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Regulation of actin dynamics by phosphoinositides during epithelial 
closure 

 
September 2013 

 

Epithelia act as protective barriers and it is therefore essential that wounded 
epithelia are rapidly repaired to maintain barrier function.  Cells surrounding 
epithelial wounds become motile following wounding, which involves 
generating dynamic actin structures that drive closure of the wound. These 
actin structures include filopodia which are important in the final stage of 
epithelial closure in which the opposing epithelial edges are joined together.  
The molecular mechanisms that trigger wound edge cells to become motile 
are not well understood.  Using Drosophila wound healing and the 
morphogenetic process dorsal closure as models, we find that 
phosphatidylinositol 3,4,5-triphosphate (PIP3) regulates epithelial closure by 
promoting the formation of filopodia at epithelial edges. PIP3 accumulates at 
epithelial edges and genetically depleting PIP3 results in reduced filopodia and 
defects in epithelial closure. We demonstrate that the GTPase Rac and 
guanine nucleotide exchange factor Myoblast City function downstream of 
PIP3 to promote filopodia formation. We also demonstrated that the scaffolding 
protein Par3/Bazooka and the lipid phosphatase PTEN are responsible for 
restricting the localisation of PIP3 and consequently the downstream signals to 
the epithelial leading edge, so acting to determine the location of filopodia 
formation.  This project reveals a novel mechanism by which actin protrusions, 
required for epithelial closure, are formed in response to epithelial damage.  
Additionally, we have identified an additional role for PIP3 in regulating the 
extrusion of cells from epithelial sheets in the Drosophila embryo.  This finding 
implicates PIP3 in the regulation of tissue homoeostasis, and could contribute 
to our understanding of tumour initiation as unregulated tissue growth can 
result in the formation of tumours. 
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Chapter 1:  Introduction 
 

Actin plays a central role in controlling cell morphology and precise regulation of actin 

dynamics is required for a variety of processes such as morphogenesis, wound healing and 

immune cell migration (Martin and Lewis 1992; Jacinto et al. 2000; Wood et al. 2002; Wood et 

al. 2006; Yoo et al. 2010).  There are two main types of protrusions that actin can form; 

filopodia, that are long, thin needle like bundles of actin (Mogilner and Rubinstein 2005) and 

lamellipodia that are a flat cross-linked network of actin (Small 1995), both of which play an 

important role in cell movement, however, filopodia have been shown to have an additional 

role in joining epithelial edges together.  Given the importance of actin in key biological 

processes it is essential that we understand how its dynamics are regulated at the molecular 

and cellular levels and how it functions in vivo.  This introduction will describe how actin 

dynamics are regulated, in particular during tissue morphogenesis and repair. 

 

 

1.1 Actin dynamics at the leading edge: 

 

A variety of proteins regulate the assembly and organisation of actin filaments at the leading 

edge of migrating cells and these are required for the formation of actin protrusions.  Actin 

filaments can push on the plasma membrane to form actin protrusions, and the type of actin 

protrusion formed depends on the architecture of the actin filaments present at the plasma 

membrane; filopodia are formed by bundled actin filaments that push against the membrane to 

form a long, needle-like protrusion, whilst lamellipodia are formed from a thin, cross-linked 

network of actin filaments pushing against the membrane. (Small 1995; Mogilner and 

Rubinstein 2005).  This section describes the regulation of actin dynamics at the leading edge 

and how lamellipodia and filopodia are formed. 

 

1.1.1 Actin 

 

Actin is a 43kDa nucleotide binding protein that can polymerise to form linear filaments. 

Polymerised actin is known as filamentous actin (F-actin), while monomeric actin is known as 

globular actin (G-actin) (reviewed by Goley and Welch 2006).  Each actin monomer has a 

barbed (fast growing) end and a pointed (slow growing) end and they associate in a pointed to 

barbed end conformation in actin filaments (with respect to the leading edge), with 

polymerisation occurring primarily at the barbed end (reviewed by Pollard and Borisy 2003).  

 

Various actin-sequestering proteins, such as thymosin-β4 and profilin, both of which form 1:1 

complexes with actin monomers, can modulate actin polymerisation.  However, they do so in 
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different manners; thymosin-β4 inhibits the exchange of bound nucleotides and so inhibits 

polymerisation (as ADP-actin polymerises 5-10 times slower than ATP-actin), whereas profilin 

promotes nucleotide exchange and as such acts as an enhancer of actin polymerisation 

(Mockrin and Korn 1980; Goldschmidt-Clermont et al 1992). Goldschmidt-Clermont et al. 

(1992) showed that even where the levels of thymosin-β4 is high, and thus rates of 

polymerisation should be low, the rate of nucleotide exchange on actin monomers can be 

greatly varied by small changes in the concentration of profilin, implicating profilin as the rate 

limiting factor of polymerisation. Shortly after monomers are incorporated into filaments, the 

bound ATP is hydrolysed to ADP, meaning that recently formed filaments mostly consist of 

ATP-actin, while older filaments are largely composed of ADP-actin (reviewed by Pollard and 

Borisy 2003). 

 

1.1.2 Nucleation of actin filaments 

 

The nucleation of new actin filaments is energetically unfavourable under cellular conditions, 

so nucleators and their activators are required to generate new actin filaments.  One key 

nucleator, the Arp2/3 complex, can be activated by specific nucleation promoting factors 

(NPFs) (Skoble et al. 2001).  There are two classes of NPFs; class I and class II (reviewed by 

Goley and Welch 2003).  Wiskott-Aldrich syndrome protein (WASP) is a class I NPF, and is 

characterised by a WCA domain; consisting of a WASP-homology-2 (WH2) domain, a central 

(c or cofilin homology) domain and an acidic (A) domain (Marchand et al. 2001; Chereau et al. 

2005; Goley and Welch 2006).  The WCA domain of WASP interacts with Arp2/3 invoking a 

conformational change resulting in the activation of the Arp2/3 complex.  Specifically, the C 

region of the WCA domain interacts with the Arp2 subunit, whilst the A region interacts with 

the Arp3 subunit, bringing Arp2 and Arp3 into close contact.  The WH2 domain of the NPF 

then interacts with and delivers an actin monomer to this site, forming a complex consisting of 

Arp2, Arp3 and an actin monomer.  This trimer acts as a nucleation site for a new actin 

filament (Friden 1983; Goley et al. 2004; Boczkowska et al. 2008; Weston et al. 2012).  Class 

II NPFs, such as cortactin and actin-binding protein-1 (Abp1) are characterised by the ability to 

bind Arp2/3 but not G-actin, however, they are able to bind F-actin which is required for the 

activation of Arp2/3 (Uruno et al 2001).  As Arp2/3 alone has a low basal nucleating activity, 

and WASp and N-WASP are expressed in an auto-inhibitory conformation, external signals 

are required to relieve the auto-inhibition and promote the nucleation of actin filaments. 

(Mullins et al. 1998; Rohatgi et al. 2000). 

 

1.1.3 Elongation of actin filaments 

 

Once a filament has been nucleated, it undergoes elongation where actin monomers are 

added to the barbed end.  Elongation occurs when profilin associates with the barbed end of 

an actin monomer, thus allowing the actin-profilin complex to bind to the barbed end of an 
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existing filament but blocking binding to the pointed end (Pollard and Cooper 1984; Pring et al. 

1992).   Rapid filament elongation soon depletes the cytosolic actin monomer pool, resulting in 

slower elongation.  There are two mechanisms that can compensate for this; the inhibition of 

elongation by capping proteins and the depolymerisation of actin filaments by cofilin.  Both 

mechanisms help maintain the level of actin monomers in cells. 

 

1.1.4 Maintenance and depolymerisation of actin filaments    

 

Actin polymerisation can be halted by the addition of capping proteins such as CapZ (found in 

muscle (Caldwell et al. 1989)) and Gelsolin (shown to be present in mice among other higher 

eukaryotes (Witke et al. 1995)) to the barbed end of filaments.  Once bound, the capping 

protein prevents the addition of further actin monomers.  There are two important outcomes 

from capping actin filaments; firstly, capping limits the length of actin filaments.  This is 

important as it has been shown that shorter filaments are stiffer than longer filaments, and as 

such are more effective at pushing the membrane (DiNubile et al. 1995; Svitkina et al. 1997; 

Svitkina and Borisy 1999).  Secondly, capping filaments restrict where the membrane can be 

pushed.  Only filaments that are in contact with the membrane are capable of pushing it 

forward, therefore capping restricts the use of actin monomers to areas where the membrane 

extension needs to occur (reviewed by Cooper and Schafer 2000).  Whilst capping proteins 

prevent the extension of actin filaments, anti-cappers, such as Ena/VASP, work by binding to 

the barbed end of an actin filament, preventing the addition of capping proteins, but still 

allowing the elongation of the filament (Bear et al. 2002). 

 

‘New’ actin monomers, required for polymerisation, are added to the cytoplasmic pool by the 

depolymerisation of existing actin filaments.  ADF/cofilins are a family of small proteins that 

can bind to ADP-actin filaments and promote their depolymerisation (Carlier et al. 1997).  The 

interaction between ADF/cofilins and ADP-actin can change the twist of the actin helix making 

it more accessible to severing into shorter filaments (McGough at al. 1997).  Once the ADP-

actin is dissociated from the actin filament, profilin competes with ADF/cofilin for the monomer.  

The profilin in the newly formed profilin-actin complex promotes the dissociation of ADP, and 

as there is more ATP then ADP in cells, nucleotide-free actin preferentially binds to ATP 

allowing it to be readily available for polymerisation (Rosenblatt et al 1995; Vinson et al. 1998; 

Blanchoin and Pollard 1998).   

 

Severing of a capped actin filament by ADF/cofilin has been shown to promote actin 

polymerisation by increasing the number of free barbed ends in a network (Ghosh et al. 2004).  

These free barbed ends may be capable of pushing the membrane forward or could provide 

new sites for branching by the Arp2/3 complex.  Depolymerisation is thus important for further 

polymerisation.  This depolymerisation of ADP-filaments by ADF/cofilin, nucleotide exchange 
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by profilin and then reincorporation at the barbed end is known as treadmilling and is the 

mechanism used to push the membrane forward by a dynamic actin network (Figure 1). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.1.5 Filopodia formation at the leading edge. 

 

As mentioned previously, filopodia are needle-shaped cellular protrusions containing parallel 

bundles of actin filaments.  They were first observed live by Gustafson and Wolpert when 

studying Sea Urchin embryo development (Gustafson and Wolpert 1961), and were found to 

be highly dynamic.  Our understanding of the regulation of filopodia has increased greatly over 

Figure 1. Schematic displaying the treadmilling model for leading edge protrusions.  1) 

Extracellular signals stimulate receptors 2) activating Rac-family GTPases and PIP2 that 

activate 3) WASp/SCAR proteins.  4) WASp/SCAR stimulate association of Arp2/3 complex 

with an actin monomer.  5) Rapid elongation at the barbed end of the filament 6) pushes the 

membrane forward.  7) Capping proteins terminate elongation.  8) Filaments age by hydrolysis 

of ATP bound to each actin subunit, followed by the dissociation of the γ-phosphatase.  9) 

ADF/cofilin promotes phosphate dissociation, severs ADP-actin filaments and promotes ADP-

actin dissociation from the ends of filaments.  10) Profilin catalyses the exchange of ADP for 

ATP returning subunits to 11) the pool of ATP-actin units bound to profilin ready for 

polymerisation.  12) Rho-family GTPases also activate PAK and LIM kinase which 

phosphorylates ADF-cofilin.  This tends to slow down the turnover of filaments.  Pollard and 

Borisy 2003.  Copyright obtained from Elsevier 
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the past two decades, however, the mechanism by which filopodia are initiated is currently 

under debate.  There are two proposed models of filopodial initiation; the convergent 

elongation model and tip nucleation model both of which are discussed in more detail below; 

1.1.6 Convergent elongation model 

 

The convergent elongation model was first proposed by Svitkina et al. (2003), who 

hypothesised that filopodia originate from a branched actin network from which a group of 

actin filaments converge, bundle and elongate to form filopodia.  Ena/VASP and profilin 

elongate barbed-end filaments, by the continuous addition of actin monomers.  These 

elongation factors are capable of oligomerisation, linking several actin filaments together.  The 

parallel filaments are bound together by fascin (an actin cross-linker), resulting in an actin 

bundle (Figure 2).  It is thought that fascin contains two actin binding sites, one C-terminal and 

the other at the N-terminus of the protein allowing it to bind two actin filaments simultaneously, 

resulting in bundling (Jansen et al. 2011).  Interestingly, Work by Zanet et al. (2012) showed 

that fascin also has a role in filopodia formation, independent of its role in actin bundling and it 

is thought to act at the filopodial tip in promoting the formation and growth of protrusions.  

Over time, the original Arp2/3 molecule responsible for nucleation of the filament will 

dissociate leaving free ‘pointed’ ends (accessible for treadmilling), indicating that the Arp2/3 

complex is not required for filopodial maintenance (reviewed by Svitkina and Borisy 1999). 

 

Evidence supporting the convergent elongation model includes work by Machesky and Insall 

(1998), which showed that disruption of Arp2/3 localisation inhibited the formation of filopodia 

in macrophages.  Subsequent work has shown that filopodia emerge from a pre-existing 

lamellipodial network (Svitkina et al. 2003).  Additionally, cell-free systems have shown that 

Arp2/3, alongside the bundling protein fascin, can reconstitute the formation of filopodial 

bundles (Vignjevic et al. 2003; Haviv et al. 2006).  These studies all support the convergent 

elongation model of filopodia initiation. 
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1.1.7 Tip nucleation model 

 

The tip nucleation model proposes that filopodia are formed by a membrane-bound cluster of 

formins.  This formin cluster nucleates new actin filaments close to one another and is capable 

of maintaining their elongation.  These elongated filaments are then cross-linked by fascin, 

resulting in the formation of a filopodia (as shown in Figure 3). The tip nucleation model does 

not require a pre-existing filament network (reviewed by Yang and Svitkina 2011). 

 

The formin mDia is the main candidate to play a role in filopodia formation, however despite 

experiments to prove its role in filopodia initiation, mDia is initially distributed along the leading 

edge and later accumulates at the tips of newly formed filopodia (Yang et al. 2007).  Despite 

this, formins are still thought to play a vital role in the tip nucleation model, arguments for 

which are based on two sets of data; firstly, increasing or decreasing levels of formins affects 

filopodia number, inducing and inhibiting filopodia respectively (Schirenbeck et al. 2005; 

Matusek et al. 2008) and secondly, filopodia still persist even when the Arp2/3 complex or its 

activators are downregulated (Steffen et al. 2006).  The first experimental evidence for this 

theory showed that filopodia number and length were significantly reduced in primary neuron 

cultures where dDAAM (a Drosophila formin) was lost (Matusek et al. 2008).  However it could 

be argued that as formins have the ability to work as elongators as well as nucleators, these 

data could be consistent with both models of filopodia formation (Yang and Svitkina 2011). 

 

Figure 2.  Mechanistic model of filopodia initiation by the convergent elongation model.  

1) Branched actin network is formed by Arp2/3 mediated nucleation.  2) Elongation factors 

(such as Formins or VASP) promote continuous elongation of some barbed ends.  3) 

Interaction between several barbed ends results in converged filaments.  4) Parallel cross-

linked filaments result in a protruding bundle.  5) Over time, the Arp2/3 complex leaves the 

network resulting in free pointed ends.  Model adapted from Yang and Svitkina 2011. 
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The second study in support of the tip nucleation model showed that in VA-13 fibroblasts, 

which have reduced levels of the WAVE complex (an activator of Arp2/3), the formation of 

both filopodia and lamellipodia are inhibited (Steffen et al. 2006).  However, when Cdc42 was 

overexpressed in WAVE deficient cells, the number of protruding filopodia was increased 

although no lamellipodia were formed.  This increase in filopodia, in cells with reduced WAVE 

but active Cdc42, indicated that filopodia could be formed in a WAVE-independent manner.  

The authors proposed that as WAVE is an activator of the Arp2/3 complex, the WAVE null 

cells should not have any active Arp2/3 and as such any filopodia observed in these were 

formed in an Arp2/3 independent manner.  However, the results of this study has been 

recently been disputed due to the way the images were processed (Yang and Svitkina 2011).  

When the images were re-analysed (by Yang and Svitkina 2011), it was suggested that the 

depletion of the Arp2/3 complex may result in a decrease in the overall number of filopodia in 

cells, contradicting the work as evidence supporting the tip nucleation model. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  Mechanistic model of filopodia initiation by the tip nucleation model.  1) 

Activated formin accumulated at the plasma membrane.  2) Formin clusters nucleate actin 

filament formation and maintain their elongation.  3) Elongating filaments are cross-linked by 

fascin, forming an actin bundle.  Image adapted from Yang and Svitkina 2011 



25 
 

Despite there being less evidence present for the tip nucleation model it is likely that the two 

models of filopodia formation can co-exist together, especially considering the various 

conditions in which filopodia are formed.  Work by Gonçalves-Pimentel et al. (2011) showed 

that in primary neurons, the absence of either Arp2/3 or formins resulted in a reduction of the 

number of filopodia, however, the elimination of both completely abolished the formation of 

filopodia.  This supports the hypothesis that both models of filopodia formation are correct. 

 

 

1.2 Regulation of actin dynamics by the Rho family GTPases 

 

The Rho GTPases are highly conserved members of the Ras superfamily.  They are small 

(20-30 kDa in size), monomeric GTP-binding proteins that play a key role in the regulation of 

the actin cytoskeleton (reviewed by Bishop and Hall 2000).  Rho GTPases act as molecular 

switches that exist in two conformational states, an active GTP-bound state and an inactive 

GDP-bound state.  In the active, GTP-bound state, Rho GTPases can interact with a variety of 

effector proteins to co-ordinately regulate their behaviour. Switching between states is 

controlled by Guanine Nucleotide Exchange factors (GEFs), which promote the exchange of 

GDP for GTP, resulting in the activation of GTPases, and GTPase activating proteins (GAPs) 

which promote the dephosphorylation of GTP to GDP so inactivating GTPases (reviewed by 

Schmidt and Hall 2002).  Adjacent to the bound nucleotide within Rho GTPases are two switch 

regions that undergo a conformational change upon binding to GTP, indicating the activation 

state of the GTPase to effector proteins (Ihara et al. 1998; Dvorsky and Ahmadian 2004).  In 

addition, the activation state of GTPases is further controlled by GDP Dissociation Inhibitors 

(GDIs), which bind the GDP-bound GTPase and prevent nucleotide exchange, thus reducing 

the amount of GDP-GTPase available for activation (Moissoglu et al. 2006).  This inhibition 

can be relieved by GDI Displacement Factors (GDFs), which displace the GDI from the 

GTPase/GDI complex, releasing the GDP-GTPase for activation by GEFs (Chaung et al. 

1993) (Figure 4).  

 

To date, 22 members of the Rho GTPase family have been identified in mammals (reviewed 

by Vega and Ridley 2007) with the best-studied members being Rho, Rac and Cdc42.  In vitro, 

each of these proteins has been shown to regulate the actin cytoskeleton in a specific manner, 

with Rho regulating actin stress fibres/actin cable formation, Rac primarily regulating 

membrane ruffling and lamellipodia formation and Cdc42 regulating filopodia formation (Nobes 

and Hall 1995).  However, the roles and regulation of each of the GTPases are less well 

defined in vivo, and it appears that there is also substantial cross talk between them 

(Nishimura et al. 2005). This section will outline our current knowledge of roles of Cdc42, Rho 

and Rac in the regulation of the actin cytoskeleton and how they contribute to cellular and 

organismal processes. 
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1.2.1 Cdc42 

 

1.2.1.1 Cdc42: Cellular functions 

 

Cdc42 has two main cellular functions; the regulation of actin assembly and the regulation of 

cell polarity (Adams et al. 1990; Nobes and Hall 1999; Genova et al. 2000; Yang et al. 2006).  

Whilst these two functions are distinct, they are often associated with one another and are 

both important during cell migration. Cdc42 is required for the formation and maintenance of 

both apicobasal polarity required for the correct development of epithelia, and planar polarity 

in which cells orientate themselves in a two-dimensional plane perpendicular to the apicobasal 

axis (reviewed by Drubin and Nelson 1996; reviewed by Gibson and Perrimon 2003).   

 

In many cell types, including mouse embryonic fibroblasts, mouse neurons and Drosophila 

epidermal cells, reducing the levels of Cdc42 results in the reduction in the number and length 

of filopodia, which can have a dramatic effect on the ability of a cell, to migrate (Nobes and 

Hall 1995; Kozma et al. 1997; Wood et al. 2002; Yang et al. 2006; Garvalov et al. 2007).  

Cdc42 regulates the actin cytoskeleton by relieving the auto-inhibition of the NPF WASP/N-

wasp.  The inhibition of WASP/N-wasp occurs between the N-terminal G-protein binding 

region (including a Cdc42/Rac interaction motif and a basic region) and the WCA C-terminal 
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Figure 4.  The Rac GTPase cycle.  Rac GTPases are recruited to the membrane where GEFs 

promote the exchange of GDP for GTP, and GAPs dissociate GTP and promote the exchange 

for GDP.  GDI’s associate with GDP-bound Rac, preventing its activation by GEFs.  GDFs are 

able to dissociate GDI’s from the Rac-GDP/GDI complex, exposing it to activation by GEFs.  

Figure adapted from Schmidt and Hall 2002. 
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domain (Kim et al. 2000), Cdc42 can bind to the G-protein binding region, resulting in the 

release and exposure of the WCA domain allowing it to recruit and activate the Arp2/3 

complex (Miki et al. 1998; Rohatgi et al. 2000), so acting as an upstream regulator in the 

nucleation of actin filaments required for actin protrusion formation.  Alternatively, Cdc42 can 

regulate the actin cytoskeleton through cofilin.  Garvalov and colleagues (2007) identified 

Cdc42 as an upstream regulator of cofilin and in neurons lacking expression of Cdc42, an 

increase in the amount of phosphorylated (inactive) cofilin was observed.  Cofilin is required 

for the disassembly of existing actin filaments (Carlier et al. 1997), generating free actin 

monomers and as such is required for the formation of new actin filaments essential for the 

formation of filopodia.  These data show that Cdc42 is able to generate free barbed ends, 

required for actin protrusion formation.  

 

Cdc42 was first proposed to have a role in establishing and controlling cell polarity in the 

division of yeast where it localises to the bud site, early in the yeast cell cycle (Adams et al. 

1990; Ziman et al. 1993).  Although strains of yeast lacking Cdc42 continue to grow, they fail 

to bud and polarise correctly (Adams et al. 1990).  Supporting the observations in yeast, work 

in epithelia such as MDCK cell culture and C.elegans implicate a role for Cdc42 in regulating 

apicobasal polarity which is required for the formation of a functional epithelium (reviewed by 

Gibson and Perrimon 2003).  In MDCK cells, Cdc42 interacts with the Par polarity complex 

(consisting of Par6, Par3 and aPKC) creating a quaternary complex, which is required for the 

formation of tight junctions.  This interaction has also been shown to be vital in the 

development of epithelial cell-cell contacts in C.elegans (Joberty et al. 2000).  In 1999, Nobes 

and Hall, also demonstrated the role of Cdc42 in establishing planar cell polarity and migration 

in response to a scratch wound in a monolayer of Swiss 3T3 cells.  Loss of Cdc42 resulted in 

a loss of the ability of cells to polarise in response to wounding, with the Golgi complex of 

wound edge cells failing to realign and a reduction in cell movement towards the wound 

(Nobes and Hall 1999).  The role of Cdc42 in cell polarisation has also been shown in 

Drosophila hemocyte (macrophage-like cell) migration towards a wound.  Although cdc42-/- 

hemocytes were able to migrate towards wounds, the route taken was frequently indirect, 

suggesting a defect in polarity (Stramer et al. 2005).   The effect of loss of Cdc42 on hemocyte 

migration was less severe than observed in vitro by Nobes and Hall, suggesting that the 

importance of Cdc42 in cell polarisation and migration may be dependent on the system. 

 

1.2.1.2 Cdc42 in organismal processes  

 

Cdc42 is important for development in a variety of organisms, including Drosophila and mice.  

Drosophila embryos lacking Cdc42 undergo developmental arrest part way through 

embryogenesis (germband retraction) (Jacinto et al. 2000).  Additionally, Cdc42 was shown to 

be vital for the development of the embryonic epithelium, in particular in the elongation of 

epithelial cells into a columnar shape, required for the maintenance of the epithelial monolayer 
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(Genova et al. 2000).  It has also been shown to be vital during Drosophila dorsal closure 

(henceforth DC) and will be discussed in more detail in section 1.4.5.4 (Jacinto et al. 2000).  In 

vertebrate development, Cdc42 has a crucial role in the patterning of the lung (Wan et al. 

2013).  Mice with specific knockdown of Cdc42 in respiratory cells die at birth from respiratory 

failure.  The lungs fail to develop properly due to a loss of cell polarity, which results in the 

disruption of actin-based cell migration processes essential for lung development.  

Additionally, defects are observed in branching morphogenesis resulting from improper 

alignment of mitotic spindles leading to cell division occurring perpendicular to the epithelium 

monolayer (Wan et al. 2013).   

 

Additionally, Cdc42 has also been shown to be involved in the progression of cancer, with a 

reduction in levels of Cdc42 sufficient to inhibit lung cancer metastasis in the mouse 

(Reymond et al. 2012).  However, the role of Cdc42 in cancer metastasis is not fully 

understood, as reducing its levels has varying results depending on the cancer type.  

Knockdown of Cdc42 in moderately metastatic breast cancer cells results in an inhibition of 

migration and invasion, whereas in highly metastatic breast cancer cells the migration and 

invasion was enhanced with Cdc42 reduction (Zuo et al. 2012).  This demonstrates the 

complex roles Cdc42 plays in cancer cell migration and that more work is required to further 

elucidate exactly how Cdc42 regulates metastasis.  These data highlight the vast range of 

processes in which Cdc42 is involved during development and its importance in the regulation 

of actin dynamics and cell polarity. 

 

1.2.2 Rho 

 

Madaule and Axel first identified Rho GTPase in the mollusc in 1985 where it was shown to 

contain domains required for membrane attachment.  Soon after its identification, Rho was 

shown to be important in cell morphology with increased active Rho resulting in elongated 

cells while Rho inhibition caused cells to round up (Paterson et al. 1990).  These phenotypes 

were due to Rho acting on the actin cytoskeleton and in particular, regulating the formation of 

contractile actin structures and focal adhesions in Swiss 3T3 cells (Ridley and Hall 1992).  The 

formation of actin stress fibres can be induced by each of the three main mammalian isoforms 

(RhoA, RhoB and RhoC) (Chardin 1989; Ridley and Hall 1992; Hall et al. 1993).  The function 

of each of the isoforms was reviewed by Wheeler and Ridley (2004) who outlined RhoA as 

important for tail retraction and disassembly of adhesions at the rear of the cell, Rho B retards 

growth factor receptor trafficking and localises to endosomes, and Rho C is diffuse throughout 

the cytoplasm (Wheeler and Ridley 2004). A fourth Rho, RhoH evolved independently and is 

mainly expressed in haematopoietic cells, and a role for functional differentiation of T-cells has 

been suggested (Li et al. 2002). 
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1.2.2.1 Rho in cell migration 

 

The role of Rho in cell migration has primarily been associated with the formation of actin 

stress fibres and turnover of focal adhesions.  The formation of stress fibres at the rear of a 

migrating cell promotes tail retraction, whilst the turnover of focal adhesions is required for 

cells to crawl over and adhere to a given substrate (Ridley and Hall 1992; Yamana et al. 

2006).  Rho is required for effective cell migration during scratch wound assays.  Pre-

treatment with exoenzyme C3 (a specific inhibitor of Rho) resulted in a significant delay in the 

healing of a scratch wound in a culture of corneal epithelial cells when compared to control 

cultures.  Inhibiting Rho resulted in a loss of actin bundles usually observed running parallel to 

the wound edge, that are required for directional migration of the epithelial sheet (Yin et al. 

2008).  The importance of Rho in cell migration has also been shown in Drosophila hemocytes 

migrating to a wound.  In rho mutant embryos, hemocytes appear to elongate in the direction 

of the wound, however they cannot free from existing adhesions and appear tethered in place 

(Stramer et al. 2005). 

 

Rho regulates the formation of actin stress fibres and contractile actin cables through 

activating Rho-associated kinases, which promote the phosphorylation of the regulatory light 

chain of myosin (MRLC).  Rho-associated kinases work in two ways; they phosphorylate 

myosin phosphatase, thus inactivating it as well as directly phosphorylating MRLC itself 

(Kawano et al. 1999; reviewed by Bishop and Hall 2000).  Phosphorylated MRLC stimulates 

the ATPase activity of Myosin heavy chain, promoting assembly of contractile actomyosin 

structures (Amano et al. 1996; reviewed by Bresnick 1999). 

 

1.2.2.1 Rho in organismal processes 

 

The formation of a contractile actin cable is vital in many processes throughout development 

including Xenopus development, in particular in the process of convergent extension, with 

altering levels of Rho disrupting gastrulation.  Rho (alongside Rac) is required for the 

polarisation of intercalating cells with disruption of these GTPases resulting in the failure of 

cells to elongate and complete convergent extension (Tahinci and Symes 2003).  The authors 

also found Rho to be important for the lifespan of protrusions in Xenopus explants, with 

inhibition of Rho resulting in shorter lived protrusions, however, how Rho regulated this has 

not yet been determined.  Additionally Rho has been implicated in the stabilisation of cell-cell 

junctions, for example, during Drosophila trachea formation Rho plays a role in the turnover of 

E-cadherin.  This turnover of E-cadherin is required for tracheal branching and increasing Rho 

levels increased the amount of stable E-cadherin at junctions (Warrington et al. 2013).  Rho is 

also vital for the process of Drosophila DC, and will be discussed in more detail in section 

1.4.5.4. 
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Despite the vital roles Rho has in development of Drosophila and Xenopus, no role has yet 

been identified in the development of mice.  Knockouts of rhoB and rhoC are viable with no 

developmental defects (Liu et al. 2001; Hakem et al. 2005), and as yet, no rhoa null mice have 

been made.  However, a mouse strain with keratinocyte-restricted deletion of RhoA also 

displayed no adverse effects, with the skin developing normally (Jackson et al. 2011).  These 

results suggest that there could be redundancy between the Rho isoforms in mice and as such 

single knockout mice do not display defects.  Rho has also been shown to be vital for re-

epithelialisation in a variety of systems, and will be discussed in more detail in section 1.4.2.1. 

 

Given what is known about the role of Rho in development and wound healing, it is not 

surprising that Rho is also involved in tumour formation and metastasis.  In the two rho 

knockout mouse models available, although no developmental defects were detected, 

differences in tumourigenesis were observed.  The loss of RhoB in these mice resulted in an 

increase in tumours, leading to the conclusion that RhoB protects against tumourigenesis (Liu 

et al. 2001).  RhoC, whilst not important in tumour initiation, appears to play a role in 

metastasis with a loss of RhoC resulting in a reduction in tumour metastasis (Hakem et al. 

2005). 

 

1.2.3 Rac 

 

The third well-characterised Rho GTPase subgroup is the Rac family, of which there are 4 

members in mammals; Rac1, Rac2, Rac3 and RhoG.  Rac proteins are important for the 

regulation of lamellipodia and membrane ruffle formation (Ridley et al. 1992b; Nobes and Hall 

1995), and in mice, the three Rac isoforms have different expression patterns; Rac1 is the 

best studied of the isoforms and is expressed ubiquitously, Rac2 is mainly restricted to 

haematopoietic cells (Shirsat et al. 1990; Moll et al. 1991; reviewed by Heasman and Ridley 

2008), and Rac3 is most abundant in the brain (Haataja et al. 1997).  RhoG is widely 

expressed and also has a role in the in the regulation of the actin cytoskeleton, in particular, it 

is able to activate Rac1 through Rac activating proteins, GEFs (Vincent et al. 1992; Katoh et 

al. 2005).   

 

1.2.3.1 Rac in the actin cytoskeleton and cell migration 

 

Rac proteins regulate the actin cytoskeleton, in particular, the formation of lamellipodia, by 

activating nucleators, such as the Arp2/3 complex (how these activate actin filament formation 

is discussed in section 1.1.2) (Steffen et al. 2004).  Rac-GTP activates the Arp2/3 complex by 

binding to specifically-Rac associated protein-1 (Sra-1), which is a component of the 

Scar/WAVE complex. Binding of Rac to Sra-1 results in the activation of Scar/WAVE, which 

directly binds to and activates the Arp2/3 complex (Steffen et al. 2004).   
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During neutrophil cell migration, different Rac isoforms play different roles; Rac1 plays a role 

in uncapping actin filaments by promoting phosphoinositide association with capping proteins, 

thus resulting in their dissociation, whilst Rac2 activates cofilin and Arp2/3 (Hartwig et al. 

1996; Yang et al.1998; Sun et al. 2007).  Both of these processes are vital for the generation 

of free-barbed ends required for actin polymerisation.  In vitro, Rac1 regulates the formation of 

lamellipodia in a wide range of cells including fibroblasts and epithelial cells (reviewed by 

Ridley 2001), however, its role in neutrophils is more complicated.  Rac1 null neutrophils form 

multiple lamellipodia and can still migrate, but they are unable to detect a chemoattractant 

gradient (Sun et al. 2004), whilst rac2 null cells can orientate towards a chemoattractant, but 

cannot migrate towards it.  However, work by Gu et al. suggests that in macrophages, actin 

protrusions may be formed independent of Rac, as cells lacking expression of both Rac1 and 

Rac2 can migrate at a similar speed to wild type cells (Gu et al. 2003).  In vivo analysis has 

also shown the importance of Rac in the formation of lamellipodia and cell migration.  In 

zebrafish neutrophils, Rac is required for the formation of lamellipodia and for efficient 

migration towards wounds (Yoo et al. 2010).  Consistent with this, Drosophila embryonic 

hemocyte migration towards a wound is impaired in embryos lacking expression of Rac 

(Stramer et al. 2005).  These data suggests a role for Rac in the regulation of actin protrusions 

required for efficient cell migration. 

 

1.2.3.2 Rac in organismal processes 

 

Hakeda-Suzuki and colleagues (2002) showed that in Drosophila, Rac is required for a 

multitude of developmental processes, and that when the function of all three rac genes (rac1, 

rac2 and mtl) are absent, embryogenesis cannot be completed (Hakeda-Suzuki et al. 2002; 

Ng et al. 2002).  One of the defects observed during the development of triple rac null 

embryos, is a failure to complete DC but the presence of any one of the rac genes is sufficient 

to rescue the defect.  Rac has been shown to be vital for the process of DC during Drosophila 

embryogenesis and will be discussed in more detail in section 1.4.5.5.  Rac is also important 

in other developmental processes in the Drosophila embryo, such as myoblast fusion and 

development of the nervous system (Hakeda-Suzuki et al. 2002; Ng et al. 2002).  Myoblast 

fusion involves a variety of processes including migration, recognition and adhesion, all of 

which are crucial for correct fusion (reviewed by Abmayr and Pavlath 2012) and it is likely that 

actin rearrangements play a part in some of these processes.  Hakeda-Suzuki et al. 

demonstrated that rac1 and rac2 were required for myoblast fusion (Hakeda-Suzuki et al. 

2002), however, their exact role during this process is as yet unknown. 

 

During the development of the nervous system, axon guidance, growth and branching must be 

tightly controlled for proper development.  In Drosophila it was shown that Rac was involved in 

all three of these processes; axon branching is highly sensitive to the loss of Rac GTPases 

with heterozygous rac1 knockouts eliciting defective branching.  Axon guidance defects were 
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also seen with loss of Rac1 alone, although defect occurrence and severity increased with 

loss of the other rac genes, with the most defects seen in triple mutant animals.  Axon growth 

was least affected by the loss of Rac, and defects were only seen in neurons lacking all three 

Rac genes (Ng et al. 2002).  This study demonstrates the requirement for Rac in all aspects of 

development of the nervous system.   

 

Rac is also vital for the development of the Xenopus embryo, in particular during the process 

of gastrulation.  Overexpression of Rac during gastrulation was able to induce the formation of 

both lamellipodia and filopodia, in contrast to in vitro work where Rac has only been able to 

induce lamellipodia formation (Nobes and Hall 1999; Tahinci et al. 2003).  In the absence of 

Rac, gastrulation defects were observed, which can be caused by a failure of cell polarisation 

required for forward movement of the tissue needed for efficient gastrulation.  In these 

embryos, although the total number of protrusions was unaffected, the number of protrusions 

associated with the long axis of axial-mesoderm cells was reduced (these protrusions are 

required to stiffen the tissue and enable it to move forward to complete gastrulation (Keller et 

al. 2000)).  This work indicates a role for Rac in the polarisation and distribution of the actin 

cytoskeleton required for proper gastrulation in Xenopus embryonic development.  Rac is also 

required in mammalian development, with a vital role in the formation of the nervous system.  

Tahirovic et al. showed that in mouse rac1 knockout growth cones, WAVE is lost from the 

plasma membrane, suggesting that Rac recruits the WAVE complex to the periphery, initiating 

actin remodelling at the sites of growth (Tahirovic et al 2010). 

 

Unsurprisingly, Rac is also involved in cancer progression.  It is overexpressed in a variety of 

tumours and is important in malignancy; however, no mutations resulting in the activation of 

Rac itself have been discovered (Rihet et al. 2001).  Overexpression of Rac has been 

observed in lung and testicular cancer.  In both cases increased levels of Rac is associated 

with cancer cell proliferation and tumourigenicity.  In testicular cancer it was observed that 

higher levels of Rac1 correlated with increased progression of the cancer (Kamai et al. 2004; 

Kissil et al. 2007).  Additionally, Rac3 is also overexpressed in some cancers and is hyper-

activated in breast cancer (Mira et al. 2000).   

 

1.2.4 Interactions between the GTPases in cell migration/protrusion formation 

 

The idea that each Rho family GTPase has a district function is complicated by the fact that 

there appears to be substantial cross-talk between members of the family. For example, 

activation of Cdc42 leads to activation of Rac in cultured fibroblasts (Ridley et al. 1992b; 

Nobes and Hall 1995).  Injection of Cdc42 alone into confluent fibroblasts resulted in the 

formation of lamellipodia, however when co-injected with a Rac inhibitor, lamellipodia were no 

longer formed (Nobes and Hall 1995), suggesting that Cdc42 was regulating the formation of 

lamellipodia in a Rac-dependent manner.  The ability of Cdc42 to activate Rac has also been 
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shown in neuroblastoma cells where Cdc42 induces lamellipodia in a Rac-dependent manner 

through the Par polarity complex.  Cdc42 binds to Par6 (part of the Par polarity complex), and 

inhibition of this interaction resulted in a loss of Cdc42-induced lamellipodia, however filopodia 

were unaffected.  Interestingly Par3 (another member of the Par polarity complex), was shown 

to bind to Tiam1 (A specific Rac GEF), implicating the Par complex as a mediator of Cdc42 

activation of Rac (Nishimura et al. 2005) (Figure 5).         

 

Interestingly, Rac antagonises the activity of Rho in NIH.3T3 fibroblasts, with expression of 

active Rac downregulating Rho activity.  Over activation of Rho, however, did not affect Rac 

activity, suggesting that this inhibition is uni-directional (Sander et al. 1999).  The ability of Rac 

to inhibit Rho activity is independent of JNK signalling or changes on the actin cytoskeleton 

(as actin has been shown to contribute to signalling feedback loops (discussed in section 

1.3.6) suggesting that Rac is able to antagonise Rho at a GTPase level, and this balance 

between Rho and Rac determines cell morphology and migration in these cells (Sander et al. 

1999). 

           

 

 

                            

 

1.2.5 GEFs 

 

As discussed previously, Rho GTPases exist in two conformational states, an active GTP-

bound form and an inactive GDP-bound form, which are interconverted by the action of GEFs 

and GAPs (Garrett et al, 1989; Hart et al. 1991).  GEFs activate GTPases by promoting the 

dissociation of GDP making way for the association of GTP (which due to its high intracellular 

levels is energetically favourable) and GAPs bind to GTP-bound GTPases and accelerate 
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Figure 5.  Interaction between the GTPases.  Cdc42 can regulate the formation of filopodia, 

but can also bind Par6 (part of the aPKC polarity complex), then Par 3 can bind Tiam1, 

recruiting and activating Rac, so forming lamellipodia.   
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hydrolysis of the GTP-subunit to GDP, thus inactivating it (Scheffzek et al. 1997; reviewed by 

Govek et al. 2005).  GEFs and GAPs play a critical role in transmitting signals from receptors 

to Rho GTPases. This section will primarily discuss the action and regulation of Rac specific 

GEFs. 

 

Rho GTPase GEFs can be divided into two sub-families; typical Dbl homology–pleckstrin 

homology domain (DH-PH)-containing GEFS, of which there are around 69 in mammals 

(reviewed by Rossman et al. 2005), and atypical Dock180-related proteins containing the 

Dock homology region (DHR)-2 domain, of which there are 11 in mammals (reviewed by Côte 

and Vuori 2002).  The specificity of GEFs varies, with some GEFs having multiple substrates 

(such as Vav1 that can activate Rac, Cdc42 and Rho), while others are specific to one 

GTPase (such as FDG1 for Cdc42) (Zheng et al. 1996; Olsen et al. 1996). 

 

1.2.5.1 DH-PH GEFs 

 

The DH domains of different GEFs share little homology with one other; however, their 

structure is highly conserved, with 2 alpha helices (CR1 and CR3) exposed on the surface of 

the GEF.  These alpha helices are part of the GTPase interaction region (Aghazadeh et al 

1998; Soisson et al. 1998).  The interaction between the DH domain of GEFs and the GDP-

bound GTPase results in the release of GDP from the GTPase and due to the high 

intracellular ratio of GTP: GDP, GTP binds to the nucleotide-free GTPase, resulting in its 

activation (reviewed by Cherfils and Chardin 1999; Govek et al. 2005).  The PH domain of 

GEFs is situated C-terminal to the DH domain and has two proposed functional roles; firstly, it 

autoinhibits the activity of the DH domain (by binding to the coiled-coil region inactivating the 

GEF) and secondly it targets the GEF to the required location of action (by binding to 

membrane bound phosphoinositides) (Harlan et al.1994; Rossman et al. 2002).  Although the 

DH-PH domain is the most common motif in GEFs, other functional domains are present 

which are likely to be involved in linking upstream receptors to GEFs.  These domains include 

SH2, SH3 and PDZ domains, among others (Figure 6).   
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Tiam1 is a typical Rac-specific DH-PH GEF that most likely exists in an auto-inhibited 

conformation, as deletion of its N-terminal region, results in its constitutive activation (Michiels 

et al. 1997; Worthylake et al. 2000; reviewed by Mertens et al.  2003).  Although the method of 

autoinhibition has not been determined for Tiam1, in the case of Vav, two methods of 

autoinhibition exist; firstly, the N-terminal alpha helix can interact with the DH domain blocking 

access to the GTPase binding site. This can be relieved by phosphorylation of a tyrosine 

residue within the alpha helix (Aghazadeh et al. 2000).  Secondly, interaction between the 

coiled-coil region and the PH domain also results in inhibition of GEF activity, and can be 

relieved by interaction between the PH domain and phosphoinositides (discussed in section 

1.3.4) (Das et al. 2000; reviewed by Bustelo 2000).  Aside from regulating the auto-inhibition of 

DH-PH GEFs, the PH domain has also been implicated in the translocation of the GEF to the 

required site of action.  Tiam-1 has two PH domains and the N-terminal PH domain alone is 

responsible for its localisation by binding to phosphoinositides (Michiels et al. 1997).  

However, this binding it not always required for translocation of DH-PH GEFs to the plasma 

membrane, for example, Vav can be recruited to cell surface receptors through interaction 

between its SH2 domain and adapter proteins (Margolis et al. 1992; Fleming et al. 2000). 

 

In Drosophila, Still life (Sif, the homologue of Tiam1) is vital for the development of synaptic 

terminals. Still life is expressed in the brain and the ventral nerve cord during embryogenesis.  

Figure 6.  Structure of mammalian GEFs.  Domains shown are DH (Dbl homology domain), 

PH (Pleckstrin homology domain), SH3 (Src homology 3 domain), C1 (Protein kinase C 

conserved region 1), PDZ (domain present in PSD-95, Dlg and ZO1/2), AC (acidic region), SH2 

(Src homology 2 domain), RBD (Ras-binding domain), DHR-1 (Dock homology region 1), DHR-

2 (Dock homology region 2) and PxxP (poly proline region) (Schmidt and Hall 2002; Côté and 

Vuori 2007). 
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When a truncated form for Sif was expressed, the development of the nervous system was 

disrupted, primarily by either axons failing to reach the muscles or failing to develop terminal 

arbors.  The authors proposed that Sif was a Rac-specific GEF, required for proper axonal 

extension and motor terminal arborisation in addition to inducing membrane ruffling (Sone et 

al. 1997).  Additionally, Sif regulates the formation of actin protrusions on the basal surface of 

Drosophila epithelial cells (Georgiou and Baum 2010).  The authors proposed that 

phosphoinositides recruited Sif to the basal domain of the epithelial cell where it activated Rac, 

Scar and Arp2/3 complexes to promote the formation of filopodia.  

 

1.2.5.2 Atypical GEFs 

 

Dock180 proteins are atypical GEFs as they lack the typical DH-PH domains, however they 

contain two Dock homology regions (DRH1 and 2) and so far 11 Dock proteins have been 

identified.  These GEFs can then further be subdivided into 4 subfamilies as shown in Figure 6 

(reviewed by Côté and Vuori 2007).  Dock180 is a well-studied atypical Rac-specific GEF, and 

both DHR domains are important for its function (Kiyokawa et al 1998).  The DHR-1 domain is 

important for recruitment of Dock180 by phosphoinositides and will be discussed in more 

detail in section 1.3.4.  The DHR-2 domain interacts with the nucleotide-free form of Rac and 

is required for Rac activation.  Loss of the DHR-2 domain renders Dock180 unable to activate 

Rac and inhibits cell migration (Lu et al. 2005; reviewed by Côté and Vuori 2007).   In addition 

to the DHR domains, Dock A and B subgroup proteins also contain an N-terminal SH3 domain 

that can bind to the DHR-2 region, concealing the DHR-1 domain and inhibiting the activity of 

Dock180.  Additionally, expression of constructs lacking the SH3 domain resulted in the 

increase of active Rac by 1.5 fold (Lu et al. 2005), suggesting that this domain plays a role in 

inhibiting the activity of Dock180.  

 

Elmo (mammalian Ced-12) is an evolutionarily conserved protein that can form a complex with 

Dock180 by binding to the SH3 domain.  This interaction releases the SH3-DHR-2 binding, 

relieving auto-inhibition of Dock180 (Lu et al. 2005) (Figure 7A).  It has also been suggested 

that ELMO can play a role in the increasing the GEF activity of Dock180.  The 

Dock180/nucleotide-free Rac complex forms an additional binding site, to which the PH 

domain of Elmo can bind.  This binding of Elmo results in a stabilisation of the complex, 

facilitating the GEF activity of Dock180 (Lu et al. 2004) (Figure 7b). 
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The Drosophila homologue of Dock180, myoblast city (MBC), has been shown to be vital for a 

variety of developmental processes, including muscle development, DC and development of 

the nervous system.  Embryos lacking expression of MBC, display a lack of differentiated 

muscle, with myoblasts failing to elongate and fuse with one another thus failing to form 

multinucleate syncytia required for muscle formation (Rushton et al. 1995).  Additionally, 

embryos with reduced levels of MBC display DC and neuronal defects (Erickson et al. 1997; 

Nolan et al. 1998).  In embryos lacking expression of MBC, a range of phenotypes are 

observed during DC, which will be described in section 1.4.5.5.  When the axonal outgrowth 

was studied in embryos lacking expression of MBC, the commissures of some embryos were 

spaced incorrectly and in some cases the longitudinal connectives did not undergo proper 

fasciculation (Nolan et al. 1998).  The authors speculated that the defects observed in 

embryos lacking expression of MBC could be due to abnormal migration of cells required for 

each of these developmental processes. 

 

Figure 7. Interaction between Elmo and Dock180.  A) A large portion of the C-terminus (the 

PxxP and part of the PH domain) of Elmo is required for interaction with the N-terminal SH3 

domain of Dock180.  In the inhibited form, the DHR-2 is inaccessible to Rac-GDP, and binding 

of Elmo to Dock180 relieves the inhibition, exposing the DHR-2 for Rac-GDP binding and GEF 

activity.  B)  The PH domain of Elmo can also bind to and stabilise the Dock180/nucleotide free 

Rac complex, increasing the affinity of Dock180 towards nucleotide Rac and its GEF activity.  

Adapted from Côté and Vuori 2007. 
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Given the roles of the GTPases in development, wound healing and cancer, it is not surprising 

that GEFs are also important for these processes.  For example, tiam1 knockout mice are 

more resistant to Ras-induced tumour formation.  Of those that did form, a slower growth rate 

than controls was observed, however, a greater percentage of these tumours became 

malignant.  This suggests that Tiam1 is important for regulating different aspects of tumour 

development, through increasing the levels of Rac activity (Hordijk et al. 1997; Malliri et al. 

2002).  The vast amount of work that has been carried out on the GTPases and their 

activators implicates them as important regulators of the actin cytoskeleton in many different 

processes including development, wound healing, and cancer development and progression. 

 

 

1.3 Phosphoinositide signalling 
 

Phosphoinositides are membrane lipids consisting of a 6-carbon inositol ring linked to a 

phospholipid (reviewed by Falkenburger et al. 2010). There are 9 different phosphoinositides, 

differing in the number and position of phosphates on the inositol ring. Phosphoinositides act 

as signalling molecules that control a variety of processes including cell migration, cell survival 

and correct spindle orientation (reviewed by Vanhaesebroack 2012). A number of different 

enzymes catalyse the phosphorylation and dephosphorylation of different positions on the 

inositol ring and their action controls phosphoinositide levels (Figure 8). 

 

One of the best-studied phosphoinositides is phosphatidylinositol 3,4,5-triphosphate (PIP3), 

which was first discovered in 1989 by Auger et al. who showed that phosphorylation of 

phosphatidylinositol 4,5-biphosphate (PI(4,5)P2) by phosphoinositide 3-kinase (PI3K) formed 

PIP3.  Antagonising this reaction is phosphatase and tensin homologue (PTEN), which 

dephosphorylates PIP3 back to PI(4,5)P2 (Maehama and Dixon 1998; reviewed by 

Vanhaesebroeck et al, 2012).   Since its discovery, PIP3 has been implicated in many 

processes including cell migration, survival and growth (Leevers et al. 1996; Zhou et al. 1998; 

Gao et al. 2000).  In most cases, it is the localisation and levels of PIP3 which are vital for 

ensuring these processes occur correctly and these are controlled by PI3K and PTEN.  These 

enzymes will be discussed in more detail in the following section.	
  

 

 

1.3.1 PI3K 

 
Phosphoinositide 3-kinases (PI3Ks) were first identified in 1988 as enzymes that 

phosphorylate the 3-OH group of phosphoinositides (Whitman et al. 1988). PI3Ks 

phosphorylate three different phosphoinositides: phosphatidylinositol (PI), phosphatidylinositol 

4-phosphate (PI(4)P) and PI(4,5)P2; to yield phosphatidylinositol 3-phosphate (PI(3)P), 
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phosphatidylinositol 3,4-biphosphate (PI(3,4)P2) and PIP3 respectively (Auger et al. 1989) 

(Figure 8).   

 

The PI3K family and its functions have been studied in great detail as altering the level of 

activity of PI3K can, with over-activation of PI3K cause cancers and inactivation of PI3K cause 

myopathies and neuropathies (Ma et al. 2000; Blondeau et al. 2000; Varma et al. 2005). This 

section will outline the different classes of PI3K enzymes and then focus on the regulation and 

functions of class I enzymes. 
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Figure 8.  The kinases and phosphatases involved in the regulation of the phospholipids.  

The main metabolic pathways involved in the formation and dephosphorylation of 

phosphoinositides.  Class I PI3K activated by cell surface receptors where Class II and 

probably Class III PI3Ks play a key role in the regulation of vesicular trafficking through the 

endosome-lysosome system.    FAB1,   PI(3)P 5-kinase, INPP5, inositol polyphosphate 5-

phosphatase; PLC, Phospholipase C; PTEN, phosphatase and tensin homologue; INPP4, 

inositol polyphosphate 4-phosphatase type 1.  Adapted from Vanhaesebroeck et al. 2012 
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1.3.2 Classes of PI3K 

 

There are 8 mammalian isoforms of PI3K, divided into 3 functional classes.  The classes, 

isoforms and functions are described below, with Figure 9 outlining the domains specific to 

each class. 

 

1.3.2.1 Class I PI3K 

 

In vertebrates, there are 4 isoforms of class I PI3K (PI3K p110 α, β, γ, δ), divided into two sub-

classes, all of which can phosphorylate both PI(4)P and PI(4,5)P2 to yield PI(3,4)P2 and PIP3 

respectively (Vanhaesbroeck et al. 2012) (see Figure 9). Class I PI3Ks are recruited to the 

plasma membrane in response to specific stimuli through interactions with receptors or 

adapter proteins (Auger et al. 1989).  The primary functions of class I PI3K are to regulate cell 

size, motility and survival.  The class I family is divided into 2 subclasses (Class IA and Class 

IB) based on their mechanisms of action. There are three catalytic subunits of PI3K in the 

class IA group; p110 α, β and δ; p110 α and β have been shown to play different roles in 

mouse development with p110α being required for cell survival while p110β regulates cell 

proliferation (Benistant et al. 2000; Vanhaesbroeck et al. 2012).  Class IA catalytic subunits 

are activated primarily through a p85 adaptor subunit, which binds to the N-terminal p85 

binding region of p110.  The p85 subunit binds to phosphorylated receptor tyrosine kinases 

through SH2 and SH3 domains thus linking extracellular cues to activation of PI3K (Dhand 

1994).  

   

The sole catalytic subunit of class IB is p110γ and it differs from the class IA subunits in its N-

terminus, as it lacks a p85 binding site.  Instead, p110γ contains a domain that binds to p101 

(denoted as PH in Figure 9). p110 associates with G-protein coupled receptors and is 

activated by interaction with Gβγ subunits (Brock et al. 2003).  The main role of p110γ 

appears to be as a regulator of inflammation and immune responses, for example it is involved 

in neutrophil migration towards a wound (Wymann et al 2003; Yoo et al. 2010).  Drosophila 

have a single Class I PI3K (PI3K92E) implicated in regulation of cell growth and survival 

(MacDougall et al. 1995) 

 

1.3.2.2 Class II 

 

Class II PI3Ks are the least well-studied class of PI3K, however it is known that Drosophila 

has one class II PI3K (MacDougall et al. 1995) (PI3K68D) while mammals have 3 isoforms; 

PI3K-C2α, PI3K-C2β and PI3K-C2γ.  The class II PI3Ks contain the C2-like, PIK and kinase 

domains common to all PI3Ks, however they vary in their additional membrane binding sites 

(Figure 9).  The class II PI3Ks are found in most tissues (Kok et al. 2009) and are stimulated 

by extracellular signals, including growth factors and integrin engagement (Shaw et al. 1997; 
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Brown and Sheperd 2001).  As yet, no defined role for this class of PI3Ks has been described, 

however in vitro, they can phosphorylate PI and PI(4)P, but not PI(4,5)P2 (Misawa et al. 1998).   

 

1.3.2.3 Class III 

 

Vps34 is the only Class III and PI3K PI is the only substrate of this enzyme. So far, all 

eukaryotes investigated have a homologue of this enzyme (reviewed by Foster et al. 2003).  

Vps34 has no additional domains from the common regions shared with all PI3K isoforms 

(reviewed by Cain and Ridley 2009) (Figure 9).  Vps34 has been implicated in endosome 

fusion and is localised mainly on intracellular membranes (Schu et al. 1993; Wurmser 1999). 

Additionally, it is also involved in a variety of intracellular trafficking events including 

autophagy, phagosome formation and transport at the nuclear membrane (Kihara et al. 2001; 

Vieira et al. 2001; Roggo 2002). 

 

 

 

 

1.3.3 Regulators of class I PI3Ks 

 

The PI3K signalling pathway is activated in response to a variety of signals.  In 1990, 

Ruderman et al. showed that when insulin production was stimulated in CHO cells, the 

products of PI3K (PI3P, PI(3,4)P2, PIP3) were increased. It was subsequently found that 

insulin binding causes the insulin receptor to phosphorylate the insulin receptor substrate 

protein, which recruits and binds specific SH2 domain-containing proteins including the p85 

regulatory subunit associated with PI3Kp110α resulting in PI3K activation (Pons et al. 1995; 

reviewed by Saltiel and Pessin 2002).  The GTPase Ras has also been identified as an 

upstream activator of PI3K. Ras-GTP directly interacts with and activates the p110 catalytic 

subunit of PI3K (Sjolander et al. 1991; Rodriguez-Viciana et al. 1994).  It has also been shown 

Figure 9.  Domain organisation of the three PI3K classes.  The three classes of PI3K, 

showing the domain order for each PI3K isoform.  Schematic adapted from Cain and Ridley 

2009   
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that stimulation of EGF results in activation of the Ras/PI3K pathway to form actin protrusions, 

implicating EGF as an external stimuli that can activate the PI3K signalling pathway (Sossey-

Alaoui et al. 2005; Yip et al. 2007) 

 

1.3.4 Effectors of class I PI3Ks 

 

One domain common to many class I PI3K effectors is the pleckstrin homology (PH) domain.  

The PH domain is loosely conserved and consists of about 120 amino acids. Different PH 

domains bind to different PIs, for example the PH domain of Tiam1 can bind to PIP3 while the 

PH domain of PLC-δ can bind to PI(4,5)P2 (Haslam et al. 1993; Mayer et al. 1993; Lomasney 

et al. 1996; Sander et al.1998).  One of the best studied PH domain containing effectors of 

PI3K is Akt (also known as PKB), which is activated rapidly in response to growth factor 

stimulation in a PI3K-dependent manner (Burgering and Coffer 1995).  Akt activation requires 

two phosphorylations, one dependent on the PI3K pathway and the other mediated by the 

mammalian target of rapamycin complex 2 (mTORC2) (Stokoe et al. 1997; Sarbassov et al. 

2005).  Akt has many substrates in a variety of processes including GSK3 in the insulin 

signalling pathway (Cross et al. 1995), p21 and p27 in cell cycle regulation (Zhou et al. 2001; 

Viglietto et al. 2002) and tuberous sclerosis 2, which is a tumour suppressor. It is through 

these pathways that Akt regulates cell growth and survival (Leevers et al. 1996; Brunet et al. 

1999; Potter et al. 2002).  

 

PI3K also regulates Rho family GTPase activity, as some GEFS and GAPs for the GTPases, 

contain PH domains (or a DHR-1 domain in atypical GEFs) that bind PIP3 (Chhatriwala et al. 

2007; Campa et al. 2009).  This regulation of GEFs and GAPs by phosphoinositides is likely to 

underlie many of the effects of PI3K on actin dynamics and cell migration (reviewed by Di 

Paolo and De Camilli 2006; Yoo et al. 2010). The relationship between phosphoinositides and 

GEFs is complex, as GEFs can bind both PI(4,5)P2 and PIP3, in some cases with very 

different results.  In the case of the Rac GEF Vav, binding to PI(4,5)P2 results in the interaction 

between the DH and PH domains, causing inhibition of the GEF, while PIP3 binding relieves 

this autoinhibition, activating the GEF (Han et al. 1998).  Alternatively, the Rac GEF Tiam1 can 

bind to phosphoinositides through its N-terminal PH domain, with binding to PIP3 and PI(3,4)P2 

resulting in an increase in its GEF activity, whilst binding to PI(4,5)P2 had no effect (Fleming et 

al. 2000).  Additionally, both Rac and Cdc42 can bind directly to PI3K in a GTP-dependent 

manner, resulting in PI3K activation and production of PIP3 (Tolias et al. 1995).   

 

The atypical GEF Dock180, has also been shown to interact with PIP3 despite not containing 

the DH/PH domains normally seen in GEFs, as it has two dock homology regions (DHRs), 

which contains DH and PH-like domains that are sufficient for PIP3 binding (Côté and Vuori 

2002; Côté et al. 2005).  The DHR-1 domain of Dock180 can interact with phospholipids, in 

particular PIP3 (Côté et al. 2005).  Loss of the DHR-1 domain in CHO cells inhibited Rac-
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dependent cell elongation and migration, despite levels of active Rac remaining unchanged, 

suggesting that the DHR-1 domain is required for the localisation of Dock180 to areas where 

there are high levels of PI3-kinase signalling, rather than having a direct function in Rac 

activation. 

 

1.3.5 PTEN as an antagonist of PI3K  

 

The phosphatase and tensin homologue (PTEN) is a negative regulator of PI3K and 

dephosphorylates PIP3 at the 3-OH position to PI(4,5)P2, additionally PTEN also has protein 

phosphatase activity (Meyers et al. 1998).  PTEN was first identified in 1997, as a 

chromosome 10 gene in humans, which is completely or partially lost in some cancers (Li et 

al. 1997).  Rapidly after the identification of PTEN loss in cancers, pten knockout mice were 

generated and showed the importance of PTEN in supressing the formation of tumours 

(Suzuki et al. 1998).  Since the role of PTEN in cancer was identified, its role in various cellular 

functions has been investigated extensively. In Drosophila, there are three splice variants of 

PTEN, with PTEN2 and PTEN3 displaying 5 times more activity than PTEN1 (Maehama et al. 

2004).  The sole difference between these two splice variants is the presence of a 5 amino 

acid PDZ-binding motif at the C-terminus of PTEN2 (Maehama et al 2004).  This additional 

PDZ binding domain allows PTEN to associate with membrane bound proteins (Von Stein et 

al. 2005), such as Bazooka (henceforth Baz, the Drosophila homologue of Par3).  Von Stein et 

al. showed that this co-localisation of Baz and PTEN2 also correlated with the presence of 

PI(4,5)P2 in Drosophila epithelia, suggesting that Baz recruits PTEN to the membrane to 

dephosphorylate PIP3, so acting to restrict the localisation of PIP3. 

 

PTEN is mostly associated with the dephosphorylation of PIP3 to PI(4,5)P2, and as such can 

regulate many cellular functions.  One way in which PI(4,5)P2 regulates cellular processes is 

by the recruitment of annexin2 which in turn binds and sequesters Cdc42 to the plasma 

membrane.  Whilst at the plasma membrane, Cdc42 can bind to the Par polarity complex 

promoting apical polarity (Martin-Belmonte et al. 2007).  The establishment of polarity is vital in 

many processes including the formation of lumen and cell motility (Martin-Belmonte et al.  

2007). In addition to cell polarity, PTEN also has been shown to have a role in cellular 

senescence and regulation of tumour microenvironment (Song et al 2012). 

 

1.3.6 PI3K and PTEN in cell polarisation and migration 

 

Since the generation of PI3K inhibitors (mainly pan-PI3K inhibitors such as wortmannin and 

LY294002) many cellular processes have been found to involve PI3K activity including 

membrane ruffling and actin rearrangements (Wymann and Arcaro 1994; Kotani et al. 1994).  

Work in Dictyostelium cells has shown the importance of PI3K in cell migration.  In these cells, 

class I PI3K was shown to be required for the formation of actin filaments necessary for the 
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extension of pseudopodia, however these cells were still able to migrate when PI3K was lost 

(Zhou et al. 1998).  More recently, work showed that during Dictyostelium chemotaxis, PI3K 

translocates to the leading edge, interestingly, at the same time, PTEN localises to the rear of 

the cell in a reciprocal manner (Funamoto et al. 2001; Funamoto et al. 2002).  The authors 

showed that this specific localisation of PI3K to the front of chemotaxing cells was required for 

the formation of pseudopods and that PTEN was required for cell polarisation.  In cells where 

PTEN levels were reduced, polarisation was not established and chemotaxis impaired due to 

a negative regulation of PI3K signalling pathways, as such multiple pseudopodia were formed 

(Funamoto et al. 2002). 

 

PI3K has also been identified as an important regulator of hemocyte migration towards a 

wound in Drosophila although it is not required for developmental migration (Wood et al. 

2006).  When the levels of PI3K are reduced (by overexpressing dominant negative PI3K or 

injection of a PI3K inhibitor), the hemocytes, although being morphologically similar to wild-

type counterparts (in the formation of dynamic lamellipodia and filopodia), fail to chemotax 

towards wounds.  This failure in migration is due to an inability to polarise the existing actin 

cytoskeleton in the desired direction (Wood et al. 2006).  PI3K, in particular PI3Kp110γ, has 

also been shown to be vital for directional migration of zebrafish neutrophils towards a wound.  

When zebrafish were treated with a p110γ specific inhibitor (AS-605240), neutrophils failed to 

migrate in the desired direction due to a reduction of PIP3 at the leading edge (Yoo et al 2010).  

The importance of PI3K in cell migration has also been shown in mouse studies where 

PDGFRα was mutated in such a way that it was incapable of binding to and activating PI3K.  

This PDGFR mutation resulted in a specific cell migration defect that resulted in spina bifida 

(Pickett et al. 2008). 

 

Research in Dictyostelium and other systems implicate PI3K as an important regulator of cell 

migration and chemotaxis, although recent work in Dictyostelium has shown that cells can still 

migrate in the presence of PI3K inhibitors, or when all pi3k and pten genes are mutated.  

However, these cells do have reduced migration speed suggesting that PI3K and PIP3 are still 

required for efficient migration (Loovers et al. 2006).  Cells lacking expression of PI3K exhibit a 

reduction in both basal and stimulated levels of F-actin, resulting in a delay in the 

reorganisation of the actin cytoskeleton to retract the old pseudopod and generate a new 

pseudopod (Funamoto et al. 2001).  This work is consistent with the hypothesis that PI3K is 

not required for sensing a chemotactic gradient but is required for proper polarisation and 

migration of Dictyostelium cells (Nisho et al. 2007).  PI3K has also been linked with leading 

edge actin re-organisation in zebrafish neutrophils as PIP3 localises to the front of newly 

forming protrusions, whilst it is lost from retracting pseudopods.  Additionally, when PI3K 

levels are reduced, F-actin is disturbed at the rear of the cell suggesting that it plays a role in 

anteroposterior polarity (Yoo et al. 2010).  These data implicate PI3K as a regulator of the 
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actin cytoskeleton during directed cell migration; however how PI3K acts on the actin 

cytoskeleton is not fully understood. 

 

In some systems it appears that PI3K participates in a positive feedback loop during cell 

migration, with downstream effectors of PI3K able to further increase its activity (Weiner et al. 

2002). This suggests that PI3K is part of a signal amplification system that helps ensure that 

robust cellular responses are generated, even in response to weak signals (Ma et al. 2004).  A 

model of local excitation and global inhibition has been proposed in the generation of a 

feedback loop, amplifying PI3K at the desired site, whilst downregulating or inhibiting it 

throughout the rest of the cell (Ma et al. 2004).  This could be a mechanism by which a cell 

can detect shallow gradients of chemoattractant, increasing the activation of PI3K at the front 

of the cell, whilst recruiting PTEN to the rear of the cell dephosphorylating PIP3.  This would 

result in the accumulation of PIP3 observed at the front of migrating cells required for 

directional migration (Devreotes and Janetopoulos 2003). 

 

One example of local excitation and global inhibition is in zebrafish neutrophils migrating 

towards a wound, where PI3K can activate the small GTPase Rac (via PIP3), and Rac can 

feedback to further activate PI3K (Yoo et al. 2010).  Yoo and colleagues showed that 

activation of Rac through PI3K resulted in an upregulation of PIP3 at the leading edge of 

migrating neutrophils. They observed that the accumulation of PIP3 upon chemoattractant 

stimulus was specifically mediated by Rac activity.  The presence of a feedback loop between 

Rac and PI3K could explain contradicting reports as to which functions upstream of the other 

(Zheng et al. 1994; Innocenti et al. 2003) (Figure 10). 

 

A feedback loop between F-actin assembly and PI3K has also been observed in neutrophils, 

with treatment with latrunculin (an inhibitor of actin polymerisation) resulting in a decrease in 

PIP3 levels.  Actin polymerisation can also translocate PI3K to the plasma membrane of 

chemotaxing Dictyostelium cells (Sasaki et al. 2004), further validating the presence of a 

feedback loop between actin and PI3K activation (Figure 10).  Additionally, it has recently 

been shown that microtubules can also regulate PI3K (Yoo et al. 2012).  Depolymerisation of 

microtubules in zebrafish neutrophils completely abolished leading edge PIP3 localisation, 

however the cells were still able to migrate in a PI3K-independent, but Rac-dependent manner 

(Figure 10).  However, these cells were unable to migrate directionally towards a wound, 

suggesting that microtubule disassembly might render the cell unable to detect attraction 

signals by PI3K and as such is not able to activate downstream actin regulating pathways 

(Yoo et al 2012).  
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1.3.7 PI3K and PTEN in development 

 

Since the identification of PI3K and PTEN and the development of mutant alleles, it has been 

found that a variety of developmental processes involve these enzymes.  PI3K plays an 

important role in regulating cell growth and size during development.  During the development 

of the Drosophila wing imaginal disc, overexpression of PI3Kp110α (the sole class I PI3K in 

Drosophila) resulted in an overgrowth of tissue, and equally, when dominant negative PI3K 

was expressed, tissue growth was restricted (Leevers et al. 1996).  Additionally, PTEN is also 

involved in cell growth and size.  In pten mutants, Drosophila cells proliferate faster and are 

larger, resulting in an increased organ size (Gao et al. 2000).  As these effects could be 

Figure 10.  Positive feedback loops to amplify the PI3K signalling pathway.  Extracellular 

stimuli induce the activation of the small GTPase Ras or the phosphorylation of IRSP, both 

resulting in binding to PI3K, either directly through the Ras-binding domain (RBD) or indirectly 

through the p85 subunit.  This activates the downstream signalling pathways activating Rac, 

resulting in F-actin polymerisation.  F-actin polymerisation translocates PI3K to the plasma 

membrane increasing the local PI3K activation.  It is unclear how microtubules feedback onto 

PI3K, but it is known that they play a role in the recruitment of activation of PI3K (adapted from 

Charest and Firtel 2006). 
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supressed by mutations in akt, it is suspected that PTEN controls cell growth and size, through 

antagonizing the PI3K signalling pathway in Drosophila wing imaginal disc development (Gao 

et al. 2000). PI3K also plays a role in the lifespan in C.elegans, the gene age-1, which 

encodes a homologue of the PI3K catalytic subunit, is required for non-dauer development 

and normal senescence (non-dauer development is normal developmental progression where 

the dauer stage is a type of stasis) (Morris et al 1996).  When age-1 is lost, dauers form as 

opposed to progressing normally into non-dauer formation.  It has thus been proposed that 

PI3K signalling, mediated by AGE-1 can control lifespan and the decision of the organism to 

progress out of dauer diapause.    

 

The development of Xenopus embryos is also dependent on PI3K signalling, with increased 

expression of PI3K resulting in the development of double heads and dorsal axes, conversely 

when the activation of endogenous PI3K is inhibited, the embryos developed without apparent 

axial structures and a short tail (Peng et al. 2004).  The work by this group suggested that 

PI3K is required for normal development of the dorsal axis.  These data show the importance 

of PI3K in both cellular and organismal development. 

 

1.3.8 PI3K and PTEN in epithelial organisation 

 

Polarity is required for the proper development and function of an epithelium. In particular the 

formation of apical and basal domains is required to establish polarity and the localisation of 

proteins and lipids to the correct domains (Martin-Belmonte and Mostov 2008).  Typically the 

apical domain of the epithelium is required to interact with the lumen whilst the basal 

membrane keeps contact with the extracellular matrix (reviewed by Gassama-Diagne and 

Payrastre 2009).  PIP3 is largely restricted to the basal domain, where it regulates the 

formation of actin protrusions that interact with the underlying basement membrane 

(Takahama et al. 2008).  Re-localising PIP3 to the apical surface of MDCK cells, results in a 

redistribution of basolateral proteins (such as syntaxin 4 and p58) and the formation of actin 

protrusions on the apical surface.  This work indicates that PIP3 is required to determine the 

basal domain of epithelial cells (Gassama-Diagne et al. 2006). 

 

In MDCK cells, the apical domain is characterised by the accumulation of both PI(4,5)P2 and 

PTEN.  Apical accumulation of PTEN dephosphorylates PIP3 to PI(4,5)P2 in this domain, 

restricting PIP3 to basal domain of the cells (Martin-Belmonte et al. 2007).  At the apical 

surface, PI(4,5)P2 interacts with annexin 2, which can then bind and recruit Cdc42 to the 

apical domain.  Cdc42 in turn interacts with Par6 (part of the Par polarity complex).  Histone-

tagged PI(4,5)P2 applied to the basolateral surface of MDCK cells resulted in ectopic 

implantation of PI(4,5)P2 in this domain and the relocatisation of Cdc42 from the apical to the 

basal surface (Gassama-Diagne et al. 2006; Martin-Belmonte et al. 2007).  Similarly, in the 

Drosophila embryonic epithelium and neuroblasts, PTEN is localised to the apical surface via 
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interaction with the scaffolding protein Baz (homologue of mammalian Par3), here PTEN 

dephosphorylates PIP3 restricting it to the basal domain of cells and enriching the localisation 

of PI(4,5)P2 at the apical domain (von Stein et al. 2005).  However, in Drosophila 

photoreceptors, PIP3 accumulates at the apical domain.  One explanation for the difference 

between cell types is that there is a reduced level of PTEN at the apical domain of Drosophila 

photoreceptors, compared to MDCK cells, and as such apical PIP3 dephosphorylation is 

reduced (Pinal et al. 2006). 

 

1.3.9 PI3K and PTEN in wound healing 

 

Given that PI3K and PTEN are important for cell polarisation and migration, it is unsurprising 

that they are also involved in wound healing. Work by Lai et al. in 2007 showed that PTEN is 

involved in epithelial wound healing of the lung.  When an in vitro culture of lung epithelial cells 

was scratch wounded, inhibition of PTEN enhanced cell migration into the gap. A different 

study found that Akt is localised to wound edges in mice (Squarize et al 2010).  Wounding of 

mice lacking epithelial pten displayed an increase in the rate of wound closure, due to an 

upregulation of the Akt/mTOR pathway at the wound edge, leading to an increase of 

proliferation. Additionally, in human and rat corneal monolayer scratch wound assays, PTEN 

was downregulated at the wound leading edge resulting in an increase in Akt activity.  This 

upregulation of Akt led to an increased migration rate of wound edge cells, enhancing the 

speed of wound closure (Cao et al.  2011).  Inhibition of PTEN also promoted wound healing 

in whole rat eyes, implicating PTEN in both in vitro and in vivo wound healing.  These studies 

show that PTEN/PI3K signalling pathways are involved in wound healing, with a reduction in 

PTEN resulting in an increase of the PI3K/Akt signalling pathway.   

 

1.3.10 PI3K and PTEN in cancer 

 

All of the components of the PI3K signalling pathway are mutated or amplified in a range of 

cancers (reviewed by Yuan and Cantley 2008) with PTEN being one of the most frequently 

mutated tumour suppressors (Li et al. 1997).  PTEN inactivation leads to the constitutive 

activation of the PI3K pathway and mutations of PTEN have been detected in 31% of 

glioblastoma cell lines, 100% of prostate cancers and 6% of breast cancer cell lines (Li et al 

1997; Myers et al. 1998).  Additionally PI3Kp110α is amplified in ovarian, cervical, head and 

neck cancers among others (Shayesteh et al. 1999; Ma et al. 2000; Samuels et al. 2004).  

Mutations of this gene in cancers results in either amplification or constitutive activation of 

PI3K and its downstream products (Campbell et al. 2004).  Akt has also been shown to be 

amplified in multiple cancers, such as pancreatic, head and neck, with a mutation in its PH 

domain resulting in constitutive association with the plasma membrane (Bellacosa et al. 1995; 

reviewed by Engelman et al. 2006).  This prolonged membrane association and activation of 
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Akt has been shown to transform cells in culture to cells with cancer-like characteristics 

(Carpten et al. 2007).  

 

The vast amount of work that has been carried out on PI3K and PTEN over the past 3 

decades implicates them as important regulators of the actin cytoskeleton in many different 

processes including development and wound healing.  Additionally, given that they are 

implicated in a vast range of cancers, it is vital that further research is carried out to fully 

understand the roles these enzyme play during these events, to enable development of 

treatments and therapies. 

 
 

1.4 Wound healing 

 

The skin acts as a protective barrier, preventing exposure of the organism to infection, toxins 

and fluid loss.  When this barrier is compromised, a clot is formed rapidly which acts as a 

temporary cover and also serves as a matrix over and through which cells can migrate during 

the repair process.  Following this, inflammatory cells are recruited to the wound to kill 

invading pathogens and debris.  Alongside the inflammatory phase, new tissue formation 

(including re-epithelialisation) occurs, during which wound edge epidermal cells migrate 

across the wound until they meet the opposing epidermal edge and fuse together, thus re-

establishing the protective barrier (reviewed by Martin 1997).  This process of re-

epithelialisation is vital for restoring epithelial integrity and occurs in response to tissue 

damage in a wide range of epithelial tissues, including the gut, lung and cornea (Martin 1997; 

Bement et al.1993; Danjo and Gipson 1998; Lai et al. 2007; Cao et al. 2011).  As this process 

appears to be conserved between tissues it is important that we understand the mechanisms 

and signalling pathways involved in re-epithelialisation.  

 

1.4.1 Mechanisms of re-epithelialisation 

 

The process by which cells move during re-epithelialisation varies between tissues and two 

different mechanisms by which wound edge cells migrate during re-epithelialisation have been 

observed; actin purse string closure and lamellipodial crawling (Martin and Lewis 1992; Wood 

et al. 2002).  Actin purse string closure was first described by Martin and Lewis (1992), when 

they generated wounds in the chick embryo wing bud and observed the formation of an actin 

cable at the leading edge of the wound.  They argued that the formation and contraction of this 

cable could provide the mechanical force required to drive wound closure (Martin and Lewis 

1992).  The actin cable is composed of actin and myosin filaments that are anchored to 

adjoining cells by E-cadherin at adherens junctions; this allows contractility to be obtained 

between neighbouring cells when filaments in individual cells contract (Brock et al. 1996; 

Danjo and Gipson 1998) (Figure 11).  The actin cable is also present in other tissues during 

re-epithelialisation; for example, the actin cable has been observed in epithelial wounds in 
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Drosophila and mouse embryos, and also in eye corneal wounds in the adult mouse.  In each 

case, disrupting the formation of the actin cable resulted in delayed or defective wound 

healing, indicating the importance of the cable (Danjo and Gipson 1998; McCluskey and 

Martin 1995; Wood et al. 2002).  When the Drosophila epidermis is wounded, some cells are 

observed to be ‘squeezed-out’ from the leading edge contributing to the reduction of the 

wound area (Bement et al. 1993; Jacinto et al. 2001) (Figure 11.). 

 

                                          

 

Lamellipodial crawling rather than purse-string contraction appears to be the main mechanism 

of re-epithelialisation in adult mammalian skin and Drosophila larvae (Odland and Ross 1968; 

reviewed by Jacinto et al. 2001; Galko and Krasnow 2004). In this model of closure, large 

lamellipodia are formed at the leading edge of the migrating cell sheet that enables it to 

advance over the substratum. Actin cables and protrusions are often observed together (e.g. 

in the mouse cornea), suggesting that the two mechanisms can collaborate to close wounds 

(Danjo and Gipson 1998). In addition wound edge actin protrusions are important throughout 

wound closure and will be discussed in more detail below. 

 

Figure 11.  Schematic diagram illustrating how the contractile actin cable aids wound 
closure.  The individual actin filaments (green bars) anchor to adherens junctions (purple bars).  

Contraction of the cable in each cell leads to a reduction of the wound area.  As the wound area 

is reduced, some leading edge cells are squeezed out from the wound edge allowing the gap to 

constrict further.  Black dots indicate cells that will leave the leading edge, red dots are nuclei.  

Adapted from Martin and Parkhurst. (2004) 
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1.4.2 Signalling pathways in re-epithelialisation 

 

In order to achieve re-epithelialisation, epithelial cells surrounding the wound have to undergo 

substantial changes in behaviour, including the re-organisation of the actin cytoskeleton to 

form an actin cable and/or actin protrusions. The signalling processes that regulate these 

changes are discussed below. 

 

1.4.2.1 Rho family GTPases in re-epithelialisation 

 

The GTPase Rho has been shown to be required for the formation of the actin cable during 

epithelial wound healing.  In addition to the work in Drosophila (which will be discussed in 

section 1.4..3), the GTPases have also been shown to be required for re-epithelialisation in 

Xenopus embryos and in the mouse epidermis.  Rho is vital for the formation of the actin cable 

during wound healing in the epithelium of Xenopus embryos.  Within 12 seconds of wounding, 

Rho is recruited to the wound margin followed by the formation of an actin cable and 

accumulation of F-actin at cell junctions surrounding the wound. (Bement et al. 1999; Clark et 

al. 2009; Simon et al. 2012).  The role of Rho in re-epithelialisation in mice is not well 

understood.  Mouse embryonic fibroblasts lacking expression of RhoA or RhoB display a 

reduction in the rate of re-epithelialisation during in vitro scratch wound assays, however when 

wound healing was investigated in vivo, no delay in re-epithelialisation was observed.  Wound 

healing in mice lacking expression of RhoC, has not been investigated.  It is likely that the lack 

of a wound healing phenotype is as a result of redundancy between the Rho genes (Liu et al. 

2001; Hakem et al. 2005; Jackson et al. 2011). 

 

Cdc42 is required for the formation of actin protrusions during re-epithelialisation.  In Xenopus 

embryos, Cdc42 was essential for the assembly of cortical actin during wound healing in early 

stage Xenopus embryos (Davidson et al. 2002).  Overexpression of Cdc42 in Xenopus 

embryos resulted in a dramatic enhancement in the rate of wound healing, indicating a role for 

Cdc42-mediated protrusions in Xenopus re-epithelialisation (Davidson et al. 2002; Kofron et 

al. 2002; Yoshii et al. 2005).  Additionally, during re-epithelialisation in later stages of Xenopus 

development, Cdc42 is activated at wound margins, followed by the accumulation of F-actin at 

cell junctions, demonstrating its role in wound healing throughout development (Clark et al. 

2009; Simon et al. 2012).  Cdc42 is also important during mammalian wound healing.  Loss of 

Cdc42 from adult mouse epithelial cells resulted in impaired re-epithelialisation, due to a loss 

of F-actin cytoskeletal rearrangements required for efficient migration into the wound 

(Anttonen et al. 2012). 

 

Rac is required for mouse epidermal wound healing, in particular for the migration of 

keratinocytes and fibroblasts into the wound.  A delay in re-epithelialisation was observed 

when a dominant inhibitory mutant of Rac1 was expressed in either keratinocytes or 
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fibroblasts.  Rac deficient cells in culture also displayed migration and adhesion defects, 

primarily as a result of reduced persistence of lamellipodia.  This reduction of protrusion and 

adhesion also resulted in delayed healing in in vitro scratch wound assays (Tscharntke et al. 

2007; Liu et al. 2009).   

 

In addition to Rho GTPases, the small GTPase Ras is also required for in vitro wound repair.  

In cultured keratinocytes, activation of Ras results in the cells becoming more protrusive and 

forming larger lamellipodia.  This effect of Ras on the cell morphology was independent of Erk 

activation and occurred as a consequence of PI3K-independent Rac activation.  In scratch 

wound assays, keratinocytes with activated Ras closed the wounds quicker than wild-type 

controls, further demonstrating its role in wound healing (Tscharntke et al. 2005). 

 

1.4.2.2 c-Jun NH2-terminal Kinase in re-epithelialisation 

 

c-Jun NH2-terminal kinase (JNK) is a member of the evolutionary conserved sub family of 

mitogen activated protein kinases (MAPK), which is activated by cytokines and extracellular 

stress (reviewed by Weston and Davis 2002).  JNK has been shown to play a key role in re-

epithelialisation in a variety of systems (Rämet et al. 2002; Bosch et al. 2005; Okada et al. 

2009).  Wounding of the adult mouse cornea resulted in JNK activation at the wound edge in 

wild type mice, and reducing the levels of JNK activity (using a JNK specific inhibitor) resulted 

in impaired wound re-epithelialisation (Okada et al. 2009).  The authors showed that during 

healing of the corneal wound, no proliferation occurred, indicating that JNK signalling is 

required for cell migration rather than proliferation.   

 

1.4.3 Drosophila as a model of wound healing 

 

Drosophila are genetically tractable and amenable to live imaging, and as such they are ideal 

to study the process of wound healing directly.  Wounding can be carried out at all stages of 

Drosophila development, however only embryonic and larval wound healing will be discussed 

here.  

 

1.4.3.1 Embryonic wound healing 

 

One benefit of studying wound healing in Drosophila embryos is that the wounds heal quickly, 

with moderately sized wounds (≈ 200 µm in area) closing within 2 hours, allowing the whole 

process of wound healing to be observed in detail.  Recent studies using laser pulses to 

wound the embryonic epidermis demonstrated that the wounds close using both actin purse 

string closure and lamellipodial crawling (Wood et al. 2002).  In these wounds, both Rho and 

Cdc42 are vital for the formation of these crucial structures required for efficient re-

epithelialisation.   
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Rho is vital for the formation of the actin cable during Drosophila embryonic wound healing, 

and when lost, wound edge cells fail to form a continuous actin cable and as such there was 

little, if any, contraction of leading edge cells, however, they are able to make and extend 

filopodia and lamellipodia (Wood et al. 2002).  Although wounds in rho mutant embryos 

undergo a delay in initiating re-epithelialisation, once wound edge cells have begun moving, 

they do so at a rate similar to controls (Ridley and Hall, 1992; Wood et al. 2002).  In these 

embryos, it appears that wound edge filopodia and lamellipodia are able to interact with and 

‘tug’ on each other, providing sufficient driving force required to close the wound. 

 

It has been demonstrated that actin protrusions assist wound closure throughout the whole 

process of re-epithelialisation (wounding of embryos lacking Cdc42, which are unable to 

generate actin protrusions, resulted in a delay in re-epithelialisation, although an actin cable 

was still present (Abreu-Blanco et al. 2012)).  Additionally, actin protrusions are vital for the 

final phase of re-epithelialisation.  Wood et al. (2002) wounded embryos with reduced levels of 

Cdc42 and observed a failure of wounds to completely heal, due to a lack of actin protrusions. 

Surprisingly, Rac does not appear to be required for Drosophila embryonic epidermal wound 

healing.  When Wood et al. wounded rac mutant embryos; no observable difference was seen 

in the rate of wound closure (Wood et al. 2002). 

 

Additionally, EGFR is a receptor tyrosine kinase, which is activated upon Drosophila 

embryonic wounding.  EGFR activation leads to ERK signalling and has been shown to be 

required for effective wound healing (Geiger et al. 2011).  However, in this study it was not 

shown how EGFR and ERK play a role in re-epithelialisation.   

 

Due to the genetic tractability of Drosophila, genetic screens can be carried out to identify new 

regulators in the process of epithelial repair (Campos et al. 2010).  

 

1.4.3.2 Larval wound healing 

 

Larval epidermal wound healing differs slightly from that of embryonic wound healing in that no 

actin cable has been detected (Galko and Krasnow 2004).  When the epidermis of the 

Drosophila larvae is wounded, cells at the wound edge maintained the regular shape observed 

directly before wounding.  After 4 hours, some cells directly adjacent to the wound elongated 

towards the gap.  By 8 hours, migrating cells covered most of the wound gap, and cells with 

multiple nuclei were observed.  By 24 hours the wounds were completely closed, with cells still 

displaying an irregular cell shape and some containing 2-12 nuclei (Lesch et al. 2010).  

 

Rac1 is required furing Drosophila larval epithelial wound healing, where it is required for the 

polarisation of wound edge cells (Baek et al. 2010).  Interestingly, the authors also showed 

that during larval epithelial wound healing Rac was upstream of JNK in the assembly of actin 
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during larval wound healing (Baek et al. 2010).  JNK is activated at wound edges and when its 

activity is reduced, wound healing is significantly delayed due to a failure of wound edge cells 

to migrate (Galko and Krasnow 2004).  When the role of JNK was further examined by 

wounding the Drosophila wing disc with reduced levels of basket (Drosophila JNK) a delay in 

re-epithelialisation was observed due to a reduction in both actin cable and filopodia formation 

(Bosch et al. 2005). 

 

Larvae are ideal for wound healing studies as large-scale genetic screens can be carried out 

(Lesch et al. 2010).  A screen by Lesch et al. identified a set of genes required for larval 

wound healing that differed to those for embryonic wound healing.  One major difference is 

that Rho is dispensable for larval wound healing, which is perhaps not surprising as re-

epithelialisation in larva does not depend on the formation of an actin cable. 

 

1.4.4 Differences between embryonic and adult re-epithelialisation 

 

Although the role of Cdc42 appears to be conserved between embryonic and adult wound 

healing, the role of Rho and Rac in wound healing appears to be a bit more complicated.  Rho 

does not appear to be required for re-epithelialisation in adult tissues.  Despite mouse rhoA 

mutant keratinocytes displaying a reduction in migration in vitro, in vivo keratinocyte-specific 

knockout of rhoA did not result in a delay in re-epithelialisation (Jackson et al. 2011).  This is 

consistent in Drosophila larval wound healing where a continuous actin cable is not formed 

and loss of Rho1 (by RNAi knockdown) did not result in a wound healing defect (Brock et al. 

2012).   However, the lack of observable phenotype during adult wound healing in rhoA 

deficient mice is likely due to redundancy with other Rho genes. 

 

Whilst Rac is vital for successful re-epithelialisation in both Drosophila larval and mouse adult 

epidermal wounds (Tschartkne et al. 2007; Baek et al 2010), it appears that Rac is not 

required for wound healing in Drosophila embryos (Wood et al 2002).  Epithelial wounds in rac 

mutant embryos, displayed no obvious defects in re-epithelialisation compared to controls 

(Wood et al. 2002).  It appears, at least in Drosophila, that the importance of Rho and Rac in 

wound healing may be stage dependent, with Rho activity required for the formation of an 

actin cable during embryonic wound healing, but in larval stages, loss of Rho has no 

significant effect on wound healing (Wood et al 2002; Lesch et al. 2010), whilst Rac is 

dispensable for embryonic wound healing, but required for larval re-epithelialisation (Wood et 

al. 2002; Baek et al. 2010). 

 

1.4.5 Developmental parallels with wound healing 

 

During the course of embryonic development a variety of morphogenetic events occur that 

involve closure of gaps in epithelial sheets.  Examples include Drosophila DC, mouse eyelid 
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fusion and neural tube closure (Macdonald et al. 1989; Jacinto et al. 2000; Harden 2002; Zenz 

et al. 2003). Research over recent years has revealed that these events frequently have 

strong mechanistic parallels with epithelial wound healing (Figure 12) (Martin and Parkhurst 

2004; Wood et al. 2002).  As these events are often easier to observe and manipulate than 

wounds, they make useful models for studying wound healing. The best studied 

developmental model of wound healing is Drosophila DC, which will be discussed in detail 

below.  

                      

 

1.4.5.1 Drosophila dorsal closure 

 

DC is a morphogenetic event that occurs halfway through Drosophila embryogenesis. Prior to 

DC a hole on the dorsal side of the embryo is exposed as a result of germband retraction and 

must be closed in order for embryogenesis to proceed. DC is the process by which this hole is 

closed.  The dorsal hole is closed by opposing epithelial edges sweeping over the 

amnioserosa (an extraembryonic epithelium that covers the hole), then fusing with one 

another at the dorsal midline to form a continuous epithelium (Young et al. 1993).  Both the 

amnioserosa and the epithelium contribute to DC, and it involves a series of events that occur 

in order for it to proceed, which will be discussed in more detail below (Figure 13). 

 

!"

Figure 12. Mechanistic parallels between wound healing and DC.  A) Shows the presence 

of both an actin cable (arrows) and actin protrusions (arrow heads) in a wound, and B) 

demonstrates the presence of both an actin cable and actin protrusions during the process of 

dorsal closure (Jacinto et al. 2001; Jacinto et al. 2002b).  Scale bar in B represents 5 µm.  

Copyright obtained from Elsevier and NPG 
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1.4.5.2 Elongation of leading edge cells 

 

Prior to DC, JNK is active in both the amnioserosa and the epithelial leading edge (henceforth 

‘leading edge’).  However, before leading edge migration commences, JNK is downregulated 

in the amnioserosa, but remains active in the leading edge, suggesting that this change in 

levels may act to signal the start of DC (Reed et al. 2001; Stronach and Perrimon 2002).  At 

the onset of DC, JNK restricts the localisation of Decapentapleigic (Dpp) signalling (Drosophila 

homologue of BMP, and is a morphogen required for the pattern formation during embryonic 

and larval stages of development (Posakony et al. 1990)) to the leading edge region.  This 

restriction of Dpp triggers cell elongation along the dorsoventral axis adding to the dorsalward 

movement of the leading edge, however how Dpp controls this elongation is not known 

!"#!$%&'()*'(+,#-),,#-'%.*+-/'%#
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Figure 13.  Schematic showing the mechanisms of DC.  A) amnioserosa cell contraction - 

cells undergo pulsatile contractions (blue arrows), but the epithelial leading edge cells have yet 

to elongate (green arrow).  B) Elongation of leading edge cell (green arrow) and formation of 

the actin cable (purple) – this takes place alongside amnioserosal contraction (blue and red 

arrows), with a subset being extruded from the extraembryonic tissue.  The leading edge cells 

elongate in the direction of movement, with a contractile actin cable forming along the dorsal-

most epithelial edge (purple cable).  C) Zippering – filopodia (green lines extending away from 

the leading edge) at the canthi interdigitate to fuse together the two epithelial edges.   
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(Zeitlinger et al. 1997; reviewed by Martin and Wood 2002).  This role of localised JNK 

signalling parallels wound healing in both Drosophila and mice, where JNK is shown to be 

upregulated in wound leading edge cells and it is required for cell migration into the wound 

(Galko and Krasnow 2004;	
  Bosch et al. 2005;	
  Okada et al. 2009). 

 

1.4.5.3 Amnioserosal contraction 

 

Amnioserosal cells undergo progressive changes as DC proceeds, apically constricting and 

shifting from a squamous to a columnar shape (Rugendorff et al. 1994). This reduces the 

surface area occupied by the amnioserosa and, as the epithelial leading edges are attached to 

the edge of the amnioserosa, this pulls the two epithelial edges towards one another. Harden 

et al. (2002) showed that Rac1 is required for the columnar elongation of amnioserosal cells, 

by regulating the formation of the apical actomyosin contractile apparatus, required for apical 

constriction.  This contractile ring is restricted to the apical domain by the polarity protein 

Crumbs (Harden et al. 2002).  Additionally, the PAR polarity complex also plays a role in 

regulating amnioserosa cell contraction, with myosin and the PAR complex forming an 

associated apical network (David et al. 2010).  Repeated assembly and disassembly of apical 

actin networks cause amnioserosa cells to undergo pulsatile contractions, with each 

component of the PAR complex regulating distinct phases of contraction:  Baz (Par3) controls 

the duration of the pulse, whilst Par6/aPKC control the relaxation times between pulses (David 

et al. 2010). 

 

Although the apical constriction is the main cause of amnioserosa area reduction, cell 

delamination from the tissue also makes a contribution.  As cells drop out of the amnioserosa, 

they appear to ‘pull’ the adjoining cells inwards to fill the hole left behind (Kiehart et al. 2000).  

However, an alternative explanation is that the surrounding cells elongate in the direction of 

the delaminating cell, and actively ‘push’ the delaminating cell out (Toyama et al. 2008; Solon 

et al. 2009).  It has not been determined what causes cells to delaminate from the 

amnioserosa, however in other systems (Drosophila pupa, human and zebrafish epidermis), 

cell delamination from an epithelium occurs to maintain homeostasis of the cell layer in 

periods of growth (Marinari et al. 2012; Eisenhoffer et al. 2012).  It is possible that during DC, 

amnioserosal cells delaminate due to overcrowding as a result of the advancing epithelial 

edges. 

 

1.4.5.4 Actin cable contraction 

 

At the boundary between the leading edge and the amnioserosa an actin cable is formed, 

which contracts throughout the process of DC.  This contraction of the actin cable maintains 

tension along the leading edge and acts in a ratchet manner to sustain the reduction of the 

dorsal hole achieved by the amnioserosa (Jacinto et al. 2002b; Solon et al. 2009).  One 
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regulator of actin cable formation is the homophilic adhesion molecule, Echinoid.  At the onset 

of DC, Echinoid is lost from amnioserosal cells and this leads to the loss of Echinoid from the 

leading edge of dorsal most epidermal cells (DME), resulting in a planar polarised distribution 

of Echinoid in DME cells.  This polarised distribution of Echinoid is required for the leading 

edge accumulation of actin regulators that drive the formation of the actin cable (such as F-

actin, myosin and coracle) (Laplante and Nilson 2011).  At the onset of DC Baz also 

redistributes away from the leading edge in DC, and although Baz can directly interact with 

Echinoid via the PDZ-binding motif (Wei et al. 2005), this interaction is not responsible for the 

redistribution observed during DC.  In embryos lacking expression of Echinoid, re-expression 

of Echinoid lacking the Baz binding domain is sufficient to rescue the mutant defects 

observed, suggesting that the redistribution of Echinoid is not directly responsible for the 

distribution of Baz observed during DC (Laplante and Nilson. 2011).  However, this restricted 

localisation of Echinoid and Baz allows accumulation of actin regulators to the front of the cell, 

to form the mechanical structures required for DC. 

 

Rho1 is also required for the formation of the actin cable, and in embryos lacking zygotic 

expression of Rho1, the cable (formed under the control of maternally contributed Rho), is 

disassembled part way through DC.  Although the movement of the leading edge does not fail, 

DC completes in a disorganised manner, due to loss of tension at the leading edge.  

Additionally, an increase in filopodial and lamellipodial protrusions are observed, which leads 

to improper alignment and puckering of the dorsal hole (Harden et al. 1999; Bloor and Kiehart 

2002; Jacinto et al. 2002b).  Jacinto et al. (2002b) proposed that during DC, the actin cable is 

also required to restrict excessive movement from the leading edge cells, ensuring that proper 

alignment and controlled epithelial fusion is achieved. Genetically, rho1 interacts with zipper 

(non-muscle myosin-II heavy chain) (Halsell et al 2000), and Rho kinases promote 

phosphorylation of the regulatory light chain of myosin (MRLC) (Kaneko-Kawano et al. 2012).  

The requirement for a Rho-mediated actin cable in DC is consistent with the known role of 

Rho in Drosophila embryonic wound healing, which is also dependent on Rho GTPase 

signalling (Wood et al. 2002).  Additionally, Rho activity increases during Xenopus embryonic 

wound healing (Clark et al. 2009), and in both cases, loss of Rho results in a loss of actin 

cable.  However, wound healing does not fail, instead, re-epithelialisation occurs through an 

increased amount of actin protrusions, which are able to ‘pull’ the wound closed. 

 

Additionally, JNK is able to regulate the formation of the actin cable during DC, with embryos 

lacking JNK displaying a less prominent actin cable than controls.  The authors proposed that 

this reduction in actin cable was due to the ability of JNK to increase expression of chickadee 

(Drosophila profilin) and as such, reduced JNK resulted in reduced actin polymerisation 

(Jasper et al. 2001).  The role of JNK as a regulator of actin cable formation during DC is 

consistent with its role in wound healing in the Drosophila wing disc, where a reduction in JNK 

activity resulted in the loss of cable formation during re-epithelialisation (Bosch et al. 2005).   
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1.4.5.5 Actin protrusions 

 

Filopodial actin protrusions are crucial for fusion of the two epithelial edges during DC. This 

occurs once the epithelial edges at either end of the dorsal hole are close enough so that 

filopodia from one leading edge can extend and touch the opposing edge (Jacinto et al. 2000).  

The points at either end of the dorsal hole where the two leading edges meet are known as 

the canthi.  The two opposing edges are knitted together by filopodia at the canthi in a process 

resembling the closing of a zip, and hence has been given the name zippering.  In addition to 

zippering together the epithelial edges, the leading edge filopodia also play an important role 

in ensuring correct alignment between the two leading edges by recognising ‘matching’ cells in 

the opposing leading edge.  The molecular mechanism by which filopodia recognise matching 

cells is currently unknown (Millard and Martin 2008).  As mechanisms of DC closely resemble 

epithelial fusion events seen in higher vertebrates, it is likely that the final ‘knitting together’ 

mechanism seen during fusion is highly conserved (reviewed by Jacinto et al. 2002a; Pai et al. 

2012).  In a similar manner to DC, filopodia are also important throughout wound healing, in 

particular during the final re-sealing phase, where filopodia are required to knit together the 

epithelial edges, completing the process of re-epithelialisation 

 

The Rho family GTPases Cdc42 and Rac both play a role in regulating actin protrusion 

formation during DC.  rac1 mutant embryos display a reduction in both the actin cable and 

actin protrusions at the DC leading edge, resulting in inefficient zippering and an elongation of 

the dorsal hole (Harden et al. 1995; Woolner et al. 2005).  An elongated dorsal hole is 

observed when the rate of zippering is reduced, often due to a reduction in the number of 

leading edge filopodia.  Elongation of the dorsal hole occurs when contraction of the 

amnioserosa proceeds at the normal rate, but zippering is slower than normal. Thus the 

epithelial edges are drawn towards one another at a rate quicker than the remaining 

protrusions can zipper them together, causing the dorsal hole to appear longer and flatter than 

normal (Woolner et al. 2005).  Consistent with the role of Rac in DC, mbc mutant embryos 

also display DC defects, including puckering along the dorsal midline, an elongated dorsal 

hole and large holes on the dorsal surface which is as a result of failure of the epithelial 

leading edges to fuse to one another (Erickson et al. 1997).  During DC, DME cells elongate 

along the dorso-ventral axis, however, in embryos lacking expression of MBC, these leading 

edge cells fail to elongate and become rounded.  Additionally, the levels of F-actin are reduced 

throughout embryos lacking expression of MBC, which would also contribute to the DC defects 

observed (Erickson et al. 1997). 

 

The slow zippering rate observed in embryos with reduced numbers of protrusions is 

consistent with wound healing studies.  When wounds were generated in mice with 

keratinocyte-specific knockdown of Rac1, re-epithelialisation was delayed due to a reduction 

in actin protrusions in wound edge cells (Tscharntke et al. 2007; Liu et al. 2009).  However, 
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contrary to this, loss of Rac (and therefore lamellipodia) does not have a significant effect in 

Drosophila embryonic wound healing, presumably due to the ability of Rho-mediated actin 

cable and Cdc42-mediated protrusions to promote re-epithelialisation (Wood et al. 2002). 

 

During DC, Rac can also act upstream of JNK.  In rac mutant embryos, levels of DPP are 

significantly reduced, and Dfos fails to translocate to the nucleus, indicating a role for Rac in 

the regulation of JNK (Woolner et al. 2005).  Additionally, embryos mutant for hemipterous (a 

JNK kinase) are unable to make filopodia and as a result undergo defective DC and 

segmental mis-alignment, in a similar manner to rac mutants (Jacinto et al. 2000).  

Interestingly, when wound healing itself was studied in Drosophila adults lacking expression of 

puckered (a downstream target of the JNK pathway), re-epithelialisation was delayed due to a 

lack of cytoplasmic protrusions, indicating a similar role for JNK in actin protrusion formation 

during re-epithelialisation (Rämet et al. 2002; reviewed by Martin and Parkhurst 2004).  Cdc42 

is also a regulator of filopodia formation during DC.  In cells expressing a dominant negative 

form of Cdc42 a reduction in the number of filopodia is observed and the dorsal hole closes 

incompletely with gaps along the dorsal midline (Harden et al. 1999; Jacinto et al. 2000). A 

similar trend can be observed during re-epithelialisation, however, loss of Cdc42 from the 

epithelium of a Drosophila embryo, resulted in a complete failure of wound closure, due to a 

lack of protrusions required for the final re-sealing of the wound (Wood et al. 2002).   

 

The anti-capping protein Ena has also been shown to promote filopodia formation during DC. 

Embryos lacking Ena zipper slowly, have fewer and shorter filopodia and display an elongated 

dorsal hole.  When levels of Ena are increased, filopodia number and length are increased 

suggesting that Ena promotes both initiation and elongation of filopodia during DC (Gates et 

al.  2007).  Although the role of Ena has not been shown directly in wound healing, it is likely 

that it plays a role as it is such a critical regulator of filopodial formation.  In addition to actin 

being crucially important during DC, microtubules also required in the process of zippering 

(Lodish et al. 2000; Jankovics et al. 2006).  When microtubules are depolymerised during DC, 

zippering is abolished (Jankovics et al.  2006).  The role played by microtubules in zippering is 

currently not understood, although notably the number of leading edge filopodia is reduced 

when microtubules are depolymerised, suggesting they are able to regulate actin dynamics. 

 

Although developmental events such as DC have been shown to be good models of wound 

healing, there are differences that must be taken into consideration; the process of wound 

healing is initiated by response to tissue damage, whereas DC is initiated by developmental 

cues.  Additionally, inflammation and fibrosis cannot be addressed by these systems, which is 

why additional wound healing studies are important to verify any results.       
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1.5 Project aims 

 

During both DC and epithelial wound healing, actin protrusions have been shown to be vital for 

effective epithelial closure (Jacinto et al. 2000; Wood et al 2002; Millard and Martin 2008; 

Abreu-Blanco et al. 2012).  However, how these actin protrusions are regulated is not fully 

understood.  We aim to determine upstream regulators of actin protrusion formation during DC 

and wound healing (Wood et al. 2002).  During single cell migration, both in Dictyostelium and 

in zebrafish neutrophils, the phosphoinositide PIP3 is important in identifying the front of the 

cell and regulating the formation of actin protrusions (Funamoto et al. 2001; Iijima and 

Devreotes 2002; Yoo et al. 2010).  We therefore sought to determine if PIP3 is also important 

for the regulation of cell polarity and actin protrusion formation during DC and wound healing.  

Additionally, we aimed to elucidate the downstream effectors of PIP3 during these processes. 

We also investigated the cellular distribution of phosphoinositides during DC and wound 

healing and the mechanisms regulating their distribution.  Finally, we also sought to determine 

whether phosphoinositide signalling plays a role in the extrusion of cells from epithelial sheets.  

These aims were addressed primarily using genetic and imaging approaches. 
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2.  Materials and Methods 
 

The following chapter outlines the materials and methods used throughout this project.  All 

recipes are detailed in Appendix 1. 

 

2.1 Genomic DNA extraction:  Overnight egg lays from flies with the desired genotype were 

dechorionated by washing for 2 minutes with 50% v/v bleach solution (Fischer Scientific 

♯S/5040/PB17).  The embryos were collected into a sieve and washed thoroughly with de-

ionised water.  Once washed, the embryos were transferred to a clean apple juice plate and 

selected based on their genotype (e.g. by fluorescence selecting against GFP balancers) and 

stage.  The stage of these embryos was not vital, but stage 16 or older embryos were 

preferred due increased amounts of genomic DNA present.  5 embryos were placed in a 1.5 

ml microcentrifuge tube with 100 µl buffer A (100 M Tris 7.5, 100 mM EDTA, 100 mM NaCl, 

0.5% SDS) and homogenised using a sterile plastic pestle.  The homogenate was covered 

and incubated at 65OC for 15 minutes, then placed in a microcentrifuge tube and centrifuged 

briefly, to pull down any condensation that may have collected on the lid of the tube during 

incubation.  100 µl 3M sodium acetate was added, mixed, incubated on ice for 10 minutes, 

and then centrifuged at 16000 x g for 10 minutes.  From this, 150 µl of supernatant was 

transferred to new tubes where 90 µl of ice-cold isopropanol (Sigma-Aldrich ♯ I9030) was 

added, mixed and incubated at room temperature for 5 minutes to allow the DNA to 

precipitate.  The tubes were then centrifuged for 15 minutes at 16000 x g, the supernatant 

removed and the tubes inverted onto a towel briefly.  After a brief inversion, the pellet was 

washed with 200 µl of -20OC 70% v/v ethanol followed by centrifuging for 10 minutes at 16000 

x g, after which the resulting supernatant was removed.  The tubes were inverted onto a towel 

and left to air-dry.  Once dry, 50 µl TE (10mM Tris 7.5, 1mM EDTA 8.0) was added to the 

microcentrifuge tubes, mixed and then the tubes put at 65oC on a heat block for 15-20 minutes 

to re-suspend the DNA.  A final mix of the solution and then a quick spin was carried out to 

pull down the solution into the bottom of the tube.  The DNA obtained from this extraction was 

stored at -20OC until use.   

 

2.2 PCR to amplify selected genes:  A PCR reaction was carried out using 2 µl genomic 

DNA template, 1 µM forward primer, 1 µM reverse primer, 10 x appropriate reaction buffer 

(New England Biolabs (NEB) Thermopol buffer or Roche Applied Science high fidelity buffer), 

0.2 µl taq (NEB Taq DNA Polymerase or Roche Applied Science), 25 µm dNTPs, (of a 25 mM 

stock) 50 mM MgCl2 and water to make up to 20 µl.  The PCR reaction cycle set up is shown 

in Figure 14.  The high fidelity buffer and Taq polymerase were used when amplifying DNA for 

the generation of transgenics to increase the accuracy of amplification.   
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The final PCR product was run on a 1-2% agarose (w/v) gel (depending on product size) with 

1:10000 safe-view (NBS Biologicals cat ♯ NBS SV1) for 25 minutes at 100mv and viewed 

using a UV gel dock (Labnet international) 

 

              
 

 

 

The primers used throughout this project are described in Table 1. 

 

 
 

 

2.3 Cloning of PCR products: PCR products were purified using the Qiaquick PCR 

purification microcentrifuge kit (Qiagen cat ♯ 28104) following the manufacturer’s protocol. 

Purified PCR product were then cloned into pGEM-T Easy following the manufacturer’s 

protocol (Cat♯ A1360, Promega UK Ltd).  Ligations were incubated at room temperature for 30 

minutes.  The pGEM-T easy vector is shown in Figure 15. 
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Primer Forward/Reverse Sequence (5’-3’)
Rac1 F GCT-ACA-CGA-CCA-ATG-CCT-TT
Rac1 R CCA-GTT-TCT-TGT-CCC-TCA-GC
Rac2 F AGG-CCA-TCA-AGT-GTG-TTG-TT
Rac2 R CTC-AGG-CGA-TCG-TAG-TCC-TC
Mtl F GCT-ATC-CTA-CCC-GCA-GAC-AG
Mtl R GCG-GAG-CAC-TCC-ATG-TAT-TT
MBC F CGT-CTA-GAC-TAT-AAT-TTC-GAC-CGC-TGC-TC
MBC R CAG-CGG-CCG-CTA-TGA-GTG-TGT-GGA-GCG-AC
GPH F GG-GGT-ACC-ATG-GTG-AGC-AAG-GGC-GAG-G
GPH R TTT-TCT-AGA-TTA-ACT-CTT-GCT-GAG-TGC

Figure 14.  An outline of the PCR cycle used to amplify each of the Drosophila rac genes. 

Table 1.  Primers used throughout the project.  Primers used for both amplification of gene 

product and cloning of MBC and GPH, and for determining the presence or absence of the rac 

genes. 
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Ligations were transformed into competent cells (NEB), by adding 3 µl ligation to 50 µl 

competent cells, gently mixing and standing on ice for 30 minutes.  The reaction was then heat 

shocked for 30 seconds at 42OC and then immediately returned to the ice for a further 2 

minutes.  300 µl Super Optimal Broth (SOC, Invitrogen cat ♯ 46-0821) medium was added to 

the tubes, which were then incubated for 1 hour at 37OC on a shaker.  All 300 µl of the 

transformation was placed onto a Lysogeny Broth Agar/Isopropyl-Beta-D-Thiogalactoside 

(LBA/IPTG) plate and incubated at 37oC overnight. LBA/IPTG plates were treated with 40 µl of 

40 mg/ml X-gal (Bioline) prior to plating.  Insertion of the PCR product was determined by 

blue/white selection (white colonies contained the insertion), after the overnight incubation. 

 

Four white cultures from each transformation were picked and individually grown in 3 ml 

Lysogeny broth (LB) medium supplemented with 5 mg/ml ampicillin.  The tubes were 

incubated overnight at 37oC, shaking at 200rpm.  Purification of the plasmid DNA from the 

bacterial cultures was carried out using QIAprep spin miniprep kit (Qiagen) according to 

manufacturer’s protocol.  Once purified, sample DNA concentration was then determined 

using a NanoDrop spectrophotometer (NanoDrop Technologies, ND-1000).  The purified DNA 

was digested with Eco RI to confirm that the PCR product was present in the plasmid.  The 

following reaction (Table 2) was incubated at 37oC for 1 hour before running on a 2% (w/v) 

agarose gel (with a final concentration of 0.5 µg/ml ethidium bromide) at 100 volts for 20 

minutes.   The gel was visualised using a UV gel dock. 

  

 

Figure 15.  pGEM-T easy vector map showing the restriction sites.  Purified PCR was 

ligated into vector.  Map taken from Promega (2009) 
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Restriction digest reactions (volumes in µl per reaction) 

  

Plasmid 3 

EcoR1 0.5 

10x Buffer H 2 

H2O 14.5 

 

 

 

 

 

DNA samples for sequencing were prepared as follows:  200 ng template (as determined by 

the NanoDrop Spectrophotometer measurement), 4 pmol T7 primers in 10 µl of H2O.  The 

University of Manchester DNA Sequencing Facility performed the sequencing. 

 

2.4 Fly stocks:  All fly stocks used during this project were kept in vials containing food 

supplemented with yeast powder (produced by the Manchester University Preparation Stores).  

Stocks were maintained at 18OC with flies transferred to new food vials every 2 weeks (a total 

of 2 tubes per fly line).  Stocks that were either in regular use or were of reduced health were 

maintained at 25OC with flies being transferred to new vials every 7 days.   

 

2.4.1 Fly stocks used: w1118 flies were used as controls for all experiments.  The following 

transgenes were used; ubiquitous GPH (tGPH – GFP-tagged grp1-PH domain under the 

control of the tubulin promoter, binds specifically to PIP3) (Britton et al. 2002), ubiquitous GFP-

moesin (cGMA) (Kiehart et al. 2000), ubiquitous GFP-E-Cadherin (Oda and Tsukita 1999) 

UAS-GFP-Moesin (UAS-GMA) (Dutta et al. 2002), UAS-m-Cherry-Moesin (Millard and Martin 

2008), UAS-PTEN3 (Goberdhan et al. 1999), UAS-PTEN2 (Huang et al. 1999), UAS-GFP-

PTEN2, UAS-GFP-PTEN3 (Pinal et al. 2006), UAS-m-Cherry-Baz (McGill et al. 2009), UAS-

CA-Ras1 (Karim and Rubin 1998), UAS-CA-PI3K (Leevers et al. 1996), UAS-Rac1-wt (Luo et 

al. 1994), UAS-Alpha-Catenin (Oda and Tsukita 1999), UAS-Echinoid (Laplante and Nilson 

2011).  To express transgenes ubiquitously throughout the embryo TubP-Gal4 (Lee and Luo 

1999) was used, engrailed-Gal4 was used to drive expression of transgenes in epidermal 

stripes (Brand and Perrimon 1993), 332.3-Gal4 (Bloomington ♯ 5398; Wodarz et al. 1995) was 

used to drive transgene expression in the amnioserosa and e22c-gal4 (Jacinto et al. 2000) 

and I67D-Gal4 were used to express the transgenes in the embryonic epidermis. I67D-Gal4 

was derived from DGRC Kyoto stock 106535.  In addition, the following null alleles were used; 

baz815-8 (Krahn et al. 2010), pi3k92eA (Weincove et al. 1999), pten117 (Oldman et al. 2002), 

racJ10 and racJ11 triple mutants (Hakeda-Suzuki et al. 2002), mbcC1 (Rushton et al. 1995), 

mbcD11.2 (Erickson et al. 1997), still lifeES11 (Sone et al. 2000) and akt04226 (Spradling et al. 

1999).  

Table 2. Restriction digest reactions.  Table shows the volumes required for a 20 µl 

restriction digest using EcoR1. 



66 
 

2.4.2 Generation of transgenic lines: The following transgenic fly lines were generated 

during this project: UAS-m-Cherry-PH and UAS-GFP-PH, to allow visualisation of PIP3 under 

the control of the UAS-Gal4 system, and UAS-m-Cherry-MBC and UAS-GFP-MBC to allow 

visualisation of myoblast city under the control of the UAS-Gal4 system. 

 

Prior to cloning of MBC and Grp1-PH (PIP3 specific binding domain) into pUASp expression 

vectors, which already contained the coding sequences for either GFP or m-Cherry (Millard 

and Martin 2008), restriction sites were added to the 3’ and 5’ ends of the cDNA along with 

additional bases to ensure that once cloned into the pUASp vector the cDNA was expressed 

in frame with the GFP or m-Cherry.  Amplifying the MBC cDNA with primers listed in Table 1, 

inserted the Not 1 restriction site at the 5’ end and the Xba 1 restriction site at the 3’ end of the 

cDNA.  Amplification of the Grp1-PH cDNA with primers listed in Table 1, inserted Kpn 1 at the 

5’ end and the Xba 1 restriction site at the 3’ end of the cDNA.  Once the restriction sites and 

additional bases were added, the cDNA was then subcloned into the pUASp vectors.  

Successfully subcloned variants were sent to BestGene Inc. for injection into Drosophila 

embryos.  Injection of embryos was carried out according to BestGene’s standard protocol, 

briefly, transgenic DNA is injected into early embryos that are yet to undergo blastoderm 

cellularisation.  The DNA is injected alongside the P-element transposase, which both enter 

the pole cell nuclei and the transgenic DNA becomes incorporated into germline cell 

chromosomes.  Injected offspring that that have inherited the transgene are identified via red 

eye colour and successful transgenic lines amplified.  Once chromosome mapping has been 

carried out, the lines are maintained over balancer stocks (Ashburner et al. 2005). 

 

In addition the line UAS-PTEN3-G137E was used. This line was generated by Deborah 

Goberdhan (University of Oxford) as follows: The G137E mutation was introduced into PTEN3 

via an overlapping PCR strategy using the following primer pairs: 5’-cat aat tgc cat ggg ata tcc-

3’ and 5’-ccg gtg ctc Tcc ttt cca gct tta ca -3’ (NcoI site in PTEN3 cDNA), and 5’-ctg gaa agg 

Aga gaa ccg gta cca tg-3’ and 5’-cac ttg aac aaa cta gtt tgg-3’ (SpeI site in PTEN3 cDNA). 

These two PCR products were then used as templates in a subsequent PCR reaction with the 

NcoI and SpeI primers to generate a new PCR product that was cloned into PTEN3 cDNA and 

inserted in the transformation vector pUAST, which was then injected into embryos to 

generate of transgenics as described above. 

 

2.4.3 Generation of maternal mutants (pten117 mat/zyg):  To further investigate the role of 

PTEN during DC and wound healing, maternal mutants were generated by the following 

crosses, to provide embryos that were completely devoid of PTEN (Figure 16); 
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L3 larvae were heat shocked at 37oC for 2 hours, to activate expression of the FLP 

recombinase in the gametes whilst undergoing meiosis. There are three possible outcomes 

from this protocol; 1) genetic recombination does not occur and the presence OvoD will 

prevent adult females from laying eggs, 2) Genetic recombination will occur and the gametes 

will have 2 copies of OvoD, in which case these adult females will not lay eggs or 3) genetic 

recombination does occur and the gametes will have 2 copies of the mutant pten117.  The 

adults from the third outcome will be crossed to pten117/+ heterozygous null males with a GFP 

balancer.  The embryos from this cross, when selected against the GFP balancer, will provide 

us with embryos that are maternally and zygotically null for pten.  The above cross was also 

carried out with the final step crossing the females to males carrying tGPH to allow the study 

of PIP3 in a maternally and zygotically null embryo. 

 

2.5 Live imaging of Drosophila embryos 

 

2.5.1 Preparation of embryos for live imaging:  Flies of the desired genotype (or a cross 

that will provide offspring with the desired genotype) were placed in a cage containing an 

apple juice plate, supplemented with yeast paste, and kept at 25OC.  An overnight egg lay was 

used to obtain embryos of the required stage.  To visualise the embryonic developmental 

stage, the embryos were dechorionated as described in section 2.1, transferred to a fresh 

Figure 16. Generation of pten maternal mutants A crossing schematic of the generation of 

embryos lacking maternal and zygotic expression of PTEN 
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apple juice plate, and sorted for genotype (by fluorescence) and developmental stage using a 

Leica fluorescent microscope (Leica microsystems M165FC).  Selected embryos were then 

aligned on a small square of apple juice agar, in the correct orientation (typically dorsal up).  

Embryos were oriented anterior-posterior (head to tail) left to right in a straight line.  A 22x22 

cm heptane glue coverslip was positioned carefully over the aligned embryos and slight 

pressure applied to ensure the embryos stuck to the coverslip.  A small amount of halocarbon 

oil was placed on the embryos to prevent dehydration.  The coverslip and embryos were 

transferred to a Lumox culture dish (Greiner ♯9607 7331) bridged by two 18x18 cm coverslips 

and held in place by two drops of nail polish (see Figure 17). 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 
 

2.5.2 Live imaging of embryos:  Embryos were imaged using either a Leica TCS SP5 AOBS 

inverted or upright, or a Nikon A1 R confocal microscope.  The use of confocal and the 

settings varied depending on the experiment, but in general imaging using the Leica SP5 

confocal, the 63x 1.4NA oil immersion objective was used with a 1x confocal zoom (2x 

confocal zoom for filopodia studies).  Standard confocal settings were as follows; pinhole 1 

AU, 400Hz scan speed with bidirectional scanning, 512 x 512 was used initially with images 

taken at 1024 x 1024 for greater resolution.  Images were taken using the following detection 

mirror settings; FITC or GFP constructs and Texas red or m-Cherry constructs; using the 

488nm (10%), 594nm (50%) lasers respectively with HyD detectors for increased detection of 

emitted light.  The laser powers were increased to 20% and 100% for 488nm and 594nm 

respectively if the standard PMT detectors were used.  Images were acquired by sequential 

scanning and where Z stacks were taken, slices were captured 1 µm apart. 

Figure 17. Schematic outlining embryo positioning on the live imaging dishes.  Embryos 

(ovals in centre of the dish) are fixed to a heptane glue coverslip, which is then bridged 

between two coverslips with the embryos submerged in halocarbon oil for imaging.  The cover 

slip is held in place by two drops of nail polish (purple dots).  
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When using the Nikon A1 R the 60x oil immersion objective was used.  As with the Leica 

microscope, the settings varied depending on the specific experiment, however, in general the 

resonant scan head was used, with the pinhole at 1.2 AU, 400Hz scan speed with bidirectional 

scanning and a zoom of 1 (2 for wounding experiments).  Scan formats; 512 x 512, 1024 x 

1024 or 1024 x 512.  FITC or GFP constructs and Texas red or m-Cherry constructs were 

imaged using 488nm and 561 nm lasers respectively.  For long time-lapse collection, 

multipoint imaging with the perfect focus facility was used, allowing the top slice of each 

embryo to be set uniquely resulting in multiple embryos being imaged without the imaging 

stack drifting out of focus. 

 

2.5.3 Laser ablation of embryonic epidermis:  Wounding of the Drosophila epidermis was 

carried out using a micropoint laser (Andor technology) attached to the Nikon A1 R confocal 

microscope.  For wound analysis studies, the 60x oil immersion objective was used.  The 

micropoint laser was set to a power level between 63 and 68 and fired when the epidermis 

was slightly out of focus, this resulted in a wound that took between 30-90 minutes to close.  

Embryos were wounded, alternating between control and mutant/transgenic embryos to 

ensure one complete set of embryos were not imaged before the others.  The confocal 

settings for wounding were standardised as follows:  Pinhole 1.2 AU, 16x resonant scanner, 

format 512 x 512 with a confocal zoom of 2.  Embryos were imaged in 6 sections 0.8 µm 

apart.  FITC or GFP constructs and Texas red or m-Cherry constructs were imaged using the 

488nm and 561nm lasers respectively.   

 

2.5.4 Image analysis:  Images were analysed using either ImageJ software (wound healing 

studies) or Volocity 3D image analysis software (PerkinElmer) (zippering, dorsal hole and 

filopodia studies). 

 

Dorsal hole ratios were determined using Volocity software by measuring the length and the 

width of the embryos during DC.  Embryos were selected based on the width of the dorsal 

hole, selecting those that were mid-late DC, with a width of 0-50 µm in width). 

 

Zippering analysis was carried out using Volocity software.  Rate of zippering was calculated 

by observing how many frames it took each stripe to close a distance of 0.6 µM.  The closure 

rate was determined for embryos that were classed as mid-late dorsal closure (in this case, 

this was determined by the number of stripes left to close with embryos ideally having 6-8 

stripes remaining) (Figure 18). 

 

 

 

 

 



70 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

DC filopodial length and number were quantified using mid to late stage embryos where 

stripes are seen clearly (i.e. no adjoining amnioserosa cells expressing GFP) using the line 

function in Volocity software.   

 

Wound closure analysis was carried out using maximum projected stacks in ImageJ.  Using a 

Wacom Cintiq 12WX tablet (Wacom) and the free-hand draw tool with the measure function in 

ImageJ, the area of the wound was measured every frame (2 minutes intervals) by drawing 

around the edge of the wound.  The total protrusion area was determined by then drawing 

around the visible protrusions and subtracting it from the total wound area.  This could then be 

used to calculate the percentage of the wound area that consisted of protrusions. 

 

The collected data from each experiment was transferred to Excel (2010) where average, 

standard deviation and error could be determined and displayed graphically.  Statistical 

analysis was performed as stated in section 2.10. 

 

2.6 Drug treatment of embryos:  To pharmacologically inhibit the activity of PI3K, we treated 

embryos with LY294002 (Sigma Aldrich Cat ♯ L9908), a well-characterised PI3K inhibitor 

(Vlahos et al. 1994).  Dechorinated, DC stage embryos were aligned on agar ‘dorsal up’ and 

mounted onto a heptane glue coverslip.  The embryos were desiccated (in a tub with silica 

beads) for 2 minutes, then 1 x PBS was added.  Using a needle holder on a Leica inverted 

microscope (Leica Microsystems DM IL LED) and a fine pulled needle (Appendix 1) the 

vitelline membrane on the posterior part of the embryo was pierced.  The 1xPBS was removed 

and replaced with either 5mM DMSO or 5mM LY294002 and incubated for 50 minutes.  The 

drug or DMSO solution was removed prior to wounding, and embryos were mounted as 

described in 2.6.1.   

 

 

Figure 18.  Schematic, demonstrating the stage required when undertaking zippering 

studies.  Embryos were selected to be mid-late dorsal closure, and those imaged had 6-8 

stripes left to close.   
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2.7 Immunofluorescence 

 

2.7.1 Whole mount immunofluorescence staining of Drosophila embryos:  Embryos of 

the desired genotype were bleached as described in 2.1 and fixed in a glass vial containing 1 

ml 4% formaldehyde (diluted from 10% methanol free paraformaldehyde, Polysciences Inc) 

and 1 ml heptane (Sigma Aldrich ♯ 32287) on a roller for 45 minutes at room temperature.  To 

devitinilise the embryos, the bottom layer of formaldehyde was removed and replaced by 1 ml 

100% methanol (Fischer Scientific M/4000/17), the vial was shaken vigorously for 1 minute 

with fixed, devitinilised embryos sinking to the bottom of the vial.  Once settled, the heptane 

(top layer) was removed and the embryos transferred, in the methanol, to a 1.5 ml 

microcentrifuge tube.  The embryos were washed 3 times with 1 ml methanol (by removing old 

methanol and adding fresh methanol), this was then removed and 3 washes with PATX 

carried out in the same manner.  When phalloidin staining was used methanol could not be 

used for de-vitinilisation, so this was instead carried out manually after the fixation.  Manual 

de-vitinilisation was achieved by removing embryos from the formaldehyde using a glass 

pipette and placing them onto a strip of filter paper (with minimal transfer of heptane). The filter 

paper was then inverted onto double sided sticky tape stuck onto the inside of a lid from a 35 

mm culture dish (Corning ♯ 430588) and gentle pressure was applied to transfer embryos to 

the tape.  1 ml PATX was placed onto the embryos promptly to prevent drying.  A 27G needle 

was used to gently prick one end of the embryo and then apply slight pressure to the other 

end, removing the embryo from the membrane.  De-vitellinised embryos were transferred to 

1.5 ml microcentrifuge tube and rinsed with 1 ml PATX.  Embryos were washed in 1 ml PATX, 

for 20 minutes on a roller, 3 times.  Once washed, 400 µl of desired primary antibody at was 

added, and left overnight at 4OC on a roller.  The embryos were rinsed 3 times in 1 ml PATX, 

and then washed in 1 ml PATX, for 20 minutes on a roller, 3 times.  Then 400 µl of the 

secondary antibodies were added and left rolling for 2 hours. The embryos were rinsed 3 

times in 1 ml PATX, and then washed three times in 1 ml PATX, for 20 minutes on a roller.  

Once washed, the PATX was removed, leaving around 50 µl to transfer the embryos to a 

clean, labelled coverslip.  Excess buffer was aspirated off, and 20 µl Vectorshield (Vector labs 

cat number H-1400) added to the slide with a coverslip placed on top, being careful to ensure 

no bubbles are made.  The coverslip was left overnight in the dark to dry and then stored at -

20OC until viewed on a Leica SP5 confocal (Leica Microsystems GMBH).  The antibodies used 

throughout this project are outlined in table 3. 
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2.7.2 Embryonic flat preparation:  To allow visualisation of CNS phenotypes, flat preparation 

of stage 16 embryos was performed following a previously published procedure (Budnik et al. 

2006).  Where visualisation of the dorsal hole was required, this procedure was adapted, to 

dissect embryos along the ventral surface to ensure the dorsal hole remained intact.  Stage 

14-15 embryos were used and dissected along the ventral surface keeping the dorsal side of 

the embryo intact for staining. 

 

2.8 Cuticle preparations:  Overnight egg lays from flies of the desired genotype (or those that 

would provide embryos of the desired genotype) were bleached as described in 2.1.   Stage 

16 embryos were selected based on their genotype (by fluorescence selecting against GFP 

balancers), transferred to a drop of water on a sylgard-coated cover slip (coverslips coated 

with a silicon-like gel) and de-vitinilised using a fine, sharp needle.  The de-vitinilised embryos 

were then moved to a fresh slide with 50 µl water, placed on a heat block (at 70OC) for 20-30 

seconds and then transferred, using fine forceps, to 10-20 µl mounting medium (Hoyers 

medium) with a coverslip placed on top.  The slide was returned to the heat block for 30 

minutes after which a weight was gently placed on top of the slide and left overnight at 70OC 

(or at least 2 hours).  The cuticle preps were imaged under darkfield illumination using a Leica 

Axiovision upright microscope (Leica Microsystems GMBH) using the 20x objective and a 

darkfield condenser. 

 

2.9 Statistical Analysis:  All statistical analysis was performed using Prism 6 (GraphPad 

software).  The normality distribution was first determined using Shapiro-Wilk normality test.  

Depending on the normality, data was analysed using appropriate parametric or non-

parametric tests.  For parametric tests, t-test, with Welch’s correction or one-way ANOVA with 

Dunnets or Bonferroni ad hoc tests were performed.  Where data was not normally distributed 

Mann-Whitney or Kruskal-Wallis with Dunn’s multiple comparisons test were performed.  All 

data analysis was performed to the p≤ 0.05 level of significance when compared to controls. 

 

 

Antibody Concentration	
  used Supplier
Mouse	
  anti-­‐FasII 1:5 DSHB
Goat	
  anti-­‐GFP 1:500 Abcam

Rabbit	
  anti-­‐Bazooka 1:1000 Von	
  Stein	
  et	
  al. 	
  2005
Rat	
  anti-­‐E-­‐Cadherin 1:500 DSHB

FITC-­‐,	
  Cy3	
  or	
  Cy5	
  conjugated	
  secondary	
  
antibodies	
  (donkey)

1:100-­‐200 Jackson	
  Immuno	
  Research

Tritc-­‐	
  or	
  Alexa647-­‐phalloidin 1:500-­‐1000 Invitrogen

Table 3.  Antibodies used throughout this thesis.  A list of antibodies, dilutions and suppliers 

of the antibodies used throughout the thesis. 
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Chapter 3:  Role of PIP3 in Drosophila dorsal closure 
 

PIP3 has been implicated in a variety of processes including cell migration and actin 

reorganisation (Leevers et al. 1996; Zhou et al. 1998; Gao et al. 2000).  Work in Dictyostelium 

cells demonstrated the importance of the PI3K signalling pathway in the formation of actin 

filaments necessary for the formation of pseudopodia (Zhou et al. 1998), in particular the 

specific localisation of PIP3 to the front of migrating cells, where it reorganises the actin 

cytoskeleton (Funamoto et al. 2002).  This polarised distribution of PIP3 and rearrangements 

of the actin cytoskeleton is vital for efficient directional cell migration.  The ability of PIP3 to 

reorganise the actin cytoskeleton is not restricted to Dictyostelium cells.  PIP3 is also vital in 

the generation of pseudopods in migrating zebrafish neutrophils.  During migration of 

neutrophils towards a wound, PIP3 becomes localised to the front of the cell where it regulates 

the formation of actin protrusions (Yoo et al. 2010), again demonstrating the importance of 

PIP3 in reorganising the actin cytoskeleton. 

 

Directional migration is important in many developmental events in addition to single cell 

migration. Recent work investigated the role of PI3K signalling in neural tube closure and 

found that a reduction in the levels of PI3K resulted in a failure of cell migration along the 

neural midline, causing spina bifida in mouse embryos (Pickett et al.2008).  Although this work 

did not directly implicate PIP3 in the process of neural tube closure, it suggested that 

downstream components of the PI3K signalling pathway (of which PIP3 is included), are 

important in cell migration during developmental events.  The role of PIP3 in actin cytoskeletal 

reorganisation has been well studied in single cell migration; however, its role in collective cell 

migration has not been investigated in detail.   

 

As the PI3K signalling pathway has been shown to be required for collective migration during 

neural tube closure, we wanted to determine if PIP3 is also required for the process of DC.  

Given that during DC, the formation of actin protrusions is vital to ensure effective epithelial 

fusion along the dorsal midline (Jacinto et al. 2000; Woolner et al. 2005; Millard and Martin 

2008) and that PIP3 has been shown to be important in the regulation of actin protrusions in 

single cell migration, we propose that PIP3 may also be required for the process of Drosophila 

DC.  By using Drosophila, we are able to investigate the role of PIP3 during epithelial fusion in 

a genetically tractable model that is amenable to live imaging, allowing detailed study of the 

role of PIP3 in cytoskeletal reorganisation during DC.  A PDF of all figures shown in the results 

section can be found on the DVD inserted in the back of this thesis. 
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3.1 Localisation of PIP3 in DC 

 

To determine whether PIP3 is important in DC, we first investigated its distribution during the 

process.  To visualise the localisation of PIP3, we used a fly line that expressed the PH 

domain of Grp1 tagged with GFP (GPH), a well characterised marker of PIP3 (Britton et al. 

2002).  This construct was expressed ubiquitously throughout the embryo under the control of 

the tubulin promoter (tGPH).  The ubiquitous expression of GPH enables us to clearly observe 

where PIP3 accumulates throughout development.  Live imaging of embryos expressing tGPH 

showed accumulation of PIP3 at the leading edge, with a particularly pronounced localisation 

at the junctions between neighbouring epithelial cells along the leading edge (Figure 19 A and 

Bi).  After the fusion of the leading edges, PIP3 accumulation is lost approximately 6 cell 

widths behind the zippering canthi (Figure 18 Bii).  When the localisation of PIP3 was observed 

in more detail over time, by expressing UAS-GPH in engrailed stripes (using the en-Gal4 

driver), it was observed that PIP3 distribution is dynamic, changing significantly over time 

(Figure 19 Ci-iii). Time-lapse images show that within 10 minutes, PIP3 is lost and then 

regained within leading edge epithelial cells. 
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GPH (PIP3 marker)

0 min 5.7 min 10.7 min
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Bi Bii

Ci Cii Cii

Figure 19.  Localisation of PIP3 at the leading edge during DC.  A) Localisation of PIP3 as 

visualised by expression of tGPH shows accumulation of PIP3 at the DC leading edge.  B) 

Accumulation is most pronounced at leading edge cell junctions (arrow) and Bii) the arrow 

indicates where PIP3 is lost once epithelial fusion has completed.  C) Expression of UAS-GPH 

in engrailed stripes shows transient localisation of PIP3, the arrow indicates PIP3 accumulation 

that is lost and then regained at the leading edge. All scale bars indicate 10 µm. 
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3.2 Manipulating PIP3 levels during DC 

 

3.2.1 Analysis of PIP3 in mutant embryos 

 

The specific localisation of PIP3 during DC suggested that it might be playing a regulatory role. 

To establish what this role might be, we needed reliable methods of manipulating PIP3 levels.  

The following section describes the methods used to manipulate PIP3.  

 

The use of mutants lacking expression of the key enzymes involved in the formation and 

elimination of PIP3 provided one means of manipulating PIP3 levels.  Embryos lacking zygotic 

expression of PI3K (pi3k92e) (Weincove et al. 1999) are unable to phosphorylate PI(4,5)P2 to 

PIP3, except through residual maternal protein (Figure 20 A). Expressing tGPH in zygotic 

pi3k92eA mutants showed a decrease in GPHn associated with cell junctions, indicating a 

reduction in the levels of PIP3 (as GPH binds specifically to PIP3).  However, the levels of PIP3 

in these embryos was variable with some retaining leading edge accumulation, most likely due 

to variable levels of residual maternally contributed protein (Figure 20 B and C). 

 

The localisation of tGPH in embryos lacking zygotic PTEN (pten117) (Oldman et al. 2002) was 

also observed. As PTEN dephosphorylates PIP3 to PI(4,5)P2, these embryos would be 

expected to display elevated levels of PIP3.  In embryos lacking zygotic expression of PTEN, 

most of the GPH had been recruited to the plasma membrane indicating an increase in PIP3 

levels.  To further increase the levels of PIP3, embryos lacking expression of maternal and 

zygotic PTEN were generated.  In these embryos, no GPH was detected in the cytosol of DME 

cells, indicating the elevated levels of PIP3 had sequestered all GPH to the membrane.  The 

difference observed between the levels of PIP3 in embryos lacking zygotic expression of 

PTEN to those lacking maternal and zygotic expression of PTEN indicates that maternally 

derived PTEN makes a substantial contribution to regulating PIP3 levels during DC (Figure 20 

Di, Dii). 
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Control

PI3K92EA

PIP3PI(4,5)P2

PI3K

PTEN

A B

Ci Cii

PTEN117
mat/zyg

PTEN117 zyg/zyg

Di Dii

Figure 20.  PIP3 levels are altered in embryos mutant for components of the PI3K 

signaling pathway.  A) Schematic showing that PI3K phosphorylates PI(4,5)P2 to PIP3, where 

PTEN antagonises this reaction.  B) Shows levels of PIP3 at the leading edge in control 

embryos.  Ci and ii) show reduced levels of PIP3 in embryos zygotically null for PI3K. Di) shows 

levels of PIP3 in embryos lacking zygotic expression of PTEN, where Dii) shows levels of PIP3 

in embryos lacking maternal and zygotic expression of PTEN. Scale bar represents 16 µm. 
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3.2.2 Pharmacological inhibitors to reduce the levels of PIP3 

 

An alternative method of reducing PIP3 levels was to use pharmacological inhibitors of PI3K. 

We used the well-characterised PI3K inhibitor LY294002 (Vlahos et al. 1994).  By soaking 

embryos in which the vitelline membrane was punctured (using a fine pulled needle) in 5 mM 

LY294002 (in DMSO) we were able to reduce the amount of PIP3 at the DC leading edge in 

some embryos (Figure 21).  However, effect of the inhibitor was variable, with some embryos 

exhibiting normal levels of PIP3 (Figure 21Bi, Bii). The variability is perhaps due to variation in 

the extent to which the vitelline membrane was punctured and as such variations in the 

amount of inhibitor reaching the DME cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

DMSO 

LY294002

Ai Aii

Bi Bii

Figure 21.  Reducing levels of PIP3 during DC using pharmacological inhibitors.  Ai, ii) 

Control embryos showing that soaking embryos in 5 mM DMSO did not affect the production or 

localisation of PIP3.  Bi, ii) Treatment with 5 mM LY294002 reduced the amount of PIP3 present, 

however it was not consistent with some embryos still expressing PIP3 (Bii arrow).  Scale bar 

represents 16 µm. 
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3.2.3 Modulating levels of PIP3 using transgene expression 

 

As pharmacological and mutational approaches were not consistent in reducing the levels of 

PIP3 during DC, we decided to take advantage of the genetic tools available in Drosophila, in 

particular the UAS-Gal4 system.  As mentioned, PTEN is a phosphatase that can 

dephosphorylate PIP3 to PI(4,5)P2 (Maehama and Dixon 1998).  Using the UAS-Gal4 system 

we were able to overexpress a splice variant of PTEN (UAS-PTEN3) (Goberdhan et al. 1999) 

in a subset of cells, so reducing PIP3 levels specifically in these cells.  There are two main 

splice variants of PTEN; PTEN2 (Huang et al. 1999) and PTEN3 (Goberdhan et al. 1999) with 

the sole difference being a 5 amino acid C-terminal PDZ binding domain, which allows PTEN2 

to be recruited to specific cellular locations (Smith et al. 1999; Maehama et al. 2004).  As 

PTEN3 lacks this domain, it is diffuse throughout the cell and as such was our splice variant of 

choice when trying to reduce the levels of PIP3.  Overexpressing UAS-PTEN3 under the 

control of engrailed-Gal4 (Brand and Perrimon 1993), allowed expression of UAS-PTEN3 in a 

subset of cells in the epithelium.  Additionally, we co-expressed UAS-m-Cherry-moesin 

(Millard and Martin 2008) to allow the cells in which the transgene was expressed to be 

identified.  These embryos also expressed tGPH to enable visualisation of PIP3 levels during 

DC.  The major benefit of using the UAS-Gal4 system is the presence of an internal control 

(non-engrailed stripes) alongside cells where transgenes are expressed (engrailed cells).  

Expressing UAS-PTEN3 in engrailed cells resulted in a consistent reduction of PIP3 when 

compared to control embryos (Figure 22, A, B).  As PTEN has also been shown to have 

protein phosphatase activity we also used a mutated form of PTEN (UAS-PTEN3-G137E) 

(Pickering et al. 2013), as a control.  This mutated transgene has no lipid phosphatase activity, 

but is still able to dephosphorylate proteins. No change in levels of PIP3 were observed upon 

expression of UAS-PTEN3-G137E (Figure 22 C), making this transgene a good control to 

ensure any effects observed whilst using UAS-PTEN3 are as a result of reduced PIP3 and not 

of any changes in protein dephosphorylation.   

 

UAS-PTEN3 thus provided a useful means of depleting PIP3 in specific cells, but we also 

needed an equivalent approach to elevate PIP3 levels. To do this, we used a constitutively 

active PI3-Kinase (UAS-CA-PI3K) (Leevers et al. 1996).  Using this method, we were able to 

increase the levels of PIP3 in a reproducible manner (Figure 22 D).  Expressing UAS-CA-PI3K 

worked by overloading the cells with active PI3-Kinase.  As an alternative approach we also 

expressed constitutively active Ras (UAS-CA-Ras) (Karim and Rubin 1998), as Ras has been 

shown to be an upstream activator of PI3-Kinase.  Expressing UAS-CA-Ras in engrailed 

stripes also resulted in the increase of PIP3, but not to the same extent as UAS-CA-PI3K, as 

CA-Ras increases the activity of endogenous PI3-Kinase, rather than increasing the total 

amount of PI3-Kinase present in the cell (Figure 22 E). 
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UAS-CA-PI3K
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Figure 22.  Genetic manipulation of PIP3 levels.  A) en-Gal4, UAS-m-Cherry-Moesin, tGPH 

showing that co-expression of UAS-m-Cherry-Moesin has no effect on PIP3 levels.  B) 

Expression of UAS-PTEN3 reduces levels of PIP3 in engrailed stripes.  C) UAS-PTEN3-G137E 

is not able to dephosphorylate PIP3 when overexpressed.  D and E) Expression of UAS-CA-

PI3K or UAS-CA-Ras results in the increase of PIP3 at the DC leading edge.  Scale bar 

represents 15 µm 
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3.3 Effects of manipulating PIP3 levels on DC 

 

To establish the role of PIP3 at the leading edge during DC we first sought to determine the 

effects of altering the levels of PIP3 throughout the embryonic epidermis.  Overexpressing 

UAS-PTEN3 under the control of an embryonic ubiquitous driver, tubP-Gal4 (Lee and Luo 

1999), we were able to reduce PIP3 levels throughout the embryo.  Additionally, we co-

expressed UAS-GFP-Moesin to visualise F-actin where the transgene was expressed.  

Reducing the levels of PIP3 in this manner resulted in an elongated dorsal hole with flattened 

leading edges when compared to controls (Figure 23 A, B, F).  The length:width ratio of the 

dorsal hole was increased in embryos with reduced PIP3 compared to controls (4.05 ± 0.27, to 

3.51 ± 0.27 respectively p= 0.0019).  We next investigated the effect of reducing PIP3 levels by 

observing DC in embryos lacking zygotic expression of PI3K.  These embryos exhibited a 

variety of phenotypes, probably reflecting varying levels of maternally-derived PI3K. 11% of 

zygotic pi3k92eA mutants failed to survive to DC. Of the remaining embryos, 19% failed to 

complete DC and a further 11% closed, but exhibited marked puckering along the dorsal 

midline after closure, the remaining embryos closed without observable defect.  The pi3k92eA 

mutant embryos that reached DC exhibited the same elongated hole phenotype as those 

expressing PTEN3 (mean length:width ratio of 5.08 ± 0.52 compared to 3.51 ± 0.27 for 

controls p=0.0004) (Figure 23 A, C, F). 

 

To study the effects of increasing the levels of PIP3 on DC, we expressed UAS-CA-PI3K using 

tubP-Gal4.  Increasing the levels of PIP3 throughout the embryo resulted in a slight (but not 

significant) shortening of the dorsal hole, with the leading edges appearing more curved.  The 

length:width dorsal hole ratio was slightly decreased by expression of CA-PI3K (3.16 ± 0.172 

compared to 3.51 ± 0.22 for control embryos p=0.2422) although this was not statistically 

significant (Figure 23 A, D, F).  We also observed DC in embryos lacking zygotic expression of 

PTEN (pten117 zyg).  Consistent with expressing CA-PI3K, this also resulted in a slightly (but not 

significantly) shorter dorsal hole, with the leading edges displaying a more curved shape, with 

a length: width ratio of 2.95 ± 0.24. (p=0.3743) (Figure 23. A, E, F).  To further analyse the 

effects of increasing the levels of PIP3 in the embryo, we generated and analysed pten117 

maternal and zygotic mutants (pten117 mat/zyg) expressing GFP-Moesin ubiquitously.  13% of 

pten117 mat/zyg embryos arrested during development before reaching DC, and of those that 

reached DC, 8% failed the process completely, 54% displayed an abnormal dorsal hole (some 

elongated, some with a hole between the amnioserosa and leading edge and some with 

puckering along the dorsal midline) and 25% appeared normal (with eye-shaped dorsal hole).  

Of those that reached DC, we were able to carry out length:width ratio analysis and found that 

an increase in PIP3 resulted in a significantly shortened dorsal hole (2.57 ± 0.14 for pten117 mat 

zyg mutants compared to 3.51 ± 0.27 for control embryos p=0.0011) (Figure 23. G, H). 
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Figure 23. Manipulating levels of PIP3 affects the geometry of the dorsal hole.  A-E) 

Changes in the shape of the dorsal hole when levels of PIP3 are either decreased (B,C) or 

increased (D, E). F) Quantification of length: width ratio indicating how much the dorsal hole 

has become rounded or elongated. G,H) Embryos lacking maternal and zygotic expression of 

PTEN display a variety of defects, with those reaching DC have a shortened dorsal hole.  Scale 

bars represent 15 µm (A-E) and 31 µm (G,H) 
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3.4 Manipulating PIP3 has an effect on the rate of zippering 

 

It has previously been reported that an elongated dorsal hole can be due to failure or reduced 

efficiency of the fusion of the epithelial leading edges (Woolner et al. 2005). We therefore 

decided to investigate whether PIP3 plays a role in the process of zippering.  To do this, we 

expressed UAS-PTEN3 in the posterior compartment of each segment using the engrailed-

Gal4 driver, alongside UAS-m-Cherry-Moesin (to allow visualisation of the cells expressing 

UAS-PTEN3) and cGMA (to visualise the F-actin throughout the embryo).  The advantage of 

this strategy is that the transgene expression is limited to a subset of cells within the 

epidermis, allowing us to directly compare the behaviour of cells with depleted PIP3 to that of 

cells with normal PIP3 levels within the same leading edge.  When UAS-PTEN3 was 

expressed in engrailed stripes we observed a significant reduction in the rate of zippering in 

engrailed stripes compared to neighbouring non-engrailed control stripes (P<0.0001) (the rate 

of zippering was quantified as described in section 2.5.4) (Figure 24, A,B, D).  As a 

consequence of this delayed zippering, UAS-PTEN3-expressing cells often close after 

neighbouring non-PTEN3-expressing control cells, resulting in gaps along the dorsal midline 

(Figure 24 Bv). 

 

To ensure the zippering defect observed on expression of UAS-PTEN3 is as a result of 

changes in PIP3 levels, we analysed zippering in embryos expressing UAS-PTEN3-G137E.  

Expression of UAS-PTEN3-G137E in engrailed stripes, had no effect on the process of 

zippering when compared to non-engrailed cells (p>0.9999) (Figure 24 C).  This suggests that 

the depletion of PIP3 by PTEN3 is responsible for the observed zippering phenotype. 
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Figure 24.  Reducing the level of PIP3 reduces the rate of zippering.  A-C) embryos 

expressing en-Gal4, UAS-m-Cherry-Moesin driving either A) control, B) UAS-PTEN3, C) UAS-

PTEN3-G137E.  Arrows indicate the position of the canthi at each timepoint, with the asterisk in 

Bv showing where defective zippering has occurred.  D) Comparison of rates of zippering 

between non-engrailed (green) control stripes, and engrailed (magenta) stripes expressing the 

transgene indicated.  *** Indicates zippering speed is significantly different from control stripes 

(P<0.0001), n.s. indicates P>0.05, error bars indicate S.E.M.  Scale bar indicate 15 µm.  Whole 

sequences are shown in movies 1-3 in appendix 2. 
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As reducing the levels of PIP3 had a negative effect on zippering, we next sought to determine 

the effect of elevating PIP3 levels.  To achieve this, as previously, we expressed UAS-CA-

PI3K under the control of en-Gal4.  Additionally, UAS-m-Cherry-Moesin and cGMA were 

expressed to allow visualisation of engrailed cells and F-actin throughout the embryo.  

Increasing PIP3 levels resulted in faster zippering in engrailed stripes compared to non-

engrailed stripes (p<0.0001) (Figure 25 A, B, D).  Interestingly, it appears that the stripes with 

elevated PIP3 may begin zippering before the preceding control stripes have fused (Figure 25 

Bv).  Additionally, we also analysed the effect of expressing UAS-CA-Ras in engrailed stripes.  

This had the same effect as expressing CA-PI3K, with an increased rate of zippering in 

engrailed stripes when compared to non-engrailed stripes (p<0.0001).  However, we did not 

observe engrailed stripes zippering prior to the completion of zippering of the preceding non-

engrailed stripe (Figure 25 C, D).  These data suggest that leading edge PIP3 is a key 

regulator of zippering during DC. 
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Figure 25.  Increasing PIP3 levels increases the rate of zippering. A-C) Embryos expressing 

either A) control, B) UAS CA-PI3K or c) UAS-CA-Ras transgenes in engrailed (magenta) 

stripes.  Arrow indicate the canthi at each time point, and the asterisk in Bv) shows where 

dynamic filopodia are commencing zippering before the preceding control stripe has fully fused.  

D) Quantification of the rate of zippering in control non-engrailed (green) stripes vs engrailed 

stripes (magenta) expressing indicated transgene.  n ≥ 10 for each transgene.  *** Indicates 

significance of P>0.001 where n.s. indicates P>0.05.  Error bars indicate S.E.M.  Scale bars 

represent 15 µm.  Whole sequences are shown in movies 1,4, 5 in appendix 2 
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3.5 PIP3 is important for the regulation of filopodia during DC 

 

As it has been reported that filopodia are key to the process of zippering during DC (Jacinto et 

al. 2002a), we hypothesised that manipulating PIP3 levels might affect zippering by altering 

filopodial activity.  To investigate this, we used en-Gal4 to drive expression of UAS transgenes 

to manipulate PIP3 levels alongside UAS-GFP-Moesin (Dutta et al. 2002) to allow visualisation 

of leading edge filopodia.  Reducing levels of PIP3, by overexpressing UAS-PTEN3 resulted in 

a decrease in the number of filopodia per engrailed stripe from 5.93 ± 0.71 to 3.81 ± 0.47 

(p<0.0001) (Figure 26 Ai, ii and B).  To ensure any effects observed whilst using UAS-PTEN3 

were as a result of PIP3 dephosphorylation and not protein dephosphorylation, the effect of 

UAS-PTEN3-G137E expression on filopodia was also analysed.  Expression of UAS-PTEN3-

G137E did not affect filopodia number (5.96 ± 0.68 and 5.93 ± 0.71 filopodia per stripe were 

observed with expression of UAS-PTEN3-G137E or controls respectively p> 0.9999) (Figure 

26 Av, B).  Additionally, we analysed the number of filopodia in embryos lacking zygotic 

expression of PI3K and as such have reduced levels of PIP3.  Consistent with expressing 

UAS-PTEN3, in pi3k92eA zyg/zyg embryos, the number of filopodia observed at the leading edge 

was significantly reduced (4 ± 0.62 filopodia/stripe p<0.0001) when compared to control 

embryos (Figure 26 Avi, B).  

 

To investigate the effect of increasing PIP3 levels on the formation of filopodia, we 

overexpressed either UAS-CA-PI3K or UAS-CA-Ras (both of which result in an increase in 

PIP3 levels).  Overexpressing either of these transgenes resulted in a highly significant 

increase in filopodia number (11.57 ± 1.13 and 11.3 ± 0.96 for CA-PI3K and CA-Ras 

respectively p<0.0001 for both sets of data) (Figure 26 Aiii, iv, B).  These data indicate that 

PIP3 is important in the regulation of filopodia during DC. 

 

We also analysed the effect of altering PIP3 levels on the length of leading edge filopodia. 

Reducing the levels of PIP3 resulted in shorter filopodia, (2.89 ± 0.27 µm in length in embryos 

overexpressing UAS-PTEN3 (p<0.0001), 2.99 ± 0.36 µm in embryos lacking expression of 

zygotic PI3K (p<0.0001) compared to 3.64 ± 0.27 µm in control embryos).  However, 

overexpressing UAS-CA-PI3K did not have a significant effect on the length of filopodia (3.91 

± 0.28 in embryos overexpressing UAS-CA-PI3K p=0.1331) (Figure 26 D).  Surprisingly, 

expression of UAS-CA-Ras was sufficient to increase the length of filopodia (4.27 ± 0.27 µm 

p=0.0003).  These data implicate PIP3 in the regulation of both filopodia number and length 

during DC.  
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Figure 26.  Effects of manipulating PIP3 on filopodia number and length.  Ai-v) snapshots 

taken from live imaging of embryos expressing transgenes in a subset of cells under the control 

of the en-Gal4 driver.  Avi) Shows en-Gal4 driving expression of UAS-GFP-moesin alone in 

embryos lacking zygotic PI3K.  B) Number of filopodia per en-Gal4 stripe expressing the 

indicated transgenes or in pi3k92eA mutants. C) Length of filopodia in embryos expressing the 

indicated transgene. N ≥ 47 stripes from ≥ 11 embryos.  *** indicates filopodia number is 

significantly different to control embryos (P<0.001), ** indicates (P<0.005 significance) and n.s. 

indicates no significant difference to the controls.  Scale bars represent 5 µm  
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3.6 Wild-type Rac1 rescues the UAS-PTEN phenotype 

 

To verify that the zippering defect observed upon depletion of PIP3 is caused by the reduction 

in filopodial activity, we sought to increase the number of filopodia independently of PIP3 levels 

to determine if this would rescue the DC defects observed when levels of PIP3 were reduced.  

Rac1 is a well-known regulator of actin protrusions in a variety of contexts (Steffen et al. 2004; 

Stramer et al. 2005; Woolner et al. 2005; Yoo et al. 2010), and we observed expression of wild 

type Rac1 (UAS-Rac1-wt) increased the number of filopodia present during DC when it is 

expressed under the control of en-Gal4 alongside UAS-GFP-moesin (to visualise F-actin) 

(Figure 27 Biii).  We sought to determine if co-expressing UAS-Rac1-wt and UAS-PTEN3 in 

engrailed stripes could rescue the DC defects observed when UAS-PTEN3 was expressed 

alone.  We observed the levels of GPH in engrailed stripes co-expressing UAS-Rac1-wt and 

UAS-PTEN3 and did not observe an increase in levels of PIP3, despite the increase in Rac 

present (Figure 27 A).  This indicates that Rac regulates the formation of filopodia without 

affecting PIP3 levels.  When UAS-Rac1-wt was co-expressed alongside UAS-PTEN3 under 

the control of en-Gal4, in addition to UAS-GFP-moesin to visualise F-actin, we observed a 

rescue of the loss of filopodia phenotype observed when UAS-PTEN3 is expressed alone 

(W1118, 6.53 ± 0.53 filopodia; UAS-PTEN3, 4.86 ± 0.47 filopodia p=0.0019; UAS-Rac1-wt 

10.27 ± 0.47 filopodia, p= 0.0019; UAS-PTEN3, UAS Rac1-wt 6.5 ± 0.58, p>0.9999)  (Figure 

27 B, C). 
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Figure 27.  Rescue of the PTEN phenotype by expression of UAS-Rac1-wt.  A) Co-

expressing UAS-Rac1-wt alongside UAS-PTEN3 does not rescue the reduction in PIP3 caused 

by expression of UAS-PTEN3 alone.  B) Snapshots taken from live imaging embryos 

expressing the indicated transgene under the control of en-Gal4 driver.  Quantification of the C) 

number of filopodia observed per stripe when en-Gal4 drives the indicated transcript.  n ≥ 42 

stripes from ≥ 10 embryos.  ** indicates P<0.005 where n.s. indicates no significance between 

embryos expressing indicated transgene and control embryos. Error bars indicate S.E.M.  Scale 

bar represents 5 µm 
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As co-expression of UAS-PTEN3 and UAS-Rac1-wt was able to rescue the filopodia number, 

we next investigated if it was also capable of rescuing the zippering defect observed with 

reduced levels of PIP3.  Expression of UAS-Rac1-wt in engrailed stripes was able to increase 

the rate of zippering along the dorsal midline (p=0.0171), when compared to control non-

engrailed stripes.  As in previous experiments, expression of UAS-PTEN3 reduced the rate of 

zippering (P=0.0254).  When UAS-Rac1 and UAS-PTEN3 were co-expressed, the rate of 

zippering was comparable to control stripes (p>0.9999), indicating that expression of UAS-

Rac1-wt is capable of rescuing the defects observed with expression of UAS-PTEN3 in a PIP3 

independent manner (Figure 28).  These data suggest that PIP3 contributes to zippering 

during DC by promoting filopodial activity at the leading edge. 

 

 

3.7 PIP3 is localised to sites of filopodia formation 

 

As we have shown that PIP3 is involved in the regulation of leading edge filopodia during DC, 

we next investigated the spatial and temporal relationship between the PIP3 microdomains 

and filopodia formation.  We live imaged embryos expressing UAS-m-Cherry-Moesin and 

UAS-GPH under the control of en-Gal4 to allow direct visualisation of PIP3 and filopodia 

(Figure 29 A).  This showed that significantly more filopodia arose from areas where PIP3 was 

localised (61% compared to 39% filopodia not from PIP3 microdomains, p<0.0001), and that 

the PIP3 was localised to the base of the newly formed filopodia (n=22 embryos).  The 

filopodia formed persisted longer than the microdomain of PIP3, suggesting that PIP3 is 

important in the initiation of filopodia rather than their persistence (Figure 29). 
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Figure 28. Expression of UAS-Rac1-wt rescues the zippering defect observed with 

reduced levels of PIP3. A-C) exhibit stills take from time lapse movies in embryos expressing 

ubiquitous GFP-moesin (green) and UAS-Cherry-Moesin (magenta) under that control of en-

Gal4.  Embryos in B and C also express UAS-Rac1-wt and UAS-PTEN3, UAS-Rac1-wt 

respectively.  Arrows indicate the location of the canthi in each image.  D) Quantification of the 

effect of each of the transgenes on the rate of zippering when compared to the internal non-

engrailed control.  n ≥ 10 for each transgene.  * indicates zippering is significantly different from 

control non-en-Gal4 stripes (P<0.01), n.s. indicates no significant difference.  Error bars indicate 

S.E.M.  Scale bars indicate 15 µm.  Whole sequences are shown in movies 1, 6, 7 in appendix 2. 



93 
 

                      

	
  

 

 

 

 
 

 

 

 

 

 

 

 
 

Ai

Ai ’

Aii

Aii ‘

Aiii

Aiii ‘

Aiv

Aiv ‘

0 min 5.25 min 9.25 min 12.5 min

GPH

GPH mCherry-Moesin

***

B

Figure 29.  Correlation between PIP3 localisation and filopodia formation. A) Time course 

of filopodia in an embryo expressing UAS-GPH and UAS-m-Cherry-Moesin under the control of 

en-Gal4, showing a correlation between leading edge PIP3 accumulation and filopodia 

formation.  B) Quantification of the number of filopodia formed preceded by a PIP3 loci.  *** 

indicates a significant difference between filopodia formed at an area with PIP3 accumulation 

and those without (P<0.001).  Error bars indicate S.E.M.  Scale bar indicates 5µm.  Whole 

sequence is shown in movie 8 appendix 2.   
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Chapter 3 discussion 
 

 

3.8 PIP3 is required for DC 

 

PIP3 has previously been shown to be involved in cell migration of Dictyostelium and 

neutrophils and also in the epithelial closure event neural tube closure (Funamoto et al. 2002; 

Pickett et al. 2008; Yoo et al. 2010).  We therefore considered that it would be interesting to 

investigate whether PIP3 might also play a role in DC.   

 

Using tGPH (a PIP3 marker), we observed PIP3 to be localised at the front of DME cells, in 

particular, to cell junctions at the leading edge.  This localisation is consistent with where 

dynamic actin rearrangements take place, in particular where actin protrusions are formed that 

are required for DC.  These leading edge cell junctions have previously been identified as 

‘actin nucleation centres’, as it is where the actin cable and actin rich protrusions first start to 

form (Kaltschmidt et al. 2002).  Interestingly, actin regulating molecules such as Ena/VASP 

localise to the leading edge cell junctions in a similar manner to PIP3 (Gates et al. 2007), 

suggesting that these regions could act as localisation points for actin regulators, ensuring that 

actin reorganisation occurs at the desired site.  As PIP3 accumulates in a similar pattern to 

previously identified actin regulators, it is possible that PIP3 could be an upstream activator in 

the regulation of actin dynamics during DC.  Interestingly, PIP3 was not continuously 

associated with the leading edge during DC, but rather it was localised in a transient manner.  

This suggests that the presence of PIP3 is not required continuously, and its leading edge 

accumulation could coincide with the dynamic assembly of actin protrusions observed during 

DC (Jacinto et al. 2000).  We did not observe a difference in the leading edge actin cable in 

embryos with reduced levels of PIP3  (figure 23), however, the thickness of the cable was not 

quantified, so it is possible that PIP3 may also play some role in the polymerisation of actin 

required for actin cable formation.  The localisation of PIP3 at the leading edge could drive 

actin cytoskeletal rearrangements in a similar manner to those observed in neutrophil and 

Dictyostelium migration, establishing the front of the cell and promoting the formation of actin 

protrusions where required (Funamoto et al. 2001; Yoo et al. 2010).  Once DC is complete, 

this specific junctional localisation of PIP3 is lost, which could indicate that it is only necessary 

whilst actin assemblies are required for cell movement and fusion during DC.     

 

To investigate the role of PIP3 in DC, we determined that genetically altering its levels using 

the UAS-GAL4 system was the most consistent method to change the levels of PIP3 either 

throughout the embryo or in a subset of cells.  We also investigated the efficacy of 

pharmacological inhibitors and found they gave inconsistent results, possibly due to 

differences in the amount of inhibitor reaching the DME cells.  Embryos zygotically null for 

components of the PI3K signalling pathway (pi3k92eA and pten117), although able to alter the 
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levels of PIP3, were not as effective as genetically altering PIP3 levels using transgenes, 

possibly due to the presence of maternally contributed protein in these mutants.  Generating 

embryos lacking maternal and zygotic expression of PTEN was sufficient to dramatically and 

consistently increase the levels of PIP3, however, using maternal mutants for PI3K was not 

possible.  In addition, since PIP3 signalling is known to regulate many processes in embryos, 

use of Gal4-driven transgenes was preferable as it allowed cell-specific disruption of PIP3 

signalling therefore minimising indirect effects due to defects in other tissues or cells.  Altering 

levels of PIP3 throughout the embryo resulted in changes in the shape of the dorsal hole, with 

reduced levels of PIP3 (by expressing UAS-PTEN3 or using pi3k92eA mutant embryos) 

resulting in an elongated dorsal hole, which has previously been associated with impaired 

fusion of the two leading edges during DC (Woolner et al. 2005).  The defects observed in 

embryos with reduced levels of PIP3 could be consistent with cells being unable to effectively 

determine a front and as such display impaired actin protrusion formation required for efficient 

epithelial fusion (Funamoto et al. 2001; Jacinto et al. 2000; Woolner et al. 2005).  This result is 

comparable to studies in neural tube closure, where filopodia have been shown to be required 

for the fusion of the epithelial sheets, and a reduction in levels of PI3K resulted in spina bifida 

due to impaired epithelial fusion along the neural midline although in this case it is not known 

whether the impaired fusion is a direct result of reduced filopodia (Pickett et al. 2008; Pyrgaki 

et al. 2010; Pai et al. 2012).   

 

Increasing the levels of PIP3 (induced by expressing UAS-CA-PI3K or using pten117 zygotically 

null or maternally and zygotically null embryos) resulted in shortened dorsal holes, which could 

be consistent with epithelial fusion occurring at a faster rate than controls.  This is consistent 

with our hypothesis of PIP3 acting to control cytoskeletal rearrangements in DME cells 

required for efficient epithelial fusion.  Embryos lacking maternal and zygotic expression of 

PTEN, in addition to the shortened dorsal hole, also displayed a range of phenotypes including 

embryos that arrested early in development.  The failure early in embryogenesis could be 

explained by an increase in PIP3 levels in all cells on all cell junctions.  As both PTEN and 

PIP3 have been linked to establishing cell polarity (Funamoto et al. 2002), a loss of PTEN 

could result in an inability of cells to undergo actin reorganisation at the correct location, 

required for early developmental events such germband retraction.  The variation in defects 

observed in embryos lacking maternal and zygotic expression of PTEN could be explained by 

the ability of other pathways to regulate cell polarity, or that the expression level of PI3K and 

therefore PIP3 levels could vary from embryo to embryo.  These results implicate PIP3 as a 

regulator of epithelial fusion during Drosophila DC.  
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3.9 PIP3 regulates filopodia formation and zippering during DC 

 

We demonstrate that PIP3 is required for the regulation of filopodia at the front of DME cells 

and as such regulates the rate at which zippering occurs.  Increasing levels of PIP3 increases 

the number of filopodia present and increases the rate of zippering, whilst reducing PIP3 

levels, reduces the number of filopodia present and reduces the rate of zippering.  It is likely 

that the changes observed in DC on altering PIP3  levels is a direct result of changes in 

filopodia number.  Filopodia have previously been shown to be vital for the process of 

zippering (Jacinto et al. 2000; Woolner et al. 2005), which is consistent with our observation 

during DC.  In addition to having an effect on the formation of filopodia, it is possible that PIP3 

also acts to identify the front of the DME cells, so determining where actin rearrangements 

should occur (Zhou et al. 1998; Funamoto et al. 2002; Loovers et al. 2006; Nisho et al. 2007; 

Yoo et al. 2010).   

 

In addition to affecting filopodia number, we show PIP3 to be a regulator of filopodia initiation.  

We observed the preference for filopodia to be formed from microdomains of PIP3 at the front 

of DME cells.  This is consistent with previous work in neurons, where in response to a 

chemoattractant, filopodia are formed at sites of localised microdomains of PIP3, which in turn 

drive the formation of localised patches of actin, a subset of which, give rise to filopodia 

(Ketschek et al. 2011).  We also identified a possible role for PIP3 in regulating the length of 

the filopodia.  Reducing PIP3 levels (by expressing UAS-PTEN3) resulted in shorter filopodia, 

however, increasing the levels of PIP3 (by expressing UAS-CA-PI3K) did not have an effect on 

the length of filopodia.  This could suggest that PIP3 somehow plays a role in protecting the 

actin filaments from depolymerisation, however no link between PIP3 and filament 

elongation/retraction has been shown.  In contrast to the effect of expressing UAS-CA-PI3K, 

increasing levels of PIP3 by expression of UAS-CA-Ras did result in an increase in filopodia 

length.  This could be due to Ras acting upstream of other signalling pathways in addition to 

PI3K.  One possibility could be via the Ras/Mek/Erk pathway, especially as in Glomerula 

epithelial cells, an increase in the level of Erk results in an increase in cortical F-actin, 

providing a possible additional link between Ras and filopodia (Bijian et al. 2005). 

 

During these experiments, we demonstrate that manipulating levels of PIP3 resulted in a 

change in both filopodia and zippering, but did not have an effect on segmental alignment.  

This is consistent with work carried out in neutrophils, where loss of PI3K resulted in defects in 

polarisation and migration, but not in sensing (Nisho et al. 2007).  On the rare occasions 

where segmental misalignment was observed, it is likely that this defect was primarily due to 

the stripes with reduced levels of PIP3 failing to zipper quick enough and so being pushed 

back from the leading edge. 
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It well documented that filopodia are required for zippering (Jacinto et al. 2000; Wood et al. 

2002; Woolner et al. 2005; Millard and Martin 2008), and we have demonstrated a role for 

PIP3 in the regulation of filopodia, however, there was the possibility that the effects on 

zippering observed by decreasing levels of PIP3 were a result of changes in other cell 

processes such as the adhesion of the two epithelial edges or the formation of septate 

junctions.  However, we demonstrated that increasing the filopodia number independently of 

PIP3 was sufficient to rescue all DC defects observed when PIP3 levels were reduced.  This 

indicated that the zippering defect observed with reduction of PIP3 levels almost certainly is as 

a result of a reduction in filopodia number.   

 

We have demonstrated a role for PIP3 in the regulation of filopodia and zippering during 

Drosophila DC, however we do not see complete loss of filopodia or complete failure of DC.  It 

is possible that we are not expressing sufficient UAS-PTEN3 to completely eliminate PIP3. If 

we were to increase the number of copies of UAS-PTEN3 present, we might be able increase 

the PIP3 removal further which might then completely eliminate filopodia.  Alternatively, it is 

possible that there are multiple pathways working in a partially redundant manner to regulate 

the formation of filopodia.  Cdc42 has been shown to be a regulator of filopodia both in vitro 

and in vivo (Nobes and Hall 1995; Kozma et al. 1997; Wood et al. 2002) through activation of 

the NPF WASP, which then activates the Arp2/3 complex.  It is possible, that even when PIP3 

levels are reduced, Cdc42 is able to activate WASP and Arp2/3 to regulate the formation of 

filopodia, reducing any observable effects.   

 

Although DC requires collective cell migration to achieve proper closure and previous work 

has demonstrated the importance of PIP3 in single cell migration, it is likely that the role of 

PIP3 is consistent between the two cell migration types, with its role being important in 

identifying the front of the cell, reorganising the actin cytoskeleton and determining the 

direction of movement (Sasaki et al. 2004). 
 

 

3.10 Summary 

 

We have shown that during DC, leading edge accumulation of PIP3 is required for the 

formation of filopodia, which are vital to the process of zippering.  In addition we demonstrate 

that there is a bias for the formation of filopodia from PIP3 microdomains, perhaps suggesting 

that PIP3 may be important for the initiation of filopodia.  As PIP3 is localised at leading edge 

junctions, which have previously been described as actin nucleation centres (Kaltschmidt et al. 

2002), it is likely that PIP3 has some function in regulating the activation of the protrusion-

forming proteins stored at these cell junctions.  
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Chapter 4. Downstream effectors of PIP3 in DC 
 

We have demonstrated that PIP3 is a regulator of actin protrusion formation during DC.  This is 

consistent with previous work where PIP3 has been shown to be vital for the reorganisation of 

the actin cytoskeleton in a variety of systems, including Dictyostelium, Drosophila and 

zebrafish cell migration (Funamoto et al. 2001; Funamoto et al. 2002; Wood et al. 2006; Yoo 

et al. 2010).  However, how PIP3 regulates the actin cytoskeleton is not well understood and 

appears to vary between systems.  One way in which PIP3 can regulate the actin cytoskeleton 

is through interaction with Rho GEFs, but the effect of this interaction appears to vary 

depending on the specific GEF.  In HEK 293T cells, the Rho/Rac GEF Vav exists in an auto-

inhibited conformation, however upon binding to PIP3 this auto-inhibition is released, resulting 

in the activation of Vav (Das et al. 2000).  Additionally, Tiam1 is a Rac specific GEF which 

likely exists in an auto-inhibited conformation and it has been proposed that binding to PIP3 is 

capable of relieving this, thus promoting Rac activation (Fleming et al. 2000).  PIP3 has also 

been shown to be required for the recruitment of Dock180 to the cell membrane in HEK 293T 

cells by binding to the DHR-1 domain in Dock180, whilst the DHR-2 domain was required for 

binding to nucleotide free Rac (Côté and Vuori 2002).  Unlike the interaction between PIP3 and 

Tiam1, no role for the activation of Dock180 by PIP3 has been identified, but PIP3 may instead 

regulate Dock180 by controlling its localisation.  

 

In each case, interaction between PIP3 and Rac GEFs results in the activation of the specific 

GTPase and downstream signalling pathways required for the reorganisation of the actin 

cytoskeleton necessary for cell migration (reviewed by Ridley 2001; Sun et al. 2004; Yoo et al. 

2010).  This ability of PIP3 to bind to and activate GEFs, so promoting the activation of 

GTPases has also been observed in vivo.  In zebrafish neutrophils, PIP3 activates Rac 

through Dock180 at the front of migrating neutrophils.  This activation of Rac is required for the 

polarisation of the cell, polymerisation of actin and directional cell migration (Yoo et al, 2010).  

Given the interaction between PIP3 and Rac specific GEFs in other systems, it is possible that 

in DC, PIP3 regulates the actin cytoskeleton by regulating the activation state of Rac, which 

could then promote actin polymerisation in a Scar/Wave dependent manner (Steffen et al. 

2004). Experiments were therefore performed to determine whether Rac and Rac-specific 

GEFs might act downstream of PIP3 during DC. 

  

 

4.1 Confirmation of rac mutant genotypes 

 
To determine if Rac is a downstream effector of PIP3, we chose to investigate the effect of loss 

of Rac during DC. Previous studies have demonstrated redundancy between the three 

Drosophila rac genes, therefore all three must be mutated to achieve complete loss of Rac 

function. Two triple rac mutant lines have previously been used extensively. These two lines 
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share the same deletions of rac2 and mtl, but have different loss-of-function point mutations in 

rac1, which are known as rac1J10 and rac1J11. The rac triple mutant lines bearing these two 

mutations will henceforth be called racJ10 and racJ11 in this thesis (Figure 30).  Due to a lack of 

observable phenotypes when initialy using these lines (the dorsal hole, CNS and musclulature 

appeared normal) (data not shown), we obtained the lines again and carefully checked that 

the reported mutations were present, as it is known that these triple mutant lines can be 

unstable (personal communication S. Woolner).  To determine the absence of the rac genes 

we used two approaches; firstly, we observed the CNS and muscle phenotypes that had 

previously been described and secondly we molecularly determined the absence of rac2 and 

mtl, and sequenced rac1 to determine the presence of the reported point mutations (Hakeda-

Suzuki et al 2002; Ng et al. 2002). 

 

Carrying out neuronal flat preps and staining for FasII and F-actin, we were able to observe 

that embryos lacking expression of Rac exhibited defects in both axonal and muscular 

development (Figure 31 Ai-iii).  Additionally, as the genotypes for both lines have been well 

characterised, using PCR we were able to determine the presence of rac1 and the absence of 

rac2 and mtl from both of the mutant lines as expected, indicating that they had either been 

partially or completely excised (Figure 31 B).  
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Figure 30.  Schematic of Rac GTPase genes and mutant alleles  A) Location of the three 

rac genes on the third chromosome.  B) N-terminal residues of the 3 rac genes, also showing 

the 3 point missense mutations within the switch regions.  C) Genomic organisation of rac2 

showing with the bracketed region deleted in the rac mutants.  D) Genomic organisation of mtl, 

with the bracketed region indicating the 2068bp deleted region.  The shaded region indicates 

the coding region of the gene (Hakeda-Suzuki et al. 2002; Ng et al. 2002) 
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rac1 rac2 mtl

J10  J11  Wt  -ve J10  J11  Wt  -veJ10  J11  Wt  -ve

Ai Aii Aiii

B

Figure 31. Profiling of racJ10 and racJ11 triple mutant fly lines. A) FasII staining of Ai) control 

Aii) racJ10 and Aiii) racJ11 mutant embryos with strong CNS and muscle phenotypes.  Arrows in 

Ai) show normal muscle and CNS phenotype, where those in Aii and Aiii show dissociated 

muscle  (red) and termination of axons and longitudional axons crossing the central midline.  

Scale bar represents 38 µm.  B) PCR of the two rac mutant lines (with wild type controls) shows 

that the rac1 gene is present and both rac2 and mtl have been lost in both lines. 
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Both mutant alleles of rac1 are caused by point mutations, and as such sequencing was 

required to confirm whether the mutation was present.  In the case of rac1J10, the point 

mutation is at codon 34, and is a change from a proline to a leucine, while rac1J11 has a 

mutation at codon 60, resulting in a change from lysine to glutamate.  We found that these 

mutations were indeed present in the two lines (Figure 32).  In addition to the two mutations 

that have been previously reported, we observed further mutations in our lines.  For rac1J10, 

two additional mutations were present, one at codon 78 which did not result in an amino acid 

change, and another at codon 119, which resulted in a change from arginine to histidine.  This 

is a relatively conservative substitution in a short linker between two alpha helices and the 

residue is not conserved between GTPases or known to have an essential function (Hirshberg 

et al. 1997).   

 

Rac1J11 had one additional mutation at codon 84 which did not result in an amino acid change.  

The presence of the expected point mutations in the rac1 gene and the absence of rac2 and 

mtl, identifies our lines as triple mutants which we could confidently use in further studies to 

investigate the effect of loss of Rac function.  In addition, expressing a dominant negative form 

of Rac1 (Rac1-N17) has been reported to produce similar phenotypes to loss of all three Rac 

genes, providing an additional method to interfere with Rac signalling (Harden et al. 1995) 
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A B

Figure 32.  Rac1 sequencing.  Sequencing of A) rac1J10 and B) rac1J11 to identifying the 

presence of the point mutations at codons 34 and 60 respectively rendering the protein non-

functional.  Two additional mutations were identified in rac1J10 (codon 78 and 119), and one 

additional mutation in rac1J11 (codon 84), none of which resulted in a functional change. 
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4.2 Embryos with reduced levels of PIP3 and Rac display similar phenotypes 

 

To look for potential similarities between the effects of loss of Rac activity and reducing PIP3 

levels, we first investigated the effect of expression of dominant negative Rac during DC.  

Expression of either UAS-PTEN3 (to reduce PIP3) or UAS-Rac1-N17 (dominant negative 

Rac1) under the control of en-Gal4, allowed analysis of the effect of expression of the 

transgenes on a subset of cells throughout DC.  Additionally, UAS-m-Cherry-Moesin was 

expressed to visualise the cells in which the transgenes were expressed and cGMA was also 

expressed to allow visualisation of F-actin throughout the embryo.  We observed that during 

DC, expression of either PTEN3 or Rac1-N17 occasionally resulted in the splaying of 

engrailed stripes at the DC leading edge.  If the splaying is severe enough, segmental 

misalignment or puckering can occur along the dorsal midline as DC progresses (Figure 33 A-

C). Expressing UAS-PTEN3 throughout the embryo under the control of tubP-Gal4 resulted in 

an elongated dorsal hole, which is also observed in in zygotic racJ11 mutant embryos (Figure 

33 D-F).  This phenocopying between embryos with reduced levels of PIP3 or Rac suggests 

that the two may work in they same pathway. 

 

 



105 
 

                   
 

Control

UAS-PTEN3

D

E

Rac J11

F

Control UAS-PTEN3 UAS-Rac-N17

Figure 33. Similarities in DC defects in embryos with reduced levels of PIP3 and those 

lacking expression of zygotic Rac.  A, A’) Control embryos displaying correct segmental 

spacing and alignment during DC and at the end of DC. B) embryos expressing UAS-PTEN3 in 

engrailed stripes (magenta), display splayed stripes (arrows), that can result in B’) segmental 

mis-alignment.  C) UAS-Rac1-N17 expression in engrailed stripes (magenta) also results in 

splayed stripes (arrows) and C’) puckering along the dorsal midline.  Similarities in DC 

phenotype in embryos with E) reduced levels of PIP3 and in racJ11 mutants when compared to 

D) controls.  Scale bar A-C represents 29 µm, and D-F 31 µm. 
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4.3 PIP3 is upstream of Rac in the regulation of filopodia in DME cells 

 

To determine if PIP3 is upstream of Rac in DC, in particular in the regulation of filopodia 

formation, we investigated the effects of increasing the levels of PIP3 in embryos lacking 

zygotic expression of Rac.  If PIP3 is upstream of Rac, increasing the levels of PIP3 (by 

expressing UAS-CA-PI3K) should have no effect on filopodial number in embryos lacking Rac 

expression.  Expressing UAS-CA-PI3K under the control of en-Gal4, along with UAS-GFP-

Moesin (to visualise the F-actin), resulted in a significant increase in the number of filopodia 

observed, consistent with findings previously described in this thesis (9.85 ± 0.91 filopodia per 

stripe when compared to controls – 5.82 ± 0.63 filopodia per stripe, p <0.0001).  Loss of 

zygotic Rac expression resulted in a significant decrease in the number of filopodia at the DC 

leading edge (3.4 ± 0.51 filopodia per stripe, p<0.0001).  Interestingly, expressing UAS-CA-

PI3K in embryos lacking zygotic expression of Rac did not result in an increase in the number 

of filopodia (3.56 ± 0.47, racJ10 vs UAS-CA-PI3K;; racJ10 p>0.9999), suggesting that the 

capacity of CA-PI3K to increase filopodial activity is dependent on Rac.  We also observed the 

effect on filopodia of expressing CA-PI3K in embryos with one copy of each Rac gene 

(racJ10/+) and found that filopodia numbers slightly elevated from control levels (7.41 ± 0.55 

filopodia per stripe p=0.0054).  This suggests that the ability of CA-PI3K to enhance filopodia 

number is reduced when Rac activity is reduced but not eliminated. (Figure 34).   

 

In addition to expressing UAS-CA-PI3K in racJ10 null embryos, we also expressed UAS-CA-

PI3K alongside UAS-Rac-N17, as an alternative method of decreasing Rac levels within the 

embryo.  As previously, expression of UAS-CA-PI3K resulted in the increase in the number of 

filopodia (9.34 ± 0.79 compared to 6.41 ± 0.53 for controls p=0.0003).  Expression of UAS-

Rac-N17 under the control of the en-Gal4 driver resulted in the decrease in the number of 

filopodia observed at the DC leading edge (5.16 ± 0.47 filopodia per stripe p=0.0462).  

Expressing UAS-CA-PI3K alongside UAS-Rac-N17 did not result in an increase in the number 

of filopodia present (5.59 ±0.67 filopodia per stripe), compared to expression of UAS-Rac-N17 

alone (p>0.9999) (Figure 35).    
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W1118 UAS-CA-PI3K rac
UAS-CA-PI3K;                  
          racJ10 J10

***

*** ***

*n.s

Ai Aii Aiii Aiv

B

Av

UAS-CA-PI3K;             
rac       J10/+

W1118 UAS-CA-PI3K racJ10
racJ10

UAS-CA-PI3K;;
racJ10/+

UAS-CA-PI3K;;

Figure 34.  Increasing levels of PIP3 in Rac zygotic mutants does not result in an increase 
in filopodia number. Ai-v) Live images taken of engrailed stripes expressing the indicated 

transgenes of mutant lines.  B) Quantitation of the number of filopodia per stipe with varying 

levels of PIP3 or Rac.  n ≥ 46 stripes or ≥ 10 embryos.  *** indicates a significant difference from 

control of P<0.001, * indicates a significant difference of P<0.01 where n.s. indicates no 

significant difference from the control.  Error bars indicate S.E.M.  Scale bar indicates 5 µm 
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***
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Figure 35.  Increasing PIP3 levels whilst expressing UAS-Rac-N17 does not result in an 

increase of filopodia.  Ai-v) Live images taken of leading edge filopodia in embryos either 

expressing the indicated transgene or mutant for the indicated gene.  B) Quantitation of 

filopodia number when the levels of PIP3 and active Rac are altered.  n ≥ 22 stripes, ≥ 6 

embryos. *** indicates a significant difference with the control of P<0.001, * indicates a 

significant difference of P<0.01 and n.s indicates no significant difference.  Error bars indicate 

S.E.M and the scale bar indicate 5 µm. 
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4.4 There is no positive feedback loop between Rac and PI3K in DC 

 

As the presence of a positive feedback loop between Rac and PI3K has previously been 

described in zebrafish neutrophil migration (Yoo et al. 2010), we sought to determine whether 

a similar feedback loop might act during DC.  If a feedback loop existed, we would expect that 

altering the levels of Rac would result in a change in PIP3 levels.  To investigate this, we 

observed the localisation of GPH in embryos lacking zygotic expression of Rac.  Despite there 

being noticeable DC defects in racJ10 embryos, the distribution of GPH (and so PIP3) remained 

unchanged, suggesting that reducing levels of Rac does not affect PIP3 accumulation at the 

leading edge (Figure 36 A, B). 

 

To further verify the absence of a positive feedback loop during DC, we altered the levels of 

Rac in engrailed stripes and observed the effect on leading edge PIP3.  To reduce the levels of 

active Rac, we overexpressed UAS-Rac-N17 under the control of en-Gal4 in embryos 

expressing tGPH in addition to UAS-m-Cherry-Moesin, to allow visualisation of where the 

transgenes are being expressed.  In these embryos, no difference in the accumulation of PIP3 

was observed in stripes with reduced active Rac (Figure 36 C).  Additionally, we also 

increased the levels of total Rac by expressing UAS-Rac1-wt under the control of en-Gal4.  

Interestingly, although we expected either an increase in PIP3 or for PIP3 levels to remain 

unchanged, we observed a decrease in PIP3 at the leading edge (Figure 36 D). 
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Ai Aii

Bi Bii
Control

racJ10

Ci Cii

Di Dii
UAS-Rac N17

UAS-Rac1-wt

Figure 36.  Increasing levels of Rac affects PIP3 levels.  GPH localisation in Ai, ii) wild type 

embryos and in B i and ii) embryos lacking zygotic expression of RacJ10.  Ci-ii) Expression of 

UAS-Rac-N17 alongside UAS-m-Cherry-moesin (magenta) under the control of en-Gal4 in 

embryos expressing tGPH. Di-ii) UAS-Rac1-wt expressed in engrailed cells (magenta) in 

embryos expressing tGPH.  Scale bar indicates 12 µm for all images, except AIi and Bii where 

the scale bar represents 24 µm  
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4.5 Myoblast City (Dock180) as a PIP3 effector/Rac regulator 

 

As we have shown that PIP3 is an upstream regulator of Rac during DC, we next sought to 

determine how PIP3 regulates Rac.  GTPases are activated by GEFs (which promote the 

exchange of GDP for GTP) and inactivated by GAPs (which inactivate the GTPase by 

promoting the hydrolysis of GTP to GDP). We therefore investigated GEFs as potential 

downstream targets of PIP3. 

 

In Drosophila there are 23 known Rho family GEFs, and of these we identified two good 

candidates to be Rac activators during DC; Myoblast City (MBC), the Drosophila homologue of 

Dock180, and still life (Sif) the homologue of Tiam1.  MBC and Sif were good candidates as 

they both contain regions that bind to PIP3 (either the PH domain in Sif or the DHR-1 domain 

in MBC), and are both Rac-specific GEFs (Micheils et al. 1995; Kiyokawa et al. 1998).  

ModENCODE expression data suggests that Sif expression is low in DC-stage embryos, 

whereas MBC is highly expressed throughout early embryogenesis (Graveley et al. 2011), we 

decided that MBC would be the better candidate to investigate first. In addition, MBC has 

previously been reported to exhibit defects in DC (Erickson et al. 1997) (Figure 37). 
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Figure 37. ModENCODE data for MBC and Sif.  Expression profile of A) Still life and B) 

Myoblast city during development.  C) Indicates levels of expression levels.  Tables obtained 

from modENCODE Temporal Expression Data (Gravely et al. 2011). 
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4.5.1 MBC in DC 

 

To determine whether MBC might link PIP3 to Rac during DC, we first investigated the effect of 

loss of MBC on the shape of the dorsal hole.  To do this we expressed GFP-moesin 

ubiquitously in embryos lacking zygotic expression of MBC. We used two distinct loss of 

function alleles of mbc: mbcc1 and mbcd11.2. Both alleles exhibited a wide range of DC 

phenotypes (Figure 38. A, B); 38% of embryos displayed an elongated dorsal hole, 11% 

developed a hole between the amnioserosa and the dorsal leading edge, 27% of embryos had 

defects in head involution and/or tail retraction, 3% of embryos displayed an early embryonic 

defect, likely due to a failure of germband retraction to occur correctly and 21% appeared to 

have no DC defects (n = 37 embryos).  To ensure that the defects observed were due to the 

lack of mbc expression, we observed DC in transheterozygous embryos (mbcc1/d11.2).  These 

embryos also exhibited DC phenotypes indicating that the defects observed were almost 

certainly due to a loss of MBC expression (Figure 38 C). 

 

 

4.5.2 MBC is acting downstream of PIP3 in DC 

 

To assess if MBC is working downstream of PIP3 in DC, we analysed the effects of increasing 

PIP3 in mbcc1 mutant embryos.  We assessed the number of filopodia in embryos expressing 

UAS-CA-PI3K, but lacking zygotic expression of MBC, with the rationale that, if MBC is 

downstream of PI3K, filopodia number should not increase with expression of UAS-CA-PI3K.  

As previously, expression of UAS-CA-PI3K in engrailed stripes (also expressing UAS-GFP-

Moesin to visualise F-actin) resulted in an increase in the number of filopodia (10.32 ± 0.73 

filopodia per stripe compared to 7.72 ± 0.68 filopodia per stripe in control embryos.  p = 

0.002).  In embryos lacking expression of MBC a significant reduction in filopodia was 

observed (4.28 ± 0.61 filopodia per stripe, p<0.0001) (Figure 39. B, C, F).  Expression of UAS-

CA-PI3K in embryos lacking zygotic expression of MBC did not result in an increase in the 

number of filopodia (4.28 ± 0.49 filopodia per stripe) compared to embryos lacking expression 

of MBC alone (p>0.9999) (Figure 39 D, F).  We also examined the effect of loss of one copy of 

MBC on the ability of CA-PI3K to induce filopodia.  These embryos had filopodia number 

comparable to controls (7.85 ± 0.68 filopodia per stripe, p > 0.999) indicating that the ability of 

CA-PI3K to promote filopodia is limited when MBC levels are reduced (Figure 39 E, F). These 

results suggest that MBC is acting downstream of PI3K in the regulation of filopodia.  
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Ci Cii

mbcC1 mbcD11.2

MBC C1/D11.2

Figure 38. Embryos lacking zygotic expression of MBC exhibit DC defects.   Embryos 

lacking zygotic expression of A) MBC C1 and B) MBC D11.2 exhibit a range of DC defects.  C) 

Heteroallelic mbcC1/D11.2 mutants also display a range of DC defects.  Scale bar represents 24 

µm. 
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Control UAS-CA-PI3K mbcC1
UAS-CA-PI3K;; 
mbc C1

UAS-CA-PI3K;; 
mbc    C1

**

*** ***

n.s
n.s

A B C D E

F

/+

W1118 UAS-CA-PI3K mbc C1 UAS-CA-PI3K;;
         mbc C1

UAS-CA-PI3K;;
         mbc C1/+

Figure 39.  Expressing UAS-CA-PI3K in embryos lacking zygotic expression of MBC 
does not induce the formation of filopodia.  A-E) Images of DC filopodia in embryos of the 

indicated genotype.  F) Quantification of filopodia number in the genotype indicated.  n ≥ 46 

stripes or n ≥ 10 embryos.  *** indicates a significant difference from the control of P<0.001, ** 

indicates a significant difference from the control of P<0.005 and n.s indicates no significant 

difference.  Error bars indicate S.E.M and the scale bar represents 5um 
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4.5.3 MBC localisation is affected by a decrease in the level of PIP3 during DC 

 

To determine how MBC regulates filopodia downstream of PIP3, we first investigated its 

localisation during DC.  To visualise the localisation of MBC, we made a UAS-GFP-MBC 

transgene and expressed it throughout the embryo under the control of the tubP-Gal4 driver.  

MBC primarily localised to the DC leading edge, with some accumulation at junctions (Figure 

40 A).  Interestingly the localisation of UAS-GFP-MBC resembled the localisation of F-actin 

during DC. 

 

Given that MBC appears to localise to the leading edge during DC, we next sought to 

determine if manipulating PIP3 levels alters MBC localisation.  We expressed UAS-GFP-MBC 

under the control of en-Gal4 and observed a localisation similar to that of F-actin, with GFP-

MBC localising to cell junctions, most strongly at the leading edge (Figure 40 B).  Reducing 

levels of PIP3 by expressing UAS-PTEN3 under the control of en-Gal4, resulted in a reduction 

of GFP-MBC associated with cell junctions, with its distribution becoming more diffuse and 

cytosolic.  However, the change in distribution of GFP-MBC was variable, with some cells 

retaining junctional localisation (Figure 40 Cv), whilst others lost it (Figure 40 Civ). Increasing 

PIP3 levels by expressing UAS-CA-PI3K, appeared to result in a slight increase in the 

localisation of GFP-MBC to cell junctions (Figure 40 D). 
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Control

UAS-PTEN3
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Figure 40. Localisation of MBC throughout DC  A) MBC exhibits a junctional localisation at 

the DC leading edge in a similar manner to F-actin.  Ai-Aii)  GFP-MBC localises to the leading 

edge in particular to cell junctions (arrow).  Localisation of MBC-GFP under the control of en-

Gal4 in B) control embryos, C) in embryos expressing UAS-PTEN3 and D) in embryos 

expressing UAS-CA-PI3K.  Each stripe represents a different embryo.  Scale bar in A 

represents 20 µm, and the scale bar in B-D represents 5 µm. 
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4.5.4 Expression of UAS-Rac1-wt can rescue loss of filopodia observed in MBC mutants 

 

To determine whether MBC is working upstream of Rac in the regulation of filopodia during 

DC, we analysed filopodia in embryos that lacked zygotic expression of MBC, but with 

elevated levels of Rac (UAS-Rac1-wt).  If MBC is working by activating Rac, increasing the 

levels of Rac in a zygotic mbc mutant should rescue filopodia defects observed in mbcc1 

embryos.  As previously, expression of UAS-Rac1-wt under the control of en-Gal4 resulted in 

a significant increase in the number of filopodia present when compared to controls (11.63 ± 

0.93 and 8.09 ± 0.72 respectively p<0.0001), whilst embryos lacking expression of zygotic 

MBC exhibited a significant reduction in filopodia number (4.27 ± 0.5, p<0.0001) (Figure 41 A-

C, E).  Overexpressing UAS-Rac1-wt in mbcc1 zygotically null embryos resulted in a significant 

increase in the number of filopodia observed compared to MBC null embryos (6.92 ± 0.84 and 

4.27 ± 0.5 respectively p=0.0097) (Figure 41 D, E).  Expression of UAS-Rac1-wt is therefore 

able to rescue the number of filopodia in embryos lacking zygotic expression of MBC 

suggesting that Rac is downstream of MBC during DC. 
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UAS-Rac1wt; mbcControl UAS-Rac1wt mbc C1 C1

A B C D

E

***

***

n.s
**

W1118 UAS-Rac1wt mbc C1 UAS-Rac1wt;
          mbc C1

Figure 41.  Overexpressing UAS-Rac-1wt in embryos lacking zygotic MBC expression 

rescues the loss of filopodia phenotype.  A-D) show images of engrailed stripes expressing 

UAS-GFP-Moesin along with the indicated transgene or in the given mutant.  E) Quantification 

of filopodia number in each genetic condition. n ≥ 24 stripes or n ≥ 10 embryos  *** indicates a 

significant difference from the control of P<0.001, ** indicates a significant difference of 

P<0.005 and n.s. indicates no significant difference between test and controls.  Error bars 

indicate S.E.M and the scale bar represents 5 µm. 
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4.6 Potential role of Still life during DC 

 

Although our data suggested that MBC is acting downstream of PIP3 during DC, we decided to 

investigate if the other potential GEF could also play a role in DC.  To investigate whether Sif 

plays a role in DC, we expressed ubiquitous GFP-Moesin in embryos lacking zygotic 

expression of sif, using the sifES11 mutant allele, and imaged DC.  As expected, the control 

embryos exhibited the normal, eye shaped dorsal hole (Figure 42 A), whereas embryos 

lacking zygotic expression of Sif exhibited an elongated dorsal hole, with straight leading 

edges (Figure 42 B).  Additionally, some embryos exhibited detachment of the amnioserosa 

from the leading edge, resulting in a disordered dorsal hole (Figure 42 Bii). These data 

suggest that, like MBC, Sif may play a role in DC. 

 

 

4.7 Potential role of Akt during DC 

 

Akt is a well-known downstream effector of PIP3, and as such it is possible that it also plays a 

role during DC (Burgering and Coffer 1995).  Using embryos lacking zygotic expression of Akt 

(akt04226), we investigated whether it too might participate in DC.  To establish if Akt has any 

role in DC, we first observed the effect of losing zygotic expression of Akt, with ubiquitous 

GFP-Moesin used to visualise F-actin.  We observed a range of DC defects in these embryos 

with 42% of embryos displaying a normal dorsal hole (Figure 43 A, B), 25% of embryos 

showed an early embryonic defect, such as failure of the head to properly involute (Figure 43 

D) and 33% displayed a DC phenotype, including an elongated dorsal hole (n = 16).  

Interestingly, one of the DC defects observed was detachment of the amnioserosa from the 

epithelial leading edge, when this occurred, the hole appeared to be treated like a wound with 

the formation of an actin cable and protrusions (Figure 43 C). 

  

As a subset of embryos displayed DC phenotypes we next sought to determine if these 

embryos had filopodia defects.  Expressing UAS-GFP-Moesin under the control of en-Gal4 in 

embryos lacking zygotic expression of Akt allowed visualisation of F-actin and so we were 

able to analyse the number of filopodia present at the front of DME cells.  When levels of Akt 

were reduced, a small, but significant reduction in the number of filopodia were observed at 

the DC leading edge when compared to controls (6.59 ± 0.53 and 7.60 ± 6.59 filopodia per 

stripe respectively, p = 0.0028) (Figure 43 E, F). 
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Ai Aii

Bi Bii

Control

Still life ES11

Figure 42.  DC phenotypes observed in embryos lacking zygotic expression of Still life.  

Ai, ii) Dorsal hole observed in control embryos visualised with ubiquitous expression of GFP-

moesin. Bi, ii) Shows examples of DC phenotype observed when zygotic expression of Sif is 

lost.  Arrow in Bii indicates where the amnioserosa has separated from the leading edge.  Scale 

bar represents 20 µm  
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**
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F

W1118 akt04226

Figure 43.  akt04226 mutant embryos display DC defects.   A-D) akt04226 mutant embryos 

expressing cGMA display a range of DC defects including C) separation of the leading edge 

from the amnioserosa (arrow indicates the formation of filopodia and an actin cable) and D) 

early embryonic defects.  Ei, ii) Embryos lacking zygotic expression of Akt display a significantly 

reduced number of filopodia as quantitated in F.  ** indicates a significant difference from the 

control of P<0.005.  Error bars indicate S.E.M and Scale bar represents 5 µm 
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Chapter 4. Discussion 
 

We have shown that during DC PIP3 regulates actin protrusion formation, and hence epithelial 

closure, however we do not know what functions downstream of PIP3 in this process.  To 

determine how actin protrusions are regulated by PIP3 during DC, we sought to determine the 

downstream effectors in this signalling pathway.  We took a candidate approach to identify 

other actin regulators, with one such candidate being the small GTPase Rac, as it is a well-

studied regulator of actin protrusions during cell migration and developmental events and is 

regulated by PIP3 in other contexts (Ridley 2001; Hakeda-Suzuki et al. 2002; Stramer et al. 

2005; Woolner et al. 2005).  Interestingly Drosophila embryos lacking expression of Rac 

exhibit an elongated dorsal hole in a similar manner to embryos with reduced levels of PIP3 

(Woolner et al. 2005).   

 

 

4.8 PIP3 is upstream of Rac in the regulation of filopodia during DC 

 

That similar phenotypes were observed in embryos lacking zygotic expression of Rac or with 

reduced levels of PIP3 indicated that these two molecules could be working in the same 

signalling pathway.  We have shown previously that PIP3 is required for DC, in particular in the 

formation of filopodia and as such it is vital for the process of zippering.  Previous work has 

shown that Rac is also vital for the regulation of filopodia during DC, and when levels of Rac 

are reduced, zippering is impaired resulting in an elongated dorsal hole (Woolner et al. 2005), 

similar to the effect of reducing levels of PIP3.  As such, we hypothesised that PIP3 and Rac 

are working in the same pathway to regulate the formation of actin protrusions at the front of 

migrating epithelial cells.  This hypothesis is consistent with work in other systems where PIP3 

was shown to activate Rac in neutrophils through Rac specific GEFs (Weiner et al. 2002; 

Nishikimi et al, 2009; Yoo et al. 2010). 

 

To obtain stronger evidence that Rac is downstream of PIP3 during DC we carried out 

epistasis experiments to identify genetic interactions between the two signals. We elevated the 

levels of PIP3 (using CA-PI3K) in embryos with minimal Rac activity, either using the racJ10 

mutant or by expressing UAS-Rac-N17 under the control of en-Gal4.  In both cases, 

increasing the levels of PIP3 did not increase the number of filopodia when Rac activity was 

minimal, suggesting that Rac is necessary for PIP3 to elevate filopodial activity. The finding 

that Rac regulates filopodia during DC is perhaps surprising, given that it is more normally 

associated with the regulation of lamellipodia (Ridley et al. 1992b; Nobes and Hall 1995).  It is 

possible that the environment of the cell determines the type of actin protrusion formed and it 

is notable that filopodia are the predominant actin structure observed protruding from DME 

cells rather than lamellipodia.  Additionally, it has been shown in epithelial cells in the 

Drosophila pupal developing thorax that the levels of Rac can influence which type of actin 
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protrusion is formed.  High levels of Rac results in the formation of filopodia, whereas 

intermediate levels of Rac results in lamellipodial formation (Georgiou and Baum 2010).  

Consistent with this observation is our finding that expression of UAS-Rac1-WT during DC 

leads to an increase in filopodia rather than lamellipodia.  During the course of the project, we 

attempted to observe the activation state of Rac directly using FRET-based activity sensors, 

however, in our hands, we were not able to detect changes in Rac activity using these 

sensors.  As such we were unable to visualise the activation state of Rac during DC, and 

could only determine its presence downstream of PIP3 genetically.   

 

Activation of Rac at the leading edge of DME cells would be likely result in enhanced actin 

polymerisation, as Rac has been shown to activate the Scar/WAVE complex through 

interaction with Sra1 (a component of the Scar/WAVE complex), which can then directly bind 

and activate the Arp2/3 complex (Steffen et al. 2004).  Although the Scar/WAVE complex is 

primarily associatied with the formation of lamellipodia, as is Rac, it is possible that in the case 

of DC, Scar/WAVE could be activated by Rac to form filopodia.  It would be interesting to know 

if this interaction with the Scar/WAVE complex occurs during DC. 

 

 

4.9 No evidence for a positive feedback loop between PIP3 and Rac during DC. 

 
It has previously been reported that during cell migration, whilst PIP3 activates Rac, Rac is 

also able to activate PI3K in a positive feedback loop acting at the front of the cell (Weiner et 

al. 2002; Yoo et al. 2010).  It is likely that this feedback loop amplifies local signalling at the 

leading edge of the cell so promoting robust actin polymerisation in response to weak 

signalling inputs.  However, when we investigated the presence of a feedback loop in DC, we 

found that decreasing the levels of Rac did not result in a change in PIP3 levels, suggesting 

that this feedback system probably does not operate during DC.  Interestingly when we 

increased the total levels of Rac, we observed a decrease in PIP3 levels, suggesting that 

whilst a positive feedback loop is not present, there may in fact be a negative feedback loop, 

which acts to restrict PI3K signalling when levels of Rac become too high.  It is possible that 

this inhibition acts to prevent excess actin assembly.  It could be hypothesised that this type of 

negative feedback loop might be present in more complex tissues where excess levels of PI3K 

have been linked to a variety of cancers (Shayesteh et al. 1999; Ma et al. 2000; Samuels et al. 

2004).  It is also possible that this feedback loop is vital to act as a ‘stop’ signal that is required 

when cells have reached their destination, such as once DC has been completed.   
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4.10 MBC is a PIP3 effector in the regulation of Rac 

 

As our data suggested that Rac is downstream of PIP3 in the regulation of filopodia during DC, 

we next sought to determine how PIP3 regulates Rac.  Given that the activation state of 

GTPases is regulated by GEFs and GAPs, and that PIP3 has been shown to bind to PH 

domain containing proteins, it was possible that PIP3 could activate Rac via a PH-containing 

GEF, as occurs in other systems (Weiner et al. 2002; Nishikimi et al. 2009).  Although MBC 

does not contain the typical PH domain, it does contain two Dock-Homology regions (DHRs), 

which contain DH-PH-like domains (Côté et al. 2005).  Additionally, MBC is expressed during 

embryogenesis and embryos lacking MBC exhibit a DC phenotype, making it a good 

candidate for signalling downstream of PIP3 in the regulation of Rac during DC (Erickson et al. 

1997).  We found that two different mutant alleles of mbc, mbcc1 and mbcd11.2, both exhibited 

DC defects, including defects similar to those observed in embryos with reduced levels of PIP3 

or lacking expression of Rac, providing evidence that MBC might act as a link between PIP3 

and Rac.  However, in addition to an elongated dorsal hole, these embryos also exhibited a 

range of other defects.  It is likely that the variation in defects observed in embryos lacking 

zygotic expression of MBC is due to MBC being required for other morphogenetic processes 

(such as head involution and germband retraction) as well as a variation in maternal 

contribution of the protein.   

 

Using genetic interactions we demonstrated that PIP3 is upstream of MBC in the regulation of 

filopodia during DC, however we did not determine how PIP3 regulates MBC.  The link 

between Dock180 and PIP3 has previously been demonstrated in LR73 cells (a CHO variant), 

where the authors demonstrated that an interaction occurred between PIP3 and the DHR-1 

domain of Dock180 (Côté et al. 2005).  Although a direct link was not shown between 

Dock180 and actin protrusions, they did show that the interaction between Dock180 and PIP3 

was required for cell elongation and motility, which is consistent with our observation of MBC 

being required for actin protrusion formation at the front of DME cells required for efficient DC. 

 

To evaluate how MBC links PIP3 signalling to Rac activation, we generated transgenic flies 

containing GFP-tagged MBC that could be expressed under the control of the UAS-Gal4 

system.  Our finding that this construct localises to the leading edge of DME cells is consistent 

with it playing a role at the leading edge during DC.  As we propose that MBC is a downstream 

target of PIP3 we investigated the effect of altering PIP3 levels on MBC localisation, and found 

that decreasing the levels of PIP3 resulted in an overall loss of association of GFP-MBC with 

cell junctions and increasing the levels of PIP3 slightly increased the association of GFP-MBC 

with cell junctions.  Our observations are consistent with previous work, where PIP3 has been 

shown to localise Dock180 via its DHR-1 domain to the front of migrating cells (Côté et al. 

2005).  We propose that during DC, as observed in previous work, PIP3 is required for the 

localisation of MBC to the front of the cell, likely through interactions with the DHR-1 domain of 
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MBC.  Additionally, as MBC/Dock180 exists in an auto-inhibited conformation, it is possible 

that PIP3 could play a role in relieving this inhibition, in a similar manner to the GEF Vav 

(Tolias et al. 1995), although no work has yet demonstrated that PIP3 can function in this 

manner. 

 

We have determined genetically, that during DC both Rac and MBC are downstream effectors 

of PIP3, as such we next sought to verify that that MBC is upstream of Rac in DC.  Increasing 

levels of Rac in embryos lacking zygotic expression of MBC was sufficient to rescue the 

filopodia defect observed in mbcc1 embryos.  This indicates that during DC, MBC is acting 

upstream of Rac, consistent with the fact that its homologue Dock180 is a Rac specific GEF 

(Brugnera et al. 2002).   

 

From this work, we propose that during DC, PIP3 accumulates at the leading edge, where it 

recruits and/or activates MBC.  This leading edge MBC recruitment activates Rac and 

stimulates downstream signalling pathways required for the reorganisation of the actin 

cytoskeleton.  

 

 

4.11 Alternative downstream effectors of PIP3. 

 
4.11.1 Potential roles of Still life and Akt during DC. 

 

While the main focus of our studies linking PIP3 to actin assembly in DC was MBC, we also 

briefly investigated two other known targets of PIP3.  The first of these was the Rac GEF Still 

life.  Given that Sif contains two PH domains, of which the N-terminal PH domain is required 

for its localisation and PIP3 binding (Michiels et al. 1997; Fleming et al. 2000), we sought to 

determine if it is a downstream target of PIP3 during DC. We did not initially investigate Sif as 

recent high-throughput sequencing by the ModEncode consortium had failed to detect any 

expression of Sif before 12 hours post fertilisation, which is the approximate time of the onset 

of DC (Graveley et al. 2011). Surprisingly however, embryos lacking expression of Sif 

exhibited an elongated dorsal hole, similar to those observed in embryos with reduced levels 

of PIP3.  In addition to the elongated dorsal hole, we also observed instances where the 

amnioserosa detached from the epithelial leading edge. Notably, we only looked at one mutant 

allele, so we cannot rule out the possibility that the phenotype was caused by a second 

mutation on the mutant chromosome and would need to use a second allele to confirm the 

result.  These observations, if confirmed, would suggest that Sif could have some role during 

DC, however due to time constraints, we were unable to test this further.  If Sif was able to 

regulate the formation of filopodia, we would hypothesise that during DC, it would be acting to 

regulate the activation state of Rac, given that it has been shown to be upstream of Rac 

signalling in fibroblasts (Michiels et al. 1995).  This would suggest the ability of GEFs to work 
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in a redundant manner, and may help explain why some embryos lacking zygotic expression 

of each GEF do not exhibit DC phenotypes (although this could also be explained by variable 

maternal contribution).  It would be interesting to observe DC in embryos lacking expression of 

both Sif and MBC, if the observed phenotypes were enhanced, this could suggest that the 

GEFs work in a reducndant manner during DC. 

 

Akt is a well-known PH-domain containing effector of PIP3, and as such could also act during 

DC.  Interestingly, we observed a wide range of phenotypes in akt04226 null embryos, ranging 

from completion of DC without fault to failure to reach DC.  When analysed, we found there to 

be a small but significant decrease in the number of leading edge filopodia in embryos lacking 

zygotic expression of Akt, when compared to controls.  Whilst Akt appears to be playing 

important roles during development, given the nature of the defects, it is difficult to conclude 

whether this reduction in filopodia is a contributory factor.  Typically, defects associated with 

reduced numbers of filopodia include an elongated dorsal hole, and whilst this phenotype is 

observed, the presence of early embryonic defects and separation of the amnioserosa from 

the epithelial leading edge suggests that the phenotypes likely have other causes.  Further 

supporting this is that whilst significant, the decrease in filopodia number is modest, 

suggesting that Akt is not an important regulator of filopodia and this change in filopodia 

number may be a somewhat indirect effect of loss of Akt. 

 

 

4.12 Summary 

 

From our work, we have deduced that during DC, PIP3 recruits (and possibly activates) MBC, 

which then regulates the activation state of Rac at the leading edge of DME cells.  This PIP3-

MBC-Rac pathway is responsible for regulating the formation of filopodia required for DC and 

is consistent with other studies (Côté et al. 2005; Yoo et al. 2010).  The link between PIP3 and 

Rac has been reported previously in single cell migration (Weiner et al. 2002; Nishikimi et al. 

2009; Yoo et al. 2010), and as mentioned previously (Chapter 3) the pathways required for 

single cell migration could also be required for collective migration during DC.  In contrats to 

results in single cell migration (Nishikimi et al. 2009; Yoo et al 2010), there does not appear to 

be a positive feedback loop between Rac and PIP3 during DC, as decreasing Rac did not 

result in a loss of PIP3 accumulation at the leading edge, and increasing Rac surprisingly 

resulted in a decrease of PIP3.  This could suggest the presence of a negative feedback loop, 

preventing levels of PIP3 from reaching excessive levels.  This inhibition of PI3K could be 

beneficial in the control of cell growth, in particular from a point of preventing cancerous 

growth as high levels of PI3K have been reported in many cancer types (Shayesteh et al. 

1999; Ma et al. 2000; Samuels et al. 2004;	
  Carpten et al. 2007). 
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Although we did not determine how PIP3 recruits MBC during DC, given previous work, it is 

likely that the PH-binding region of PIP3 is able to bind to the DHR-1 domain of MBC (Côté et 

al. 2005).  Previous works showed that loss of the DHR-1 region inhibits cell migration in 

CHO-cells but does not have an effect of the ability of the GEF to activate Rac.  From this, we 

hypothesise that in our system, MBC could be recruited to sites of PIP3 accumulation, 

increasing Rac activity in these locations.  

 

Whilst the main focus of this project was the PIP3-MBC-Rac pathway, we briefly investigated 

the presence of other PIP3 effectors that could be responsible for filopodia formation in DC.  

From the presence of an elongated dorsal hole in sifES11 embryos, it is possible that Sif is also 

a regulator of filopodia.  It could be that Sif is working to activate Rac independently of PIP3, or 

it could be acting in a redundant manner to MBC.  It would be interesting to see if loss of both 

MBC and Sif enhanced the phenotypes observed in embryos lacking expression of one of 

these GEFs.  If so this could suggest the GEFs work in parallel in the regulation of the actin 

cytoskeleton. 

 

Finally, given that a well-known effector of PIP3 is Akt, we investigated its role in DC.  Although 

there appeared to be a DC phenotype, there were also early embryonic defects and the 

reduction in number of filopodia was modest, suggesting that defects observed with loss of 

Akt, are likely due to other roles Akt plays during development (such as cell growth and 

survival (Leevers et al. 1996; Brunet et al. 1999; Potter et al. 2002)), as opposed to regulation 

of the actin cytoskeleton. 
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Chapter 5. Exploring the mechanisms regulating PIP3 levels at the DC leading 

edge  
 

We have shown that PIP3 localises specifically to the front of DME cells in a polarised manner, 

where it regulates actin protrusion formation.  However, we do not know what causes this 

leading edge accumulation of PIP3.  The levels and distribution of PIP3 can be regulated either 

by controlling the production or metabolism of PIP3, or by a combination of both (Whitmann et 

al. 1988; Li et al. 1997; reviewed by Vanhaesebroeck et al. 2012).  Regulated metabolism of 

PIP3 by PTEN has been shown to play a major role in regulating PIP3 levels and cellular 

distribution in a variety of contexts (Gao	
  et	
  al.	
   2000;	
  Funamoto et al. 2002; von Stein et al. 

2005).  For example, in Dictyostelium PTEN exhibits a reciprocal localisation with PIP3, and is 

required to maintain the leading edge gradient of PIP3 observed in these cells (Funamoto et al. 

2002).  If this gradient is lost, cells fail to reorganise their actin cytoskeleton, do not generate 

pseudopodia and fail to undergo directional cell migration (Funamoto et al. 2002; Nisho et al. 

2007).  PTEN also seems to be particularly important in regulating PIP3 levels in epithelia.  In 

both MDCK cells and in the Drosophila epithelium, the reciprocal localisation of PTEN and 

PIP3 is important for the establishment of apicobasal polarity, with PIP3 restricted to the basal 

domain of the cells, as PTEN is recruited to the apical domain where it dephosphorylates PIP3 

(von Stein et al. 2005; Martin-Belmonte et al. 2008).  Although this work demonstrates the 

importance of the relationship between PTEN and PIP3 in establishing apicobasal polarity, it is 

possible that the same mechanisms regulate the planar polarity of DME cells during DC.  

 

Using genetic techniques available, we therefore investigated if PTEN is responsible for the 

specific PIP3 accumulation observed during DC.  Additionally, we wanted to determine other 

upstream regulators required for PIP3 accumulation at the leading edge.  Tom Millard and 

Juliana Alves-Silva made substantial contribution to the research described in this chapter. 

 

 

5.1 PTEN as a regulator of PIP3 localisation 

 

PTEN exhibits a polarised distribution during cell migration in a reciprocal manner to PIP3 

accumulation (Funamoto et al. 2002).  PTEN is vital in regulating the polarised distribution of 

PIP3 by dephosphorylating PIP3 where PTEN levels are high.  It is possible that PTEN 

distribution during DC is responsible for generating the PIP3 accumulation observed in DME 

cells.  To investigate if PTEN might regulate the accumulation of PIP3, we sought to determine 

the localisation of PTEN during DC. 

 

As mentioned previously, there are two main splice variants of PTEN in Drosophila (PTEN2 

and PTEN3). As no antibodies sufficiently sensitive to detect endogenous PTEN were 

available, we expressed GFP-tagged forms of PTEN2 and PTEN3 (Pinal et al. 2006) under 
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the control of the engrailed driver and live imaged the embryos to determine the localisation of 

each of the PTEN isoforms during DC.  We observed different localisations for the two variants 

during DC; PTEN3 was distributed homogenously throughout the cytoplasm and nucleus 

(Figure 44 Ai), whilst PTEN2 localised strongly to cell junctions (Figure 44 Aii).  Interestingly, 

UAS-PTEN2 was absent from the cell junctions at the leading edge, in a reciprocal manner to 

the observed localisation of PIP3 (Figure 44 Aii, Aiii). 

 

5.1.1 Polarisation of PIP3 in leading edge cells is controlled by PTEN 

 

As PTEN2-GFP and GPH (PIP3) display a reciprocal localisation in DME cells, we investigated 

if PTEN2 could be responsible for the planar polarised distribution of PIP3 observed at the DC 

leading edge.  To investigate if PTEN was responsible for the generation of the PIP3 gradient, 

we investigated the distribution of GPH in pten117 zyg or pten117 mat/zyg embryos.  During this 

experiment, measuring the fluorescence intensity of GPH along DME cell junctions provided a 

way of objectively quantifying the gradient of PIP3 in these cells.  In control embryos, the levels 

of PIP3 were increased at the leading edge and then rapidly decreased with distance away 

from the front of the cell, reaching a basal level 3-4 µm back from the leading edge (Figure 

44Bi, C).  Interestingly embryos lacking zygotic expression of PTEN, whilst still displaying an 

accumulation of leading edge PIP3 similar to that observed in control embryos, had a higher 

basal level further back on lateral cell junctions (Figure 44 Bii, C).  This demonstrates that PIP3 

is less polarised in pten117 embryos than in controls, although a gradient of PIP3 is still 

observed. 

 

In DC stage embryos there is frequently still substantial amounts of maternal protein, therefore 

our pten117 mutant embryos may still have significant quantities of maternally-derived PTEN.  

To remove this possibility we generated maternally and zygotically null embryos to ensure that 

PTEN was completely absent.  In these embryos, whilst PIP3 levels were still highest at the 

leading edge, the levels only dropped off only marginally behind, suggesting that PIP3 levels 

were now high at all cell junctions and that the front/back gradient of PIP3 was largely lost 

(Figure 44 Biii, D).  Additionally, we observed the distribution of PIP3 along the apico-basal 

axis in embryos lacking maternal and zygotic expression of PTEN.  PIP3 was still absent from 

the apical and basal surfaces, indicating that either PIP3 is solely generated at cell junctions or 

that it is degraded in a PTEN independent manner on the apical and basal surfaces (Figure 44 

Biii inset). From these data we can conclude that PTEN plays a major role in polarising PIP3 

levels within DME cells during DC. 
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Figure 44.  Leading edge gradient of PIP3 can be affected by reducing the levels of 

PTEN. Ai) UAS-PTEN3-GFP displays a diffuse localisation in DME cells.  Aii) UAS-PTEN2-

GFP is localised to cell junctions, the arrow indicates where it is absent from the leading edge.  

Aiii) GPH specifically localises to cell junctions at the leading edge (arrow), corresponding to 

the region where UAS-PTEN2-GFP is absent.  GPH localisation (indicating PIP3 levels) in Bi) 

control embryos, Bii) embryos lacking zygotic expression of PTEN and Biii) embryos lacking 

zygotic and maternal expression of PTEN.  Inset in Biii shows Z-section through the epidermis 

of pten117 mat/zyg embryo (apical is to the top).    Membrane levels of GPH (and therefore PIP3) 

were quantified by measuring fluorescence intensity along a 5 µm stretch of each junction 

beginning immediately in front of the leading edge, as indicated by green and magenta lines in 

Bi-ii. Distribution of PIP3 along cell junctions in C) embryos lacking zygotic expression of PTEN 

and D) embryos lacking zygotic and maternal expression of PTEN. n ≥ 40 junctions from at 

least 7 embryos.  Error bars indicate S.E.M.  Scale bar represents 10 µm. 
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5.2 PTEN distribution is determined by Baz during DC 

 

The PTEN splice variants PTEN2 and PTEN3 exhibit different localisations in DME cells 

during DC, however they only differ by five amino acids, thus these five amino acids must be 

responsible for the difference in localisation.  PTEN2 contains five additional amino acids at 

the C-terminus, which form a PDZ-binding domain (Smith et al 1999).  This PDZ-binding 

domain has been shown to mediate the binding of PTEN2 to Baz, which is the Drosophila 

homologue of Par3 (von Stein et al. 2005).   

 

To determine if Baz is responsible for localising PTEN2 during DC, we first determined the 

localisation of Baz by co-expressing UAS-m-Cherry-Baz (McGill et al. 2009) and UAS-GFP-

PTEN2 under the control of en-Gal4.  This allowed us to observe the localisation of both 

proteins simultaneously during DC.  We found that m-Cherry-Baz and GFP-PTEN2 co-

localised, with m-Cherry-Baz also localising to cell junctions except those at the leading edge, 

as previously observed for GFP-PTEN2 (Figure 45 A).  To determine whether Baz is 

necessary for the localisation of PTEN2 to junctions, we observed the localisation of GFP-

PTEN2 in hemizygous baz815-8 embryos (Krahn et al. 2010).  In these embryos, GFP-PTEN2 

did not localise to cell junctions; instead it displayed a cytosolic localisation, similar to that 

observed for PTEN3 (Figure 45 B), demonstrating that Baz is necessary for the localisation of 

PTEN2 to cell junctions in DME cells. These data suggested that Baz might indirectly regulate 

PIP3 distribution during DC by controlling the distribution of PTEN2. To test this idea we first 

compared the distribution of Baz and PIP3 by co-expressing UAS-m-Cherry-Baz and UAS-

GPH under the control of en-Gal4.  We found that in DME cells, Baz displays a precise 

reciprocal distribution to that of PIP3, with Baz localising at the rear and sides of DME cells, 

where PIP3 levels are low, but being absent from the leading edge where PIP3 levels are high 

(Figure 45 C).  To determine if Baz is regulating PIP3 distribution in DME cells, we investigated 

the localisation of PIP3 in embryos lacking zygotic expression of Baz.  Expressing tGPH in 

hemizygous baz815-8 embryos and measuring fluorescence intensity allowed us to objectively 

analyse the levels of PIP3 along cell junctions, in a similar manner to measuring PIP3 levels in 

pten117 embryos.  In embryos lacking zygotic expression of Baz, we observed that PIP3 is no 

longer strongly polarised in DME cells, with the leading edge PIP3 peak much reduced (Figure 

45 D, E).  These data suggest that Baz recruits PTEN to cell junctions away from the DC 

leading edge, which in turn dephosphorylates PIP3 specifically at the back at the sides of the 

cell, resulting in the PIP3 gradient observed.   
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Figure 45. Baz is required for the polarised distribution of PIP3.  A) Co-localisation of GFP-

PTEN2 and Baz in DME cells. B) GFP-PTEN2 loses its membrane localisation in baz815-8 

embryos.  C) Reciprocal localisation of Cii) PIP3 and Ciii) Baz.  Expression of GPH in Di) wild-

type embryos or Dii) baz815-8 embyros during DC. E) Distribution of PIP3 along junctions 

between DME cells in wild-type or baz815-8 embryos.  Quantified measurements of GPH 

fluorescence intensity along a 5 µm stretch of each junction, commencing immediately in front 

of the leading edge. n ≥ 68 junctions from at least 11 embryos.  Error bars indicate S.E.M. 

Scale bar represents 10 µm. 
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If our hypothesis is correct, and Baz is responsible for restricting the localisation of PIP3 to the 

leading edge, then we would expect mis-localising Baz to the leading edge of DME cells would 

prevent PIP3 from accumulating at the leading edge.  To mislocalise Baz, we used a strategy 

previously described by Laplante and Nilson who demonstrated that expressing the 

homophillic adhesion protein Echinoid in the amnioserosa during DC resulted in Baz being 

present at the leading edge, when it would normally be absent (Laplante and Nilson 2011).  

Consistent with the findings of Laplante and Nilson, we found that Baz is indeed present at the 

leading edge when Echinoid was expressed in the amnioserosa (Figure 46 B), in contrast to 

control embryos where it is absent (Figure 46 A).  GPH was expressed ubiquitously in these 

embryos to allow visualisation of the effect of this redistribution of Baz on PIP3 distribution.  

This revealed that the leading edge accumulation of PIP3 observed in control embryos is lost 

when Baz was present at the leading edge (Figure 46). 

 

 

5.3 Endogenous Baz displays a reciprocal relationship with actin in DME cells.  

 

Our work indicates that Baz is required for the leading edge accumulation of PIP3, and we 

therefore hypothesise that Baz is an upstream regulator of actin structures during DC.  

However, as we have previously determined Baz localisation by expressing an exogenous 

GFP-tagged Baz, we sought to determine the localisation of endogenous Baz in relation to 

actin structures in DME cells.  Immunostaining of E-cadherin (green), Baz (red) and F-actin 

(blue), demonstrated that E-cadherin localises evenly round the periphery of DME cells except 

at the leading edge cell junctions where it is slightly enriched.  Baz co-localises with E-

cadherin on most cell junctions of DME cells, except at the leading edge, where Baz, but not 

E-cadherin, is absent.  F-actin is enriched at the leading edge of DME cells (Figure 47 A-C).  

Merging the images clearly shows the absence of Baz from the leading edge, where F-actin 

accumulates (Figure 47 D, E).  This reciprocal relationship between F-actin and Baz is similar 

to that observed for Baz and PIP3 in overexpression experiments (Figure 45 C)   
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Figure 46.  Localising Baz to the leading edge results in loss of PIP3. Immunofluorescence 

staining of GPH (green) and Baz (magenta) in Ai-iii) control embryos and Bi-iii) those 

expressing exogenous Echinoid in the amnioserosa.  Arrow indicates a loss of leading edge 

PIP3 accumulation corresponding to the re-localisation of Baz.  Scale bar represents 10 µm. 
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Figure 47.  Distribution of E-cadherin, Baz and F-actin during DC.  Immunofluorescence of 

A) E-cadherin, B) Baz and C) F-actin in DME cells.  D) Co-localisation of E-Cadherin and Baz 

demonstrates Baz localising to cell junctions of DME cells, but absent from the leading edge 

(indicated by the arrow).  E) Co-localisation of Baz and F-actin demonstrates a reciprocal 

localisation with F-actin localising to the front of DME cells, whilst Baz is restricted to the rear 

and lateral cell junctions.  Scale bar represents 5 µm. 
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5.4 Loss of Baz impairs the formation of filopodia at the DC leading edge. 

 

We have demonstrated that Baz is required to recruit PTEN to cell junctions on the rear and 

the sides of DME cells and affects the cellular distribution of PIP3.  Given that PIP3 regulates 

filopodia formation during DC, we propose that Baz is also a regulator of filopodia in DME 

cells.  To test this hypothesis we expressed UAS-GFP-Moesin under the control of en-Gal4 in 

control or baz815-8 mutant embryos and observed filopodial activity at the DC leading edge.  

We observed a significant decrease in filopodia in baz815-8 mutant embryos (3.42 ± 0.49 

filopodia per stripe in baz815-8 embryos, compared to 5.56 ± 0.57 filopodia per stripe in control 

embryos, p<0.0001) (Figure 48).  This result demonstrates that Baz affects the formation of 

filopodia during DC. 
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Figure 48.  Filopodia number is reduced in embryos lacking zygotic expression of Baz.  

Filopodia of DME cells imaged in embryos expressing UAS-GFP-Moesin in Ai) control embryos 

or Aii) embryos lacking zygotic expression of Baz.  B) Number of filopodia per engrailed stripe 

in control and mutant embryos.  n ≥ 12 embryos.  *** indicates a significant difference from 

controls of p<0.0001.  Error bars indicate S.E.M.  Scale bar represents 5 µm. 
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Chapter 5 discussion 
 

5.5 PTEN2 regulates the accumulation of PIP3 during DC 

 

PTEN metabolises PIP3 and has been shown to be responsible for generating PIP3 gradients 

in a variety of contexts including Dictyostelium migration and apicobasal polarity in Drosophila 

epithelia (Funamoto et al. 2002; von Stein et al. 2005).  We therefore sought to determine if 

PTEN could be responsible for the specific leading edge accumulation of PIP3 observed 

during DC.  Live imaging revealed different localisations for the two PTEN splice variants 

tested, with PTEN2 displaying a specific localisation to cell junctions.  This recruitment of 

PTEN2 to junctions is consistent with it containing a PDZ-binding domain, allowing it to bind to 

junction-associated PDZ-containing proteins (Smith et al. 1999; Maehama et al. 2004).  Whilst 

PTEN3, which lacks this PDZ-binding domain, showed no specific localisation, it did 

accumulate in the nucleus, where PTEN is known to play a role in a variety of processes 

including DNA repair, cellular stability and cell cycle arrest (reviewed by Planchon et al. 2008).  

Interestingly, while PTEN2 is localised to cell junctions, it is excluded from leading edge 

junctions where PIP3 is present.  This reciprocal localisation of PTEN2 and PIP3 in DME cells 

is consistent with their localisation in Dictyostelium cells, where PTEN localises to the rear of 

migrating cells, whilst PIP3 is observed at the front (Funamoto et al. 2002).  In the case of 

Dictyostelium the restriction of PIP3 to the leading edge is required for actin cytoskeletal 

reorganisation.  

 

Analysing the localisation of GPH (and so the distribution of PIP3) in embryos lacking 

expression of zygotic and maternal PTEN, showed that PIP3 now localised homogeneously to 

all DME cell junctions indicating that in the absence of PTEN, PIP3 is no longer accumulated 

solely at the front of DME cells.  This is consistent with our hypothesis that PTEN is acting to 

restrict PIP3 accumulation to the leading edge of DME cells.  However, from our analysis we 

could still observe a small peak of GPH fluorescence at the front of the cell, indicating that 

there is still a slight accumulation of PIP3.  This suggests that the PIP3 gradient could be 

partially regulated by a second parallel mechanism.  It is possible, that in a similar manner to 

chemotaxing Dictyostelium cells, PI3K becomes localised at the leading edge, increasing the 

amount of PIP3 formed at leading edge cell junctions (Funamoto et al. 2002).  In control 

embryos, with the exception of the leading edge of DME cells, PIP3 is maintained at low levels 

by PTEN.  This suppression of PIP3 is likely to be important as it is known to regulate a variety 

of processes such as cell growth, proliferation and apicobasal polarity (Shewan et al. 2010; 

Vanhaesebroeck et al. 2012), and as such needs to be tightly regulated.  Our data shows that 

in DC, PTEN restricts PIP3 to the front of DME cells by dephosphorylating it at the back and 

sides of the cells.  In this manner, it is ensured that PIP3 will only accumulate and activate 

downstream signalling pathways where required.  
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5.6 Recruitment of PTEN2 by Baz is responsible for PIP3 localisation and actin 

polymerisation in DME cells during DC.  

 

Baz is required for the recruitment of PTEN2 to cell junctions, which in turn is responsible for 

the formation of the PIP3 gradient observed at the DC leading edge.  We observed Baz to be 

localised to the rear and the sides of the DME cells during DC, as observed for PTEN2.  This 

specific localisation of Baz is consistent with previous work in Drosophila, where it was 

observed that prior to the initiation of DC, Baz is localised on all cell junctions of DME cells, 

however, once DC commences Baz is gradually lost from the leading edge, but remains 

localised to lateral and rear DME cell junctions (Laplante and Nilson. 2011).  An interaction 

between Baz and PTEN2 has also been shown in a variety of other contexts including S2 cell 

culture (Drosophila cell line), Drosophila embryonic extracts and Drosophila photoreceptors 

(von Stein et al. 2005; Pinal et al. 2006), consistent with our hypothesis that PTEN2 is 

recruited to cell junctions by Baz during DC.  The work by von-Stein et al. demonstrated that 

PTEN2 bound Baz via its PDZ binding domain, resulting in its localisation to junctions.  This 

recruitment of PTEN2 by Baz has also been demonstrated in the basal domain of developing 

photoreceptors, where recruitment of PTEN2 by Baz was responsible for the accumulation of 

PIP3 at the apical domain (Pinal et al 2006).  The association between PTEN2 and Baz is well 

established and shown to be required for apicobasal polarity and we propose that the same 

relationship occurs in the development of planar polarity during DC. 

 

Given that Baz controls the localisation of PTEN2, it is not surprising that it also controls the 

gradient of PIP3 in DME cells during DC.  Interestingly, when the fluorescence intensity of 

GPH was analysed (so revealing PIP3 distribution), we noticed that there was only a minor 

peak of GPH at the leading edge of cells in baz815-8 embryos (figure 45).  It is likely that this is 

because PTEN2 is no longer sequestered to cell junctions at the back and sides of DME cells 

in baz815-8 embryos and therefore PTEN2 is now cytosolic, allowing it to dephosphorylate PIP3 

throughout the cell, including the leading edge.  This work demonstrates that in DME cells, 

Baz is required to recruit PTEN2 to the back and the sides of the cell, so restricting PIP3 

accumulation to the front of the cell.  Relocating Baz to the front of DME cells resulted in a loss 

of leading edge PIP3 accumulation, further verifying that Baz is required for the formation of 

the PIP3 gradient in DME cells.  We also observed a change in the morphology of DME cells 

where Baz was recruited to the leading edge.  It is possible that the loss of PIP3 from the front 

of these cells inhibits cytoskeletal rearrangements at the leading edge required for efficient 

DC, in a similar manner to that observed in neutrophils and Dictyostelium (Weiner et al. 2002; 

Devreotes and Janetopoulos 2003; Yoo et al. 2010).  It has previously been shown that 

accumulation of Baz at the leading edge results in the loss of the actin cable (Laplante and 

Nilson 2011), which would account for the disorganised leading edge.  Throughout our 

studies, we have not shown PIP3 to be required for actin cable formation during DC, however, 

it is possible that the role it plays in actin polymerisation for protrusion formation could also 
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have an effect on generating F-actin required for formation of the actin cable.  However, a 

major role for PIP3 in cable formation is unlikely, given that when PIP3 is reduced throughout 

the embryo the leading edge was not disorganised as is observed in embryos expressing 

Echinoid in the amnioserosa.  A more likely explanation for the absence of a cable in these 

embryos is that loss of polarisation in leading edge cells prevents the recruitment of other actin 

regulators required for the formation of an actomyosin cable (Laplante and Nilson 2011). 

 

This ability of Baz to regulate the localisation of PIP3 in DME cells is also important for 

ensuring actin polymerisation occurs where required.  We demonstrated that Baz localises in a 

reciprocal manner to F-actin, and when Baz is lost, the gradient of PIP3 is lost and the 

formation of filopodia at the DC leading edge is impaired.  The ability of Baz to regulate the 

localisation of PIP3 is consistent with previous work in embryonic epithelia, where von Stein et 

al. demonstrated the ability of Baz and PTEN2 to co-localise at the apical cortex of developing 

epithelia.  Additionally, the authors demonstrated that during the development of the 

Drosophila embryo, PTEN was essential for the reorganisation of the actin cytoskeleton.  It is 

assumed that the effect of loss PTEN on the actin cytoskeleton is as a result of a ubiquitous 

increase in PIP3 levels, which is consistent with our observations in DC (von Stein et al. 2005).  

 

Baz has also been shown to have antagonistic roles to Cdc42-Par6-aPKC in the formation of 

basolateral protrusions (Georgiou and Baum 2010).  In the developing Drosophila pupal 

thorax, the authors showed that typically Baz is localised to the apical domain of epithelial 

cells, and overexpressing Baz resulted in a reduction in the numbers of both intermediate and 

basal-level protrusions.  The authors proposed that this observation is due to Baz acting as a 

cue to polarise the dynamic actin cytoskeleton, restricting it to the basal compartment, where 

Par6-aPKC-Cdc42 regulates reorganisation of the actin cytoskeleton into protrusions.   

Furthermore, Baz can recruit PTEN in the development of Drosophila photoreceptors (Pinal et 

al. 2006), where it has been shown to restrict the localisation of F-actin and in this case, the 

apical formation of microvilli required for correct photoreceptor development.  This is 

consistent with our observation of Baz restricting the formation of actin structures to the front 

of the cell in a reciprocal localisation to itself.  We propose that the restriction of Baz to the 

rear and the sides of DME cells is responsible for generating the leading edge accumulation of 

PIP3, so regulating where MBC is recruited and Rac is activated. 

 

 

5.7 Summary 
 

We have shown that during DC, Baz is localised to the back and sides of DME cells, where it 

recruits PTEN2 via its PDZ binding domain.  This accumulation of PTEN2 on lateral and rear 

cell junctions dephosphorylates PIP3 in these locations, restricting PIP3 to the leading edge 

where Baz and PTEN2 are absent.  The resulting PIP3 accumulation at the leading edge is 
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necessary for the regulation of actin protrusions in DME cells required for efficient DC.  It has 

previously been shown that Baz can recruit PTEN2 (von Stein et al. 2005), and that Baz can 

restrict the formation of filopodia to one cellular location (Georgiou and Baum 2010), however 

these studies have been carried out in the context of apical-basal polarity.  We propose that 

the same Baz/PTEN/PIP3 pathway functions in planar polarity in DME cells and is required for 

the formation of filopodia at the front of DME cells during zippering. 

 

At present, we do not know what determines Baz localisation during DC, however it has been 

shown that during axis elongation in the Drosophila embryo, Rho Kinase phosphorylates Baz, 

inhibiting its ability to bind to phosphoinositides and hence membranes (Simões et al. 2010).  

We propose that as Rho kinase is required for actin cable contractility (Kimura et al. 1996; 

Mizuno et al. 2002), it interacts with and phosphorylates Baz at the front of DME cells (where 

the actin cable is present), excluding it from the leading edge when the actin cable starts to 

contract at the onset of DC.  It would be interesting to observe the localisation of Baz in 

embryos lacking expression of Rho kinase.  If Rho kinase was responsible for the loss of Baz 

from the leading edge at the onset of DC, we would expect to observe Baz remaining at the 

DC leading edge, and no accumulation of PIP3.  In control embryos, the exclusion of Baz from 

the front of DME cells results in the formation of a PIP3 gradient, which is required for the 

formation of actin protrusions required for zippering.	
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Chapter 6.  The role of PIP3 and downstream effectors in Drosophila epidermal 

wound healing 
 

Filopodia have been shown to be vital for re-epithelialisation, in particular during the final 

phases of joining together epithelial edges where they make contact with filopodia from the 

opposing epithelial edge and ‘pull’ the wound closed (Wood et al. 2002).  In addition to this 

role in the final sealing of the wound, they have recently been shown to be required throughout 

the whole process, contributing to the contraction of the wound by reaching across the wound 

and making contact with the other side (Abreu-Blanco et al. 2012).  Cdc42 can regulate the 

formation of filopodia during wound healing in a variety of systems including Drosophila and 

Xenopus embryos and adult mice, with a reduction in levels of Cdc42 resulting in less actin 

protrusions and slower or failed re-epithelialisation (Wood et al. 2002; Davidson et al. 2002; 

Anttonen et al. 2012).  Additionally, during Drosophila larval wound healing, the JNK pathway 

appears to be required for the formation of actin protrusions (Bosch et al. 2005).  Other than 

Cdc42 and JNK our knowledge of protrusion regulation during re-epithelialisation is limited and 

it is vital that it is improved.   

 

DC has been shown to have many parallels to wound healing (Wood et al. 2002), therefore we 

sought to determine if the PIP3-MBC-Rac pathway observed in the regulation of filopodia 

during DC also functions during re-epithelialisation in the Drosophila embryo.  Rac has 

previously been shown to be important in the process of re-epithelialisation in both adult mice 

and Drosophila larvae, where loss of Rac was shown to result in a delay in re-epithelialisation, 

due to a decreased rate of migration, cell polarisation and adhesion (Tscharntkne et al. 2007; 

Baek et al. 2010).  Contrasting this, Rac has been shown to be dispensable for the process of 

Drosophila embryonic wound healing (Wood et al. 2002).  The roles of PIP3 and MBC in re-

epithelialisation have not previously been shown, however, given the function of PIP3 in cell 

migration and actin cytoskeletal reorganisation, and our previous data in DC, we felt that PIP3 

and its downstream effectors are good candidates as regulators of actin protrusions formation 

during epithelial wound healing. 

 

 

6.1 PIP3 is required for re-epithelialisation  

 

6.1.1 Reducing levels of PIP3 reduces actin protrusions during re-epithelialisation 

 

To determine if PIP3 is required for the process of re-epithelialisation, we first investigated its 

distribution in the epidermis during wound healing.  To do this, we laser wounded embryos 

expressing tGPH (to visualise the localisation of PIP3), using a micropoint laser attached a 

Nikon A-1R confocal microscope and live imaged the process of wound closure.  Prior to 

wound healing, GPH (PIP3) is localised weakly to cell junctions throughout the epidermis 



144 
 

indicating that there is little PIP3 present.  Within 10 minutes of wounding, we observed GPH 

accumulating strongly to the wound edge, primarily at cell junctions, indicating an 

accumulation of PIP3 at these junctions (Figure 49 A).  Over time, this localisation became 

more pronounced, with GPH accumulating at every wound edge cell junction, in a similar 

manner to the localisation observed during DC. The distribution of PIP3 is thus polarised in 

wound edge cells, with the edge of the cell facing the wound having higher levels of PIP3 than 

the rest of the cell. 

 

The accumulation of PIP3 at cell junctions at the wound edge over time suggested that it may 

be playing a role in wound healing, so we next sought to determine whether healing was 

affected by depletion of PIP3. To reduce levels of PIP3 we expressed UAS-PTEN3 throughout 

the embryonic epidermis under the control of a double epidermal driver, e22c-Gal4, I67D-Gal4 

(this experiment was carried out by Juliana Alves-Silva, a post doc in the Millard lab).  

Additionally, UAS-m-Cherry-Moesin was also expressed to visualise F-actin throughout the 

epidermis. Two drivers were used to maximise PTEN3 expression and therefore maximise 

PIP3 degradation and also to provide high levels of m-Cherry-Moesin expression to improve 

imaging. 

 

Using the micropoint laser, small wounds of 150-250 µm in size were made in the epidermis of 

the Drosophila embryo.  These wounds would generally take around 30-60 minutes to close 

allowing the whole process of wound healing to be observed and multiple wounds to be 

imaged in reasonable time periods.  Use of m-Cherry-Moesin to visualise F-actin allowed the 

observation of both the actin cable and actin protrusions during wound healing.  To analyse 

the effects of reducing PIP3 on wound healing, we first analysed the percentage of the wound 

covered in actin protrusions between 20 and 40 minutes post wounding.  As wound edge 

filopodia tended to be shorter than those observed during DC, it is harder to distinguish 

between individual filopodia, as such we found analysing area covered by protrusions to be a 

more accurate representation of total protrusive activity during wound healing than counting 

individual protrusions. Using percentage coverage rather than absolute area allowed us to 

more accurately compare wounds of different sizes. Actin protrusion coverage was measured 

between 20 and 40 minutes, as this was the period when protrusions were consistently 

present and easy to measure.  We found that in embryos in which PIP3 levels were reduced 

by expression of PTEN3, the percentage of wound area covered by protrusions was 

significantly decreased when compared to controls (19.68% ± 5.99 and 28.18 ± 4.32 

respectively. p=0.0031) (Figure 49 B, C).   

 

Additionally, we sought to determine if this change in protrusions resulted in a delay in re-

epithelialisation.  We quantified the time taken for wounds to reach 95% closure of the original 

wound area as opposed to 100% closed, as the amount of protrusions present during the final 

stages of re-epithelialisation makes it challenging to accurately determine the precise moment 
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when closure is complete.  Wounds made in embryos expressing UAS-PTEN3 throughout the 

epidermis took slightly longer to close 95% of the original wound size (49.2 ± 4.33 minutes), 

when compared to wounds in control embryos (42 ± 4.64 minutes).  However, this decrease in 

duration of wound closure was not statistically significant (p=0.2214) (Figure 49 B, C, E).  

    

As the overall time taken to close 95% of the wound was only slightly increased, we analysed 

the extent of wound closure over time to determine if one phase of closure is particularly 

affected (Figure 49 F).  There was a general trend for embryos expressing UAS-PTEN3 to be 

larger than controls throughout the process, with wounds being significantly larger at the 14 

and 30 minute time points (p= 0.0086 and p=0.0356 respectively)), and the other time points 

all close to significance (10 minutes p= 0.0501, 18 minutes p=0.1123, 22 minutes p= 0.1114, 

26 minutes p=0.0583).   
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Figure 49.  PIP3 is required for re-epithelialisation.  A) GPH localisation during re-

epithelialisation.  Arrows indicate an accumulation of GPH at wound edge cell junctions.  Time-

lapse image of wound healing in B) control embryos and C) UAS-PTEN3 expressing embryos.  

UAS-m-Cherry-Moesin is also expressed under the control of e22c-Gal4, I67D-Gal4.  D) 

Quantitation of the average number of protrusions present between 20 and 40 minutes post 

wounding and E) the time taken for the wounds to close 95% of their original area.  F) 

Quantitation of the average size of the wounds over time in embryos with reduced levels of PIP3 

when compared to controls.  ** indicates p< 0.01, * indicates p< 0.05, n.s indicates no 

significant difference from controls.  Error bars indicate S.E.M.  Scale bar represents 10 µm. 

Whole sequence of GPH accumulating at wound edge cell junctions is shown in movie 9 in 

appendix 2. 
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6.2 Increasing levels of PIP3 results in increased protrusions during wound healing 

 

Having shown that reducing the levels of PIP3 resulted in a modest decrease in the rate of 

wound healing, probably due to a reduction in the amount of protrusions present, we 

investigated if wound healing is affected by increasing levels of PIP3.  To increase PIP3 levels, 

we used two approaches; expressing UAS-CA-PI3K and generating embryos lacking maternal 

and zygotic expression of PTEN. 

 

6.2.1 Expression of CA-PI3K increases the amount of actin protrusions present during wound 

healing. 

 

As expression of UAS-CA-PI3K in DC resulted in an increase in PIP3 (as determined by 

observing GPH distribution), we used the same approach to increase PIP3 during wound 

healing, expressing UAS-CA-PI3K throughout the embryonic epidermis under the control of 

e22c-Gal4 and I67D-Gal4.  UAS-m-Cherry-Moesin was expressed alongside UAS-CA-PI3K to 

allow visualisation of F-actin throughout the epidermis.  Analysis of the % protrusion coverage 

between 20 and 40 minutes post wounding revealed that embryos expressing UAS-CA-PI3K 

formed significantly more protrusions (50% ± 4.66) than control embryos (35.59% ± 3.73) 

(p<0.0001) (Figure 50 A, B, D). 

 

Laser wounding (as described above) of embryos expressing UAS-CA-PI3K throughout the 

epidermis resulted in wounds that took 35 ± 4.33 minutes to close, compared to 41.33 ± 3.6 

minutes in control embryos (p=0.2754).  To investigate if the increase in protrusions had an 

effect on wound healing at any phase of closure, we compared wound size at comparable 

times between embryos expressing UAS-CA-PI3K and controls.  We found that there was a 

trend for wounds in embryos expressing UAS-CA-PI3K to be smaller than those in controls at 

all time points, however at no point did the difference reach significance (Figure 50 E). 
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Figure 50.  Expression of UAS-CA-PI3K increases the number of protrusions during 

wound healing.  Time lapse images taken from wound healing in A) Control embryos and B) 

embryos expressing UAS-CA_PI3K throughout the epidermis.  C) Quantitation of the time taken 

for the embryos to close 95% of the original wound area.  D) Quantitation of the number of 

protrusions formed at the wound leading edge.  n ≥ 8.  *** indicates a significant difference from 

controls P<0.001.  n.s. indicates no significant difference from controls.  Error bars indicate 

S.E.M.  Scale bar represents 10 µm. Whole sequence is shown in movie 10 in appendix 2 
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6.2.2 Embryos lacking expression of PTEN exhibit significantly more protrusions during wound 

healing 

 

As expressing UAS-CA-PI3K did not result in a significant increase in the rate of wound 

healing, we adopted an alternative approach to increase the amount of PIP3 during healing.  

We made embryos that lacked both maternal and zygotic expression of PTEN. As shown in 

chapter 3, these embryos exhibit elevated PIP3 levels. 

 

Expressing GFP-Moesin ubiquitously throughout the embryos allowed visualisation of the F-

actin throughout the embryonic epidermis.  As previously, control embryos sealed the wounds 

using both an actin cable and protrusions, with both structures becoming visible within 20 

minutes post wounding.  Wounds in control embryos took on average 54 ± 5.85 minutes to 

close 95% of the original wound size.  Embryos lacking expression of both maternal and 

zygotic PTEN showed a significant increase in the amount of protrusions observed at the 

wound edge (45.35% ± 4.01 and 30.47% ± 4.46 of the total wound area respectively, 

p=0.0011) (Figure 51 A, B, D) although the rate of re-epithelialisation was not significantly 

altered, taking on average 44 ± 5.46 minutes to close 95% of the original wound size (p= 

0.3512) (figure 51 A-C).  When the size of the wounds were analysed, we found that although 

there was a trend for wounds to be smaller, the difference is only very small and showed no 

significance at any point in wound healing (Figure 51 E).  
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Figure 51. Reduction in PTEN results in slightly quicker wound healing and more 

protrusions.  Time lapse images of A) control embryos and B) embryos lacking expression of 

maternal and zygotic PTEN.  Arrows show the formation and persistence of actin protrusions 

throughout wound healing.  C)  Quantitation of the time taken for the wound to heal to 95% of 

the original size.  D) Quantitation of the percentage of the wound covered in protrusions 

between 20 and 40 minutes of wound healing.  n > 7.  ** indicates significant difference to the 

control p<0.005. n.s indicates no significant difference observed from the controls.  Error bars 

indicate S.E.M.  Scale bar represents 10 µm.  Whole sequence is shown in movie 11 in 

appendix 2 
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6.3 MBC is required for efficient wound healing 

 

Having demonstrated that PIP3 regulates actin protrusions during epithelial wound healing, we 

next sought to determine whether the downstream signalling pathway components identified 

during DC also function during re-epithelialisation. We hypothesised that in a similar manner to 

DC, MBC could be required for re-epithelialisation by regulating the formation of actin 

protrusions. 

 

To investigate the role of MBC during re-epithelialisation we analysed the effect of loss of 

MBC on actin protrusions and wound closure speed.  Using the mbcC1 null allele, we 

expressed constitutive GFP-Moesin to visualise F-actin in embryos zygotically null for mbc to 

determine if MBC has any role in re-epithelialisation.  As previously, wounding control 

embryos resulted in wounds that formed an actin cable and protrusions by 20 minutes with 

protrusions on average covering 29.93 % ± 4.18 and 95% closure taking 32 ± 4.68 minutes 

(Figure 52 A). Embryos lacking zygotic expression of MBC formed some protrusions by 20 

minutes, along with an actin cable (Figure 52 B).  However, on average the amount of 

protrusions formed was reduced with 28.29% ± 3.52 (p < 0.0001) of the wound covered 

(Figure 52 D).  Additionally, the time taken for the wounds to reach 95% closure was 

significantly greater than observed in control embryos (52 minutes ± 7.92 p= 0.0379) (Figure 

52 C).  Furthermore, throughout wound healing the wounds appeared to be larger than 

controls and the final phase of re-epithelialisation appeared more affected than controls 

(Figure 52 E).  However, the biggest difference between the two sets of data occurred within 

the first 10 minutes after wounding, where controls appeared to close much quicker than those 

lacking expression of MBC.  These data indicate that MBC is important in the regulation of 

actin protrusions and wound closure during re-epithelialisation in Drosophila embryos. 
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Figure 52.  Reduction in levels of MBC results in slower wound healing.  Time lapse 

images of wound healing in A) control and B) mbcC1 mutant embryos.  Arrows indicate the 

formation of actin protrusions.  C) Quantitation of the average time taken for embryos to close 

95% of the original wound area.  D) Quantitation of the average number of protrusions formed 

between 20 and 40 minutes of wound healing.  n = 11.  *** indicates a significant difference 

from the control P<0.001.  * indicates a significant difference from the control P<0.01.  Error 

bars indicate S.E.M.  Scale bar represents 10 µm.  Whole sequence is shown in movie 12 in 

appendix 2. 
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6.4 Rac is required for efficient wound healing 
 

Previous data has shown that Rac is a downstream effector of PIP3 and MBC during DC, and 

as these are both are involved in epithelial wound healing, we hypothesised that Rac would 

also be involved in wound healing.  

 
6.4.1 Loss of Rac results in slower wound healing 

 

To evaluate if Rac has a role in re-epithelialisation in Drosophila embryos, we analysed the 

formation of actin protrusions and the rate of wound healing in embryos zygotically null for all 

three Drosophila rac genes.  In chapter 4, two triple rac mutant lines, racJ10 and racJ11, were 

analysed, both of which display DC defects.  We analysed the actin dynamics during wound 

healing in both mutant lines by expressing constitutive GFP-Moesin to visualise F-actin.  

Embryos were wounded as described previously, with an actin cable and protrusions forming 

within 20 minutes of wounding in control embryos (Figure 53 A). 

 

As previously, actin protrusions between 20 and 40 minutes post wounding were analysed and 

the time for wounds to reach 95% of their original wound size was calculated.  In control 

embryos, an average of 21.12 % ± 3.81 of the wound area was covered with protrusions and 

wounds took 41.81 minutes ± 5.51 to reach 95% closure (Figure 53 A, D, E).  In comparison, 

in both rac mutant lines, the percentage of wound covered with protrusions was reduced when 

compared to control embryos (30.85% ± 4.16 wound coverage for racJ10 and 22.77% ± 2.48 for 

racJ11 compared to 28.12 ± 3.81 for the controls p=0.023 and <0.0001 respectively) (Figure 53 

B, C, E).  Additionally, wound healing was delayed in racJ11 embryos, but not in racJ10 

embryos.  In racJ10 embryos the wounds took on average 59 ± 12.42  minutes to close 

(p=0.3375 when compared to wounds in control embryos), but the racJ11 mutant embryos took 

significantly longer to heal the wounds than controls (65.5 ± 7.06 minutes, p=0.0103) (Figure 

B, C, D).  

 

To further determine whether Rac is important for re-epithelialisation, we compared the 

average size of the wounds over time to those of control embryos (Figure 53 F).  Although 

there was a trend for wounds lacking zygotic expression of Rac to be larger than controls at 

the equivalent time point after wounding, at no point did this difference reach significance for 

either Rac mutant line, however this data did indicate that racJ11 embryos took longer to 

complete the final re-sealing phase of re-epithelialisation. 
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Figure 53. Loss of Rac results in slower wound healing.  A-C) Images taken from time-

lapse movies of wound healing in Control, racJ10 and racJ11 mutant embryos.  Arrows indicate 

the presence of an actin cable and protrusions.  D) Quantitation of time taken for embryos to 

close 95% of the original wound size.  E) Quantitation of the average number of protrusions 

observed between 20 and 40 minutes of wound healing.  n ≥ 7 embryos  *** indicates a 

significant difference from controls P<0.001, * indicates a significant difference of P<0.05 and 

n.s indicates no significant difference from controls.  Error bars indicate S.E.M.  Scale bar 

represents 10 µm.  Whole sequence is shown in movie 13 in appendix 2 
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6.4.2 Increasing levels of Rac increases the speed of wound healing 

 

We have previously shown that expressing UAS-Rac1-wt during DC resulted in an increase in 

the number of filopodia and so we hypothesised that increasing the levels of Rac would result 

in an increase in the number of protrusions present at the wound edge and thus increase the 

rate of re-epithelialisation.  Using the double epidermal driver used previously (e22c-Gal4; 

I67D-Gal4), we expressed UAS-Rac1-wt alongside UAS-m-Cherry-Moesin throughout the 

embryonic epidermis and wounded embryos as previously described using the Micropoint 

laser attached to the Nikon confocal. As expected, control embryos formed an actin cable and 

protrusions by 10 minutes, with the cable thickening over time (Figure 54 A) and on average 

the wounds in control embryos had closed 95% of their original size by 42 ± 5.65 minutes 

(Figure 54 C). When UAS-Rac1-wt was expressed throughout the epidermis, the actin cable 

and protrusions were also formed within 10 minutes (Figure 54 B), however on average a 

greater proportion of the wound area was covered in protrusions than controls (44.95% ± 4.25 

compared to 36.41% ± 4.97 in the control embryos p<0.0001), and embryos expressing UAS-

Rac1-wt reached 95% closure quicker than controls (30.5 ± 2.24 minutes, p=0.0257) (Figure 

54 C, D).  

 

To investigate if increasing the amount of Rac present had an effect on any particular phase of 

re-epithelialisation, we analysed the average size of the wound during healing (Figure 54 E).  

It can be seen that throughout wound healing, embryos expressing UAS-Rac1-wt had a trend 

for slightly smaller wounds and interestingly, the shape of the graph differed in the first 10 

minutes indicating an initial increase in wound size in control embryos resulting in a significant 

difference in wound area (p=0.0412).  These data show that Rac is important in the regulation 

of actin dynamics during wound closure and that by manipulating the levels of Rac, the rate of 

re-epithelialisation can be altered. 
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Figure 54.  Increasing levels of Rac increases the speed of wound healing.  Time lapse 

images of wound healing in A) control embryos and B) embryos overexpressing UAS-Rac1-wt 

under the control of e22c-Gal4; I67D-Gal4.  C) Quantitation showing the time taken for the 

embryos to close 95% of the original wound size.  D) Quantitation of the amount of protrusions 

formed between 20 and 40 minutes of wound healing.  n ≥ 14 embryos.  *** indicates significant 

difference from control P<0.001.  * indicates significant difference from control P<0.05.  Error 

bars indicate S.E.M.  Scale bar represents 10 µm.  Whole sequence is shown in movie 14 in 

appendix 2. 
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6.5 Baz and actin exhibit a reciprocal relationship during epithelial wound healing 

 

During DC, sequestration of PTEN to cell junctions behind the leading edge by Baz results in 

PIP3 accumulation at the leading edge and this drives actin protrusion formation.  We sought 

to determine if a similar mechanism may operate at the wound edge.  Embryos expressing 

UAS-GFP-Baz and UAS-m-Cherry-Moesin under the control of a double epidermal driver 

(e22c-Gal4; I67D-Gal4) were laser wounded.  Expression of UAS-GFP-Baz and UAS-m-

Cherry-Moesin allows visualisation of Baz and F-actin dynamics during wound healing.  Prior 

to wounding Baz localises to cell junctions throughout the epidermis (Figure 55 Ci). Following 

wounding, Baz begins to be lost from cell junctions at the wound edge and this correlates with 

the accumulation of actin at the wound edge (within 8 minutes post wounding) (Figure 55 Civ). 

This result suggests that during epidermal wound healing, in a similar manner to DC, the loss 

of Baz from the wound edge is required for the formation of actin structures required for wound 

healing. 

 

In addition to studying the localisation of Baz and F-actin by overexpressing fluorescently 

tagged proteins, we also analysed the localisation of the endogenous protein by 

immunofluorescence.  Co-staining fixed, wounded embryos with rabbit anti-Baz (red), rat anti-

E-cadherin (green) and Alexa647-phalloidin (blue), we were able to compare the localisation 

of Baz, E-cadherin and F-actin at the wound edge.  As observed for GFP-Baz, endogenous 

Baz is absent from the leading edge and is restricted to cell junctions at the back and sides of 

wound edge cells.  Merging the images of Baz and E-cadherin demonstrates that Baz is 

present on cell junctions away from the wound edge, whilst merging the images of Baz and F-

actin display a reciprocal distribution with F-actin accumulating at the leading edge where 

endogenous Baz is absent (Figure 56).  These results indicate that in both DC and wound 

healing, Baz exhibits a reciprocal distribution to PIP3 and F-actin, suggesting the same 

mechanism may be responsible for promoting leading edge PIP3 accumulation and hence 

protrusion formation. 
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Figure 55.  Reciprocal localisation of Baz and actin during epidermal wound healing.  

Time-lapse images of laser wounded embryos expressing UAS-m-Cherry-moesin and UAS-

GFP-Baz demonstrating a loss of Baz corresponding with an accumulation of actin (arrows Ciii).  

Later in wound healing, asterisks indicate sites where Baz is still present at the wound edge, 

but actin accumulation is minimal.  Scale bars represent 5 µm.  Whole sequence is shown in 

movie 15 in appendix 2 
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Figure 56.  Localisation of endogenous Baz during re-epithelialisation. 

Immunofluorescence staining of epithelial wounds with Ai) E-Cadherin (green), Aii) Baz (red) 

and Aiii) F-actin (blue).  A iv- vi) Arrows in merged images indicate where F-actin and E-

cadherin are present but Baz is absent.  Scale bar represents 5 µm.  
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Chapter 6 discussion 
 

We have previously shown the requirement of a PIP3-MBC-Rac pathway in the regulation of 

actin protrusions during DC. In this chapter we demonstrated that this pathway probably also 

functions during epithelial wound healing.  Additionally, we showed that as in DC, it is likely 

that redistribution of Baz is responsible for triggering this pathway.    

 

 

6.6 PIP3 plays a role in re-epithelialisation 

 

6.6.1 PIP3 accumulates at epidermal wound edges in a Baz dependent manner 

 

We demonstrated that PIP3 becomes accumulated at cell junctions at the wound edge in a 

reciprocal manner to Baz.  This observation of PIP3 accumulating at the front of wound edge 

cells is consistent with the localisation in DC and cell culture where PIP3 has been shown to 

accumulate at the front of DME or migrating cells, where it triggers actin assembly to generate 

protrusions in the direction of movement (Chapter 3, et al. 2001; Funamoto et al. 2002; Yoo et 

al. 2010).  It is likely that during epithelial wound healing, as with DC, Baz is responsible for 

generating the specific accumulation of PIP3 to the front of the wound edge cells where it is 

required for cell polarisation and the generation of actin protrusions required for efficient 

wound closure.  
 

Prior to wounding, Baz and actin co-localise on all cell junctions, however once wounded, Baz 

is lost from the epithelial edge as actin and PIP3 accumulate.  The actin structures formed 

include an actin cable and actin protrusions, both of which have been shown to be required for 

efficient wound healing (Martin and Lewis 1992; Wood et al. 2002).  Although we have not 

shown it directly, we can assume from the work carried out in DC (Chapter 5), that as Baz is 

lost from the wound edge, PTEN2 is also lost from the wound edge.  This loss of leading edge 

PTEN2 would then explain the PIP3 accumulation observed at the wound edge (Figure 44). 

 

Whilst we have demonstrated a role for Baz in epithelial wound healing, it is possible that PI3K 

is also involved in determining the PIP3 gradient at epithelial edges.  It has previously been 

shown in MTLn3 rat adenocarcinoma cell culture, that PI3K-mediated lamellipodia are formed 

in response to EGF signalling, demonstrating that the PI3K signalling pathway can be 

activated in response to secreted growth factors (Yip et al. 2007).  Additionally, In Drosophila 

larvae, it has been shown that Pvr (a tyrosine kinase receptor) signalling is required for wound 

epidermal cells to extend actin protrusions into the gap, and this activation is stimulated by the 

ligand for Pvr, Pvf1 (which is similar to platelet derived growth factor and vascular endothelial 

growth factor).  It could be that tissue damage, results in exposure of the Pvr receptor to Pvf1, 

resulting in the activation of downstream signalling pathways, possibly including the PI3K 
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signalling pathway, required for the regulation of actin dynamics (Wu et al. 2009).  These data 

demonstrate that it is possible that growth factors or other secreted molecules are released in 

response to a wound and could contribute to the production of PIP3 observed in wound edge 

cells. From our work, we believe that PTEN polarisation in response to Baz redistribution 

contributes to wound edge PIP3 accumulation, but this does not preclude the possibility that 

activation of PI3K also makes a contribution.  

 

6.6.2 Reduction in PIP3 levels reduces actin protrusions and delays re-epithelialisation 

 

To determine if PIP3 plays a role in wound healing, we reduced its levels in the epidermis.  

Decreasing the levels of PIP3 throughout the embryonic epidermis by overexpression of 

PTEN3 resulted in a decrease in protrusions at the wound edge, although this did not result in 

a significant delay in re-epithelialisation when compared to controls.  The loss of protrusions 

observed in embryos expressing UAS-PTEN3, is consistent with previous work, where we 

determined that PIP3 promotes filopodia formation during DC (Chapter 3).  That we observe a 

slight slowing of re-epithelialisation is likely due to the reduction in protrusions at the wound 

edge.  This is consistent with previous work where actin protrusions have been shown to be 

required for all stages of wound closure (Abreu-Blanco et al. 2012).  Interestingly, while we 

observed that embryos with reduced levels of PIP3 and thus reduced numbers of protrusions 

were able to undergo re-epithelialisation, previous work has demonstrated that wounds in 

embryos lacking the ability to form protrusions fail to close their wounds (Wood et al. 2002).  It 

is possible that in our experiments, filopodia are mainly involved in the final phase of re-

sealing, which is difficult to analyse, and as such we were unable to detect significant changes 

in re-epithelialisation when PIP3 levels were reduced.  Alternatively, it is possibly that filopodia 

were not completely eliminated and those remaining are sufficient to accomplish the final re-

sealing required to complete re-epithelialisation.  This would suggest that either 

overexpression of PTEN3 does not reduce PIP3 levels sufficiently, or there is an alternative 

PIP3-independent pathway that promotes actin protrusion formation during re-epithelialisation.  

One possibility for this is Cdc42, which has been shown in both DC and wound healing to be 

vital for the formation of protrusions required for epithelial fusion (Jacinto et al. 2000; Wood et 

al. 2002). 

 

We have shown that reducing the levels of PIP3 in the embryonic epidermis results in a slight 

delay in re-epithelialisation, however, given the effect of loss of PIP3 in DC, we were expecting 

a more dramatic effect.  It could be that protrusions play a larger role in DC than in wound 

healing and as such their removal has a greater effect on the process of DC.  Consistent with 

this theory, the filopodia observed in DC are longer and greater in number than in wound 

healing, indicating they may be more important during DC.  Additionally, it is possible that 

during wound healing, the actin cable plays a larger role than it does during DC, and is the 

main driver of wound closure, with only a small number of protrusions being required for 
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efficient closure (Martin and Lewis 1992; McCluskey and Martin 1995).  An additional 

explanation for the lack of a significant reduction in speed of wound closure is that there is 

substantial variation in the closure speed between embryos, making it difficult to reach a 

statistical significance when observing a relatively modest change. 

 

6.6.3 Increasing PIP3 levels increases protrusions during wound healing. 

 

Given that reducing PIP3 levels resulted in a significant decrease in protrusions but not in rate 

of wound healing, we next sought to determine whether increasing the levels of PIP3 could 

enhance epithelial wound healing.  Expressing UAS-CA-PI3K throughout the epidermis, or 

wounding embryos lacking maternal and zygotic expression of PTEN resulted in more wound 

edge actin protrusions, and slightly faster re-epithelialisation, with wounds appearing smaller 

throughout wound healing.  This trend for smaller wounds that close faster is consistent with 

the increased number of protrusions observed.  Although we did not examine the PIP3 levels 

directly in these embryos, we assume that there would be an increase in PIP3 at the wound 

edge in both embryos expressing UAS-CA-PI3K and pten117 mat/zyg embryos when compared to 

wounds in control embryos. In a similar manner to DC, we propose that this elevation of PIP3 

was sufficient to stimulate the formation of additional protrusions aiding the closure of the 

wound, especially in the final ‘knitting-together’ stage.  The lack of a significant increase in 

wound healing in these embryos could be due to PIP3 being elevated on all cell junctions, not 

just the leading edge, meaning that polarisation is reduced.  However, it is also possible that 

the amount of protrusions present is not the main determinant of closure speed. It is likely that 

throughout wound healing the actin cable is the main determinant of closure speed, especially 

as it has shown to be a main driver in re-epithelialisation (Martin and Lewis 1992; Wood et al. 

2002).  

 

Since filopodia are believed to be most important in the final stages of wound closure, it is 

possible that this phase of closure is faster on increasing PIP3 levels, but since it is very 

difficult to image this phase clearly, we are failing to observe this change.  We did not observe 

any difference in the actin cable on changing the levels of PIP3, suggesting that it is regulated 

by a different mechanism to the protrusions. 

 

 

6.7 MBC and Rac are required for epithelial wound healing 

 
6.7.1 MBC is required for epithelial wound healing 

 

Embryos lacking zygotic expression of MBC produced fewer protrusions at the wound edge 

than controls and this reduction in protrusions, resulted in slower re-epithelialisation.  Wounds 

appeared to be slightly larger throughout wound healing, but the most noticeable characteristic 
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of these wounds was a delay in response to injury.  Within the first 10 minutes, wounds did not 

undergo substantial contraction when compared to controls, this could be due to wound egde 

cells failing to reorganise the actin cytoskeleton sufficiently to contract in size.  In addition to 

the lack of initial response it appears that the wounds take longer in the final re-sealing of the 

epithelium.  We propose that this delay in the final phase of wound healing is a result of a lack 

of actin protrusions, however, due to imaging constraints we are unable to analyse this clearly.  

However, this would be consistent with previous work which has shown the importance of 

actin protrusions in this final re-sealing phase (Wood et al 2002). 

 

Although no previous work has looked directly at the role of MBC in wound healing (or its 

homologue Dock180 in other systems), it has been implicated in a range of cell motility 

processes including chemotaxis (Erickson et al. 1997; Nolan et al. 1998).  This is consistent 

with our observation in both DC and wound healing that MBC is a regulator of actin protrusion 

formation, required for re-epithelialisation. 

 

6.7.2 Rac is important for re-epithelialisation in Drosophila embryos 

 

As discussed above, we have identified PIP3 and MBC to be regulators of actin protrusion 

formation during re-epithelialisation.  As we have shown that PIP3 regulates the actin 

cytoskeleton in an MBC-Rac dependent manner during DC, we next investigated the 

importance of Rac during re-epithelialisation. To investigate the role of Rac in wound healing, 

we took two approaches; reducing the levels of Rac by using embryos lacking zygotic 

expression of all three rac genes (racJ10 and racJ11 mutant embryos), and increasing the total 

level of Rac by expressing UAS-Rac1-wt throughout the epidermis of the embryos.  Embryos 

expressing UAS-Rac1-wt or racJ11 embryos displayed significant changes in both the amount 

of wound covered in protrusions and the speed in re-epithelialisation.  Wounding of the racJ10 

allele, resulted in a slight reduction in the amount of protrusions at the wound edge, however 

this did not result in a significant change in the time taken for re-epithelialisation to occur.  The 

failure to observe significant changes in the time taken for 95% closure to be reached in racJ10 

embryos may be due high variability in the data, and that the number of embryos analysed 

was smaller (n=7) when compared to controls (n=13) or racJ11 (n=12).  Interestingly, we did 

observe a significant change in both the amount of protrusions formed at the wound edge and 

the time taken for wounds to heal in racJ11 null embryos.   

 

Increasing the levels of Rac in the epidermis was sufficient to increase the rate of wound 

closure, likely due to the increase in the amount of protrusions.  Embryos expressing UAS-

Rac1-wt appear to respond rapidly to the formation of a wound as there is no lag before the 

wound starts to contract, as can be observed in the control embryos.  This could be because 

Rac stimulates actin polymerisation through activating the WAVE complex (and thus the 

Arp2/3 complex) (Steffen et al. 2004).  Therefore, increasing levels of Rac leads to faster 
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formation of actin filaments at the wound edge, resulting in faster assembly of protrusions and 

cable.  Although the wound size is slightly smaller than controls throughout wound healing in 

Rac1-wt expressing cells, the major difference occurs in the initial response to the wound, 

suggesting that once the closure process is established, Rac is not having a major role in 

determining the closure speed. 

 

Our data showing a role for Rac in regulating protrusions during wound healing is consistent 

with previous work in DC, where we (and others) have shown the importance of Rac in the 

regulation of filopodia formation and epithelial closure (chapter 4, Woolner et al. 2005).  

Additionally, these data correspond with work in adult mice and Drosophila larvae where it has 

been shown that Rac is important for regulating the actin cytoskeleton required for re-

epithelialisation.  However, these results are inconsistent with previous wound healing studies 

in Drosophila embryos.  Wood et al. (2002) demonstrated that in embryos lacking zygotic 

expression of Rac, re-epithelialisation was not delayed.  This discrepancy between the two 

studies can be explained in a number of ways; firstly, Wood et al. used the racJ10 mutant allele, 

and as we have shown racJ10 did not elicit a significant retardation of re-epithelialisation, 

indicating that the racJ10 mutants may be a weaker allele than racJ11 for which we did observe 

a change.  Additionally, the embryos used in the Wood et al. study were collected at stage 15, 

whilst ours were late stage 15 to stage 16.  As our embryos were slightly older, there was 

probably less maternally contributed Rac present.  Finally, there was no mention about the 

criteria for the size of wounds used in the study by Wood et al.  We found that the rate of 

wound healing varied greatly between smaller and larger sized wounds, which is why we 

restricted analysis to wounds that were 150-250 µm in size.  It is possible that in the previous 

study, there was a greater variation in the size of wounds resulting in more fluctuation between 

rates of wound closure and so no significant difference in the rate of wound healing was 

observed.  From this study, we conclude that, as during DC, Rac is a regulator of protrusion 

formation during wound healing. 

 

One difference that was noticeable throughout the wound healing studies is the initial 

response to injury in the controls.  We found a lot of variation between studies, with some 

embryos gaping after wounding, whilst some were able to contract and begin wound closure 

rapidly.  This does not appear to be an artefact of wound size as all data was collected from 

wounds that were between 150-250 µm.  It is possible that the observed difference in gaping 

could be a result of difference in tension within the embryos, affecting the response of 

individual embryos to respond to the presence of the wound.  However, it is also possible that 

this is natural variation that occurs between embryos, which at present we cannot explain. 
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6.8 Summary 

 

We have shown during re-epithelialisation that PIP3, MBC and Rac are all required for efficient 

wound healing, and loss of any of these signals results in a reduction in actin protrusions and 

a reduced rate of re-epithelialisation.   This observation combined with the genetic interactions 

identified in DC suggests that the same pathway is operating in both DC and wound healing. 

 

One interesting difference between the DC and wound healing studies is that while in both 

cases loss of PIP3, Rac or MBC resulted in significant reductions in protrusions, in wound 

healing it didn’t always result in a significant change in closure speed, whereas it did in DC. 

One possible explanation for this is that protrusions play a greater role in determining the rate 

of DC than they do in wound healing, where the actin cable seems to be main driver of 

closure. Another possible explanation is that there is greater variation in closure rate between 

samples in wound healing than DC, meaning that it is more difficult to obtain significant 

differences for comparatively small changes.  During the wound closure studies, we measured 

total protrusion area as opposed to filopodia number, as there is a mixture of both filopodia 

and lamellipodia formed at the wound edge, making it difficult to discern between the two.  As 

such, it is probable that PIP3 is capable of affecting the formation of both lamellipodia and 

filopodia during wound healing, especially given that it is required for the re-organisation of the 

actin cytoskeleton into pseudopods and lamellipodia during Dictyostelium chemotaxis 

(Funamoto et al. 2002).  Given that increasing PIP3 did not result in an increase in the rate of 

re-epithelialisation, but was sufficient to increase actin protrusions, suggests that the actin 

cable may be the main driving force that controls the speed of re-epithelialisation, and as 

altering levels of PIP3 did not have any discernible effect on the cable, the rate of closure was 

not greatly altered. We suggest that protrusions are required for closure, but not in great 

numbers, so that a partial loss of protrusions does not have a major impact on closure.  To 

further investigate the role and regulation of filopodia during re-epithelialisation, it would be 

interesting to carry out wound healing experiments in embryos lacking an actin cable (rho 

mutant embryos), this would enable us to observe more significant differences associated with 

changes in actin protrusions. 

 

Also consistent with DC is the role of Baz, which appears to regulate the region of the cell in 

which F-actin accumulates and as such determines the localisation of actin structures.  Given 

that Baz re-localises to cell junctions at the rear and sides of wound edge cells upon injury, we 

propose that Baz works in a similar manner to DC; sequestering PTEN2 away from the 

leading edge, allowing PIP3 to accumulate at the front of the cell, where it regulates the 

formation of actin protrusions in an MBC-Rac dependent manner. 
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Chapter 7.  Investigation of PIP3 function during cell extrusion in the 

amnioserosa 
 

Multiple mechanical forces contribute to the closure of the dorsal hole during DC, including 

forces provided by the actin cable, zippering and contraction of the amnioserosa (Jacinto et al. 

2002; Jacinto et al. 2002b; Toyama et al. 2008; Solon et al. 2009).  The amnioserosa is a very 

dynamic tissue which contributes to dorsal hole closure in three ways; firstly, the cells in the 

amnioserosa change shape to become tall and thin, thus reducing the size of the dorsal hole, 

secondly, amnioserosa cells undergo apical contractions pulling the leading edges towards 

one another, and thirdly, cells are extruded from the amnioserosa, basally into the cavity of the 

embryo (Toyama et al. 2008; Solon et al. 2009).  Although not fully understood, it has been 

shown that the actomyosin constrictions of amnioserosal cells are regulated by the Par polarity 

complex, with Baz promoting the duration of the pulses, whilst Par6/aPKC controls the amount 

of time between pulses (David et al. 2010). The signalling pathways and mechanisms required 

for amnioserosa cell extrusion (also called delamination) are also not fully understood, 

however there appears to be multiple forces associated with this process.  The delaminating 

cell itself constricts apically and the surrounding cells elongate in the direction of movement.  

This elongation of surrounding cells could be in response to the presence of a gap, or they 

could actively play a role in squeezing the cell from the tissue.  As yet, the signals that initiate 

and drive this delamination are not known. 

 

In addition to contracting actomyosin, which has been shown to be vital in the process of cell 

constriction and delamination (Rosenblatt et al. 2001), there are also many highly dynamic 

actin protrusions formed on the apical surface of the amnioserosa.  Although the role of these 

protrusions has not been studied, it is possible that they could be important for cell constriction 

or delamination.  Given that we have previously shown Baz to be an upstream regulator of 

PIP3 in the regulation of protrusions during both DC and wound healing, and that Baz also 

regulates the duration of pulses of amnioserosal cells, we next investigated if PIP3 might play 

a role in the process of cell delamination from the amnioserosa. 

 

 

7.1 PIP3 accumulates in the surrounding cells during amnioserosa cell delamination 

 

As the amnioserosa is a highly dynamic tissue, we expressed UAS-GFP-Moesin throughout 

the epidermis under the control of e22c-Gal4 to observe actin structures that are present in the 

amnioserosa during DC.  One notable feature of amnioserosa cells is the presence of filopodia 

on the apical surface, particular at the junctions between neighbouring cells (Figure 57 A).  

Given the number of protrusions present, and that we have previously shown PIP3 to be a 

regulator of actin protrusion formation at the DC leading edge, we next investigated the 

localisation of GPH (and so PIP3) within the amnioserosa.  
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We expressed tGPH throughout these embryos to observe the localisation of PIP3 in the 

amnioserosa. We found that PIP3 localised very weakly to cell junctions throughout the 

amnioserosa, but was strongly accumulated around delaminating cells (Figure 57 Bi-v).  This 

accumulation of PIP3 appeared to be in the apical domain of cells surrounding the 

delaminating cell, rather than in the cell itself, and persisted throughout the delamination 

process (Figure 57 Biii).  In particular, PIP3 accumulated at the edge of the cell facing the 

delaminating cell, and also at the cell junctions to either side.  This accumulation of PIP3 

suggests a polarisation of the surrounding cells. 
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Figure 57.  Dynamics of the amnioserosa. A) Embryo expressing UAS-GFP-Moesin under 

the control of e22c-Gal4 shows the numerous actin protrusions on the apical surface of the 

amnioserosa.  B) PIP3 accumulates around delaminating amnioserosal cells.  Time lapse 

images from embryos expressing tGPH ubiquitously.  Arrow indicates the localisation of PIP3 

surrounding a delaminating cell.  Asterisk indicates where PIP3 is localised to the back and 

sides of the surrounding cells.  Scale bar indicates A) 18 µm and B) 40 µm.  Whole sequence is 

shown in movie 16 in appendix 2. 
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7.2 Reducing PIP3 levels throughout the whole embryo affects cell delamination and 

constriction 

 

As PIP3 accumulates and is polarised in cells surrounding delaminating cells, we next sought 

to determine if PIP3 is required for the process of delamination.  By expressing UAS-PTEN3 

throughout the embryo under the control of TubP-Gal4, alongside UAS-GFP-shotgun (E-

cadherin) to allow visualisation of cell junctions, we were able to investigate in detail what 

happens to the delaminating cells and the surrounding cells when PIP3 levels were reduced.  

Delamination was observed in early DC to prevent any mechanical input from the advancing 

leading edges that might contribute to cell delamination.  As previously reported (Solon et al. 

2009; David et al. 2010), cells in the amnioserosa oscillate in size throughout DC, so by 

acquiring time-lapse images, we were able to identify delaminating cells, and measure the 

apical cell area from early in DC.  Measuring apical cell area over time, allowed us to 

investigate the dynamics of delamination.  From analysing the apical area of a delaminating 

cell, we found that there appears to be a signal which determines when the cells starts 

delaminating as that cell stops oscillating and starts to constrict or is pushed from the 

amnioserosa (Figure 58 C). 

 

In control embryos, once cells started to delaminate they took on average 25.9 minutes ± 4.24 

to delaminate with the surrounding cells becoming elongated in the direction of extrusion 

(Figure 58 A, C, D).  When levels of PIP3 were reduced by expression of PTEN3, the time 

taken for delamination increased to 37.82 minutes ± 6.4 when compared to controls (p = 

0.0035) and the surrounding cells were less elongated when compared to cells in control 

embryos (length:width ratio of surrounding cells increased from 1.46 ± 0.17 in control embryos 

to 1.92 ± 0.23 in embryos expressing UAS-PTEN, p < 0.0001) (Figure 58 E). 

 

Additionally we investigated the number of cells in the amnioserosa when the dorsal hole 

measured 180 µm in width (to ensure embryos were at the same stage), and measured the 

average size of 10 cells per embryo taken from the middle of the amnioserosa (at least 2 cell 

widths from the leading edge).  Reducing levels of PIP3 resulted in a slight, but not significant 

increase in the number of amnioserosal cells (116 ± 4.77 cells compared to 105 ± 4.93 cells in 

control embryos, p = 0.0948) (Figure 58 F).  As well as the slight increase in cell number, the 

average area of cells was significantly reduced in embryos overexpressing UAS-PTEN3 

(612.44 ± 75.5 µm compared to 741.45 µm ± 80.04 for control embryos, p <0.0001) (Figure 58 

G). 
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Figure 58.  Decreasing PIP3 throughout the embryo affects delamination.  Time lapse 

images from A) control embryos and B) embryos expressing UAS-PTEN3 under the control of 

TubP-Gal4, show the delamination of a cell from the amnioserosa.  Red asterisk indicates 

delaminating cell, green asterisk indicates surrounding cells elongated in the direction of 

delamination.  C) Example of a trace measuring a single cell area over time with the asterisk 

indicating the start of delamination.  Quantitation of D) time taken for delamination to occur, E) 

length:width ratio of surrounding cells F) Average number of cells in the amnioserosa and G) 

average apical area of amnioserosa cells when the width of the amnioserosa is 180 µm.  n ≥ 

12.  *** indicates a significant difference from the control P< 0.001.  ** indicates a significant 

difference from the control P<0.005.  Error bars indicate S.E.M.  Scale bar represents 20 µm.  

Whole sequence is shown movie 17 in appendix 2. 
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 7.3 Altering levels of PIP3 specifically in the amnioserosa affects cell delamination and 

constriction  

 

The above experiments demonstrated that reducing the levels of PIP3 throughout the embryo 

results in slower delamination and changes in amnioserosa cell morphology. However, given 

that we know that reducing PIP3 levels affects zippering, the changes that we observed could 

be indirect as zippering is known to affect dorsal hole closure, which could have knock-on 

effects on amnioserosa dynamics. To eliminate this possibility we used an amnioserosa-

specific driver (332.3-Gal4) to drive expression of  either UAS-PTEN3 (to reduce PIP3 levels) 

or UAS-CA PI3K (to increase PIP3 levels) to restrict changes in PIP3 levels to the 

amnioserosa.  At this point, we switched from UAS-GFP-Shotgun to UAS-GFP-alpha-Catenin 

to label cell junctions, as expression of UAS-GFP-Shotgun under the control of 332.3-Gal4 

resulted in arrested development at L2 larvae (the reason for this is unknown, however, one 

possibility is that by L2 there is a lot of GFP present which can be toxic to the individual) and 

we required adults with expression of both 332.3-Gal4 and UAS-GFP-Shotgun in order to set 

up the crosses required to perform the experiments.   

 

We did not observe any significant changes in the amount of time taken for cells to be 

delaminated from the amnioserosa when either UAS-CA-PI3K or UAS-PTEN3 was expressed 

in the amnioserosa alone.  Expressing UAS-CA-PI3K in the amnioserosa alone did not result 

in a decrease in the amount of time taken for cells to be delaminated (31.92 minutes ± 4.77 

compared to 36.96 minutes ± 3.93 for controls, p=0.38), whereas expressing UAS-PTEN3 

throughout the amnioserosa resulted in a slight increase in the amount of time taken for cells 

to be delaminated from the amnioserosa (45.78 minutes ± 7.18 p > 0.1236) although in neither 

case was the change significant (Figure 59 A).  In addition to the rate of delamination, cells 

surrounding the delaminating cell were also affected, with cells with reduced levels of PIP3 

appearing significantly less elongated than controls (length:width ratio of 1.65 ± 0.21 and 1.89 

± 0.23 respectively, p = 0.0114).  However, increasing PIP3 levels did not significantly change 

elongation of the cells surrounding a delamination event (length:width ratio of 1.97 ± 0.24, 

p=0.9203) (Figure 59 B). 

 

In addition to changes in rate of delamination, altering the levels of PIP3 also affected the total 

cell number and cell area.  The cells in the amnioserosa were decreased in number (123.4 ± 

2.81 cells in control embryos and 106 ± 3.28 cells in embryos expressing UAS-PTEN3, p = 

0.0028) and increased in size when levels of PIP3 were reduced (688.45 µm ± 77.61 for 

controls and 847.09 µm ± 96.56 when UAS-PTEN3 was expressed, p = 0.0007) (Figure 59 C).  

Consistent with this, when levels of PIP3 were increased, there were slightly less cells in the 

amnioserosa (122 ± 3.17 cells for UAS-CA PI3K and 123.42 ± 2.81 cells for controls, p = 

0.0137), and they were smaller in size than controls (440.04 ± 43.63 pixels for UAS-CA-PI3K 

and 498 ± 56.24 pixels for control, p < 0.0001) (Figure 59 D).  This data showed that 
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increasing the levels of PIP3 resulted in a similar number of cells in the amnioserosa that were 

smaller in apical area, whilst decreasing levels of PIP3 resulted in less amnioserosal cells that 

were larger in apical area. 
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Figure 59.  Analysis of cell delamination and morphology in the amnioserosa.  
Quantification of A) the rate of delamination, B) length:width of cells surrounding a delamination 

event, C) average number of cells in the amnioserosa and D) the average size of cells in the 

amnioserosa in embryos expressing UAS-PTEN3 or UAS-CA-PI3K in the amnioserosa under 

the control of 332.3-Gal4 when compared to control embryos.  n ≥ 7 embryos, ≥ 14 

delamination events. *** indicates a significant difference from control of p <0.001, ** indicates p 

< 0.01 and * indicates p <0.05.  n.s indicates no significant difference from the controls.   Error 

bars represent S.E.M.    
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Chapter 7 discussion 

 

7.4 PIP3 is involved in cell delamination from the amnioserosa 

 

Cell delamination from the amnioserosa closely resembles cell delamination in other tissues, 

including human colon, Drosophila pupal and zebrafish epithelium (Rosenblatt et al. 2001; 

Marinari et al. 2012; Eisenhoffer et al. 2012).  Delamination of a cell from an epithelium has 

been shown to be a mechanism by which a tissue controls against variations in overgrowth 

and is observed for both live and apoptotic cells (Eisenhoffer et al. 2012; Marinari et al. 2012).  

The extrusion of an apoptotic cell is initiated by the apoptotic cell sending signals to 

surrounding cells, to form and contract an actomyosin ring which will squeeze out the 

apoptotic cell (Rosenblatt et al, 2001).  We observed that PIP3 accumulates strongly in the 

cells surrounding delaminated amnioserosa cells, leading us to investigate whether PIP3 might 

play a role in regulating this process. We found that PIP3 does indeed appear to play some 

role in cell delamination, as altering levels of PIP3 led to a slight change in the time taken for 

delamination to occur.  Additionally, the length;width ratio of cells surrounding the delaminating 

cell was also affected.  Although the changes observed were slight, it appears that PIP3 is 

involved in controlling a mechanism by which the cell is extruded.  As we found that PIP3 

localises to the edge of surrounding cells that face the delamination event we believe that PIP3 

may regulate the mechanisms by which surrounding cells contribute to cell delamination, as 

opposed to playing a role within the delaminating cell itself.   

 

One complication of our findings is that we only observed significant changes in delamination 

when PIP3 levels were reduced throughout the embryo, so we cannot rule out that the effect 

we observed is indirect.  One possible explanation for the fact that changes in delamination 

were modest (and not statistically significant) when PIP3 was specifically altered in the 

amnioserosa is that the amnioserosa-specific driver used in these experiments (332.3-Gal4) 

only yields modest expression of PTEN3 and so PIP3 levels are not reduced sufficiently. The 

use of an alternative driver or multiple copies of the PTEN3 transgene might rectify this 

problem. 

 

Given that we have already determined PIP3 to be a regulator of actin protrusions during DC 

and wound healing, and that there are a vast amount of protrusions on the apical surface of 

amnioserosal cells, it is possible that altering the levels of PIP3 alters the number of 

protrusions on the surface of the amnioserosa.  It is possible that when a cell is delaminating 

the surrounding cells respond to it as they would a small wound.  The presence of PIP3 at the 

front of surrounding cells suggests that they could be polarising in the direction of movement 

and possibly reorganising the actin cytoskeleton to form protrusions.  Given that protrusions 

are required to close small epithelial wounds, it could be possible that protrusions are also 

important during cell delamination to maintain tissue integrity, and by reducing PIP3 in the 
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amnioserosa; we could be reducing the number of protrusions present, so slowing the process 

of cell delamination.  

 

Alternatively, PIP3 could be regulating the formation of the contractile actomyosin ring that 

appears around delaminating cells.  It has been shown that early signals from the apoptotic 

cell instruct surrounding cells to form an actin cable at the live/dead cell junction.  This cable 

then undergoes contraction in a Rho-mediated manner, squeezing the apoptotic cell out from 

the epithelium (Rosenblatt et al. 2001).  Although we have not observed PIP3 to have an effect 

on the formation of the actin cable during DC or wound healing, it is possible that in this 

context, PIP3 activates downstream actin polymerisation pathways that could be required for 

the formation of an actin cable.  Due to time and imaging constraints, we were unable to 

directly determine if altering levels of PIP3 had an effect on either actin protrusions or 

actomyosin ring formation in cells surrounding a delamination event, however these would 

certainly be interesting experiments for the future. 

 

More recently, Bardet et al. (2013) have shown a role for PTEN in junction dynamics.  In 

particular, they showed that PTEN promotes the elongation of cell junctions by limiting the 

level of PIP3.  The authors find that during the formation of cell junctions, PIP3 and Rok (a Rho 

kinase capable of activating myosin II (Kawano et al. 1999)) co-localised and as junctions 

elongated these levels decreased, presumably due to the increase of PTEN.  PTEN was able 

to regulate epithelial tissue morphogenesis by regulating myosin II distribution.  It is possible 

that during amnioserosa cell delamination, cells surrounding the delaminating cell lose PTEN 

at the ‘front’ of the cell, resulting in an accumulation of PIP3.  This accumulation of PIP3 could 

then activate Rok, as it has previously been shown to bind to Rho Kinase II, increasing its 

activity (Yoneda et al. 2005), resulting in the contraction of the actomyosin ring, squeezing the 

cell out of the epithelium.  It would be interesting to see using a Rok reporter whether we could 

observe accumulation of Rok in cells surrounding delamination events.  If so, this could 

indicate a role for PIP3 in Rok-mediated actin contractility during cell delamination.  

 

As the role of Par polarity proteins in amnioserosal cell oscillations have been investigated, 

with Baz being shown to be localised to a small patch in the apical surface and required to 

determine the duration of actomyosin pulses that control oscillations, it would be interesting to 

observe the localisation of Baz during cell delamination.  It could be that in a similar manner to 

the onset of DC, Baz is lost completely from the delaminating cell and becomes restricted to 

rear and sides of surrounding cells, promoting the loss of PTEN from the ‘front’ of the cell, and 

regulating cell elongation, actin protrusion formation and actin cable formation.   
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7.5 PIP3 regulates the number and size of amnioserosa cells 

 

Surprisingly, in addition to observing changes in rate of delamination with changes of PIP3 

levels, we also observed a change in total number and the average size of cells in the 

amnioserosa.  However, the results observed were different depending on the driver used.  In 

embryos where PIP3 was reduced throughout the embryo (tubP-Gal4 driver), there were more 

amnioserosal cells, which were smaller in apical area than cells in control embryos.  By 

contrast, reducing levels of PIP3 in the amnioserosa alone (332.3-Gal4 driver), resulted in 

fewer cells, but with a greater apical area, whilst increasing the level of PIP3 resulted in a 

similar number of cells that were smaller in apical area, when compared to controls.  The 

effects observed are likely due to early effects on cell proliferation, growth and survival during 

amnioserosa development, as PIP3 signalling has been shown to be important in regulating 

these processes (Leevers et al 1996; Benistant et al.2000; Gao et al. 2000).  It is surprising 

that we observed different effects when using different drivers, but this could be due to 

differences in the time, duration or level of expression of the transgene induced by the 

different drivers.  

 

 

7.6 Summary 

 
We have demonstrated the ability for PIP3 to regulate the rate at which cells delaminate from 

the amnioserosa during DC, however we have not investigated the mechanisms through 

which delamination is achieved.  It is likely that in a similar manner to Dictyostelium cell 

migration, PIP3 is identifying the front of surrounding cells, signalling the direction of elongation 

and determining where actin re-organisation takes place (Funamoto et al. 2002).  It would be 

interesting to investigate how PIP3 regulates delamination, and if the actin protrusions 

observed on the apical surface of the embryo are important for the process of cell extrusion.  

Alternatively, it would also be interesting to determine if PIP3 can regulate the formation of an 

actin cable through interactions with Rho kinase II, forming the actin ring required for cell 

delamination (Rosenblatt et al. 2001; Bardet et al. 2013).   

 

The ability to use the amnioserosa as a model for cell delamination has many benefits, 

including working in a genetically tractable model, which is amenable to live imaging.  Further 

work on this process could enhance our understanding on a wide range of events, including 

tissue homeostasis, which is required to prevent the build-up of excess epithelial cells that 

could result in the development of cancer.  
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Chapter 8.  Final Discussion 
 

Our analysis of the regulation of actin protrusions during DC and wound healing has identified 

a PIP3-MBC-Rac signalling pathway that is required at the front of DME or wound edge cells 

for the formation of actin protrusions.  Additionally we have shown that the Par polarity protein 

Baz, which is normally associated with apicobasal polarity, is required to restrict the 

localisation of PIP3 to the front of the cell in a planar polarised manner.  Our key findings and 

their implications will be summarised below. 

 

 

8.1 PIP3 regulates filopodia formation during DC in an MBC and Rac dependent manner 

 

We demonstrate that PIP3 localises in microdomains at cell junctions at the front of DME cells 

during DC. These PIP3 microdomains regulate the formation of filopodia, probably by 

recruiting and/or activating the Rac specific GEF MBC, which in turn activates Rac. We 

propose that an increase in Rac activity leads to the activation of downstream pathways that 

drive actin polymerisation, resulting in filopodia assembly.  These filopodia are vital for the 

process of DC, in particular the process of zippering, which is required to knit together the 

epithelial edges (Jacinto et al. 2000). 

 

It is likely that MBC interacts with PIP3 via the DHR-1 domain as this interaction has been 

shown to be responsible for recruiting the MBC homologue Dock180 to PIP3-rich membranes 

membrane in CHO cells (Côté et al. 2005).  We observe some loss of membrane association 

of GFP-MBC on depletion of PIP3, so it might be that PIP3 regulates MBC activity by 

controlling its cellular localisation.  We also demonstrate that MBC is able to act upstream of 

Rac in the regulation of filopodia during DC.  It is probable that this occurs through the 

interaction of Rac with the DHR-2 domain of MBC which has been shown to result in Rac 

activation (Wu et al. 2011).  Expression of forms of MBC with functional domains deleted 

would enable a more thorough analysis of the mechanism by which MBC links PIP3 and Rac 

signalling.  We have shown that this PIP3-MBC-Rac pathway results in the re-organisation of 

the actin cytoskeleton at the leading edge of DME cells.  As Rac has been shown to activate 

the Scar/WAVE complex, it is possible that this complex is downstream of our proposed 

pathway, which would in turn activate Arp2/3, resulting in the nucleation of new actin filaments 

(Steffen et al. 2005).  Alternatively, Rac1 could promote the association of capping protein with 

phosphoinositides, resulting in its dissociation from the end of actin filaments (Hartwig et al. 

1996; Yang et al. 1998; Sun et al, 2007).  This dissociation of capping protein could result in 

an increased number of free barbed ends for actin polymerisation.  It is possible that both of 

these processes occur simultaneously at the leading edge to increase the formation of 

filopodia required for DC.  Rac is typically associated with the formation of lamellipodia (Nobes 

and Hall 1999), and as such it was suprising that we observed a change in filopodia when the 
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levels of Rac were altered, however, this is consistent with other in vivo work where Rac has 

been shown to induce the formation of filopodia (Tahinci et al. 2003), indicating that the roles 

of GTPases in vivo is not as defined as in vitro.  It is possible that the environment has some 

influence on the type of protrusion formed as during DC we observe an increase in the number 

of filopodia when levels of Rac were increased, whilst during wound healing, an increase in 

Rac resulted in an increase in total actin protrusions (including lamellipodia).  Alternatively, it is 

possible that upstream signalling pathways dictate which protrusion type is required, wound 

signals could signal for lamellipodia, whilst developmental signals could result in the formation 

of filopodia.  It is possible that this type of signalling is through controlling the levels of active 

Rac present, as high levels of Rac have been shown to induce filopodia, whereas 

intermediate/low levels of active Rac can induce lamellipodia (Georgiou and Baum 2010). 

 

Perhaps surprisingly, we did not observe a complete loss of leading edge filopodia when we 

reduced levels of PIP3.  This can be explained one of two ways; either, PIP3 levels were not 

reduced sufficiently in our experiments, or there is redundancy with other signalling pathways.  

This second explanation is probable, as Cdc42 can regulate the formation of filopodia by 

relieving the autoinhibition of the NPF Wasp, resulting in the activation of the Arp2/3 complex 

(Miki et al. 1998; Rohatgi et al. 2000). It is possible that Cdc42 can promote filopodia formation 

during DC independently of PIP3.  In summary, our analysis has shown PIP3 to be a regulator 

of filopodia formation during DC, by activating the downstream MBC-Rac signalling pathway at 

the leading edge of DME cells. 

 

 

8.2 Baz is key to generating leading edge accumulation of PIP3 

 

As mentioned above PIP3 accumulates at leading edge cell-cell junctions during DC.  We 

propose that this accumulation of PIP3 is dependent on differences in the cellular distribution 

of two enzymes; PI3K and PTEN2.  We were unable to observe the localisation of PI3K, but 

based on the distribution of PIP3 in pten117 mat/zyg mutant embryos, we believe that it is primarily 

located at cell-cell junctions but is not planar polarised within DME cells.  PTEN2 is also 

localised to cell-cell junctions, but is absent from junctions along the leading edge, thus 

resulting in an imbalance between PI3K and PTEN activity at the leading edge, leading to 

accumulation of PIP3 specifically in this location.  We demonstrate that PTEN2 is localised to 

cell-cell junctions by the Par polarity protein Baz, which can bind directly to PTEN2 via its 

PDZ-domain.  Baz is present at all cell-cell junctions except those at the leading edge (von 

Stein et al. 2005) and thus PTEN2 is effectively sequestered away from the leading edge by 

Baz resulting in reduced PIP3 degradation at the leading edge.  We and others (Laplante and 

Nilson 2011) observe a loss of Baz from the DC leading edge at the onset of DC.  It is not 

known what is responsible for the redistribution of Baz at the beginning of DC, however it is 

possible that Rho-kinase, which is required for Myosin-II activation (and hence assembly and 
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contraction of the leading edge actin cable), phosphorylates Baz at the DC leading edge 

(Simões et al. 2010).  Rho-kinase phosphorylation of Baz inhibits its ability to interact with 

phosphoinositides and so could account for its loss from the DC leading edge.  In summary, 

we have shown that at the DC leading edge, Baz is restricted to cell junctions away from the 

leading edge, sequestering PTEN2 to these cell junctions, allowing the accumulation of PIP3 

at the front of DME cells, where is can promote the formation of filopodia required for efficient 

DC (Figure 60). 

 

 

8.3 Actin protrusions are regulated in the same manner during epidermal re-

epithelialisation and DC 

 
DC and wound healing have been shown to have many similarities, both in the mechanics and 

signalling pathways required for the two processes (Wood et al. 2002).  We propose that the 

PIP3-MBC-Rac signalling pathway regulates the formation of actin protrusions during wound 

healing.  We have demonstrated that similar to DC, Baz displays a reciprocal localisation to 

PIP3, suggesting that the same mechanism is responsible for the accumulation of PIP3 at the 

wound edge.  This redistribution of Baz is likely to be required to determine where 

reorganisation of the actin cytoskeleton occurs. We have not directly demonstrated a genetic 

interaction between PIP3, MBC and Rac during wound healing, but given that loss of any of 

these components resulted in similar reductions in the rate of re-epithelialisation and 

protrusive activity, and that we had already demonstrated genetic interactions in DC, it is 

reasonable to suppose that the same pathway operates at the front of wound edge cells.  

Equally, although we have demonstrated the loss of Baz from wound edge cells, we have not 

shown that this affects PTEN2 distribution during wound healing.  However, given our previous 

data in DC studies, we propose that Baz controls the localisation of PIP3 by sequestering 

PTEN2 away from the wound edge (Figure 60).  Notably, where we have performed 

equivalent experiments to disrupt PIP3/MBC/Rac signalling in DC and wound healing, we 

generally observed more significant defects in DC than wound healing. This may suggest that 

filopodia make a larger contribution to driving epithelial closure during DC than they do during 

wound healing, where the actin cable appears to be the primary driver of closure. The actin 

cable seems to be unaffected by disruption of PIP3 signalling, suggesting that it is regulated by 

a PIP3-independent mechanism.   

 

It would be interesting to determine the upstream signalling pathways in both DC and wound 

healing, as it is likely that different primary signals are responsible for each process, however 

as yet it is not known what are the initial signals in each migratory event, and it could be 

possible that this upstream component could account for the difference In protrusions 

observed in DC and wound healing.  This work has furthered our understanding of how a cell 
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responds to a wound, in particular how a cell reorganises and polarises its actin cytoskeleton 

in response to tissue damage.   

 

 

 

 

8.4 PIP3 regulates amnioserosa cell extrusion during DC 

 
We have also demonstrated a possible role for PIP3 in the regulation of cell extrusion during 

DC.  PIP3 appears to regulate the rate at which cells are extruded from the epithelium and the 

elongation of the cells that surround the extruding cell.  Given that PIP3 accumulates at the 

front of surrounding amnioserosa cells, it is possible that PIP3 controls the polarisation of 

these cells, by identifying a front and reorganising the actin cytoskeleton in the direction of 

movement.  We have not been able to study the role of PIP3 in these surrounding cells, but we 

propose that it could contribute to cell extrusion in one of two ways; firstly, as we have already 

shown a role for PIP3 in the regulation of filopodia during DC, it is possible that PIP3 regulates 

actin protrusion formation that could be required for cell extrusion.  Secondly, PIP3 could 

regulate the activation of Rho-kinase II, so regulating the contraction of the actomyosin cable 

surrounding the delaminating cell (Rosenblatt et al. 2001; Bardet et al. 2013). 

Figure 60.  Baz localisation regulates the localisation of downstream actin regulation 
pathways.  A)  At the leading edge of DME cells or wound edge cells, Baz is absent, as such 

PTEN2 is not recruited to these areas and so PIP3 is not dephosphorylated.  This accumulation 

of PIP3, recruits/activates MBC, which in turn activates Rac, promoting the polymerisation of 

new actin filaments required for filopodia formation.  B) At the back and sides of DME cells, 

wound edge cells, or intact cell junctions, Baz is present, it recruits PTEN2, which then 

dephosphorylates PIP3, preventing the recruitment/activation of MBC and Rac, and so inhibiting 

actin polymerisation and filopodia formation. 
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Elucidating the mechanisms and signalling pathways by which cells are extruded from an 

epithelium could further our understanding of the control of tissue growth during development 

and also how its homogeneity is sustained throughout the life of an organism.  This work could 

also contribute to our knowledge on how tumours are initiated as unregulated tissue growth 

could result in tumourigenesis. 

 

 

8.5 Final conclusions 

 

In conclusion, this research has furthered our understanding of the regulation of actin 

protrusions during epithelial closure events including DC and epithelial wound healing.  We 

have shown that Baz redistribution results in the accumulation of PIP3 at the leading edge of 

DME and wound edge cells.  This accumulation of PIP3 recruits and/or activates the Rac GEF 

MBC, which in turn activates Rac.  This activation of Rac leads to activation of downstream 

actin regulators that promote filopodia formation.  These filopodia then drive epithelial closure.  

Although performed in Drosophila, the mechanisms we have identified may well function 

during epithelial closure processes in other systems such as neural tube closure, palate fusion 

and vertebrate wound healing.  
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Appendix 1 
 

Generation of heptane glue coverslips  

In order to hold the embryos in place throughout imaging, they were fixed to coverslips using 

heptane glue.  The glue is made by incubating tape (Tesa ♯ D20253), in heptane (Sigma 

Aldrich ♯ 32287) for 2 days whilst on a rolling platform.  Once the glue from the tape has been 

dissolved, it is pipetted into 2ml microcentrifuge tubes and centrifuged for 60 minutes at 16000 

x g.  The supernatant is then pipetted into bijou tubes where it is kept until use.  When 

required, the glue is spread onto the coverslip in a homogenous layer and left to dry for at 

least 20 minutes (Budnik et al. 2006). 

 

Apple juice plates 

Apple juice plates for overnight egg lays were made by adding 45g agar (Melford M1002) to 

1.5L of water, which was then divided between 2 1L bottles, and autoclaved.  Whilst 

autoclaving, 100g sucrose was added to 1L of apple juice in a 2L conical flask, which was then 

heated, whilst stirring to 80OC on a hot plate, but not allowing it to boil.   3g methyl 4-

hydroxybenzoate (Sigma Aldrich Cat ♯5501) was dissolved in 25ml 100% Ethanol (Sigma 

Aldrich E7023), and added to the apple juice.   

Once the agar was autoclaved, it was added to the apple juice/sucrose/methyl 4-

hydroxybenzoate and mixed thoroughly by decanting.  This was then poured into 35mm 

dishes (Corning ♯ 430588) so the base of the dish was just covered and left to set for 24 hours 

before storing at 4OC until use.  

 

Halocarbon oil 

A 3:1 mixture of halocarbon oil 700: halocarbon oil 27 (sigma H8898 and H8773 respectively) 

 

PATX 

1% Bovine Serum Albumin (Sigma A9647) dissolved in 0.1% triton X-100 (Sigma Aldrich 

T9284). 
 

Buffer A 

100mM Tris HCl (pH 7.6) 

100mM EDTA 

100mM NaCl 

0.5% SDS 

 

10x Phosphate buffered Saline (PBS) 

To make 1L 

80g NaCl 

2g KCl 
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14.4g Na2HPO4 

Dissolve in 800ml ddH20 on a magnetic stirrer, adjust pH to 7.4 with a few drops of 10M NaOH 

and adjust the final volume to 1L with ddH20. 

 

Hoyers medium 

30g gum Arabic 

16ml glycerol 

200g chloral hydrate 

50ml water 

 

4% paraformaldehyde for embryonic fixation 

4ml 10% stock methanol-free formaldehyde (Polysciences ♯ 04018) 

6ml ddH20 

 

Fine pulled needles 

Capillary needles were pulled using a Narishige needle puller (PE-22) 
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Appendix 2 
All supplemental movies are provided on a disc at the back of the thesis 

 

Supplementary movie 1:  Zippering during DC occurs at a constant rate in control 

embryos.  Live imaging of the final phase of DC in an embryo expressing en-Gal4, UAS-m-

Cherry-moesin (magenta), constitutive GFP-Moesin (Green), shows that zippering proceeds at 

a similar rate in en-Gal4-expressing stripes and the non-en-Gal4 expressing stripes.  Images 

were acquired at 63 x at 120 second intervals.  Stills are shown in Figure 24. 

 

Supplementary movie 2:  Zippering speed is reduced in cells overexpressing PTEN3.  

Live imaging of the final phase of DC in an embryo expressing en-Gal4, UAS-m-Cherry-

Moesin (magenta), constitutive GFP-moesin (green) x UAS-PTEN3 (expressed in magenta 

stripes), demonstrates that zippering is slower in the en-Gal4 stripes expressing UAS-PTEN3, 

to such an extent that stripes are skipped by the canthus.  Images were acquired at 63 x at 

120 second intervals.  Stills are shown in Figure 24. 

 

Supplementary movie 3:  Zippering speed is unaffected in cells expressing UAS-PTEN3-

G137E.  Live imaging of the final phase of DC in an embryo expressing en-Gal4, UAS-m-

Cherry-Moesin (magenta), constitutive GFP-moesin (green) x UAS-PTEN3-G137E (expressed 

in magenta stripes), shows that zippering is unaffected by expression of PTEN3-G137E.  

Images were acquired at 63 x at 120 second intervals.  Stills are shown in Figure 24. 

 

Supplementary movie 4:  Zippering speed is increased in cells expressing 

constitutively active PI3K.  Live imaging of the final phase of DC in an embryo expressing 

en-Gal4, UAS-m-Cherry-Moesin (magenta), constitutive GFP-moesin (green) x UAS-CA-PI3K 

(expressed in magenta stripes), shows that the rate of zippering is increased in stripes 

expressing UAS-CA-PI3K to the extent that non-engrailed stripes are skipped by the canthus.  

Images were acquired at 63 x at 120 second intervals.  Stills are shown in Figure 25. 

 

Supplementary movie 5:  Zippering speed is increased in cells expressing 

constitutively active Ras.  Live imaging of the final phase of DC in an embryo expressing en-

Gal4, UAS-m-Cherry-Moesin (magenta), constitutive GFP-moesin (green) x UAS-CA-Ras 

(expressed in magenta stripes), shows that the rate of zippering is increased in stripes 

expressing UAS-CA-Ras, however not to the extent where stripes are skipped by the canthus.  

Images were acquired at 63 x at 120 second intervals.  Stills are shown in Figure 25. 

 
Supplementary movie 6:  Zippering speed is increased in cells overexpressing a wild 

type form of Rac1.  Live imaging of the final phase of DC in an embryo expressing en-Gal4, 

UAS-m-Cherry-Moesin (magenta), constitutive GFP-moesin (green) x UAS-Rac1-wt 

(expressed in magenta stripes), shows that the rate of zippering is increased in stripes 
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expressing UAS-Rac1-wt.  Images were acquired at 63 x at 120 second intervals.  Stills are 

shown in Figure 28. 

 

Supplementary movie 7:  Expression of UAS-PTEN3 and UAS-Rac1 wt results in 
zippering speed similar to that of control embryos.  Live imaging of the final phase of DC 

in an embryo expressing en-Gal4, UAS-m-Cherry-Moesin (magenta), constitutive GFP-moesin 

(green) x UAS-PTEN3, UAS-Rac1-wt (expressed in magenta stripes), shows that the reduced 

rate of zippering observed in embryos expressing UAS-PTEN3 alone is rescued by the 

expression of UAS-Rac1-wt.  Images were acquired at 63 x at 120 second intervals.  Stills are 

shown in Figure 28. 

 

Supplementary movie 8:  Filopodia form from microdomains of PIP3 at the leading edge.  
Live imaging of DC in embryos expressing en-Gal4, UAS-m-Cherry-Moesin (magenta), UAS-

GPH (green), shows the spatial and temporal correlation of PIP3 accumulation at the leading 

edge and the initiation of filopodia.  Images were acquired at 63 x at 120 second intervals.  

Stills are shown in Figure 29. 

 

Supplementary movie 9:  PIP3 accumulates at cell-cell junctions at epithelial wound 

edges.  Live imaging of laser wound healing in embryos expressing GPH in the epidermis 

demonstrates that PIP3 accumulates at cell junctions at the wound edge.  Images were 

acquired at 63 x at 150 second intervals.  Stills are shown in Figure 49. 

 

Supplementary movie 10:  Expression of UAS-CA-PI3K increases the amount of wound 

edge protrusions and rate of re-epithelialisation.  Live imaging of laser wound healing in 

either control embryos (left hand panel), or those also expressing UAS-CA-PI3K (right-hand 

panel) under the control of e22c-Gal4 and I67D-Gal4 alongside two copies of UAS-m-Cherry-

Moesin, demonstrates an increase in the number of protrusions at the wound edge in embryos 

expressing UAS-CA-PI3K, and a slightly faster rate of re-epithelialisation.  Images were 

acquired at 63 x at 120 second intervals.  Stills are shown in Figure 50. 

 

Supplementary movie 11: pten117 mat/zyg mutant embryos form more actin protrusions at 

the wound edge than controls. Live imaging of laser wound healing in either control 

embryos (left-hand panel) or embryos lacking maternal and zygotic expression of PTEN (right 

hand panel) expressing constitutive GFP-Moesin throughout the embryo, demonstrates an 

increased number of protrusions and slightly faster re-epithelialisation in embryos lacking 

expression of PTEN.  Images were acquired at 63 x at 120 second intervals.  Stills are shown 

in Figure 51. 

 

Supplementary movie 12: mbcc1 mutant embryos have less actin protrusions and a 

slower rate of re-epithelialisation than controls.   Live imaging of laser wound healing in 
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either control embryos (left-hand panel) or embryos lacking zygotic expression of MBC (right-

hand panel) expressing constitutive GFP-Moesin throughout the embryo demonstrates a 

reduced number of protrusions and slower re-epithelialisation in embryos lacking expression 

of MBC.  Images were acquired at 63 x at 120 second intervals.  Stills are shown in Figure 52. 

 

Supplementary movie 13:  racJ10 and racJ11 mutant embryos have less actin protrusions 

and heal at a slower rate than controls.  Live imaging of laser wound healing in either 

control embryos (left-hand panel), racJ10 mutant embryos (middle panel) or racJ11 mutant 

embryos (right-hand panel) expressing constitutive GFP-Moesin throughout the embryo 

demonstrate a reduced number of protrusions and slower re-epithelialisation in embryos 

lacking zygotic expression of Rac.  Images were acquired at 63 x at 120 second intervals.  

Stills are shown in Figure 53. 

 

Supplementary movie 14:  Expression of UAS-Rac1-wt increases the amount of wound 

edge protrusions and rate of re-epithelialisation.  Live imaging of laser wound healing in 

either control embryos (left hand panel) or embryos expressing UAS-Rac1-wt (right-hand 

panel) under the control of e22c-Gal4 and I67D-Gal4 alongside two copies of UAS-m-Cherry-

Moesin, demonstrates an increase in the number of protrusions at the wound edge in embryos 

expressing UAS-Rac1-wt and a faster rate of re-epithelialisation.  Images were acquired at 63 

x at 120 second intervals.  Stills are shown in Figure 54. 

 

Supplementary movie 15:  Baz is lost from wound edge and displays a reciprocal 

relationship to F-actin.  Live imaging of laser wound healing in embryos expressing UAS-

GFP-Baz (green) and UAS-m-Cherry-Moesin (magenta) in the epidermis under the control of 

e22c-Gal4 demonstrates a loss of Baz from the wound edge and an accumulation of F-actin at 

the front of wound edge cells.  Images were acquired at 63 x at 120 second intervals.  Stills 

are shown in Figure 55. 

 

Supplementary movie 16: PIP3 accumulates around delaminating amnioserosa cells.  

Live imaging of the amnioserosa during DC in embryos expressing constitutive GPH 

demonstrates an accumulation of PIP3 at the front of cells surrounding delaminating cells in 

the amnioserosa.  Images were acquired at 63 x at 150 second intervals.  Stills are shown in 

Figure 57. 

 

Supplementary movie 17:  Expression of PTEN3 throughout the embryo slows the rate 
of amnioserosal cell delamination.  Live imaging of the amnioserosa during DC in control 

embryos (left-hand panel) or those expressing UAS-PTEN3 (right-hand panel) throughout the 

embryo ender the control of tubP-Gal4 alongside UAS-GFP-E-Cadherin, demonstrates a 

reduction in the rate of cell delamination and a reduction in the elongation of surrounding cells.  

Images were acquired at 63 x at 150 second intervals.  Stills are shown in Figure 58. 
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PDF 1. A PDF of all of the figures shown in this thesis. 
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