the actin cytoskeleton in fly cell culture (Asano et al., 2009). Previous work 

in our laboratory has described cooperation between the Group-I Paks in regulating fly 
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dorsal closure (Behri et al., 2010). A structural and phylogenic analysis supports a model 

where Pak3 forms homodimers in its inactive state, which can be relieved by activated 

Rac1 through the conserved CRIB domain (Mentzel and Raabe, 2005). Despite the co-

localization between Pak and Pak3 in fly dorsal closure, Pak3 shows a distribution 

distinct from Pak during oogenesis, where Pak3 is ubiquitously expressed and 

overlapping with Pak expression in early oogenesis, and become apically and 

basolaterally concentrated, while Pak is expressed basally, in the elongating FE 

(Conder, 2007; Conder et al., 2007).  

1.8. Goal of this Thesis 

The goal of this thesis was to further characterize the roles of Drosophila Group-I 

Paks, Pak and Pak3, during FE development with the emphasis on follicle cells during 

egg chamber elongation. In particular, I wished to gain a more detailed understanding of 

the regulation of actomyosin contractility by the Group-I Paks. A component of such 

understanding was better elucidation of the signaling network the Paks are part of. In 

pursuing this, I searched for signaling candidates that suppress the characteristic pak 

rounded egg chamber phenotype when made heterozygous in the pak background. 

Preliminary results suggested that Pak3 was a component of the Rho1 actomyosin 

contractility pathway and I investigated the hypothesis that pak3 was a target gene of 

this pathway through the cooperation of myocardin-related transcription factor and 

serum response factor (Figure 1.2 B). 
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2. Materials and Methods 

2.1. Fly Stocks 

Unless otherwise stated, all flies were raised at 25°C. w1118 was used as a wild-

type control strain. The pak6/TM3sb and pak11/TM3ser were gifts from H. Hing, 

pak14FRT82B/TM6B from B. Dickson and UAS-pak-GFP was from C. Merino. The UAS-

pak3-GFP/CyO, pak3ex76aFRT82B/TM3sb and pak14,pak3ex76aFRT82B/TM6B were 

generated by S. Bahri and R. Conder. The rho2107rev5FRT42D/CyO stock was generated 

by R. Conder. The bs14FRT42D/CyO were gifts from P. Rorth (Somogyi and Rorth, 

2004). The mal.DS2FRT42D/TM6B stock was from M. Affolter (Somogyi and Rorth, 

2004). All other stocks used were obtained from the Bloomington Drosophila Stock 

Center. These were fogS4/FM7c, Gsα60A FRT42D/SM6b, Gβ13FEP1071, 

Gβ13FKG08410/FM7c, Gγ1HP20852/CyO, bs2, and bs3. 

2.2. cDNA 

All cDNAs were produced by the Berkeley Drosophila Genome Project. Pak3 

(GH15507 and RE01659) cDNAs were obtained from the Canadian Drosophila 

Microarray Centre. cDNA constructs were transformed into DH5α bacterial competent 

cells (Invitrogen) for amplification and general maintenance.  

2.3. Drosophila Egg Chamber Dissection and Fixation 

Preparation of solutions: 

• EBR: 130mM NaCl, 4.7mM KCl, 1.9mM CaCl, 10mM HEPES, pH 6.9 as 
described in (Sambrook et al., 1989) 



 

20 

• Buffer B: 100mM potassium phosphate, 450mM KCl, 150mM NaCl, 20mM 
MgCl2, pH 6.8 as described in (Sambrook et al., 1989) 

• Devitellinizing buffer: 1 volume Buffer B, 1 volume 36% formaldehyde, 4 
volumes ddH2O. 

• Phosphate buffered saline (PBS): 8g NaCl, 0.2g KCl, 1.44g Na2PO4 and 0.24g 
KH2PO4 were added to 800mL ddH2O. The solution was adjusted to pH 7.4 
then brought to 1L with ddH2O, and sterilized by autoclave. 

• PBT: 1X PBS, 0.3% Triton-X. 

Ovary dissection and fixation were performed as described by (Verheyen and 

Cooley, 1994). Fly ovaries were dissected in cold EBR or 1X PBS using forceps 

(Dumont #5/Dumostar, Fine Science Tools) and transferred to 1.5mL Eppendorf tubes 

containing cold EBR or 1X PBS on ice. Ovarioles were pulled out of the surrounding 

muscle sheath, from the anterior end of an ovary, and completely disassembled from the 

ovary when they were to be measured. To minimize the loss of egg chambers during the 

washing procedures of immunohistochemistry, only the anterior half of an ovary was 

dissected. In this case, ovarioles were pulled gently from the anterior end, with a 

tungsten needle (0.25mm, Fine Science Tools), and allowing to remain connected with 

older egg chambers in the posterior half of the intact ovary. This procedure enabled the 

dissected egg chambers to settle down to the bottom of the microcentrifuge tubes during 

washing procedures. Dissection buffer was removed and 100µL devitellinizing buffer and 

600µL heptane were added. The sample was agitated to ensure that the buffer was 

saturated with heptane, and was rotated for 10 minutes at room temperature on either a 

rocker or a Nutator. The heptane layer was removed and rinsed three times with 1X 

PBS.  

In order to protect egg chambers from excessive washing procedures during 

fluorescent in situ hybridization (FISH), ovarioles were dissected as described by 

(Lecuyer et al., 2008). An alternate fixation technique was applied when preparing egg 

chambers for FISH. After removing dissection buffer from the dissected ovaries, samples 

were fixed with 200µL of 4% Formaldehyde in PBS, 20µL of DMSO, 2µL of 10% Tween 

20 and 600µL of heptane for 20 minutes at room temperature with constant mixing. After 

that, the heptane layer and most of the fixative were removed before adding 500µL of 

4% Formaldehyde in PBS and 10µL of 10% Tween 20. Following additional fixation at 
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room temperature for 5 minutes, the samples were rinsed twice with methanol and could 

be stored in -20°C for months before performing FISH or immunohistochemistry. 

2.4. Evaluation of pak Mutant Suppression 

To quantify the suppression of the pak round egg chamber phenotype, female 

progeny with “droopy wings” from the suppressing crosses were collected and ovaries 

were dissected and fixed as described above and stained with phalloidin. Wild type 

(w1118) and pak11/pak14 mutant egg chambers were assessed as controls. Samples were 

examined using a Nikon A1R laser-scanning confocal microscope. The length of 

anterior-posterior (A-P) and width at widest point of stage-8 and -9 egg chambers were 

measured using the NIS-Element AR 3.0 software (Figure 2.1). DAPI was used to 

confirm the desired developmental stages of egg chambers. Ratios of A-P length to 

width were calculated on Microsoft® Excel® 2008 for Mac Version 12.0. 

2.5. Drosophila Embryo Collection and Fixation 

Preparation of solutions: 

• 20% Paraformaldehyde: 10g of paraformaldehyde was added to a 50mL 
Falcon tube. 35mL of ddH2O and 0.5mL of 1M NaOH were added to the tube, 
and tube heated at 65°C until the paraformaldehyde dissolved. 10mL of 5X 
phosphate buffered saline (PBS) was added. 

• PBS: 8g NaCl, 0.2g KCl, 1.44g Na2PO4 and 0.24g KH2PO4 were added to 
800mL ddH2O. The solution was adjusted to pH 7.4 and brought to final 
volume of 1L with ddH2O. The solution was then sterilized by autoclave. 

Embryos were collected and fixed as described in (Ashburner, 1989). Embryos 

were collected from cages grown at 25°C or 29°C after approximately 15 to 18 hours. 

Grown embryos on juice plates were washed with 0.01% Triton-X, and were gently 

brushed off with a paintbrush. The embryos were separated from the washing Triton-X 

solution by a collecting membrane. The embryos were dechorionated with 50% bleach: 

0.01% Triton-X for 3 minutes, and rinsed thrice with 0.01% Triton-X for one minute. 

Removal of the protective chorion is needed to allow proper diffusion of molecular 

probes into the embryo. 
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Figure 2.1 Illustration of stage-9 egg chamber quantification 

Cross-sectional view of a stage-9 wild-type egg chamber stained with FITC-

phalloidin and DAPI. Stage-9 egg chambers of wild-type (w1118), pak11/pak14 and 

heterozygous suppression of pak rounded egg chamber were labelled with phalloidin 

and DAPI and further quantified using measurement tools on the NIS-Element AR 3.0 

software of Nikon A1R laser-scanning confocal microscope. Lengths of anterior-posterior 

axis and perpendicular width were measured at the basal edge of the green phalloidin 

signal. Ratio between the two measurements were accessed using Microsoft® Excel® 

2008. Previous quantification only involved anterior-posterior axis length, and one could 

not distinguish an over-grown pak mutant from a wild-type egg chamber. I eliminate such 

misjudgement by taking the ratio between anterior-posterior axis length to the width of 

stage-9 egg chambers. The degree of rescue of pak suppressions could be easily 

identified by comparing the ratios. 
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Embryos were fixed in a solution containing 1mL 20% paraformaldehyde, 4mL 1X 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 an additional one minute. After that, the embryos were allowed to settle 

before washing three times with methanol. Embryos were now ready for 

immunohistochemistry or fluorescent in situ hybridization. If more embryos were needed 

to be collected for further experiments, one could store the collected embryos in 

methanol at -20°C. 

2.6. Immunohistochemistry and Mounting of Embryos 

Preparation of solutions: 

• PBT: (PBS, 0.1% Triton-X). 

• PBB: (PBT, 1% BSA). 

Immunohistochemistry was performed as described by (Harden et al., 1996). 

Following embryo collection and fixation, embryos were stained with mouse anti-Pak3 

(1:1000). Fixed embryos were rehydrated in 500µL PBT for three times 10 minutes on a 

rocker or a Nutator. All incubation and washing procedures were performed at room 

temperature with constant agitation, unless otherwise stated. Embryos were blocked in 

PBB for one hour before adding appropriate concentration of primary antibodies diluted 

in PBB. Staining was carried out at 4°C overnight. After removing mixture of primary 

antibodies and PBB, the samples were washed thrice in PBT for 10 minutes. After that, 

appropriate PBB-diluted fluorescein- or Texas red-conjugated secondary antibodies, at 

1:200, were incubated with the samples in dark for 90 minutes. Embryos were washed 

three times in PBT for 10 minutes. Two to three drops of Vectashield were added to the 

microcentrifuge tube free of washing solution. Prior to pipetting embryo onto a platform 

slide, pipet tip was cut in an angle to prevent damaging the samples. A 25 X 40mm No.1 

cover glass was used for mounting embryos. Samples were visualized and images 

acquired using a Nikon A1R laser-scanning confocal microscope using 20X multi-

immersion, 40X and 60X oil lenses. All images were taken on NIS-Elements AR 3.0 

software and further processed using Adobe Photoshop CS4. 
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2.7. Generation of Somatic Clones in Drosophila Ovarian 
Follicle Cells 

Generation of follicle cell clones (FCC) takes advantage of the site-specific 

recombination activity of the Flip recombinase (FLP), which directs precise 

recombination between homologous chromosomes at Flip Recombinase Target (FRT) 

sequences during mitosis (Xu and Rubin, 1993). 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 engineered under the control of a heat shock 

promoter, hsp70, and is inducible at 37°C. Duration and repetition of heat shock required 

in different tissues can be determined experimentally. Specific tissues can be targeted 

by heat shock inductions at the desired developmental stage. 

For example, to generate FCC lacking pak3, hsFLP; TM3Sb/TM6Tb females 

were crossed to pak3ex76aFRT82B/TM3Sb males. The hsFLP; pak3ex76aFRT82B/TM3Sb 

males from the F1 progeny were mated to FRT82B, ubi-GFP/TM3Sb females. The ubi-

GFP transgenic reporter allows visualization of cells that are not homozygous mutant 

clones. The F2 progeny were heat shocked at third larval instar for two hours at 37°C to 

drive genetic recombination in follicle cells undergoing mitosis. Heat shocking was 

performed on three consecutive days to ensure all larval instars were exposed to the 

same heat shock regiment during ovary development. Female adults of the genotype 

hsFLP; pak3ex76aFRT82B/FRT82B, ubi-GFP derived from heat shocked larvae were 

aged on yeasted media for three days to allow for development of healthy ovaries. Fly 

ovaries were dissected, fixed and stained as described above. 

2.8. Immunohistochemistry and Mounting of Egg Chambers 

Preparation of solutions: 

• Phosphate buffered saline (PBS): 8g NaCl, 0.2g KCl, 1.44g Na2PO4 and 0.24g 
KH2PO4 were added to 800mL ddH2O. The solution was adjusted to pH 7.4 
then brought to 1L with ddH2O, and sterilized by autoclave. 

• PBT: 1X PBS, 0.3% Triton-X. 
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• PBTB: 1% BSA (w/v) in PBT (3% BSA with 0.01% Triton-X). 

Immunohistochemistry was performed as described by (Harden et al., 1996). 

Following dissection and fixation of egg chambers, the following reagents were used 

with PBTB: rabbit anti-Pak (1:1000), mouse anti-Pak3 (1:1000), rabbit anti-RhoGEF2 

(1:100) provided by S. Rogers, mouse anti-GFP (1:500) (Sigma, G6539), rabbit anti-

GFP (1:500) (Sigma, G1544), rabbit anti-phospho-MLC (Ser19 corresponding to Ser21 in 

Drosophila) (1:20) (Millipore, AB3381), rabbit anti-phospho-MLC (Ser19 corresponding to 

Ser21 in Drosophila) (1:1000) (Sigma, M6068), rabbit anti-pY (1:500) (Sigma), 

fluorescein-conjugated phalloidin (50µg/mL)(Sigma, P5282). Appropriate secondary 

antibodies conjugated to FITC (Vector Laboratories), TRITC (Vector Laboratories) or 

Cy5 (Invitrogen) were used at a 1:200 dilution. 

When egg chambers were stained for a specific protein, the samples were 

blocked for 10 minutes in PBTB. Diluted primary antibodies and dissected samples were 

incubated overnight at 4°C. Following overnight staining, staining mixture was removed 

before washing three-times with PBTB for 10 minutes each. Sodium azide was usually 

added, at a dilution of 1:500, to the kept staining mixture stable for re-use. Secondary 

antibodies against species of the primary antibodies used previously were prepared at a 

1:200 dilution in PBT, and were incubated with the samples for two hours in dark at room 

temperature, with constant rotation. After that, samples were washed thrice in PBT for 

10 minutes each. If egg chambers were further stained for filamentous actin, fluorescein-

conjugated phalloidin (Sigma, P5282) were used at a concentration of 50µg/mL as 

described in the provided material information sheet. Diluted fluorescein-conjugated 

phalloidin in PBS was incubated with the sample at room temperature for 30 minutes in 

dark with constant mixing. Following phalloidin staining, the samples were washed three 

times in PBS for 10 minutes each. Following the last wash with PBT or PBS, Vectashield 

mountant (Vector Laboratories) was added. 

In some experiments, Vectashield mountant containing DAPI (Vector 

Laboratories) was used to reveal the nuclei. For ovarioles that were completely 

disassembled from an ovary, one drop of Vectashield mountant was added to the 

sample. The samples were pipetted onto a glass slide and covered by a No.1 cover 

glass. It is worth noting that the pipette tips were cut to prevent damaging the samples. 
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For ovarioles that were half dissected, further dissection was needed during the 

mounting procedure. In this case, ovarioles were removed from the ovary in the 

Vectashield, on the mounting slide. Mature eggs and remaining ovarian muscle 

structures were removed before applying cover glasses. Following this, four sides and 

corners of the cover glass were sealed with clear nail polish to prevent samples from 

oxidation. Ovaries were visualized and images acquired using Zeiss LSM 410 or Nikon 

A1R laser-scanning confocal microscope using 20X multi-immersion, 40X and 60X oil 

lenses. All images taken on the Nikon confocal microscope were using NIS-Elements 

AR 3.0 software. All images were further processed on Adobe Photoshop CS4. 

2.9. Generation of pak3 RNA Probes for Fluorescent in situ 
Hybridization 

DIG-labeled RNA probe against pak3 were made as described by (Lecuyer et al., 

2008). Experimental anti-sense pak3 RNA probe was made from purified EcoRI-

linearized pak3 cDNA (Berkeley Drosophila Genome Project, GH15507), while control 

sense probe was generated from XhoI-digested pak3 fragments. Restriction digested 

fragments were purified using QIAquick gel extraction kit (Qiagen, 28706) prior to in vitro 

transcription reactions of DIG-labeled anti-sense and sense probes by SP6 and T7 

polymerases respectively. Unincorporated nucleotides were further purified by illustra™ 

Microspin™ S-200 HR Columns as described in material information sheet (GE 

Healthcare, 27-5120-01). Concentrations of the purified probes was determined by a 

NanoDrop spectrophotometer (Thermo Scientific), and approximately 150ng to 200ng of 

the probes were used in experiments. Qualities of the probes were also assessed by 

electrophoresis. 

2.10. Fluorescent in situ Hybridization (FISH) 

Preparation of solutions: 

• Phosphate buffered saline (PBS): 8g NaCl, 0.2g KCl, 1.44g Na2PO4 and 0.24g 
KH2PO4 were added to 800mL ddH2O. The solution was adjusted to pH 7.4 
and brought to final volume of 1L with ddH2O. The solution was then sterilized 
by autoclave. 
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• PBSF: 4% formaldehyde (w/v) in PBS. 

• PBT: 1X PBS, 0.1% Tween 20. 

• PBTF: 4% formaldehyde (w/v) in PBT. 

• PBTB: 1% BSA (w/v) in PBT. 

• FISH hybridization solution (FHS): 50% deionized formamide, 4X SSC 
(Sambrook et al., 1989), 1X Denhardts as per (Sambrook et al., 1989), 0.1% 
Tween-20, 5% dextran sulphate, 250µg/mL salmon sperm DNA, 50µg/mL 
heparin. Stored at -20°C. 

FISH on Drosophila embryos and egg chambers was performed as described by 

(Lecuyer et al., 2008). Tissues were processed and fixed as described above. Prior to 

using dissected egg chambers for FISH, samples stored in methanol at -20°C were 

rehydrated by a sequence of five-minute washing of mixtures of methanol and PBSF at 

ratios of 4:1, 3:2 and 2:3. Embryos were rehydrated by rinsing twice with PBT. Samples 

were post-fixed for 20 minutes with PBTF. After washing samples three times with PBT 

for two minutes, samples were incubated with Proteinase-K (3µg/mL in PBT) for 10 

minutes at room temperature. Samples were then kept on ice for one hour before adding 

glycine (2mg/mL in PBT) to stop the digestion. Samples were rinsed twice with PBT 

before additional post-fixing for 20 minutes in PBTF. Samples were washed five times 

with PBT for two minutes to remove all traces of fixative. Samples were then rinsed with 

a mixture of FHS and PBT at a ratio of 1:1 before performing hybridization steps. After 

that, the mixture was replaced with 100% FHS. 

In preparation of pre-hybridization, FHS was boiled at 100°C for five minutes and 

left to cool on ice for additional five minutes. To pre-hybridize the samples, previous FHS 

was replaced with boiled FHS for two hours at 56°C. Probe solution was prepared in 

200µL of FHS, and heated to 80°C for three minutes followed by cooling on ice for five 

minutes. To hybridize the RNA probes, pre-hybridization solution was replaced with the 

prepared probe solution. Samples were incubated at 56°C for 12 hours to 16 hours. 

Following hybridization, washing solutions were preheated and used at 56°C. After 

removal of the RNA probe solution, samples were rinsed with preheated FHS. Samples 

were then washed with another aliquot of preheated FHS for 15 minutes at 56°C. 

Following that, samples were washed in a series of FHS:PBT mixture at ratios of 3:1, 1:1 

and 1:3 for at 15 minutes each. Samples were washed four times with PBT for five 
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minutes at 56°C, and were allowed to cool down to room temperature before probe 

detection. 

Prior to detecting RNA probes with anti-DIG antibody, embryos were blocked 

with PBTB for 10 minutes while egg chambers were permeabilized with PBT for one 

hour before blocking with PBTB for one hour. Samples were incubated with anti-DIG 

antibody at 1:200 dilution in PBTB in dark for two hours. Samples were washed six times 

with PBTB for 10 minutes each. To amplify the RNA probe, 50µL of tyramide-Cy3 

solution was prepared, according to its material sheet (Perkin Elmer, SAT704B), and 

was incubated with the samples in dark for two hours. It is common to label proteins in 

addition to FISH. In this case, FISH-labeled samples were washed six times 10 minutes 

with PBS before blocking with PBTB for 10 minutes. Samples were incubated with 

desired primary antibodies, diluted in PBTB, at 4°C overnight. Before staining with 

secondary antibodies, FISH- and protein-labeled samples were washed six times with 

PBT for 10 minutes each. Fluorescent-tagged secondary antibodies were prepared at 

1:200 concentrations in PBT, and were incubated with samples for 90 minutes. Labeled 

samples were washed six times with PBT for 10 minutes before mounting with 

Vectashield. It is worth noting that the secondary antibodies used should not be Texas-

red- or Cy3-conjugated since the red channel was previously used in detecting the RNA 

probes. Similar procedures were used to mount FISH- and protein-labeled samples as 

mentioned above.  Samples were visualized and images acquired using a Nikon Eclipse 

Ti inverted (A1Rsi) laser scanning confocal microscope using 20X multi-immersion, 40X 

and 60X oil lenses. All images were taken by NIS-Elements AR 3.0 software and further 

processed using Adobe Photoshop CS4. 

2.11. Co-immunoprecipitation (Co-IP) 

Preparation of solutions: 

• IP Buffer I: 475mM Tris HCL, 0.5% Triton-X, 1 complete protease inhibitor 
tablet (Sigma), pH8.0. 

• IP Buffer II: 500mM NaCl, 475mM Tris HCl, 0.5% Triton-X, 1 complete 
protease inhibitor tablet (Sigma), pH8.0. 
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• Phosphate buffered saline (PBS): 8g NaCl, 0.2g KCl, 1.44g Na2PO4 and 0.24g 
KH2PO4 were added to 800mL ddH2O. The solution was adjusted to pH 7.4 
and brought to final volume of 1L with ddH2O. The solution was then sterilized 
by autoclave. 

Co-immunoprecitation (Co-IP) allows the ability to reveal the physical interaction 

between two protein candidates from a tissue homogenate. Co-IPs were performed as 

described by (Bahri et al., 2010). For example, to generate flies over-expressing Pak, 

UAS-Pak males were mated to M4-Gal4 expressing females and grown at 29°C to 

induce mild and ubiquitous Gal4 expression. Approximately 100 ovaries were dissected 

from these flies,  and were homogenized with a pestle in 400µL of IP Buffer I on ice. The 

various centrifugations described below were done at 13000rpm at 4°C in a 

microcentrifuge tube. The tissue lysate was centrifuged for 10 minutes, and the 

supernatants were further incubated with the previously prepared Protein-A or Protein-G 

beads (Santa Cruz). 

Depending on the species of the antibodies against to the proteins of interest, 

either 100µL of Protein-A or Protein-G beads were washed with cold 1X PBS for five 

minutes on a Nutator, and were centrifuged for five minutes. The supernatant was 

removed and the washing procedure was repeated two more times. After removal of the 

last supernatant, 500µL of mixture of IP Buffer I and appropriately diluted antibody was 

incubated with the washed beads overnight. Following this, the antibody-beads mixture 

was centrifuged for five minutes before washing with IP buffer I for ten minutes on a 

Nutator.  The mixture was then centrifuged for five minutes. The supernatant was 

removed and the washing procedures were repeated two more times. After removing the 

last supernatant, the tissue lysates and the prepared beads were incubated while 

rotating at room temperature for two hours. The beads were then centrifuged for ten 

minutes and washed and spun down three times with IP Buffer II. The beads were re-

suspended in SDS-PAGE sample buffer and boiled for five minutes before performing 

SDS-PAGE. Western blotting using antibody against the protein that was potentially 

complexing with the protein of the antibody first added was then performed.  
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2.12. Western Blot 

Preparation of solutions: 

• Transfer Buffer: 48mM Tris, 39mM glycine, 0.04% SDS, 20% methanol. 

• 10X Tris Buffer Saline (TBS): 24.23g of HCl and 80.06g of NaCl dissolved in 
800mL ddH2O, adjust pH to 7.6 and final volume of 1L with ddH2O. 

• Tris Buffer Saline Tween20 (TBST): 100mL of 10X TBS, 900mL of ddH2O and 
1mL of Tween20. 

• 5% Milk or BSA: 5g of non-fat milk powder or BSA per 100mL of TBST.  

• 2.5% Milk or BSA: 2.5g of non-fat milk powder or BSA per 100mL of TBST. 

Protein gels generated from the SDS-PAGE were transferred onto a pre-cut 

Immun-Blot PVDF membrane (Bio-Rad) using a semi-dry transfer instrument (Bio-Rad) 

(Harden et al., 2010). In a semi-dry transfer, a sandwich of paper/gel/PVDF 

membrane/paper wetted in the transfer buffer was placed between cathode and anode. 

5% and 2.5% milk were used in blotting Pak and Pak3. Other antibodies were used in 

conjunction with 5% and 2.5% BSA. Transferred PVDF membranes were blocked with 

either 5% milk or 5% BSA for one hour at room temperature or at 4°C with constant 

agitation. The blocked membranes were rinsed three times with TBST after incubation. 

Antibodies targeting against protein of interests were prepared at working dilutions in 

2.5% milk or 2.5% BSA, and incubated with the previously blocked membranes at 4°C 

overnight with constant agitation. After removing the primary antibodies, the membranes 

were washed three times in TBST for ten minutes each cycle. HRP-conjugated 

secondary antibodies against specific species of the primary antibodies were prepared 

at 1:200 dilutions in 2.5% milk or 2.5% BSA, and were incubated at room temperature 

for two hours with constant agitation. Following this, membranes were washed for three 

times ten minutes in TBST with constant agitation, and were detecting by the BM 

chemoluminscence Western blotting substrate (POD) (Roche), and exposed on Clonex 

Bioflex film in a dark room. 
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3. Results 

3.1. Searching for New Signaling Components of Pak-
regulated Rho1-actomyosin Contractility 

A great amount of effort has been put into exploring the relationship between Pak 

and the Rho1-actomyosin contractility pathway (Conder, 2007; Vlachos and Harden, 

2011).  Pak was found to interact genetically with Rho and its downstream signaling 

components. These interactions were seen as a suppression of the pak mutant rounded 

egg chamber phenotype.  Rho signaling does not simply initiate at the level of Rho, and 

the associate upstream signaling components have not been identified in fly oogenesis. 

Using genetic interaction studies and ovarian follicular epithelium as a model system, I 

began my search to identifying upstream signaling components of the Pak-regulated 

Rho pathway. I turned my attention to the folded gastrulation gene (fog), which encodes 

the signal activating the G-protein-coupled-receptor-mediated Rho pathway during 

Drosophila gastrulation (Dawes-Hoang et al., 2005). In addition, the heterotrimeric 

guanine nucleotide-binding proteins (G-proteins) have been found to be important in 

regulating RhoA signaling (Aittaleb et al., 2009). I was interested to see if reduction of 

candidate upstream signaling components, such as fog and G-proteins, could modify the 

pak rounded egg chamber phenotype in flies trans-heterozygous for the pak11 and pak14 

alleles. The pak11 and pak14 alleles, on the third chromosome of Drosophila, encode 

truncated Pak protein with no kinase and Cdc42-Rac-interactive-binding domains 

respectively (Table 3.1) (Hing et al., 1999; Newsome, et al., 2000; Ng and Luo, 2004). I 

was able to select for heterozygosity of fog and G-protein-subunits alleles in the 

pak11/pak14 background, as pak mutant flies have characteristic droopy wings and 

uncoordinated behavior (Hing et al., 1999; Conder, 2007). The tested candidates are on 

the second chromosome of Drosophila (Table 3.1). I aged wild-type and pak mutant 

females on yeasted media for a few days to allow for sufficient ovary development and  
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Table 3.1 Drosophila alleles used and their orthologies 

Genetic Orthologies in: Drosophila 
Gene 
Name 

Fly Stock 
Used 

Nature of 
Mutation C. elegans S. cerevisiae H. sapiens 

pak11 Kinase 
truncation p21-

activated 
kinase (pak) pak14 Kinase 

truncation 

pak1, max2 ste20, cla4 pak3 

pak3 pak3ex76a Null allele pak1, max2 ste20, cla4 pak3 

rho rho2107rev5 Loss of 
function rho1 rho1 rho 

folded 
gastrulation 

(fog) 
fogS4 Loss of 

function n/a n/a n/a 

Gsα60A Gsα60A Loss of 
function gsa1 gpa1, gpa2 gnas 

Gβ13FEP1071 P element 
excision 

Gβ13F 
Gβ13FKG08410 P element 

excision 

gbb1 ste4 gnb1 

Gγ1 Gγ1HP20852 P element 
excision gpc2 gpg1 Gγ2 

myocardin-
related 

transcription 
factor  

(mal-d) 

mal-dS2 Molecular 
lesion at Q675 n/a n/a 

mkl/ 
myocardin-
like protein 

2 

bs2 Deletion 

bs3 Deletion blistered 
(bs) 

bs14 Amorphic allele 

unc120 n/a srf 

Fly alleles used are presented above, and natures of mutations were identified on FlyBase version 
FB2012_06 (released November 6th, 2012).  The worm, yeast and human orthologies listed above were 
identified using Protein BLAST® of NCBI, The Hierarchical Catalog of Orthologs (OrthoDB) of Universite de 
Geneve, WormBase (version: WS233) and Saccharomyces Genome Database. The n/a denotes 
unidentified candidate as of November 2012. 
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then dissected out their ovaries. I then examined their egg chambers by staining with 

FITC-phalloidin and 4’,6-diamidino-2-phenylindole (DAPI) to evaluate the filamentous-

actin (F-actin) cytoskeleton and to identify single cells, respectively. In a stage-9 wild-

type egg chamber, follicle cells migrate toward the oocyte and become columnar 

morphologically, while helping the egg chamber to elongate (Figure 1.1 A of Section 1.1 

and Figure 3.1 A). Such an elongation process was found defective in the pak mutant 

egg chambers, which never produce mature eggs (Figure 1.1 B; Figure 3.1 B; Table 3.2) 

(Conder, 2007; Vlachos and Harden, 2011; Vlachos, 2012). In a stage-9 pak11/pak14 egg 

chamber, follicle cells over the nurse cells failed to migrate toward the oocyte and the 

egg chamber stayed rounded. I found that heterozygosity for fogS4, Gsα60A, 

Gβ13FKG08410, Gβ13FEP1071, Gγ1HP20852 and Gγ1K08017 alleles in the pak background 

suppressed the pak rounded egg chamber phenotype (Figure 3.1 C-L). The fogS4, 

Gsα60A, Gβ13FEP1071 and Gγ1HP20852 suppressions were able to generate mature eggs, 

which is indicative of a strong rescue of the egg chamber elongation defect as pak 

mutant egg chambers never give rise to mature eggs (Figure 3.1 D, F, I and K; Table 

3.2). On the other hand, heterozygosity for Gβ13FKG08410 and Gγ1K08017 mildly 

suppressed the pak rounded egg chambers and allowed egg chambers to develop and 

elongate to stage-9 (Figure 3.1 G and L). These data suggest that fog, Gsα60A, Gβ13F 

and Gγ1 may be acting upstream of the Pak-regulated Rho1 actomyosin contractility 

pathway during egg chamber elongation. 

It has been suggested from work in the mammalian system that the RhoA-

actomyosin contractility pathway can lead to gene transcription through the cooperation 

of myocardin-related transcription factor (MAL) and serum response factor (SRF) (Figure 

1.2 B of Section 1.4) (Miralles et al., 2003; Posern and Treisman, 2006; Morita et al., 

2007; Vartiainen et al., 2007; Medjkane et al., 2009; and Busche et al., 2010). In the 

assembly of F-actin, MAL is released from binding to monomeric actin, and is free to 

translocate to the nucleus to carry out its functions with SRF, leading to the transcription 

of various genes including actin cytoskeletal regulators, thus providing a feedback effect.  

MAL is encoded by mal-d while SRF is encoded by blistered (bs) on second 

chromosome of Drosophila melanogaster (Somogyi and Rorth, 2004; Thompson, 2010). 

Given that RhoA signaling in mammals activates MAL-SRF complex, which in turn has  
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Figure 3.1 Suppressors of pak rounded egg chamber phenotype 

(A-T) Cross-sectional views of stage-9 or more mature egg chambers or eggs 

stained with phalloidin (green) and DAPI (blue) with A-P axis from left to right. (A) Stage-

9 wild-type egg chamber in which follicle cells have begun to migrate toward the oocyte 

and form a columnar epithelium. (B) Stage-9 pak11/pak14 egg chamber in which follicle 

cells fail to migrate toward the oocyte and the egg chamber stays rounded. (C, D) 

Heterozygosity for an allele of fog suppresses the pak elongation defect, allowing 

development of a mature egg. Multi-layering of follicle cells can be seen over the oocyte 

in C. (E-L) Heterozygosity for various components of the heterotrimeric G-proteins 

suppress the pak rounded egg chamber phenotype. Multi-layering of follicle cells can be 

seen over the oocyte in E. (M-R) Heterozygosity for alleles of SRF suppresses the pak 

elongation defect. Multi-layering of follicle cells can be seen over the oocyte in M. (S-T) 

Heterozygosity of for an allele of pak3 suppresses the pak rounded egg chamber 

phenotype, allowing development of a mature egg. Multi-layering of follicle cells can be 

seen over the oocyte in S. (U) Quantification of A-P axis length to width of stage-9 egg 

chambers of wild-type, pak mutant and pak suppressors. The wild-type, pak11/pak14, 

fogS4/+; pak11/pak14, Gsα60A/+; pak11/pak14, Gβ13FEP1071/+; pak11/pak14, Gγ1HP20852/+; 

pak11/pak14, bs2/+; pak11/pak14, bs3/+; pak11/pak14, bs14/+; pak11/pak14 and pak14, 

pak3ex76A/pak11 bars are constructed from 21, 26, 20, 16, 14, 14, 2, 8, 9 and 28 egg 

chambers respectively. Unpaired T-tests: *P=1.0000, **P=0.0190, ***P=0.0280, 

****P=0.0300; *****P<0.0001 for comparing pak mutant to wild-type and for comparing 

pak suppressions to pak11/pak14 egg chambers. Scale bars: 100 µm in A, C, D, F, I, K, N, 

P, R, T; 60 µm in G, O, Q; 20 µm in H, S; and 10 µm in B, E, J, L, M. 
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Table 3.2 Quantitative production of mature eggs 

Genotype Egg / Ovarioles (%) n Number 

wild-type 100.00 Not Counted 

pak11/pak14 0.00 130 

fogS4/+; pak11/pak14 46.27 67 

bs2/+; pak11/pak14 0.35 286 

bs3/+; pak11/pak14 20.00 120 

bs14/+; pak11/pak14 46.25 160 

pak14, pak3ex76A/pak11 21.53 1616 

Wild-type mature eggs are not quantified under the assumption that each ovariole always contain at least 
one egg. Heterozygosity for alleles of fog, bs and pak3 not only suppresses the pak elongation defect but 
also allows development of mature eggs. 
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been shown to regulate the actin cytoskeleton in oogenesis, I was curious to look for an 

interaction with Pak. To see if reducing MAL-SRF activities would affect the pak rounded 

egg chamber, I used the aforementioned genetic  interaction  and  staining with FITC-

phalloidin  and  DAPI to find that heterozygosity for bs alleles was able to suppress the 

pak11/pak14 elongation defects and allowed development of mature eggs (Figure 3.1 M-

R; Tables 3.1 and 3.2). These data suggest that the MAL-SRF complex might have a 

role in regulating the Rho1-actomyosin contractility pathway in Drosophila oogenesis. 

In quantifying the degree of suppression on egg chamber elongation, I focused 

on stage-9 egg chambers heterozygous for fogS4, Gsα60A, Gβ13FEP1071, Gγ1HP20852, bs2, 

bs3 and bs14 alleles in the pak background in comparison to wild-type and the 

pak11/pak14 mutant. I took the ratio of the anterior-posterior (A-P) axis length to width of 

the stage-9 egg chambers (Figure 3.1 U). Heterozygosity for Gβ13FKG08410 and Gγ1K08017 

did not produce enough stage-9 egg chambers to measure. I further performed unpaired 

T-test on my data to validate their significance. The wild-type egg chambers were 

statistically significantly different from the pak11/pak14 egg chambers, with a P value less 

than 0.0001. Heterozygosity for all alleles tested, with the exception of bs2, led to egg 

chambers that were significantly more elongated than the pak mutant.  These data could 

serve as references for future quantification of phenotypes in modifier screens. 

Density and proper alignment of the basal F-actin has been shown to be one of 

the most important factors in egg chamber elongation (Gutzelt, et al., 1991; Frydman 

and Spradling, 2001, Conder, 2007; Vlachos and Harden, 2010; Bilder and Haigo, 2012; 

Horne-Badovinac, et al., 2012). The basal F-actin of a stage-8 wild-type egg chamber 

can be revealed by phalloidin staining, and it consists of parallel bundles perpendicularly 

aligned to the A-P axis of the ovariole (Figure 3.2 A) (Conder et al., 2007; Vlachos and 

Harden, 2010; Vlachos, 2012). On the other hand, the basal F-actin of a stage-9 

pak11/pak14 egg chamber is defective in both density and polarity (Figure 3.2 B). Since 

heterozygosity of alleles of fog and bs were able to suppress the pak rounded egg 

chambers, it was not surprising to find that their basal F-actin showed some restoration 

toward a wild-type phenotype (Figure 3.2 C and D). These observations suggest that 

alleles of fog and bs are essential in assembly of the basal F-actin architecture, which is 

then required in egg chamber elongation. 
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Figure 3.2 Basal F-actin is required for egg chamber elongation 

(A-E) Basal views of middle stage egg chambers are stained with phalloidin with 

anterior-posterior (A-P) axis from left to right. (A) Basal F-actin of a stage-8 wild-type egg 

chamber is organized in parallel bundles that are oriented perpendicularly to the A-P 

axis. Data taken by H. Yu. (B) Basal F-actin of a stage-9 pak11/pak14 egg chamber 

displaying disorganized F-actin bundles with no specific orientation. (C) Basal F-actin of 

a stage-6 fogS4/+; pak11/pak14 egg chamber is orientated in parallel bundles and laid 

perpendicular to the A-P axis and the fibre is more dense in comparison to the pak 

mutant egg chamber in (B). (D) Basal F-actin of a stage-7 bs14/+; pak11/pak14 egg 

chamber is organized in parallel bundles that are perpendicularly aligned to the A-P axis. 

The bundle density is partially rescued. (E) Basal F-actin of a stage-8 pak14, 

pak3ex76A/pak11 egg chamber showing partial restoration of the basal F-actin 

organization, alignment and density. Scale bars: 6 µm in B; 2 µm in C; and 10 µm in D, 

E. 
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In addition to searching for upstream signaling components of the Rho pathway, I 

was involved in a genome wide deficiency screen looking for modifiers for the pak 

rounded egg chamber phenotype. Since pak trans-heterozygous mutants are of poor 

health due to severe egg chamber elongation defects, identification of modifiers that 

make the oogenesis defect worse would be difficult (Hing et al., 1999; Conder, 2007). I 

took advantage of the third chromosome deficiency kit available from the Bloomington 

Stock Center in conducting the screen, with Stephanie Vlachos, Chloe Chen and 

Julienne Jagdeo, and looked for deficiencies that suppress the pak egg chamber 

elongation defect (Vlachos, 2012). We recombined various deficiencies to the pak6 and 

pak11 alleles to observe if pak-suppression took place by selecting for the characteristic 

droopy wings and by back-crossing with the deficiencies to check for homozygous 

lethality. Similar to the pak11 allele, the pak6 allele encodes a truncated Pak protein 

lacking the kinase domain (Hing et al., 1999). The tested third chromosome deficiencies 

are listed in Table 3.3. Two of the deficiencies, Df(3L)R-G7 and Df(3R)DG2, suppressed 

the pak oogenesis defect. To our surprise, Df(3R)DG2 also led to enhanced multi-

layering of follicle cells, confirming the role of Pak in epithelial integrity (Conder, 2007; 

Vlachos, 2012). No further work has been done in exploring the roles of these 

deficiencies due to our interest in more promising candidates such as Pak3, which 

revealed potential in regulating the actin cytoskeleton in addition to Pak. 

3.2. Antagonistic Relationship between Pak and Pak3 
during Egg Chamber Elongation 

Previous work in our laboratory has been focused on dissecting the role of Pak 

during dorsal closure and oogenesis (Conder et al., 2007; Bahri et al., 2010; Vlachos 

and Harden, 2011; Vlachos, 2012). In my continued exploration for components of Pak-

mediated regulation of the basal F-actin, I turned my attention to the other member of 

the Group-I Paks, Pak3 (Conder, 2007; Vlachos, 2012). Up to date, pak3 has no 

reported phenotype on its own. I utilized genetic interaction studies to see if 

heterozygosity of pak3 could modify the pak phenotypes, specifically the rounded egg 

chamber. The pak3ex76A allele is probably a null allele, and has been previously 

recombined with the pak14 allele to produce semi-viable adults having characteristic 

droopy wings when crossed with the pak11 allele (Conder, 2007; Bahri et al., 2010).  
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Table 3.3 Third chromosome deficiencies tested as modifiers of the pak 
rounded egg chamber phenotype 

Deficiencies Tested Breakpoints Modifying Effect on Pak 

Df(3L)emc-E12 61A-61D No Effect (NE) 

Df(3L)Ar14-8 61C-62A8 NE 

Df(3L)R-G7 62B9-62E7 Suppressed 

Df(3L)GN24 63F6-64C9 NE 

Df(3L)ZN47 64C-65C NE 

Df(3L)h-i22 66D10-66E2 NE 

Df(3L)BSC35 66F1-67B3 NE 

Df(3L)BSC14 67E3-68A6 NE 

Df(3L)BSC10 69D4-69F7 NE 

Df(3L)st-f13 72C-73A4 NE 

Df(3L)BSC8 74D3-75B5 NE 

Df(3L)edgC-c02 77A1-77D1 NE 

Df(3L)ri79c 77B7-77F5 NE 

Df(3R)sbd105 89A1-89B10 NE 

Df(3R)P115 89B7-89E7 NE 

Df(3R)sbd104 89B6-89B18 NE 

Df(3R)DG2 89E-91B2 Suppressed and Enhanced 

Df(3R)Exel6197 95D8-95E1 Enhanced 

Df(3R)crb87-5 95F7-96A20 NE 

Df(3R)Esp13 96F1-97B1 NE 

Df(3R)T1-P 97A-98A2 NE 

Df(3R)3450 98E3-99A6 Enhanced 

Df(3R)Dr-rvl 99A1-99B11 NE 

Listed are the deficiencies tested and their respective estimated cytological breakpoints. Df(3L)R-G7 and 
Df(3R)DG2 suppress the pak rounded egg chamber phenotype while Df(3R)Exel6197 (removes the 
RhoGEF64C locus) and Df(3R)3450 enhance the pak multi-layering phenotype. In addition, Df(3R)DG2 also 
enhances pak oogenesis defect. Candidate genes have not been identified. To reiterate, pak is on the right 
arm of third chromosome of Drosophila. 
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Similar to pak alleles, homozygosity of pak3ex76A presents embryonic lethality (Conder, 

2007). I examined egg chambers of pak14, pak3ex76A/pak11 flies in comparison with those 

of the wild-type and pak11/pak14 by staining with FITC-phalloidin and DAPI. I found that 

heterozygosity for pak3 was able to suppress the pak elongation defect and allowed 

development of a mature egg (Figure 3.1 S and T; Table 3.2). Although pak3 

suppression enabled egg chambers to elongate to a degree similar to the wild-type, 

other pak phenotypes such as the multi-layering of the follicle cells over the oocyte could 

still be observed (Figure 3.1 S). In addition, fused egg chambers, another characteristic 

pak phenotype, were found in low amounts (data not shown). To quantify the degree of 

rescue of egg chamber elongation, I measured the length of the A-P axis and width in 

egg chambers and concluded that pak3 significantly rescued the pak elongation defect 

(Figure 3.1 U; Table 3.2). In addition, I performed unpaired T-test to show that pak3 

suppression was statistically significant, with a P value less than 0.0001 to pak mutant 

egg chambers. Furthermore, the basal F-actin of the pak14, pak3ex76A/pak11 egg 

chambers was similar to that of the wild-type (Figure 3.2 F) (Conder, 2007; Bilder and 

Haigo, 2012). These observations suggest an antagonistic relationship between the two 

members of the Group-I Paks during egg chamber elongation. 

In exploration of how Pak and Pak3 act in an antagonistic fashion, I used mosaic 

analysis utilizing the Flippase recombinase (FLP)-Flippase recognition target (FRT) 

system to generate follicle cell clones (FCCs) lacking one member of the Group-I Paks 

in the follicular epithelium. I stained egg chambers bearing pak14 and pak3ex76A FCCs 

with anti-GFP, anti-Pak and anti-Pak3 antibodies to see if one of the Group-I Paks 

regulated the expression of the other. The mutant FCCs were marked by the absence of 

GFP (arrowheads in Figure 3.3). In wild-type follicle cells, Pak3 is expressed 

ubiquitously in the cytoplasm, while Pak localizes to the basal cortex in later stages of 

oogenesis. In the pak14 FCCs, Pak3 levels were reduced throughout the cytoplasm of 

the pak mutant clones comparing to the neighboring wild-type cells (Figure 3.3 A-B”) and 

were nearly non-existent on the basal surface of the clones (Figure 3.3 F-F”, marked by 

asterisks). On the other hand, Pak expression was not affected in the FCCs lacking 

Pak3 (Figure 3.3 C-E” and G-G”). Pak expression was unaffected in both cuboidal and 

columnar mutant FCCs lacking pak3 compared to the neighboring wild-type cells (Figure 

3.3 D-E”). No effects on Pak expression were seen when pak3ex76A FCCs were viewed at  
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Figure 3.3 Pak3 expression is regulated by pak, but not the reverse 

(A-B”) Cross-sectional views of egg chambers with anterior-posterior axis from 

left to right. (C-E”) Higher magnification on cross-sectional views of follicle cells with 

apical-basal axis from bottom to top. (F-G”) Basal views of egg chambers. (A-G”) Egg 

chambers bearing pak14 and pak3ex76A follicle cell clones are double stained with anti-

GFP and anti-Pak3 or anti-Pak antibodies. Mutant clones are marked by an absence of 

GFP and arrowheads. (A-A”) Pak3 expression is reduced in stage-6 pak14 follicle cell 

clones. (B-B”) Pak3 expression is reduced in stage-6 cuboidal pak14 follicle cell clones. 

(C-E”) Pak levels are not affected in stage-9 cuboidal and columnar pak3ex76A follicle cell 

clones. (F-F”) Basal Pak3 expression is reduced in stage-6 pak14 follicle cell clones, 

which are marked by asterisks. (G-G”) Basal Pak levels are not affected in stage-9 

pak3ex76A follicle cell clones. Scale bars: 10 µm in A”, D”, E” and G”; 6 µm in B” and F”; 

and 60 µm in C”. 
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the basal surface (Figure 3.3 G-G”).  These results, which seem inconsistent with the 

antagonistic relationship of the two Group-I Paks, indicate that Pak affects Pak3 

expression during egg chamber elongation, but the reverse does not hold true. 

3.3. Pak3 is Required for Integrity of the Actin Cytoskeleton 

Previous work in our laboratory showed that Pak is essential for the architecture 

of the actin cytoskeleton in the follicular epithelium (Conder, 2007; Vlachos and Harden, 

2011; Vlachos, 2012). In my continued characterization of the Group-I Paks, I was 

interested to see if Pak3 had an effect on the basal F-actin of the follicular epithelium. I 

used mosaic analysis utilizing FLP-FRT system to generate FCCs lacking pak3 or both 

members of the Group-I Paks in the follicular epithelium. I stained egg chambers bearing 

pak3ex76A and pak14pak3ex76A FCCs with FITC-phalloidin and anti-GFP antibody to 

observe the F-actin. The homozygous mutant clones were marked by the absence of 

GFP (arrowheads in Figure 3.4). In addressing the function of Pak3 in egg chamber 

elongation, I focused on egg chambers from stage-6 to -10B. In cross-sectional views of 

stage-8 and -10B egg chambers bearing pak3ex76A FCCs, F-actin levels were 

significantly reduced throughout the cytoplasm of the clones comparing to that of the 

wild-type cells (Figure 3.4 A-B”). Similar reductions of F-actin levels were also observed 

in mutant clones of stage-8 and -10B egg chambers bearing pak14pak3ex76A FCCs 

(Figure 3.4 C-D”). The basal F-actin of stage-8 pak3ex76A FCCs were severely disrupted 

compared to that of the neighboring wild-type cells (Figure 3.4 E-E”). The basal F-actin 

of stage-8 pak14pak3ex76A FCCs exhibited a similar degree of abolishment as the clones 

missing only Pak3 (Figure 3.4 F-F”). These results suggest that, similar to Pak, Pak3 has 

a role in regulating the architecture of the basal F-actin. In addition, these data indicate 

that heterozygosity for pak3 is unlikely to be suppressing pak mutant egg chamber 

elongation defects by directly improving the F-actin cytoskeleton. 
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Figure 3.4 Pak and Pak3 are required for basal F-actin architecture 

(A-D”) Cross-sectional views of egg chambers with anterior-posterior axis from 

left to right. (E-F”) Basal views of egg chambers with anterior-posterior axis from left to 

right. (A-F”) Egg chambers bearing pak3ex76A and pak14pak3ex76A follicle cell clones are 

double stained with anti-GFP antibody and FITC-phalloidin. Mutant clones are marked 

by an absence of GFP and arrowheads. (A-B”) F-actin is nearly non-existent in stage-8 

and -10B pak3ex76A follicle cell clones. (C-D”) F-actin exhibits similar degree of 

abolishment in stage-8 and -10B pak14pak3ex76A follicle cell clones. (E-E”) Basal F-actin 

bundles of stage-8 pak3ex76A follicle cell clones are reduced in density and are not 

organized in parallel bundles. (F-F”) Basal F-actin is severely disrupted in pak14pak3ex76A 

follicle cell clones. 
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3.4. Pak3 Does Not Appear to Regulate F-actin through 
RhoGEF2 

Previous work in our laboratory has shown that Pak regulates the distribution of 

RhoGEF2, which is the major GEF activating Rho in regulating the basal F-actin during 

oogenesis (Vlachos and Harden, 2011). In my initial attempts to address how Pak3 

might regulate the actin cytoskeleton, I was interested to see if Pak3 had an effect on 

RhoGEF2 distribution in a similar manner as Pak. Using the same FLP-FRT technique 

as aforementioned, I stained egg chambers bearing pak3ex76A  and  pak14pak3ex76A FCCs 

with anti-RhoGEF2 and anti-GFP antibodies. The homozygous mutant clones were 

marked by the lack of GFP (arrowheads in Figure 3.5). In pak14pak3ex76A FCCs, 

RhoGEF2 showed an ectopic accumulation compared to the neighboring wild-type cells, 

similar to what had previously been described for pak14 FCCs (Figure 3.5 A-A”) (Vlachos 

and Harden, 2011). On the other hand, RhoGEF2 levels were not affected in egg 

chambers bearing pak3ex76A FCCs viewed in either cross-sectional (Figure 3.5 B-B”) or 

basal views (Figure 3.5 C-C”). These results suggest that Pak3 does not regulate the 

Rho1-actomyosin pathway at the level of RhoGEF2, and that heterozygosity for pak3 is 

unlikely to be suppressing pak mutant egg chamber elongation defects by affecting 

RhoGEF2 distribution. 

3.5. Pak3 Is Required for Phosphorylation of Myosin Light 
Chain 

Previous work in our laboratory suggested that Pak was essential for inhibiting 

the phosphorylation of non-muscle myosin regulatory light chain (MLC) in the follicle 

cells of older egg chambers (Figure 3.6 A-A”) (Vlachos and Harden, 2011). Using FLP-

FRT system, I stained egg chambers bearing pak14pak3ex76A and pak3ex76A FCCs with 

anti-GFP and anti-phospho-MLC antibodies to see if reducing both Group-I Paks 

simultaneously had an effect on phosphorylation of the MLC (pMLC) during oogenesis. 

Mutant FCCs were marked by an absence of GFP (arrowheads in Figure 3.6). In cross-

sectional views of stage-6 egg chambers of pak14pak3ex76A FCCs, pMLC levels were 

significantly reduced throughout the mutant clones comparing to the neighboring wild-

type cells (Figure 3.6 B-C”). Similar reduction of pMLC was also observed in stage-9  
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Figure 3.5 Pak3 does not regulate basal F-actin at the level of RhoGEF2 

(A-B”) Cross-sectional views of egg chambers with anterior-posterior axis from 

left to right. (C-C”) Basal views of an egg chamber with anterior-posterior axis from left to 

right. (A-C”) Egg chambers bearing pak14pak3ex76A and pak3ex76A follicle cell clones are 

double stained with anti-GFP and anti-RhoGEF2 antibodies. Mutant clones are marked 

by an absence of GFP and arrowheads. (A-A”) RhoGEF2 is ectopically expressed in late 

stage-5 pak14pak3ex76A follicle cell clones compared to the neighboring wild-type cells. 

(B-C”) RhoGEF2 expression is not affected in stage-8 pak3ex76A follicle cell clones. Scale 

bars: 10 µm in A”, B” and C”. 
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Figure 3.6 Loss of Pak3 suppresses the ectopic pMLC caused by loss of Pak 

(A-H”) Egg chambers bearing pak14 and pak14pak3ex76A follicle cell clones are 

double stained with anti-GFP and anti-phospho-MLC antibodies. Mutant clones are 

marked by an absence of GFP, and arrowheads. (B-B” and E-E”) Cross-sectional views 

of egg chambers are anterior-posterior oriented from left to right. (A-A”, C-C”, F-G”) 

Higher magnifications of cross-sectional views of egg chambers are apical-basal 

oriented from bottom to top. (D-D” and H-H”) Basal views of egg chambers. (A-A”) A 

stage-9 pak14 follicle cell clone exhibits elevated pMLC level compared to neighboring 

wild-type cells. Data taken by S. Vlachos. (B-C”) The pMLC level is reduced in stage-6 

pak14pak3ex76A follicle cell clones. (D-D”) The basal pMLC expression is nearly non-

existent in stage-6 pak14pak3ex76A follicle cell clones. (E-G”) The pMLC level is reduced in 

stage-9 pak14pak3ex76A follicle cell clones. (F-F”) The pMLC expression is severely 

reduced in a migrating pak14pak3ex76A follicle cell clone that is undergoing transition from 

cuboidal to columnar stages over nurse cells. (G-G”) The pMLC level is reduced in a 

columnar clone over the oocyte of the stage-9 egg chamber bearing pak14pak3ex76A 

follicle cell clones. (H-H”) The basal pMLC expression is reduced in the stage-9 

pak14pak3ex76A follicle cell clones. Scale bars: 6 µm in A”, C”, D”, F”, G” and H”; 10 µm in 

B”; and 60 µm in E”. 
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pak14pak3ex76A FCCs (Figure 3.6 E-G”). The pMLC levels were significantly reduced in a 

mutant FCC undergoing transition from cuboidal to columnar stages over the nurse cells 

of the stage-9 egg chamber (Figure 3.6 F-F”). In the same egg chamber, more obvious 

reduction in pMLC expression was also observed in an older, columnar, pak14pak3ex76A 

FCC over the oocyte (Figure 3.6 G-G”). When looking at the basal surface of the stage-6 

egg chamber bearing pak14pak3ex76A FCCs, the pMLC levels were abolished compared 

to the neighboring wild-type cells (asterisks in Figure 3.6 D-D”). A significant reduction of 

basal pMLC expression was also observed in stage-9 mutant clones lacking both 

members of the Group-I Paks (Figure 3.6 H-H”).  The  reduction  of  pMLC  levels  in  the 

pak14pak3ex76A FCCs is in contrast with the previous finding of elevated pMLC in the 

pak14 FCCs (Figure 3.6 A-A”) (Vlachos and Harden, 2011). These results suggest that 

Pak3 regulates pMLC in the opposite direction from Pak in older egg chambers. To 

confirm this, I focused on stage-6 and -8 egg chambers bearing pak3ex76A FCCs, 

generated with the aforementioned FLP-FRT technique. I stained egg chambers bearing 

the mutant clones with anti-GFP and anti-phospho-MLC antibodies. The pak3ex76A FCCs 

are marked by the absence of GFP (arrowheads in Figure 3.7) . I found that, similar to 

the pak14pak3ex76A FCCs, pMLC expression was reduced in stage-6 mutant clones 

lacking only Pak3 (compare Figure 3.7 A-B” with Figure 3.6 B-C”). The pMLC staining 

was completely abolished in a stage-6 cuboidal pak3ex76A FCC (Figure 3.7 B-B”). As the 

pak3ex76A FCCs aged to stage-8 while the egg chamber elongated, reductions of pMLC 

were observed in columnar pak3ex76A FCCs (Figure 3.7 C-D”). In addition, the basal 

pMLC levels were nearly non-existent in stage-6 and -8 pak3ex76A FCCs, marked by 

asterisks, comparing to the neighboring wild-type cells (Figure 3.7 E-F”). These results 

indicate that Pak3 is necessary for MLC phosphorylation, and suggest a possible route 

for the antagonistic relationship between the two Group I Paks. 

Given the genetic interactions between the two Paks, the fact that Pak affects 

Pak3 levels, and their conflicting roles in regulating pMLC, I began a search for a 

physical interaction between the two proteins by performing co-immunoprecipitation (Co-

IP) experiments. I over-expressed the Group-I Paks by crossing UAS transgene-bearing 

lines to a line with the heat shock inducible M4-Gal4 driver, which would induce protein 

expression throughout the whole fly body under heat shock. I dissected M4 over-

expressed ovaries for the Co-IP experiments, and used protein-A and -G beads in  
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Figure 3.7 Pak3 is required for pMLC 

(A-F”) Egg chambers bearing pak3ex76A follicle cell clones are double stained with 

anti-GFP and anti-phospho-MLC antibodies. Mutant clones are marked by an absence 

of GFP, and arrowheads. (A-A” and C-C”) Cross-sectional views of egg chambers are 

anterior-posterior oriented from left to right. (B-B” and D-D”) Higher magnifications of 

cross-sectional views of egg chambers are apical-basal oriented from bottom to top. (E-

F”) Basal views of stage-6 and -8 egg chambers. (A-B”) Stage-6 pak3ex76A follicle cell 

clones exhibit reduced pMLC level compared to the neighboring wild-type cells. (C-D”) 

Stage-8 pak3ex76A follicle cell clones showing reduced pMLC level comparing to the 

neighboring wild-type cells. (E-F”) Basal pMLC levels are reduced in both stage-6 and -8 

pak3ex76A follicle cell clones, marked by asterisks, comparing to the neighboring wild-type 

cells. Scale bars: 10 µm in A”, C” and E”; and 6 µm in B”, D” and F”. 
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conjunction with anti-Pak or anti-Pak3 antibodies to pull down Pak3 and Pak 

respectively. Following SDS-PAGE, I performed Western blotting for Pak3 on Pak 

immunoprecipitation to see if Pak3 was pulled down with Pak. Meanwhile, I performed 

Western blotting for Pak on Pak3 immunoprecipitation to see if Pak was Co-IPed with 

Pak3. However, despite repeated attempts the blots always showed high background 

staining and were inconclusive (data not shown). 

In a short summary of the relationship between Pak and Pak3, I found that the 

two genetically interact in an antagonistic fashion. Heterozygosity for pak3 in the pak 

background could suppress the pak rounded egg chamber phenotype.  Pak3 levels were 

reduced in FCCs lacking Pak, but Pak levels or distribution were not affected in clones 

lacking Pak3. Finally, Pak3 and Pak have conflicting roles with regard to phosphorylation 

of MLC in older egg chambers (stage-6 or later), with Pak3 being required for 

phosphorylation and Pak inhibiting it. 

3.6. MAL-SRF Complex Is Required for Pak3 and pMLC 
Expression, but Not Pak Expression 

Work in the mammalian system has indicated that the assembly of F-actin 

through signaling by the Rho family of small GTPases can lead to transcription of actin-

regulating genes through the function of the MAL-SRF complex (Figure 1.2 B) (Miralles 

et al., 2003; Posern and Treisman, 2006; Morita et al., 2007; Vartiainen et al., 2007; 

Medjkane et al., 2009; and Busche et al., 2010). In Drosophila, the MAL and SRF are 

encoded by mal-d and bs, respectively (Somogyi and Rorth, 2004; Thompson, 2010). I 

began to investigate the possibility of pak3 being a downstream target gene of the Pak-

regulated Rho1 signaling through the MAL-SRF complex. Utilizing the FLP-FRT system, 

I double stained egg chambers bearing mal-dS2 and bs14 FCCs with anti-GFP antibody 

and phalloidin. Mutant FCCs were marked by the absence of GFP. I was able to confirm 

the importance of MAL and SRF in formation of the basal F-actin (Figure 3.8 A-B”) 

(Somogyi and Rorth, 2004). The F-actin bundles were disrupted in both mal-dS2 and bs14 

FCCs, similar to those of FCCs lacking one or both Group-I Paks (Figure 3.4). To test if 

pak3 was regulated through the function of the MAL-SRF complex, I double stained egg 

chambers bearing bs14 FCCs with anti-GFP and anti-Pak3 antibodies. In cross-sectional  
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Figure 3.8 MAL-SRF is necessary for basal F-actin and Pak3, but not Pak 

(A-B”) Basal views of egg chambers bearing mal-dS2 and bs14 follicle cell clones 

are double stained with anti-GFP antibody and phalloidin. Mutant clones are marked by 

an absence of GFP and arrowheads.  (C-F”) Egg chambers bearing bs14 follicle cell 

clones are double stained with anti-GFP and anti-Pak3 antibodies. (G-G’’’) A stage-6 

egg chamber bearing bs14 follicle cell clones is triple stained with anti-GFP, anti-Pak3 

and anti-Pak antibodies.  Arrowheads and the lack of GFP mark mutant clones. (C-C” 

and G-G’’’) Cross-sectional view of egg chamber with anterior-posterior axis from left to 

right. (D-D”) High magnification on cross-sectional view of egg chamber with apical-

basal axis from bottom to top. (E-F”) Basal views of egg chambers. (A-A”) Basal F-actin 

is abolished in stage-10B mal-dS2 FCCs. (B-B”) Basal F-actin is reduced in stage-10A 

bs14 FCCs. (C-D”) Pak3 expression is reduced throughout the cytoplasm of stage-6 and 

-10A bs14 follicle cell clones. (E-F”) Basal expression of Pak3 is consistently reduced in 

stage-6 and -10A bs14 follicle cell clones. (G-G’’’) Only Pak3 level is affected but not Pak 

expression in stage-6 bs14 follicle cell clones. Scale bars: 10 µm in C”, D”; and 6 µm in 

E”, F”, G’’’. 
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views of elongating, stage-6 and -10A, bs14 FCCs, Pak3 level was reduced compared to 

the neighboring wild-type cells (Figure 3.8 C-D”). Furthermore, I found that basal Pak3 

level was consistently reduced for in stage-6 and -10A bs14 FCCs (Figure 3.8 E-F”). To 

show that the MAL-SRF complex was specific for Pak3 expression, I triple stained egg 

chambers bearing bs14 FCCs with anti-GFP, anti-Pak3 and anti-Pak antibodies. In stage-

6 bs14 FCCs, Pak3 level was affected as previously shown but not Pak expression 

(Figure 3.8 G-G’’’). These results suggest that the MAL-SRF is required for Pak3 and 

pMLC expression, but not Pak, and are indicative of a promising positive feedback 

through Pak3. 

To determine if the MAL-SRF complex was responsible for transcription of pak3, 

I performed immunohistochemistry using anti-GFP antibody and fluorescent in situ 

hybridization (FISH) using pak3 anti-sense RNA probe on egg chambers bearing bs14 

FCCs. To validate the fidelity of the pak3 RNA probes, I carried out 

immunohistochemistry with anti-Pak3 antibody and FISH with anti-sense pak3 probes on 

embryos over-expressing pak3 in paired strips. I found that the FISH signal produced by 

the anti-sense pak3 probes corresponded to the Pak3 staining in the paired strips 

(Figure 3.9 A-A”). The sense pak3 probe and did not reveal any signal in embryos over-

expressing UAS-pak3 (data not shown). To validate the RNA probe in ovary, I performed 

immunohistochemistry, using anti-GFP and anti-Pak3 antibodies, and FISH, using anti-

sense pak3 probe, on egg chambers bearing FLP-out FCCs over-expressing UAS-pak3-

GFP. The pak3-over-expressing clones were marked by the presence of GFP, and 

showed elevated pak3 transcript and protein levels (arrowheads in Figure 3.9 B-C”). I 

observed a moderate reduction of pak3 transcript levels on the basal surface of stage-9 

bs14 FCCs, marked by the absence of GFP and arrowheads (Figure 3.9 D-D”). Although 

I found some egg chambers where pak3 transcript levels appeared moderately 

decreased in bs14 FCCs compared to the neighboring wild-type cells, I could not see 

effects on pak3 transcript distribution as dramatic as effects on Pak3 protein distribution 

(Figure 3.8 E-F”). Thus, I conclude that MAL-SRF may be indirectly regulating Pak3 at 

the protein level. 
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Figure 3.9 The MAL-SRF complex may not regulate Pak3 directly 

(A-C”) Positive control experiments for anti-sense pak3 FISH probe. (A-A”) A 

Drosophila embryo over-expressing UAS-pak3 in paired stripes is labeled with anti-Pak3 

antibody and anti-sense pak3 FISH probe. Pak3 protein expression corresponds to its 

transcript expression in paired stripes. (B-C”) High magnification of cross-sectional views 

of follicle cells with apical-basal axis from bottom to top. (D-D”) Basal view of an egg 

chamber. (B-B”) Egg chamber bearing UAS-pak3-GFP FLP-out follicle cell clones is 

double stained with anti-GFP and anti-Pak3 antibodies. Pak3 level is elevated in GFP-

positive FLP-out clones, marked by arrowheads. (C-D”) Egg chambers bearing UAS-

pak3-GFP FLP-out and bs14 follicle cell clones are labeled with anti-GFP and anti-sense 

pak3 FISH probe. (C-C”) The pak3 transcript levels are elevated in FLP-out clones over-

expressing pak3, marked by arrowheads. (D-D”) Basal pak3 transcript levels are slightly 

reduced in bs14 follicle cell clones, marked by an asterisk, compared to the neighboring 

wild-type cells, marked by arrows. Scale bars: 10 µm in B”, C”. 
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3.7. Pak3 Functions in a Positive Feedback Mechanism for 
Rho1-actomyosin Signaling 

A major role for Rho signaling is to promote MLC phosphorylation. My results 

suggested the possibility that Rho could reinforce this by using a positive feedback loop 

to promote Pak3 expression through MAL-SRF complex.  Therefore, I was interested to 

see if reduction of Rho would affect Pak3 or Pak expressions. Using the FLP-FRT 

technique, I double stained egg chambers bearing rho2107rev5 FCCs with anti-GFP and 

anti-Pak3 or anti-Pak antibodies. Homozygous mutant FCCs were marked by the 

absence of GFP (arrowheads in Figure 3.10 A-B”). Consistent with my observation in the 

bs14 FCCs, only Pak3 level was reduced but not Pak expression in stage-9 rho2107rev5 

FCCs, (comparing Figure 3.10 A-B” to Figure 3.8 C-G’’’). These observations suggest 

that Rho is necessary for Pak3 expression, but not for Pak, during egg chamber 

elongation. 

To further characterize the roles of Pak3 in Rho signaling during egg chamber 

elongation, I wondered if elevated levels of Pak3 would affect the F-actin cytoskeleton or 

lead to increased pMLC. Using the aforementioned FLP-FRT system, I was able to over-

express Pak3 in mutant FCCs. I stained egg chambers bearing FCCs over-expressing 

UAS-pak3-GFP with anti-GFP antibody and FITC-phalloidin. Pak3-over-expressing FLP-

out FCCs were marked by the presence of GFP (bordered by dotted lines in Figure 3.10 

C-D”). Elevated Pak3 led to elevated basal F-actin bundles as more active F-actin 

structures were observed in the FLP-out clones (Figure 3.10 C-C”). To determine if 

increased Pak3 would enhance pMLC, I stained pak3-GFP over-expressing FCCs with 

anti-GFP and anti-phospho-MLC antibodies, and observed modest elevation of basal 

pMLC expression in the FLP-out FCCs over-expressing Pak3 compared to neighboring 

wild-type cells (Figure 3.10 D-D”). To illustrate that the MAL-SRF complex might be 

necessary for providing enough Pak3 in promoting pMLC, I double stained egg 

chambers bearing mal-dS2 FCCs with anti-GFP and anti-phospho-MLC antibodies, and 

observed a reduction in basal pMLC levels in the FCCs lacking MAL (Figure 3.10 E-E”). 

These results suggest that the Rho pathway can reinforce its effects on pMLC and F-

actin by promoting Pak3 expression through the MAL-SRF complex. 
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Figure 3.10 Evidence that Rho signaling uses Pak3 expression to promote 
F-actin and MLC phosphorylation 

(A-B”) Cross-sectional views of a stage-9 egg chambers bearing rho2107rev5 follicle 

cell clones are labeled with anti-GFP and anti-Pak3 or anti-Pak antibodies, with anterior-

posterior axis from left to right. Mutant clones are marked by arrowheads and lack of 

GFP. (A-A”) Pak3 expression is reduced in follicle cell clones lacking Rho. (B-B”) Pak 

level is unaffected in the rho2107rev5 follicle cell clones. (C-D”) Basal views of egg 

chambers bearing follicle cell clones over-expressing UAS-pak3, stained with anti-GFP 

antibody and phalloidin or anti-phospho-MLC antibody. The pak3-over-expressing 

mutant clones are marked by presence of GFP and bordered with white dotted lines. (C-

C”) Basal F-actin bundles are elevated, marked by arrows, in the Pak3-GFP FLP-out 

clones. (D-D”) Basal pMLC expression is modestly enhanced in the FLP-out clone over-

expressing Pak3. (E-E”) Basal views of egg chambers bearing mal-dS2 follicle cell 

clones, double stained with anti-GFP and anti-phospho-MLC antibodies. The pMLC level 

is reduced in follicle cell clones lacking MAL. Scale bars: 60 µm  in A”, B”; 10 µm in C” 

and 6 µm in D” and E”. 



 

65 

 



 

66 

4. Discussion 

4.1. Upstream Signaling Candidates of the 
Rho1-actomyosin Pathway 

A conventional signaling cascade usually begins with the recognition of a 

signaling molecule by one or a pair of transmembrane receptors, which then undergo 

conformational changes in leading to a series of intracellular activities that eventually 

carries out one or more cellular processes. The most upstream signaling components of 

the Pak-regulated Rho1-actomyosin pathway have not been identified in Drosophila 

oogenesis. I have found that pak genetically interacts during egg chamber elongation 

with fog, which encodes a signaling molecule originally studied in fly gastrulation 

(Section 3.1) (Costa et al., 1994). It has been demonstrated that during Drosophila 

gastrulation, fog is necessary and sufficient to trigger myosin activity and the subsequent 

actin cytoskeletal dynamics through RhoGEF2-regulated Rho1 signaling (Dawes-Hoang 

et al., 2005). In addition, Fog is required for glial morphogenesis in fly central nervous 

system development, indicating the significance of Fog in mediating the dynamics of the 

actin cytoskeleton in a diverse array of developmental events (Ratnaparkhi and Zinn, 

2007). With this in mind, it is likely that Fog can serve as an upstream signaling molecule 

for the Rho1-actomyosin contractility pathway through RhoGEF2 during fly oogenesis 

(Vlachos and Harden, 2010). It will be of interest to characterize fog further in oogenesis, 

for example looking at where it is expressed and using clonal analysis to determine 

when and where it is required. 

Conventional heterotrimeric guanine nucleotide-binding protein (G-protein) 

signaling involves dissociation of the Gα from Gβγ heterodimer (Gβγ) upon recognition 

of a signaling molecule in conducting the subsequent intracellular signaling cascade 

(McCudden et al., 2005; Aittaleb et al., 2009). In vertebrate cells, Gα directly binds to 

and activates RhoGEF, leading to a downstream cascade of RhoA and Rho kinase 

activities that further lead to myosin activation and formation of stress fibres and focal 

adhesions (Aittaleb et al., 2009). Associated with fog is concertina (cta), which encodes 
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an α-subunit of a G-protein, where both have been shown to be responsible for 

activating Rho-mediated morphogenesis in fly gastrulation (Parks and Wieschaus, 1991; 

Costa et al., 1994; Morize et al., 1998; Dawes-Hoang et al., 2005). The cta transcript has 

been detected ubiquitously in both germline and soma of elongating, but not elongated, 

egg chambers suggesting its involvement in mediating Rho1-regulated morphogenesis 

in fly oogenesis (Parks and Wieschaus, 1991). If G-protein subunits regulate the ovarian 

Rho1 signaling in the same direction as Pak, removal of one copy of the G-protein 

alleles would enhance the pak rounded egg chamber phenotype. In fact, heterozygosity 

for alleles of Gsα60A, Gβ13F and Gγ1 in the pak background significantly rescues the 

pak mutant phenotype and is indicative of an antagonism between Pak and other G-

protein subunits (Section 3.1). My observation also suggests that G-proteins may be 

responsible for signal transduction upstream of Rho1. It is possible that the G-protein 

subunits suppress the pak rounded egg chamber phenotype by down-regulating Rho1 

signaling. Gsα60A has been shown to express in ovarian follicle cells but its role in 

oogenesis has not yet been determined (Wolfgang et al., 1991). It is possible that 

Gsα60A contributes to Rho1-actomyosin contractility in a minor route, as other Gα 

subunits have been shown to partially compensate for the loss of Cta in light-stimulated 

GTPase activity in Drosophila rhodopsin (Parks and Wieschaus, 1991). In addition, 

Gβ13F and Gγ1 have been shown to regulate actin filaments in Drosophila cell culture 

(Kiger et al., 2003). Furthermore, it has been identified that yeast Ste20p/Pak carries a 

binding site for Gβγ (Leberer et al., 2000). Ste20-related Pak contains a conserved 

binding site for Cdc42 or Rac interactive binding domain at its N-terminus, and a Gβγ 

binding (GBB) site at the carboxyl-end. The GBB site contains a short 11 amino acid 

sequence that is highly conserved among yeast, fly and mice. The identification of the 

GBB motif as a docking site for Gβγ in Pak suggests the possibility that another level of 

GPCR-mediated control on Rho1-actomyosin pathway might exist, where Gβ13F and 

Gγ1 could physically interact with Pak, due to the conserved GBB motif (Bokoch, 2003). 

It has been shown that the interaction between Gβ and mammalian Pak is necessary for 

activating mitogen-activated protein kinase cascades (Leeuw et al., 1998). It is possible 

that Gβ13F and Gγ1 conduct a signaling cascade together with Gsα60A, as the trio have 

been identified to regulate a Drosophila olfactory signaling pathway (Boto et al., 2010).  
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What is still missing from the upstream components leading to proper egg 

chamber elongation would be serpentine receptors for the heterotrimeric G-proteins, 

which have yet to be identified for Fog and other G-protein signaling (Morize et al., 1998; 

Dawes-Hoang et al., 2005).  Searching for G-protein coupled receptors regulating the fly 

actin cytoskeleton would serve as a great reference for mammalian studies, as the 

serpentine receptors are highly conserved between the two (Broeck, 2001). My work and 

the aforementioned studies suggest that Fog, Cta, Gsα60A, Gβ13F and Gγ1, conduct a 

signaling cascade in Drosophila oogenesis. Fog may act as a signaling molecule while 

Gβ13F , Gγ1 and two different Gα  subunits, Cta and Gsα60A, carry out the subsequent 

intracellular signaling upstream of Rho1 in regulating the dynamics of actin cytoskeleton 

in fly oogenesis (Figure 4.1). 

4.2. The Drosophila Follicular Epithelium as a Model for 
Studying Stress Fibres and Actomyosin Contractility 

It has been suggested that the proper organization of the basal F-actin bundles is 

indispensible in acting as a “molecular corset” in promoting egg chamber elongation 

(Gutzeit, 1990; Bateman et al., 2001; Frydman and Spradling 2001; Conder et al., 2007; 

Haigo and Bilder, 2011; Bilder and Haigo, 2012). The basal F-actin cytoskeleton of the 

Drosophila follicular epithelium bears a striking resemblance to the mammalian non-

motile stress fibre, as both are organized and regulated in a similar manner (Pellegrin 

and Mellor, 2007; Vlachos and Harden, 2010). It has been shown that Pak is required for 

the proper formation of the F-actin and regulation of phosphorylation of myosin light 

chain (pMLC) during fly oogenesis (Vlachos and Harden, 2010). My work has identified 

that another Group-I Pak, Pak3, is essential for the architecture of basal F-actin and 

pMLC expression, and its function during egg chamber elongation is antagonistic to Pak 

(Sections 3.2, 3.3 and 3.5). If Pak and Pak3 were of similar functions in regulating fly 

oogenesis, losing one copy of pak3 would enhance the severity of the pak rounded egg 

chamber phenotype. However, only the reverse, suppression of the pak mutant 

phenotype, has been observed (Figure 3.1 S-U; Table 3.2) and is indicative of an 

antagonistic relationship between two members of the Group-I Paks, unlike in 

Drosophila dorsal closure where the two cooperate (Bahri et al., 2010). Despite the 

antagonistic relationship between Pak and Pak3, both are required for the formation of  
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Figure 4.1 Model of regulation of actomyosin contractility in the follicular 
epithelium during egg chamber elongation 

Fog, or possibly other unknown molecules, acts as a signaling messenger in 

initiating Rho1-actomyosin contractility pathway through unidentified G-protein-related 

serpentine receptors. Fog and Concertina, a Gα-subunit, are required for RhoGEF2-

mediated Rho1 signaling (Parks and Wieschaus, 1991; Costa et al., 1994; Morize et al., 

1998; Dawes-Hoang et al., 2005). Gsα60A might be able to act in parallel with 

Concertina in activating the Rho1 pathway with Gβ13F and Gγ1 (Parks and Wieschaus, 

1991; Kiger et al., 2003). Signaling by Rho1 and Pak favors accumulation of basal F-

actin and consequently activation of the myocardin-related transcription factor and 

serum response factor complex (MAL-SRF), which then promotes Pak3 expression. 

Pak3 might be able to act as a MLCK in promoting phosphorylation of myosin light chain 

(pMLC), and this function of Pak3 is counteracted by Pak. The pathway highlighted in 

red constitutes a route by which the follicular epithelium can ensure that pMLC levels are 

kept in parity with F-actin levels. 
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the basal F-actin cytoskeleton, as seen in clones of follicle cells singly and doubly 

mutant for pak and pak3 (Figure 3.4). 

Activities of myosin are responsible for organization and dynamics of the F-actin 

cytoskeleton (Reymann et al., 2012). It has been demonstrated that Pak can function as 

a  MLC kinase (MLCK) in diverse species (Chew et al., 1998;  Goeckeler et al., 2000; 

Zeng et al., 2000; Bisson et al., 2003; Zhang et al., 2005; Szczepanowska et al., 2006; 

Loo and Balasubramanian, 2008; Vlachos and Harden, 2010). In addition, Pak has been 

shown to regulate pMLC differently throughout Drosophila oogenesis, as it acts as a 

major pMLC contributor in early stage egg chambers while acting as a pMLC inhibitor in 

elongating egg chambers (Vlachos and Harden, 2010). Similar to Pak, Pak3 may also 

contribute to pMLC during oogenesis, as evident from the pMLC reduction in the 

pak3ex76A FCCs, suggesting that Pak3 may function as a MLCK (Figure 3.7; Figure 4.1). 

Unlike Pak, Pak3 seems to positively contribute to pMLC in throughout oogenesis. Older 

pak14 FCCs show elevated pMLC (Figure 3.6 A-A”) (Vlachos and Harden, 2010), but this 

elevation of pMLC level is lost in FCCs mutant for both members of the Group-I Paks 

(Figure 3.6 B-H”). Work on mammalian Pak has demonstrated that Pak can negatively 

regulate the activity of MLCK, thus reducing the levels of pMLC (Sanders et al., 1999). 

These observations suggest an antagonism between the two Group-I Paks, where Pak 

may repress Pak3 function in the ovarian follicular epithelium. When only Pak is missing 

in elongating follicular epithelium, the elevated pMLC expression may be due to 

uninhibited Pak3. On the other hand, reduction of pMLC in elongating egg chambers 

lacking both Paks suggests that Pak3 may act as a MLCK, and may be repressed by 

Pak. Excessive actomyosin contractility may contribute to the elongation defect in pak 

mutant ovaries. Reducing this contractility through heterozygosity for pak3 would then 

suppress the pak rounded egg chamber phenotype (Figure 4.1). 

Given the genetic interaction between Pak and Pak3, the fact that Pak affects 

Pak3 levels and their conflicting roles in regulating pMLC, it is important to see if the two 

Paks biochemically interact. I have not been able to co-immunoprecipitate Pak and 

Pak3, but have not eliminated the possibility that Pak could regulate Pak3 activity 

through physical interaction and possibly phosphorylation. It is well known that Paks 

regulate themselves through formation of a homodimer, where the N-terminal auto-

inhibitory domain of one molecule interacts with the C-terminal kinase domain of 
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another, thus providing trans-inhibition (Bokoch, 2003). In fact, a recent study has 

demonstrated that the mammalian Group-I Paks, Pak1 and Pak3-A, form a heterodimer 

in trans-inhibition (Combeau, et al., 2012). The Drosophila and mammalian Pak3 share 

great sequence homology and both have two splice variants, A and B, where Pak3-B 

lacks protein-protein interaction domains compared to Pak3-A (Bokoch, 2003; Bahri, et 

al., 2010; Combeau, et al., 2012). If Pak and Pak3 could interact as heterodimer in fly 

follicular epithelium, it is also possible that Pak could regulate MLC phosphorylation by 

blocking the kinase domain of Pak3 through formation of heterodimers.  It will be of 

interest to look for a Pak/Pak3 heterodimer, including determining if there are any 

differences between Pak3-A and Pak3-B in forming such a structure. 

RhoGEF2 has been shown to be the major activator of Rho in regulating 

actomyosin contractility (Barrett et al., 1997; Hacker and Perrimon, 1998; Halsell et al., 

2000; Bayer et al., 2003; Dawes-Hoang et al., 2005; Fox and Peifer, 2007; Kolsch et al., 

2007; Mulinari et al., 2008). Previous work in our laboratory has also demonstrated that 

Pak affects RhoGEF2 distribution, and that mislocalized RhoGEF2 could contribute to 

the ectopic pMLC seen in older pak14 FCCs (Vlachos and Harden, 2010). My data 

suggest that Pak3 does not regulate pMLC through the distribution of RhoGEF2, as 

RhoGEF2 expression is not affected in the mutant clones lacking pak3 (Figure 3.5).  

4.3. Pak3 as an Output of the Rho1-actomyosin 
Contractility Pathway through MAL-SRF Complex 

I have observed a reduction of Pak3 levels in the pak14 FCCs (Figure 3.3 A-B” 

and F-F”), suggesting that Pak may be able to regulate Pak3 expression. It has been 

suggested from work in the mammalian system that the RhoA-actomyosin contractility 

pathway can lead to gene transcription through the cooperation of myocardin-related 

transcription factor (MAL) and serum response factor (SRF) (Miralles et al., 2003; 

Posern and Treisman, 2006; Morita et al., 2007; Vartiainen et al., 2007; Medjkane et al., 

2009; and Busche et al., 2010). In the assembly of F-actin, MAL is released from binding 

to monomeric G-actin, and is free to translocate to the nucleus to carry out its functions 

with SRF, leading to the transcription of various actin-regulating genes, thus providing a 

feedback effect. Similar to the previous observation of disrupted basal F-actin in pak 
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mutant clones, I have confirmed that both MAL and SRF are necessary for the 

architecture of the F-actin cytoskeleton (Figure 3.7 A-B”) (Somogyi and Rorth, 2004; 

Conder, 2007). Since MAL and SRF are placed downstream of F-actin in the Rho1 

pathway, it is likely that the MAL-SRF complex contributes to transcription of actin-

regulating genes in fly oogenesis. Reduction of basal F-actin in the pak14 FCCs could 

affect the activity of MAL-SRF complex in providing a feedback effect, and I have 

observed a significant reduction of Pak3 levels in mutant clones lacking blistered (bs) 

which encodes SRF (Figure 3.8 C-F”). Although MAL-SRF seems to be responsible for 

Pak3 level through pak3 transcription, only moderate reduction of pak3 RNA has been 

seen in the bs14 FCCs (Figure 3.9 D-D”), suggesting that contributing to Pak3 regulation 

by actomyosin contractility might largely be at the protein level. There may be other 

genes regulated by MAL-SRF that can affect Pak3 protein levels. Such feedback 

mechanism of the Rho1-actomyosin contractility through the MAL-SRF complex may be 

specific to Pak3, as Pak levels were unaffected in the bs14 FCCs (Figure 3.8 G-G’’’). In 

addition, I have uncovered an antagonistic relationship between Pak and SRF, as 

heterozygosity for bs suppresses the pak rounded egg chamber phenotype (Figure 3.1 

M-R; Table 3.2), supporting the idea of the MAL-SRF complex acting downstream of the 

Rho1-actomyosin pathway. Furthermore, I have observed a reduction of Pak3 levels in 

FCCs lacking rho (Figure 3.10 A-A”), reinforcing the hypothesis that pak3 is a target 

gene of the Rho1-actomyosin contractility pathway. Consistent with the observation of 

Pak in the bs14 FCCs (Figure 3.7 G-G’’’), Pak expression was unaffected in the rho2107rev5 

FCCs (Figure 3.10 B-B”). When more F-actin bundles are being assembled, MAL-SRF 

becomes more active, leading to elevated Pak3 protein levels, which then lead to pMLC 

and more active cytoskeleton. In line with this, I have observed excessive F-actin 

structures and increased pMLC expression when Pak3 is elevated in the ovarian follicle 

cells (Figure 3.10 C-D”). In addition, I have also shown a reduction in pMLC levels in 

mutant clones lacking mal-d, which encodes fly MAL (Figure 3.10 E-E”). These 

observations suggest a model whereby there is always enough pMLC for the amount of 

F-actin in the cell. The Rho1-actomyosin pathway and probably other signals promote F-

actin accumulation leading to activation of the MAL-SRF complex. This promotes 

accumulation of Pak3, which then leads to more pMLC as Pak3 may function as a major 

MLCK during oogenesis (Figure 4.1). Such positive feedback loop at the level of Pak3 

ensures there is sufficient active myosin to provide contractility for the basal F-actin in 
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the follicular epithelium. The more F-actin filaments there are in the follicular epithelium, 

the greater the activity of the MAL-SRF complex and consequently the higher the levels 

of Pak3 and pMLC.  Pak negatively regulates the pMLC by Pak3, demonstrating a novel 

antagonistic relationship between two members of the Group-I Pak family. 
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5. Conclusion 

The objective of this thesis was to further characterize the roles of the Group-I 

Paks, Pak and Pak3, in the morphogenesis of epithelial cells in Drosophila oogenesis. In 

particular, I wished to gain a more detailed understanding of how the Group-I Paks were 

involved in regulating the signaling network of Rho1-actomyosin contractility. In addition, 

I wanted to gain further insight into what other upstream signaling components might be 

necessary for egg chamber elongation. 

I have identified upstream signaling candidates necessary for the Pak-regulated 

Rho1 pathway in fly oogenesis. Fog may act as a signaling molecule in activating G-

protein subunits, Cta, Gsα60A, Gβ13F and Gγ1, and consequently RhoGEF2 and Pak in 

regulating the Rho1 pathway during egg chamber elongation (Figure 4.1). I have 

identified an antagonistic relationship between Pak and Pak3. Through genetic 

interaction studies, I have shown that alleles of pak3 suppress the pak mutant egg 

chamber elongation defects. Through mosaic analysis, I have demonstrated that Pak3 is 

essential for the architecture of the basal F-actin cytoskeleton, and is necessary for the 

phosphorylation of myosin light chain (pMLC) in the follicular epithelium. In addition, the 

pMLC level is increased when Pak is lost. Furthermore, actomyosin contractility 

promoted by Pak and the Rho1 pathway drives Pak3 expression through the MAL-SRF 

transcriptional regulatory complex. These observations suggest that Pak3 is a major 

myosin light chain kinase operating in the follicular epithelium, which ensures there is 

sufficient active myosin to provide contractility for the basal F-actin in the follicular 

epithelium (Figure 4.1). The more F-actin filaments there are in the follicular epithelium, 

the greater the activity of the MAL-SRF complex and consequently the higher the levels 

of Pak3 and pMLC.  Pak negatively regulates the pMLC by Pak3, demonstrating a novel 

antagonistic relationship between two members of the Group-I Pak family. 

This thesis illustrates the function of Pak3 and its antagonistic relationship to Pak 

in elongating follicle cells in Drosophila egg chambers. Future work should be able to 
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determine if Pak3 is a myosin light chain kinase, and unveil the bona fide mechanisms of 

how Pak3 acts as a downstream target of and contribute to feedback regulation of 

actomyosin contractility. 
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Appendix A.  
 
Generation of the RhoGEF2-DH/PH Domain-GST Fusion 
Protein for Co-IP 
 Pak has been suggested to regulate the distribution of RhoGEF2 in controlling 

actin cytoskeleton during egg chamber elongation (Vlachos and Harden, 2010). To 

address the biochemical relationship between RhoGEF2 and Pak, it is helpful to have a 

RhoGEF2-GST fusion protein as the RhoGEF2 antibody is limited. I was involved in 

pursuit of such a goal and designed a cloning strategy of generating RhoGEF2-DH/PH 

domain-GST construct with the help of a lab member, Stephanie Vlachos. Constructs of 

DRhoGEF2-RE in pUAST was a gift from Ron Vale while DRhoGEF2-GFP in pMT/V5-

hisA was from Steve Rogers. Full length RhoGEF2 is 6.62kb while the GFP tag and the 

pUAST are 716bp and 9.05kb respectively. RhoGEF2-DH/PH domain was PCR-

amplified with the designed primers in Table 5.1 in producing the pGEX 4T-1-RhoGEF2-

DH/PH plasmid. The resulting PCR fragment was purified with QIAquick PCR 

Purification Kit (Qiagen), and digested with BamHI and EcoRI restriction enzymes (New 

England BioLabs). The cut fragments were further purified through gel electrophoresis 

and QIAquick Gel Extraction Kit (Qiagen).meanwhile, pGEX 4T-1 was also digested with 

BamHI and EcoRI restriction enzymes to linearize the vector DNA and purified in same 

method as the PCR fragments. The RhoGEF2-DH/PH insert and linearized pGEX 4T-1 

vector were ligated with T4 DNA ligase (Fermentas) at a ratio of three to one at 4°C 

overnight. This newly formed plasmid was transformed into BL21 bacterial competent 

cells (New England BioLabs), a strain that is defective in OmpT and Lon protease 

production that allows for high level of expression of GST fusion proteins. Cell cultures 

were spread onto LB-Ampicillin agar plates and incubated overnight at 37°C. Single 

colonies were isolated and grown in 3mL of LB-Ampicillin media overnight at 37°C, and 

purified with GeneJET Plasmid Miniprep Kit (Fermentas). Diagnostic double digestions 

were performed to confirm successful ligation of RhoGEF2-DH/PH insert into the pGEX 

4T-1 vector. The subsequent steps would be to induce and purified the RhoGEF2-

DH/PH-GST fusion protein using Co-IP using anti-GST antibody for Western Blotting 

using anti-Pak antibody as previously described in Section 2.11 and 2.12, but this project 

was halted due to our interests in another member of the Group-I Paks, Pak3. 
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Table Appendix A Primers for generating pGEF 4T-1-RhoGEF2-DH/PH plasmid 

Primers for RhoGEF2-DH/PH Nucleic acid sequences 

Forward TGCGGATCCCTGGAGAGCGAGGATGAAGAC 

Reverse TGCGAATTCTGCGTTCTTTGAACGATTCTT 

The RhoGEF2-DH/PH domain was PCR-amplified with the above primers. 
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Appendix B.  
 
Generation of Group-I Pak, Myosin Light Chain, Scribbled, 
Spaghetti Squash, Discs Large, Lethal Giant Larvae and 
Draper Constructs for Yeast-two-hybrid Assay 
 In elucidating the possibility that the two Group-I Paks could form heterodimers 

(Bokoch, 2003; Combeau, et al., 2012), I designed primers that aim to amplify Pak and 

Pak3 for future Yeast-two-hybrid assay (Table 5.2), which enables us to test if two 

proteins could physically interact (Harden et al., 2010). In addition, I also attempted to 

show a physical interaction between Pak3 and myosin light chain (MLC) to illustrate the 

hypothesis of Pak3 as a MLC kinase (Table 5.2). Previous work in our laboratory has 

demonstrated the co-immunoprecipitations between various components of the 

Scribbled (Scrib) complex that are essential for Drosophila dorsal closure (Bahri et al., 

2010). With the help of lab member, Simon Wang, we began initial experiments to 

generate constructs of Scrib, Spaghetti Squash, Discs Large, Lethal Giant Larvae and 

Draper for future yeast-two-hybrid assays (Table 5.2). We have generated the required 

primers for future ligation into the necessary vectors for yeast-two-hybrid assays. 
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Table Appendix B Primers for Yeast-two-hybrid assays 

Protein of interest / cDNA stock Primer sequences 

F GCGAATTCATATGTCCAGCGAGGAAGG 
Pak / LD20767 

R GCCTCGAGTAAGTTGCCCTTGGTGG 

F GCGCGAATTCATATGAGCTTCACCAAGG 
Pak3 / LD10376 

R GGCCTCGAGTAGTACGTTGCGTCGG 

F CGCAGATCTTAATGGCTGATGTTCCACC 
MLC-1 / RE07220 

R ATGCCTCGAGTAAGACGACAGGATCGC 

F ACGAATTCACATGGCCGATGAGAAGC 
MLC-2 / RH35841 

R GAACTCGAGTAAGGCGGCCTCCTCC 

F GCAGATCTCCATGTCATCCCGTAAGC 
Spaghetti Squash / LD14743 

R CCCCTCGAGTAACTGCTCATCCTTCC 

F GCAGATCTTAATGTTCAAGTGCATTG 
Scribbled / RE02389 

R GGCGGTACCTAAACTTCTAAATACTGAGG 

F GCGAATTCATATGACAACGAGGAAAGG 
Discs Large / RE30311 

R GCCTCGAGTAATAGAGATTCCTTGGACG 

F GGGCGAATTCATATGTTAAAGTTTATCGGG 
Lethal Giant Larvae / LD06034 

R GCCTCGAGTAAAAATTGGCTTTCTTCG 

F GCGAATTCATATGTTGCCGGTAATCG 
Draper / GH03529 

R GCGCCTCGAGTAACTACTTTAGAAATTTGCC 

The above primers have melting temperature between 72°C to 77°C with GC content range from 50% to 
60%, and do not form secondary structures nor primer dimers.  F and R denote forward and reverse 
primers, respectively. 


