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Abstract 
 

 i 

Abstract 

Cell migration is essential for embryonic development, it occurs in adult 

organisms during processes like wound healing and its misregulation contributes 

to pathological conditions such as metastasis. Despite this, most studies of cell 

migration have been undertaken in vitro. Ena/VASP proteins, believed to be 

actin anti-capping proteins, have been studied extensively in fibroblasts in vitro, 

and using Drosophila macrophages (hemocytes) within the developing embryo, 

the role of the Drosophila homologue of Mena, Ena, is investigated in vivo.  

 

Consistent with data from fibroblasts in vitro, Ena localised to regions of actin 

dynamics within migratory hemocytes, where this protein stimulated 

lamellipodial dynamics and positively regulated filopodial number and length. 

However, whilst overexpression of Ena/VASP proteins in fibroblasts reduced 

migration speeds, Ena overexpression in hemocytes dramatically increased 

migration speeds in three different assays. This positive regulation of migration 

speed closely resembled the increased motility of breast cancer cells that 

overexpress Mena and evidence presented here, suggests that this key difference 

may be explained by spatial constraints that are imposed upon cells within three-

dimensional environments. Indeed, such constraints prevented ruffling, a more 

detrimental form of retraction, in hemocytes in vivo. Furthermore, fibroblasts 

overexpressing Mena in vitro form membrane ruffles more frequently. Therefore 

Ena/VASP proteins drive migration by enhancing lamellipodial protrusion, but in 

certain environments these protrusions are lost as ruffles slowing migration.  

 

The method by which Ena regulates lamellipodial protrusion and migration 

speeds was then investigated: Ena increased Fascin-mediated actin bundling and 

the number of Fascin rich-actin bundles that coalesced. Analysis of individual 

actin bundles revealed that coalescence increased protrusion rate and that both 

protrusion rate and coalescence, increased cell migration speeds. This suggests 

that Ena facilitates an increase in cell migration by promoting the coalescence of 

Fascin bundles, and positions Ena as a key regulator of migration speeds in vivo.  
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1. Introduction 

 

1.1 Cell migration 

Cell migration is an essential process for proper embryonic development and is 

required throughout adulthood in higher organisms for procedures such as; skin 

and intestine renewal, wound healing and chemotaxis of immune cells towards 

sites of inflammation and chemoattractants. Furthermore, cell migration 

contributes to certain pathological processes, including osteoporosis, chronic 

inflammation and metastasis. Therefore, understanding the mechanisms that 

underlie this process will increase our knowledge of these pathologies and 

ultimately lead to better treatments.  

 

Cell migration can be broadly split into two types: single cell motility and 

collective cell motility. The latter involves groups of cells moving together, 

whilst retaining cell-cell contact with one another and affecting each other as 

they migrate. This term encompasses several different migrations, including 

epithelial sheet migration, sprouting and branching, stream migration, slug-like, 

free-groups and tumour cell migration in certain contexts, cancers or 

environments. Each of these migrations is required for a specific process and 

often only occurs at a determined developmental stage or in a distinct situation, 

with the movement of such cells placing, shaping or repairing the tissue that they 

form. In contrast to this distinct activation, other cell types, in particular immune 

cells, migrate for the majority of their life span and could be considered as 

professional migrators. Indeed, immune cells respond rapidly to unexpected 

stimuli and generally migrate as individuals (Rorth, 2009). Such cells have been 

investigated extensively in vitro for several years (Ciano et al., 1986; Frevert et 

al., 1998; Nelson et al., 1975), but far fewer studies have been undertaken in 

vivo, and here, the immune cells of Drosophila melanogaster were used to 

investigate single cell motility within a living embryo.  
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1.2 Cell migration: a cyclic process  

To migrate efficiently during single cell motility, cells go through a highly 

orchestrated multistep cycle (Lauffenburger and Horwitz, 1996; Pollard and 

Borisy, 2003; Ridley et al., 2003). Upon sensing a chemotactic molecule or 

migration promoting agent, migratory cells polarise (Fig. 1.1A) (Cianciolo et al., 

1981; Smith et al., 1979) and form protrusions in the direction of cell migration 

(Fig. 1.1B) (Bailly et al., 1998a; Chan et al., 1998; O’Connor and Bentley, 1993; 

Guirguis et al., 1987). These protrusions are rich in the cytoskeletal protein actin 

(Bridgman and Dailey, 1989; Small, 1981) and different arrangements of this 

protein enable either large, sheet-like lamellipodia or finger-like filopodia to be 

constructed (Small and Celis, 1978; Small, 1981). Such protrusions are stabilised 

by the formation of focal adhesions to the extra-cellular matrix (ECM), or via 

cell-cell contacts (Fig. 1.1C) (Bailly et al., 1998b; Izzard and Lochner, 1980; 

Schoenwaelder and Burridge, 1999). Subsequently points of adhesion act as 

traction sites for migration as the cell pulls itself forward over them, using acto-

myosin based contractility (Fig. 1.1D) (Anderson et al., 1996; Bray and White, 

1988; Svitkina et al., 1997). Adhesions are then disassembled at the rear, 

allowing the cell to detach from the substrate or cells and retract (Fig. 1.1E) 

(Ezratty et al., 2009; Franco et al., 2004; Kaverina et al., 1999; Ridley et al., 

2003; Worthylake et al., 2001).  

 

Although different cell types share this basic mechanism of cell migration, the 

exact details often differ greatly. For example, cells such as keratocytes produce 

persistent lamellipodia, whilst fibroblasts rapidly extend and retract their 

lamellipodia (Abercrombie et al., 1971; Anderson et al., 1996). Furthermore, the 

latter migrate slowly and the individual steps described above are clearly 

observed, but are less obvious in fast moving cells such as neutrophils, which 

appear to glide over their substrate (Ridley et al., 2003; Senda et al., 1975). 

 

1.2.1 Polarisation 

Cells undergo directional migration in response to a whole host of different cues 

(Ciancolo et al., 1981), including chemokine gradients, growth factors and ECM  
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Figure 1.1: Summary of the steps of cell migration 

A) Stationary cells are adhered to the substratum and in response to chemoattractants 

cells become polarised. B) Cells polarise forming protrusions at the leading edge, these 

may be either sheet-like lamellipodia or finger-like filopodia. C) New adhesions with the 

substratum form at the leading edge. D) Acto-myosin contraction enables the cell body 

and nucleus to translocate forward. E) Retraction fibres pull the rear of the cell forward, 

adhesions at the rear of the cell disassemble and the trailing edge retracts. Based upon a 

figure by Mattila and Lappalainen, 2008.  
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molecules (Ciancolo et al., 1981; Moghe et al., 1996; Nieto et al., 1998; ). These 

factors engage a variety of membrane receptors, initiating signaling cascades that 

activate heterotrimeric receptor and non-receptor G proteins, tyrosine kinases, 

the GTP exchange factors (GEFs) of Cdc42 (these proteins activate small 

GTPases by exchanging GDP for GTP), lipid kinases and ultimately the small 

GTPase Rac (Del Pozo et al., 1999; Haugh et al., 2000; Parent et al., 1998; 

Vicente-Manzanares et al., 1999; Xu et al., 2003; Yoo et al., 2010). Localised 

Rac activation may help decrease Rho GTPase activity (Rosenfeldt et al., 2006; 

Xu et al., 2003) and enhance the activity of the lipid kinase phosphatidylinositol-

3-kinase (PI3K), enabling the production of different phosphatidylinositol 

phosphate lipids at the leading edge (Keely et al., 1997; Srinivisan et al., 2003, 

Weiner et al., 2002). 

 

Indeed in Dictyostelium discoideum cells, PI3K accumulates at the leading edge, 

whilst the phosphatase PTEN is enriched at the sides and rear of the cell 

(Funamoto et al., 2002), allowing PIP3 to accumulate at the lamellipodial leading 

edge (Funamoto et al., 2002; Huang et al., 2003). PIP3 in turn helps localise 

Cdc42 (Li et al., 2003) to the front of migratory cells (Itoh et al., 2002). 

Interestingly, Cdc42 activity excludes PTEN from protrusions in leukocytes 

creating a potential feedback loop (Li et al., 2003). Cdc42 also contributes to 

polarisation by mediating the reorientation of the microtubule organising centre 

to the front of the cell in several different cell types (Etienne-Manneville and 

Hall, 2001; Gomes et al., 2005; Lee et al., 2005; Stowers et al., 1995). This leads 

to the growth of microtubules into the lamellipodia in astrocytes and the delivery 

of vesicles to this area, including the delivery of Cdc42 (Etienne-Manneville and 

Hall, 2001; Osmani et al., 2010). Rac is also activated downstream of PI3K, as 

several Rac GEFs are targets of this kinase (Welch et al., 2003), this creates a 

feedback loop that helps maintain Rac activity at the leading edge (Srinivisan et 

al., 2003). Rac may also be activated downstream of Cdc42 and the local 

activation of these small GTPases helps initiate actin polymerisation at the 

leading edge (Allen et al., 1997; Allen et al., 1998; Nobes and Hall, 1995).  
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1.2.2 Protrusion 

Rac and/or Cdc42, activate WASP/WAVE family proteins, which are 

responsible for activating the Arp2/3 complex, this complex in turn nucleates the 

formation of branched actin arrays (Aspenstrom et al., 1996; Machesky et al., 

1999; Miki et al., 1998; Rohatgi et al., 1999). These arrays form the structural 

basis of the lamellipodia (Mullins et al., 1998; Svitkina et al., 1997; Svitkina and 

Borisy, 1999) and it has been shown in melanoma cells that filopodia may form 

from these networks (Svitkina et al., 2003). As these structures are investigated 

extensively in this study, they are described in more detail later. 

 

1.2.3 Adhesion assembly and traction 

For a cell to advance, it is thought that newly extended protrusions attach to the 

surroundings and stabilise, providing a means of traction for the cell to pull itself 

forward. Indeed, Myosin II-dependent contraction of actin filaments attached to 

integrins, within adhesions, enables the actin cytoskeleton to be linked to the 

ECM and facilitates traction (Bray and White, 1988; Galbraith and Sheetz, 1997; 

Jay et al., 1995). Integrins are heterodimeric receptors (comprised of " and ! 

chains), with short intracellular domains and large extracellular domains (Nermut 

et al., 1988). Ligand binding to the extracellular domains induces conformational 

changes in integrins (Emsley et al., 2000; Takagi et al., 2002) that are transmitted 

to the cytoplasmic domains, and result in integrin clustering. Integrins are also 

regulated by PI3Ks, protein kinase C isoforms (PKC), and/or the small GTPase 

Rap1 via Talin activity, and these proteins promote integrin activation and 

affinity, enabling the assembly of adhesions (Caron et al., 2000; Lewis et al., 

1996; Lim et al., 2010; Ng et al., 1999; Shimizu et al., 1995). Integrins can also 

actively signal, and one protein they signal to is Rac (Del Pozo et al., 2000), this 

drives the recruitment of further integrins and the clustering and formation of 

new adhesions (Kiosses et al., 2001; Schwartz and Shattil, 2000). These new 

adhesions signal to reinforce high Rac, Cdc42 and PI3K activity, helping 

maintain polarity (Etienne-Manneville and Hall, 2001; Nishiya et al., 2005). 
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In migratory cells, activated integrins localise to the leading edge, where new 

adhesions form (Kiosses et al., 2001); however, the exact mechanism by which 

adhesions assemble is unknown. But, this process is thought to be initiated by 

integrin clustering stimulated by the numerous different molecules of the ECM to 

which the cell is adhering, although actin polymerisation may be important too 

(Parsons et al., 2010). The type of adhesion formed varies and depends on the 

cell type and pliability of the substratum (Pelham and Wang, 1997). Rapidly 

migrating blood cells, such as leukocytes have few integrin clusters and their 

submicroscopic adhesions facilitate rapid movement (Worthylake and Burridge, 

2001). Whereas non-migratory or slow moving cells form focal adhesions, with 

large integrin clusters that are tightly adherent and are dependant on Rho-

stimulated myosin contractility (Allen et al., 1997; Rottner et al., 1999b; 

Chrzanowska-Wodnicka and Burridge, 1996). Small adhesions, or focal 

complexes, are commonly observed at the leading edge, are dependent on Rac 

and Cdc42 and may stabilise the lamellipodia contributing to efficient migration 

(Bailly et al., 1998b; Izzard and Lochner, 1980; Worthylake and Burridge, 2001). 

 

1.2.4 Adhesion turnover and rear retraction 

The migration cycle is complete when adhesions disassemble at the rear and the 

rear contracts. Adhesion turnover is critical for effective migration and occurs 

both at the front of the cell, to enable protrusions to be extended and the rear to 

allow retraction and forward progression. At the leading edge adhesions 

disassemble at the base of a protrusion, whilst new adhesions assemble at the tip 

(Laukaitis et al., 2001; Webb et al., 2002). However, some adhesions, rather than 

disassembling at the front will mature into larger more stable structures. Myosin 

II-mediated tension appears to be important in maturation and may exclude or 

recruit proteins to the adhesion (Parsons et al., 2010). Indeed Vinculin, a focal 

adhesion protein is recruited by tension (Cohen et al., 2006). Meanwhile, 

adhesion disassembly is controlled by pathways including the tyrosine kinases, 

focal adhesion kinase (FAK), extra-cellular signal regulated protein kinase 

(ERK) and Src, (Chung, C. H. et al., 2001; Larsen et al., 2003; Webb et al., 

2004) with cells lacking FAK and Src having larger adhesions and migrating 
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inefficiently (Ilic et al., 1995). Adhesion disassembly may involve microtubules, 

the calcium-activated protease, Calpain and the phosphatase, Calcineurin (Franco 

et al., 2004; Hendey et al., 1992; Kaverina et al., 1999). Indeed, tension at the 

rear of the cell may be sufficient to open stretch-activated calcium channels (Lee, 

J. et al., 1999), leading to the activation Calcineurin and Calpain. Calpain can 

then cleave a number of focal adhesion proteins, including integrins, Talin, 

Vinculin and FAK at the rear of the cell aiding disassembly (Chan et a., 2010; 

Cortesio et al., 2011; Franco, et al., 2004; Glading et al., 2002). FAK and Src 

also regulate adhesion turnover at the front of the cells (Webb et al., 2004). 

 

Finally, rear retraction is a Rho and Myosin-dependent process, with Myosin II 

being crucial for retraction and the development of tension between adhesions at 

the rear and the retraction machinery (Clow and McNally, 1999). Mutating 

Myosin II or its regulator PAK" in Dictyostelium (Chung, C. Y. et al., 2001) or 

inhibiting Rho or Rho kinase in monocytes and neutrophils (Worthylake and 

Burridge, 2003; Xu et al., 2003) causes rear retraction problems. Retraction may 

also regulate polarity, as adhesion release at the rear increases protrusive activity 

at the front, providing positive feedback for the continued cycle of migration 

(Ridley et al., 2003).  

 

1.2.5. Is adhesion essential for three-dimensional migration? 

The previous sections describe the generally accepted model of cell migration, 

however, this is based on migration in vitro; cells in vivo may not utilise exactly 

the same mechanism. Indeed, integrins appear to be dispensable for at least some 

in vivo migrations as Lamermann and colleagues found that these proteins were 

required for in vitro leukocyte migration in two-dimensions, but were 

dispensable for migration in three-dimensions (Lamermann et al, 2008). 

Moreover, protrusive flow of actin filaments was sufficient to drive rapid cell 

migration in unconstrained environments, but constrained cells moved using a 

combination of flowing and Myosin II mediated contraction at the trailing edge 

(Lamermann et al., 2008). It will be interesting to identify whether other cells in 

vivo require integrins and if they migrate in a similar manner.  
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1.3 Actin and actin-binding proteins  

1.3.1 Actin filament dynamics 

The protrusive machinery required for cell migration is formed from actin 

filaments. Actin filaments (F-actin) consist of monomers (G-actin), which in 

vitro can spontaneously polymerise to form actin filaments (Attri et al., 1991; 

Elzinga and Phelan, 1984; Hanson and Lowy, 1963). However, the spontaneous 

formation of dimers or trimers, the latter of which are required to nucleate 

filament growth, is unfavourable, as these structures are inherently unstable 

(Wegner and Engel, 1975). Nonetheless once this unfavourable step is overcome 

filaments grow rapidly, forming a polarised double-helix (Pollard and Borisy, 

2003; Hanson and Lowy, 1963). G-actin subunits associate in a head-to-tail 

fashion generating polarity and filaments when imaged by electron microscopy 

(EM) in the presence of myosin subfragments have a barbed (or plus) end and a 

pointed (or minus) end (Hanson and Lowy, 1963; Huxley, 1963; Moore et al., 

1970; Small et al., 1978). G-actin preferentially binds the barbed end of the actin, 

as the critical concentration (ratio of rates of dissociation and association [k-/k+] 

or equilibrium constant for dissociation of ATP-G-actin) is lower at the barbed 

end than the pointed end (Pollard, 1986a). Barbed end addition is diffusion 

limited and the filament growth rate is determined by how frequently G-actin 

collides and is therefore directly proportional to the concentration of free actin 

monomers in the solution (Pollard, 1986a).  

 

Actin binds ATP in a deep cleft and this is required for stabilisation, but not 

polymerisation (De La Cruz et al., 2000). Instead ATP hydrolysis within actin 

filaments and #-phosphate (Pi) dissociation appear to age the filament and trigger 

disassembly processes in cells (Korn et al., 1987; Pollard and Weeds, 1984). In 

the filament ATP hydrolysis is irreversible (Carlier et al., 1988) and fast with a 

half-life of about two seconds (Blanchoin and Pollard, 2002). Whereas phosphate 

dissociates slowly with a half time of 350 seconds (Carlier and Pantaloni, 1986). 

This means ADP-Pi-actin is a relatively long-lived intermediate in freshly 

assembled actin filaments and has similar properties to ATP-actin, although it  
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Figure 1.2: G-actin treadmilling within actin filaments 

The differential kinetics of G-actin binding at the barbed end and dissociation from the 

pointed end coupled with ATP hydrolysis results in the treadmilling of actin subunits 

within a filament. ATP-G-actin (T) binds the barbed end, which is orientated towards 

the leading edge and pushes the leading edge forwards. The ATP bound to monomers 

within the filament is then hydrolysed and ADP-G-actin (D) dissociates from the pointed 

end. Actin monomers within a filament remain in the same position, but are treadmilled 

rearwards by polymerisation at the barbed end and depolymerisation at the pointed end. 

 

dissociates faster from the barbed end (Pollard, 1986a). This behaviour results in 

ATP-actin associating with the barbed end and ADP-actin dissociating from the 

pointed end, leading to the slow treadmilling of subunits from the barbed end to 

the pointed end (Fig. 1.2) (Fujiwara et al., 2002; Wegner, 1976). Pure actin 

filaments at steady-state under normal physiological conditions treadmill very 

slowly, with an average filament protruding at 0.04µm/min whereas keratocytes 

migrate at speeds of 10µm/min (Theriot and Mitchinson, 1991). However, 

treadmilling can be manipulated by actin-binding proteins (Pollard, 1986b), and 

over 60 classes of these proteins exist (Pollard and Borisy, 2003). 

 

1.3.2 Regulating F-actin formation and termination 

Actin-binding proteins can control treadmilling by regulating ATP-G-actin levels; 

indeed, to maintain polymerisation, levels of ATP-G-actin must be replenished. 

Therefore old filaments are disassembled and actin monomers are recycled to the 
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barbed ends. Profilin helps regulate this by catalysing the exchange of ADP for 

ATP and also through targeting G-actin to the barbed ends, enabling filament 

elongation (Goldschmidt-Clermont et al., 1992; Pollard and Cooper, 1984). In 

addition, this interaction prevents self-nucleation (Carlsson et al., 1977), and as 

Profilin has a high affinity for G-actin and is highly concentrated within the 

cytoplasm, it outcompetes actin depolymerising factors like ADF/Cofilin for 

binding to G-actin (Blanchoin and Pollard, 1998). Furthermore, Thymosin-!4 

maintains a buffering pool of ATP-G-actin, and releases ATP-G-actin for Profilin 

binding when Profilin-bound ATP-G-actin levels are low (Goldschmidt-Clermont 

et al., 1992; Yu et al., 1993).  

 

Some actin binding proteins such as Cortactin and Tropomyosin stabilise actin 

filaments whilst others like ADF/Cofilin destabilise filaments (Broschat et al., 

1989; Dos Remedios et al., 2003; Weaver et al., 2001). ADF/Cofilin binds and 

destabilises ADP-F-actin, severing filaments and possibly promoting dissociation 

from the new pointed end (Carlier et al., 1997; Hawkins et al., 1993). Severing 

also creates new barbed ends, which may contribute to protrusion by creating 

new sites for actin polymerisation (Desmarais et al., 2004; Zebda et al., 2000), 

although some severing proteins like Gelsolin are retained at the barbed end, 

capping it and preventing polymerisation (Harris and Weeds, 1984). Other 

capping proteins exist such as Capping Protein (CP), and these proteins control 

the availability and number of barbed ends, as otherwise polymerisation would 

continue until ATP-G-actin levels were depleted to the critical concentration 

(Cooper et al., 1984; Cooper and Schafer, 2000; Isenberg et al., 1980). Capping 

proteins tend to bind older filaments, as local factors at the plasma membrane, 

such as phosphatidylinositol 4, 5-bisphosphate, and competition with Ena/VASP 

and Formin-related proteins (which have anti-capping activity) prevent newer 

filaments being capped (Schafer et al., 1996). Pointed end capping also occurs, 

blocking depolymerisation and maintaining actin networks (Weber et al., 1994). 
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1.3.3 Creating new sites for actin polymerisation 

In lamellipodia, new barbed ends are produced by severing or uncapping of 

existing filaments and de novo nucleation (Condeelis, 1993; Zigmond, 1996). 

The latter appears to be the dominant mechanism (Zigmond, 1996), but 

uncapping or severing still plays a role. Indeed, ADF/Cofilin-mediated severing 

contributes to polymerisation in vertebrate cells (Chan et al., 2000; Zebda et al., 

2000), whilst uncapping of Gelsolin-capped filaments enables actin 

polymerisation following platelet activation (Falet et al., 2002).  

 

Arp2/3 and Formins are capable of initiating new actin filaments (Mullins et al., 

1998; Pruyne et al., 2002; Sagot et al., 2002). The Arp2/3 complex (Machesky et 

al., 1994) is an assembly of seven proteins, containing two actin-related proteins 

Arp2 and Arp3 and five novel subunits (Welch et al., 1997). Arp2/3 itself is an 

inefficient nucleator and requires activation by actin nucleating factors, including 

WASP and Scar/WAVE, which are themselves activated downstream of small 

GTPases and phophatidylinositol signalling (Higgs and Pollard, 2000; Ma et al., 

1998; Machesky and Insall, 1998; Machesky et al., 1999; Winter et al., 1999; 

Yarar et al., 1999). The binding of nucleating factors is thought to bring the Arp2 

and Arp3 subunits closer together, so they can act as two of the three actin 

subunits required for nucleation (Rodal et al., 2005). Once activated Arp2/3 

binds actin filaments and initiates growth in the barbed direction as 70° branches 

(Mullins et al., 1998).  

 

Formin-related proteins, such as mammalian mDia1-3 and Drosophila 

Diaphanous (Dia), assemble as dimers to nucleate actin filaments (Otomo et al., 

2005; Xu et al., 2004). Interestingly Formins also move processively with the 

barbed end catalysing actin polymerisation (Kozlov and Bershadsky, 2004; 

Mizuno et al., 2011) and acting as “leaky cappers” (Watanabe and Higashida, 

2004). These proteins are regulated by auto-inhibition, with Rho GTPases 

activating mDia1/2 by binding the GTPase binding site, releasing the C-terminus 

and preventing auto-inhibition (Watanabe et al., 1999). Formins also have three 
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conserved domains of which the Formin homology (FH) 1 and FH2 domains are 

involved in actin regulation (Zigmond, 2004). The FH2 domain is thought to 

catalyse actin filament nucleation by stabilising actin dimers (Otomo et al., 2005; 

Pruyne et al., 2002; Pring et al., 2003). Elongation is then stimulated by the FH1 

domain, which binds to and increases the local concentration of Profilin-bound 

G-actin to enable delivery to the barbed end (Kovar et al., 2006; Vavylonis et al., 

2006; Watanabe et al., 1997). The mechanism by which Formins move 

processively is controversial. A recent study suggests that processive movement 

is derived from the free energy that is released by the FH1-FH2 domain 

increasing the rate of ATP hydrolysis mediated by Profilin-actin oligomerisation 

(Romero et al., 2004). However, another study concluded that ATP hydrolysis is 

not required and instead energy is derived from the binding of actin subunits to 

the barbed end (Kozlov and Bershadsky, 2004).  

 

1.4 Lamellipodial formation and function 

1.4.1 Creating the protrusive force 

In vitro actin filaments are long and flexible and cannot sustain a pushing force 

without buckling (Mogilner and Oster, 1996). To overcome this problem in the 

lamellipodia, cells create a dense array of short-branched filaments (Svitkina et 

al., 1997; Svitkina and Borisy, 1999). In this array, branches are separated by 

less than 100nm, and exhibit 70° branching (Mullins et al., 1998). This means 

that they are not orientated perpendicularly towards the leading edge and instead 

are distributed over a range of angles, with the most favoured being 35°, with 

respect to the plasma membrane (Maly and Borisy, 2001; Schaus et al., 2007). 

However, using live imaging and EM, Koestler and colleagues found that actin 

filaments orientated at angles of 15-90° and have suggested that the 70° 

branching may be an artifact (Koestler et al., 2008). Despite this the 70° 

branching model is still generally accepted and actin filaments are rapidly 

capped, to prevent them from becoming too long, as longer filaments are less 

rigid, being prone to bending and buckling, which may destabilise the network 

(Bear et al., 2002; Schafer et al., 1996; Small et al., 2002). It is this arrangement 
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that enables the actin network to push effectively against the plasma membrane, 

over a large area enabling efficient protrusion. However, this doesn’t explain 

how addition of actin monomers to the filament enables protrusion and perhaps 

the most favoured model is the ‘elastic Brownian ratchet’ model (Mogilner and 

Oster, 1996; Peskin et al., 1993). This model assumes the actin filament is a 

spring-like wire, which continually bends due to thermal energy. When the 

filament bends away from the leading edge, an actin monomer squeezes into the 

gap, lengthening the filament. The filament then straightens against the leading 

edge providing the driving force for protrusion (Mogilner and Oster, 1996). After 

measuring the stiffness of actin filaments, Mogilner and Oster determined that 

the length of the pushing actin filament had to be quite short, in the range of 30-

150nm. In filaments longer than this, thermal energy is used in internal bending 

and pushing becomes ineffective (Mogilner and Oster, 1996). Theoretical 

calculations have shown that the cell may regulate these parameters to enable 

rapid motility and that negative feedback from capping may regulate the number 

of barbed ends (Mogilner and Edelstein-Keshet, 2002). Ena/VASP proteins may 

also a play a role as they antagonise capping and their depletion leads to shorter 

filaments (Bear et al., 2002).  

 

1.4.2 The dendritic nucleation model of lamellipodial formation 

In lamellipodia, actin filaments are believed to form a ‘dendritic’ array via the 

dendritic nucleation model (Mullins et al., 1998; Svitkina and Borisy, 1999; 

Svitkina et al., 1997). In this model activation of growth factor receptors and 

integrins at the leading edge increases Rac-GTP and PIP2 levels, this activates 

WASP/WAVE family members (Miki et al., 1996), which in turn activate the 

Arp2/3 complex (Machesky et al., 1999; Yarrar et al., 1999). The Arp2/3 

complex mediates formation of dendritic arrays and binds the sides or tips of pre-

existing actin filaments and initiates the formation of new daughter filaments, 

which branch off at 70° from the mother filament (Fig. 1.3A) (Mullins et al., 

1998). These filaments push against the lamellipodial leading edge enabling 

protrusion (Fig. 1.3B). Following initiation, rapid capping occurs to ensure that  
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Figure 1.3: The dendritic nucleation model of lamellipodial formation 

(A) Arp2/3 mediates the nucleation of new branches; the barbed ends of these branches 

rapidly grow, (B) pushing the plasma membrane forward. (C) CP binds the barbed ends 

within a second or two, terminating growth. (D) Near the pointed end ADF/Cofilin 

promotes phosphate dissociation, and severs ADP-actin filaments promoting the 

dissociation of ADP-actin from filament ends. (E) Profilin binds actin monomers and 

catalyses the exchange of ADP for ATP, returning subunits to (F) the pool of ATP-G-

actin bound to Profilin, ready to elongate new barbed ends as they become available.  

Based upon a figure by Pollard and Borisy, 2003. 

 

the F-actin network remains short and highly branched (Fig. 1.3C) (Pollard and 

Borisy, 2003). Distal to the lamellipodia leading edge, ADF/Cofilin severs ADP-

F-actin filaments causing debranching and depolymerisation (Fig. 1.3D) (Carlier 

et al., 1997; Hawkins et al., 1993). Finally, Profilin binds ADP-G-actin and 

recycles it to ATP-G-actin (Fig. 1.3E-F) (Goldschmidt-Clermont et al., 1992). 

The addition of G-actin at barbed ends and subsequent depolymerisation at the 

pointed ends enables lamellipodial protrusion (Pollard and Borisy, 2003).  

 

This model was based upon the core proteins required for actin-based motility of 

intracellular pathogens like Listeria monocytogenes (Loisel et al., 1999) and in in 

vivo systems further layers of regulation are likely to exist (Dos Remedios et al., 

2003). Other models, of lamellipodial formation have been proposed, such as the 
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barbed end nucleation model (Boujemaa-Paterski et al., 2001; Pantaloni et al., 

2000), but the dendritic nucleation model is the most widely favoured (Millard et 

al., 2004). However, in a recent study using live vitreously frozen cells, electron 

tomography illustrated that individual filaments were long and arranged into 

doublets with X-links between them with very few 70° branches or Y-branches 

from older filaments (Urban et al., 2010). This led to the suggestion that the 

Arp2/3 complex nucleates long unbranched filaments and does not initiate 

branch formation. Given the strength of the data supporting the dendritic 

nucleation model it seems premature to discard this and further work will 

illustrate whether Y-branches are indeed absent from lamellipodial actin 

networks. Indeed, Formin nucleated linear filaments are found within the 

lamellipodia of melanoma cells, suggesting that linear filaments may have a role 

in the lamellipodia (Yang et al., 2007). 

 

1.5 Filopodia function and formation 

1.5.1 Filopodial function 

In addition, to forming lamellipodia many migratory cells form finger like 

filopodial protrusions. In migratory cells, these highly dynamic structures are 

generally assumed to sense environmental cues and guide cell migration or axon 

extension (Davenport et al., 1993; Goodhill et al., 2004), allowing signal 

transduction and possibly facilitating attachment to the ECM (Galbraith et al., 

2007; Letourneau and Shattuck, 1989; Steketee and Tosney, 2002). Indeed, 

filopodia contain receptors that are capable of detecting a wide variety of signals 

in the extracellular environment (Lidke et al., 2005). However, some studies 

have suggested that filopodia are not required for all types of guidance response 

(Kim et al., 2002; Dwivedy et al., 2007). Furthermore, these structures have been 

implicated in a wide range of other important cellular processes including 

phagocytosis (Schirenbeck et al., 2005b; Tuxworth et al., 2001) and the zippering 

and fusion of epithelial sheets during wound healing and morphogenesis of 

Drosophila and Caenorhabditis elegans (Perez-Moreno et al., 2003; Wood et al., 

2002). Filopodial-like structures also participate in the formation of the 
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immunological synapse between T cells and antigen-presenting cells (Hogg et 

al., 2003; Salazar-Fontana et al., 2003) and crosslinking of CD9 ligand and Fc! 

receptors by monoclonal antibodies, activates macrophages and leads to 

filopodium extension. This suggests that these structures may have important 

roles in infection and inflammation (Kaji et al., 2001).  

 

1.5.2 Filopodial structure 

Filopodia are cylindrical protrusions that are approximately 100-200nm in 

diameter and up to 10µm in length (Mellor, 2010). The shortest filopodia barely 

protrude from the lamellipodia and are often referred to as microspikes (Svitkina 

et al., 2003). All filopodia contain a central core of about 10-30 actin filaments, 

with their barbed ends pointing towards the tip and are bundled together to form 

a parallel array (Katoh et al., 1999; Lewis and Bridgman, 1992; Medalia et al., 

2007; Mogilner and Rubinstein, 2005; Small and Celis, 1978). The barbed ends 

terminate in a region referred to as the tip complex. This region was first 

visualised by EM and appears to be an aggregate of proteins (Medalia et al., 

2007; Svitkina et al., 2003). These proteins are presumed to either alter filopodial 

dynamics, or to tether F-actin within the filopodia to cortical actin, or even do 

both. However, the molecular composition of this complex and whether different 

filopodia contain distinct complexes, remains largely unknown. Meanwhile, at 

the base of the filopodium, the actin filaments are routed deep into the actin 

network of the lamellipodia (Lewis and Bridgman, 1992; Small, 1981; Svitkina 

et al., 2003) 

 

In filopodia, actin monomers are continually added at filopodial tips and the 

filopodial filaments continually cycle back towards the base of this structure via 

myosin-dependent retrograde flow, before they are released at the pointed end in 

a process known as filament treadmilling (Lin et al., 1996; Mallavarapu and 

Mitchinson, 1999). The rate of growth or shrinkage of the filopodia is 

determined by the balance between retrograde flow and polymerisation at the tip 

(Mallavarapu and Mitchison, 1999). The average filopodia grows by 

approximately 0.2µm/s until a critical length is reached (Mallavarapu and 
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Mitchison, 1999). At this point the filopodia undergoes a rapid cycle of 

retraction, although recent studies suggest that filopodia may also give rise to 

other actin structures. Indeed, filopodia can merge with the lamellipodium, by 

folding sideways and fusing with the plasma membrane to form contractile actin 

bundles, or they can fold rearwards and fuse forming stress fibres (Burnette et 

al., 2011; Nemethova et al., 2008). 

 

1.5.3 Filopodial formation 

Despite their biological significance, our knowledge of the molecular 

mechanisms underlying filopodia formation is still incomplete (Faix and Rottner, 

2006). There are two distinct models of filopodial formation; the convergent 

elongation model and the de novo nucleation model. In the first, filopodia form 

from theArp2/3 branched network of the lamellipodia, with Ena/VASP proteins 

enabling filament elongation at the barbed ends and Fascin, an actin-bundling 

protein (Cohan et al., 2001; DeRosier and Edds, 1980; Sasaki et al., 1996) cross-

linking the filaments in the shaft. In contrast, in de novo nucleation, new actin 

bundles are synthesised to form the filopodia and Dia is believed to carry out, 

most if not all, of these functions (Gupton and Gertler, 2007). However, as more 

interactions are determined and further proteins are found to have a role in 

filopodial formation, it seems likely that filopodia may be formed by a 

combination of both mechanisms (Mattila and Lappalainen, 2008). 

 

a) Convergent elongation 

Platinum replica transmission electron microscopy (TEM) of the leading edge of  

melanoma cells illustrated a continuous actin bundle forming a filopodia from 

the branched array of the lamellipodia. Indeed, the authors observed actin 

filaments coming together to form “fish tail” or “$-precursor” within the 

lamellipodia, the actin within the precursor was then bundled to form the parallel 

array. VASP was found to localise to these precursors, suggesting that this 

protein may be involved in their formation. VASP localisation also preceded 

Fascin implying that VASP is important in initiating bundling (Svitkina et al., 

2003). In light of these findings, the authors proposed the convergent-elongation 
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model of filopodial formation, in which actin filaments within the Arp2/3 

branched lamellipodia associate through their barbed ends. This activity is 

presumably mediated by Ena/VASP proteins, which decorate the F-actin barbed 

ends. Ena/VASP proteins may also prevent capping, enable polymerisation 

(Svitkina et al., 2003), and initiate bundling (Huttelmaier et al., 1999; Bachman 

et al., 1999; Schirenbeck et al., 2006). Nonetheless, once clustered, Fascin binds 

and bundles the filaments, stabilising them and giving the filopodia the strength 

to protrude (Fig. 1.4A) (Svitkina et al., 2003).  

 

The fact that Arp2/3, an actin branch nucleator, is involved in the formation of 

linear filaments seems counterintuitive and some groups have found no 

requirement for this protein in the formation of certain types of filopodia 

(Pellegrin and Mellor, 2005; Steffen et al., 2006; Strasser et al., 2004). 

Interestingly, Arp2/3 was required for filopodial formation in one assay 

(Korobova and Svitkina, 2008), but was dispensable in another (Strasser et al., 

2004). Perhaps this discrepancy was caused by differences in the methods of 

removing Arp2/3 activity, indeed only the first study genetically reduced Arp2/3 

activity (Korobova and Svitkina, 2008; Strasser et al., 2004). In contrast, 

Ena/VASP proteins are generally accepted to be involved in filopodial formation 

although their exact role remains slightly controversial, with plausible functions 

including anti-capping, F-actin binding, anti-branching and actin bundling 

(discussed in 1.5.2) (Applewhite et al., 2007; Bear et al, 2002; LeBrand et al., 

2004; Mejillano et al., 2004; Schirenbeck et al., 2006). The final component, 

Fascin, is thought to be more crucial than other actin bundlers, as RNAi knock 

down of Fascin in B16F1 mouse melanoma cells inhibits filopodial formation 

(Vignjevic et al., 2006).  

 

b) de novo nucleation 

Cryo-electron tomography analysis of Dictyostelium filopodia illustrated that the 

filopodial core consisted of short, discontinuous bundles, converging into a 

‘terminal cone’. This led the authors to suggest that these filopodia grow by 

repetitive nucleation of actin filaments at the filopodial tip and subsequent  
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Figure 1.4: Models of filopodial formation 

A) The convergent elongation model involves anti-capping proteins such as Ena/VASP 

binding the barbed ends of actin filaments within the dendritic array of the lamellipodia. 

These proteins enable filament elongation and may bundle F-actin together. This loose 

bundling enables proteins such as Fascin to rigidly bundle the filaments, allowing the 

bundle to push against the leading edge and deform the membrane. B) The de novo 

nucleation model is probably mediated by an F-actin nucleator which polymerises actin 

filament formation from the leading edge down, creating long parallel filaments. These 

filaments are subsequently cross-linked together to form a more rigid bundle. As mDia2 

has all the activities required to form this filopodia it has been proposed that this protein 

may be solely responsible for forming these filopodia. However, other proteins such as 

Fascin or Filamin are likely to be responsible for bundling. C) A new working model 

suggests that a subset of uncapped filaments originating from the Arp2/3 lamellipodium 

and Dia2 mediated nucleation are targeted for elongation by Dia2 and Ena/VASP 

proteins. As these filaments push against the leading edge I-BAR proteins may deform 
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the membrane. Meanwhile, Myosin-X may bring filaments together enabling 

crosslinking by Ena/VASP proteins and bundling by Fascin. Myosin-X transports 

Ena/VASP proteins to the tip and may also localise adhesion molecules, and/or attach 

elongating filaments to the plasma membrane through interactions with 

phosphatidylinositol phosphates. A and B are adapted from Gupton and Gertler, 2007; C 

is adapted from Mattila and Lappalainen, 2008. 

 

rearrangement within the filopodial shaft (Medalia et al., 2007). However, the 

terminal cone has not been identified in mammalian cells and this mechanism 

may exist to optimise the faster dynamics of Dictyostelium filopodia. 

Nonetheless, it is thought that Formins may nucleate actin polymerisation from 

the leading edge, forming long actin filaments that are subsequently crosslinked 

to form filopodia (Fig. 1.4B). This theory comes from the findings that mDia2, 

localises to the tips of filopodia (Peng et al., 2003), induces filopodial formation 

in a variety of different cells (Peng et al., 2003; Schirenbeck et al., 2005a; Wallar 

et al., 2006), and Dictyostelium Dia2 is essential for filopodium formation 

(Schirenbeck et al., 2005a). Furthermore, as Formins such as Dia2 nucleate linear 

actin filaments, accelerate actin polymerisation (Kovar et al., 2006; Zigmond, 

2004), slow filament depolymerisation (Romero et al., 2004), protect barbed 

ends from capping (Schirenbeck et al., 2005a; Zigmond et al., 2003) and bundle 

actin (Harris et al., 2006), they may be the sole proteins required for de novo 

filopodial formation (Gupton and Gertler, 2007). It will be interesting to identify 

whether this occurs or if Formins work in concert with other proteins. Indeed, 

Dia2 and VASP function redundantly in filopodial formation in certain cell types 

and cooperate in others (Dent et al., 2007; Schirenbeck et al., 2006). 

 

c) A new working model for filopodial formation? 

In light of the disparities in results and the emergence of new players such as 

Myosin-X and I-BAR proteins in filopodial formation, several authors have 

suggested that filopodial formation may incorporate aspects of the two models 

described above (Mattila and Lappalainen, 2008; Mellor, 2010). Indeed, Myosin-

X increases the number of filopodia in several cell types (Berg and Cheney, 
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2002; Bohil et al., 2006; Zhang et al., 2004), and in fibroblasts this protein is 

required for filopodial formation, with the dimerisation and motor activities of 

Myosin-X being necessary and sufficient to induce these structures (Tokuo et al., 

2007). Based upon these findings, and that constitutively active (CA) mDia2 

forms long actin struts within the lamellipodia and filopodia (Yang et al., 2007), 

Mattila and Lappalainen suggest that Myosin-X mediates the convergence of 

uncapped or Formin-nucleated actin filaments at the plasma membrane. 

Elongation of these protected actin filament barbed ends pushes against the 

plasma membrane producing the driving force for membrane deformation and 

enabling filopodial formation. Furthermore, I-BAR domain proteins like IRSp53 

may help deform the membrane as these proteins are enriched here (Suetsugu et 

al., 2006). After binding phosphatidylinositol-rich membranes they deform the 

membrane into tubular structures (Mattila et al., 2007; Suetsugu et al., 2006) and 

enhance filopodial formation (Yamagishi et al., 2004). While, the elongating 

actin filaments are crosslinked by Fascin and possibly Ena/VASP proteins 

(Mattila and Lappalainen, 2008), to generate stiff filopodial actin bundles (Fig. 

1.4C). Myosin-X may also localise filopodial components to the tip, thereby 

regulating elongation rate, stability, and adhesive properties of the filopodia 

(Mattila and Lappalainen, 2008). Indeed, Myosin-X moves up and down the 

filopodial shafts in a movement called intrafilopodial motility (Berg and Cheney, 

2002) and may transport Ena/VASP proteins to the tips (Tokuo and Ikebe, 2004), 

although, this is unlikely to be its only role as Myosin-X initiates filopodia in 

cells that lack all detectable Ena/VASP protein (MV
D7

 cells) (Bohil et al., 2006).  

 

1.6 Ena/VASP proteins 

Enabled (Ena), the Drosophila member of the Ena/VASP family, was originally  

identified as a genetic suppressor of mutations in Drosophila Abelson tyrosine 

kinase (Abl) (Gertler et al., 1990). At a similar time, mammalian homologue 

VASP (vasodilator-stimulated phosphoprotein) was identified as a substrate of 

cyclic-nucleotide dependent kinases in platelets (Halbrugge and Walter, 1990). 

The other two mammalian family members, Mena (mammalian Ena) and Evl 

(Ena-VASP like), were identified via sequence similarity (Gertler et al., 1996).  
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Figure 1.5: Domain structure of Ena/VASP proteins 

The N-terminal EVH1 and C-terminal EVH2 domains are indicated sandwiching the 

proline-rich region. The EVH1 domain mediates interactions with other proteins, most 

of which bind the consensus sequence (D/E)FPPPPX(D/E)(D/E). The proline-rich 

region contains binding sites for Profilin. The EVH2 domain contains three separate 

regions from the N-terminus, these are a G-actin binding site (GAB), an F-actin binding 

site (FAB) and a coiled-coil domain that mediates tetramerisation. Based on a figure in 

Bear and Gertler, 2009. 

 

 

1.6.1 Ena/VASP structure 

Ena/VASP family members share a conserved tri-partite domain structure the N-

terminal third of the protein constitutes the EVH1 (Ena/VASP homology) 

domain (Gertler et al., 1996), whilst the C-terminus contains the EVH2 domain, 

the two EVH domains sandwich the proline-rich region (Fig. 1.5). The EVH1 

domain allows subcellular targeting to various regions of the cell by binding to 

proteins containing a motif with the consensus sequence (D/E)FPPPPX(D/E) 

(D/E) (FP4 motif) (Carl et al., 1999; Niebuhr et al., 1997). Proteins that recruit 

Ena/VASP proteins via this motif include, Zyxin and Vinculin at focal adhesions 

(Niebuhr et al., 1997), Fyb/SLAP at the phagocytic cups of macrophages 

(Coppolino et al., 2000) and contacts between T cells and antigen-presenting 

cells (Krause et al., 2000) and the ActA protein of Lisetria monocytogenes 

(Niebuhr et al., 1997). A whole host of other proteins bind the EVH1 domain via 

the FP4 consensus sequence, although the focal adhesion protein Tes binds the 

EVH1 domain through different residues (Boeda et al., 2007). 

 

The central proline-rich region contains a conserved Profilin binding site (Ahern- 

Djamali et al., 1999, Gertler et al., 1996, Lambrechts et al., 2000, Reinhard et al.,  
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1995). Besides this site, this region contains the most variation within the 

family and may enable binding to different proteins, allowing distinct 

mechanisms of regulation. Indeed this region contains binding sites for SH3 and 

WW domain-containing proteins and Ena binds the SH3 domains of Abl, Src and 

Drk (Ahern-Djamali et al., 1999; Comer et al., 1998; Gertler et al., 1995). 

The EVH2 domain contains three highly conserved domains, at the amino 

terminus a G-actin binding site (GAB), followed by an F-actin binding site 

(FAB) and a coiled-coiled motif (Bachmann et al., 1999; Gertler et al., 1996). 

The first site nucleates actin monomers in vitro (Walders-Harbeck et al., 2002), 

the second co-sediments and bundles F-actin at low salt concentrations in vitro 

(Bachmann et al., 1999; Huttelmaier et al., 1999) and the third region enables 

oligomerisation (Bachmannn et al., 1999; Zimmermann et al., 2002). Indeed, 

Ena/VASP proteins form tetramers, and the coiled-coil motif is sufficient to 

induce tetramerisation (Ahern-Djamali et al., 1998; Bachmann et al., 1999; 

Zimmermann et al., 2002), and enhance in vitro actin binding and bundling 

(Bachmann et al., 1999; Walders-Harbeck et al., 2002). 

 

1.6.2 Molecular function 

a) nucleation 

Early models of Ena/VASP function implied that these proteins initiated de novo 

nucleation of actin filaments, as they shortened the lag phase of actin 

polymerization in in vitro assays (Huttelmaier et al., 1999; Lambrechts et al., 

2000; Laurent et al., 1999). However, nucleation was highly dependent upon salt 

concentration and occurred mainly at sub-physiological salt concentrations 

(Huttelmaier et al., 1999; Schirenbeck et al., 2006), with increased 

concentrations reversing the result (Barzik et al., 2005). Furthermore, no 

convincing evidence exists to support this as a physiological mechanism. One 

group found that Ena/VASP proteins recruited to the mitochondria, nucleated 

actin filaments there, but they used permeabilised cells and added exogenous G-

actin (Fradelizi et al., 2001), and subsequently this activity has not been observed 

in intact cells (Bear et al., 2000; Gates et al., 2007).  
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b) anti-capping 

Ena/VASP proteins may prevent or delay capping of F-actin barbed ends by 

capping proteins. In this anti-capping role Ena/VASP proteins associate with 

elongating actin filaments at or near their barbed ends and enable filament 

elongation even in the presence of high concentrations of CP. Ena/VASP 

proteins are thought to bind actin in a way that prevents CP from binding, but 

does not remove bound CP, affect depolymerisation, or allow processive 

association with the growing actin filament. In addition, this activity does not 

prevent clustering, bundling or anti-branching activities (Fig. 1.6) (Bear et al., 

2002; Bear and Gertler, 2009).  

 

The anti-capping hypothesis was developed after Bear and colleagues found that 

treating cells with low doses of cytochalasin D (CD), a drug that blocks barbed 

ends and mimics CP overexpression, reduced filament length and altered cell 

motility in a similar manner to Ena inactivation (Bear et al., 2002). This work 

was supported by studies undertaken by DiNubile and colleagues, who identified 

a factor that competed with CP in neutrophil lysates to maintain a pool of 

extending barbed ends (DiNubile et al., 1995). Subsequently, this activity has 

been observed indirectly in pyrene actin polymerisation assays (Bear et al., 2002; 

Barzik et al., 2005) and directly in total internal reflection fluorescence 

microscopy (TIRF) assays (Breitsprecher et al., 2008; Pasic et al., 2008). Kinetic 

experiments utilising pyrene-actin polymerisation assays, found that VASP 

increased actin polymerisation in the presence of CP or CapG, and Profilin 

bound directly to VASP and G-actin enhanced this activity (Barzik et al., 2005; 

Bear et al., 2002). TIRF microscopy further supported these findings, (Pasic et 

al., 2008) and revealed that Ena/VASP proteins capture the un-capped barbed 

ends of actin filaments, using the coiled-coil domain (Pasic et al., 2008).  

 

Ena/VASP proteins appear to interact with the F-actin barbed ends in intact cells 

too, with these proteins localising to the leading edge of lamellipodia and the tips  

of filopodia, where there is a high density of F-actin barbed ends (Gertler et al.,  

1996). Moreover, as treatment of cells with nanomolar concentrations of CD 
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Figure 1.6: Ena/VASP anti-capping activity 

VASP is recruited to the leading edge via interactions between the EVH1 domain and 

FP4 motif containing proteins. At the leading edge VASP binds actin through regions of 

the EVH2 domain and undergoes oligomerisation to form a tetramer. The highlighted 

region illustrates the Profilin-G-actin loading mechanism by which Ena/VASP proteins 

are thought to supply G-actin to the barbed ends of actin filaments, whilst antagonising 

CP activity. Based upon a figure in Bear and Gertler, 2009. 

 

displaces Ena/VASP proteins from the leading edge of protruding lamellipodia 

(Bear et al., 2002; Lacayo et al., 2007), it suggests that growing barbed ends are 

required for efficient Ena/VASP localisation. Indeed, fluorescence recovery after 

photobleaching (FRAP) experiments show that VASP stably associates with 

growing filaments in filopodial tips (Applewhite et al., 2007). Finally, in  

keratocytes, misregulation of Ena/VASP proteins changes lamellipodial 

morphology in a manner consistent with Ena/VASP anti-capping, suggesting that 

anti-capping activity is maintained in vivo (Lacayo et al., 2007). 

Although the anti-capping hypothesis is well supported, one study found that 

VASP did not affect actin polymerisation in the presence of Gelsolin (Boujemaa-

Paterski et al., 2001). However, Arp2/3 and ActA were also included in their 

reactions and their presence could alter actin nucleation and elongation. The 
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requirement of Profilin is also unresolved, with some authors suggesting Profilin 

is required (Barzik et al., 2005; Bear et al., 2002; Pasic et al., 2008), whilst others 

believe it is not (Breitsprecher et al., 2008). These opposing conclusions were 

reached, as VASP did not increase F-actin elongation rates in the first study, but 

increased rates in the second. These conflicting results may be accounted for by 

differences in protocols, as the anti-capping activity of recombinant VASP is 

sensitive to storage conditions (Bear and Gertler, 2009).  

 

c) anti-branching 

Several groups have noted that Ena/VASP proteins reduce the frequency of 

Arp2/3-mediated branching (Bear et al., 2002, Plastino et al., 2004; Samarin et 

al., 2003; Skoble et al., 2001). Perhaps the strongest evidence comes from Skoble 

and colleagues, who observed that VASP decreases the number of F-actin 

branches induced by ActA-activated Arp2/3 complex in vitro (Skoble et al., 

2001). Interestingly, these reactions did not contain CP suggesting that the anti-

branching activity is independent of anti-capping activity (Skoble et al., 2001). 

However, another study saw no effect of VASP on branching (Boujemaa-

Paterski, et al., 2001), although the same group later published that VASP 

decreased branching frequency in comet tails grown on bead surfaces (Samarin 

et al., 2003). Despite this contradictory work from in vitro studies, in fibroblasts, 

Ena/VASP activity was indirectly proportional to actin branching. However, this 

activity was not required for motility, as rescuing filament length was sufficient 

to restore fibroblast motility to normal levels (Bear et al., 2002).  

 

d) Profilin recruitment 

Recent structural and biochemical analysis suggests that VASP harbours a high-

affinity Profilin-binding ‘actin-loading site’ adjacent to the GAB (Chereau and 

Dominguez, 2006; Ferron et al., 2007). The affinity of Profilin-G-actin 

complexes for this actin-loading site is around 10-fold higher than for just 

Profilin and the presence of this site doubles the affinity of Profilin for G-actin 

(Ferron et al., 2007). As structural studies suggest that Profilin-G-actin binds the 

Ena/VASP GAB, this may help explain how actin monomers are transferred 
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efficiently from Profilin to the barbed ends of actin filaments whilst bound to 

Ena/VASP (Fig. 1.6) (Ferron et al., 2007).  

 

e) actin bundling 

Shortly after their discovery, Ena/VASP proteins were found to bundle actin 

filaments in vitro, an activity that requires both the F-actin binding and 

tetramerisation regions of the EVH2 domain (Bachmann et al., 1999; 

Huttelmaier et al. 1999). Presumably neighbouring Ena/VASP proteins bound to 

F-actin oligomerise, through their coiled-coil domains forming actin bundles. 

Interestingly, in vitro bundle formation was sensitive to salt concentration, 

implying that electrostatic interactions between Ena/VASP proteins and the actin 

filaments may contribute to this activity (Barzik et al., 2005; Huttelmaier et al., 

1999). Bundling activity was also found to enhance anti-capping (Barzik et al., 

2005). However, whilst Dictyostelium VASP induces bundle formation in vivo 

(Schirenbeck et al., 2006), Ena/VASP proteins, unlike bona fide actin bundlers 

such as Fascin, are not found localised along the entire length of actin bundles in 

cells (Gertler et al. 1996; Lanier et al, 1999). Instead these proteins are restricted 

to bundle tips (Lanier et al., 1999), implying that Ena/VASP proteins may be 

required for bundle initiation rather than maintenance (Applewhite et al., 2007). 

Indeed, Applewhite and colleagues proposed this idea after determining that full 

length VASP could not induce bundling when expressed in MV
D7

 cells in vivo, 

but the oligomerisation domain was required for filopodial formation 

(Applewhite et al., 2007).  

 

f) supplementing Formin function 

Based upon work in Dictyostelium it was proposed that Formins might act with  

Ena/VASP proteins to enable filopodial formation. Certainly, deletion of either 

the orthologue of mDia2 or VASP ablated filopodial formation in these cells 

(Schirenbeck et al., 2006). In light of these findings and the fact that the FAB 

domain of VASP was required for bundling, the authors proposed that the sole 

function of dVASP was to bundle filaments that were nucleated and/or elongated 

by the activity of Dia2. However, as the anti-capping activity of VASP requires 
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the FAB domain to bind F-actin, these experiments do not distinguish between 

VASP in anti-capping activity, bundling or even both (Bear and Gertler, 2009). 

Indeed, work in mammalian cells suggests that both of these activities contribute 

to filopodial formation (Applewhite et al., 2007). Furthermore in mammals, 

mDia2 and Ena/VASP proteins can form filopodia independently of one another, 

with mDia2 expression rescuing filopodial formation in neurons genetically 

deficient for all three Ena/VASP proteins (Dent et al., 2007). This suggests that 

the method of filopodial formation observed in Dictyostelium may not be 

conserved, although Formin family members may work with Ena/VASP proteins 

to enable filopodial regulation as Drosophila Formin DAAM and Ena have 

overlapping filopodial localisation (Matusek et al, 2008).  

 

1.6.3 Cellular function in cell migration 

a) filopodial regulation 

Ena/VASP proteins concentrate along the leading edge of lamellipodia (Gertler 

et al., 1996; Reinhard et al., 1992) and the tips of filopodia (Lanier et al., 1999) 

and so are found in regions of high actin dynamics where they are ideally suited 

to initiate filopodial formation. Furthermore, these proteins bind G- and F-actin 

(Bachmann et al., 1999; Barzik et al., 2005; Huttelmaier et al., 1999), bundle F-

actin (Bachmann et al., 1999; Barzik et al. 2005; Schirenbeck et al., 2006; 

Huttelmaier et al., 1999) and cluster at the barbed ends of actin filaments (Bear et 

al., 2000), making a role in filopodial formation appear plausible. Indeed, 

Ena/VASP proteins increase the number, length and growth rates of filopodia in 

several different systems (Chang et al., 2006; Han et al., 2002; LeBrand et al., 

2004; Mejillano et al., 2004). However, their actual role remains elusive, 

although work from mammalian cell lines suggests they have a role in initiating 

bundling and anti-capping (Applewhite et al., 2007). 

  

b) regulation of lamellipodial dynamics 

Ena/VASP proteins also localise to the periphery of cells (Gertler et al., 1996; 

Reinhard et al., 1999; Rottner et al., 1999a) where they regulate lamellipodial 

dynamics (Bear et al., 2002; Rottner at al., 1999a). Bear and colleagues found 
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Figure 1.7: Ena/VASP proteins negatively regulate fibroblast motility in 

vitro 

Ena/VASP proteins bind the barbed ends of actin filaments, close to the lamellipodial 

leading edge. Here they antagonise capping proteins and promote actin filament 

elongation. This activity creates a more linear, less branched actin network that enables 

rapid protrusion, but these networks are unstable and are frequently lost as ruffles, 

explaining why these cells migrate at slower speeds. Based upon work by Bear et al., 

2000 and 2002. 

 

that the long-linear network, which is created by Ena/VASP proteins, enabled 

rapid lamellipodial protrusion, but because these filaments were prone to 

buckling, protrusions were unstable and persisted for short periods of time (Fig. 

1.7). Consistently mislocalising Ena/VASP proteins to the mitochondria created 

a more branched actin network that was less adept at pushing against the leading 

edge, but was less prone to buckling and created more stable protrusions (Fig. 

1.7) (Bear et al., 2002). 

 

c) regulation of migration speeds 

The role of Ena/VASP proteins in cell migration was initially investigated in  

fibroblasts in vitro, where these proteins negatively regulated migration speeds  
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(Bear et al., 2000). This result seemed paradoxical, particularly as Ena/VASP 

proteins positively regulated lamellipodial protrusion (Bear et al., 2002), and the 

authors suggested that lamellipodial protrusion rather than persistence may be 

important in determining cell migration speeds. They thought that more 

persistent protrusions would enable adhesions to form, which would allow faster 

cell migration (Fig. 1.7) (Bear et al., 2000). This seemed a plausible explanation, 

but recently Mena was found to positively regulate cell motility, metastasis and 

invasion of rat breast carcinoma cells (Philippar et al., 2008). 

 

d) A role in focal adhesions? 

Ena/VASP proteins also localise to focal adhesions (Gertler et al., 1996), 

although depletion of these proteins from this location alone did not effect cell 

migration (Bear et al., 2002). Furthermore, recently it has been suggested that 

these structures may act as a store for Ena/VASP proteins and sequester them 

until they are required for various processes within the cell (Delon and Brown, 

2009; Gupton and Gertler, 2010).  

 

1.6.4 Ena function in Drosophila 

Initially Drosophila Ena was identified as an Abl antagonist (Gertler et al., 

1990). Subsequently this protein was found highly expressed in neurons (Gertler 

et al., 1995), where loss of zygotic Ena disrupted axon guidance (Wills et al., 

1999). Ena has also been studied during Drosophila oogenesis, where this 

protein is required for cortical integrity in nurse cells and for forming actin 

filaments during cell dumping (Gates et al., 2009). Ena also has a role in border 

cell migration, and interestingly both overexpression and inactivation reduce 

border cell migration (Gates et al., 2009). In addition, Ena has a variety of roles 

in morphogenesis being required for germ band retraction, head involution and 

dorsal closure (Gates et al., 2007). In the latter, Ena regulates filopodial number 

and length as well as lamellipodial area within the leading edge epithelial cells 

(Gates et al., 2007; Homem and Peifer, 2009). 
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1.6.5 Regulation of Ena/VASP proteins 

Ena/VASP proteins can be recruited to various locations in the cell via their 

interactions with the FP4 motif (Discussed in 1.5.1). However, these proteins are 

also regulated by phosphorylation. Indeed Drosophila Ena is regulated by Abl 

phosphorylation (Gertler et al., 1990), and is phosphorylated at 6 sites within the 

proline-rich region, with phosphorylation of these sites preventing SH3 domain 

proteins from binding (Comer et al., 1998). Abl also phosphorylates Mena, 

preventing SH3 domain binding (Tani et al., 2003). However, Abl 

phosphorylates a single site in Mena and this site is not conserved in Ena (Krause 

at al., 2003; Tani et al., 2003). Mammalian Ena/VASP family members are also 

phosphorylated by protein kinase A (PKA) and PKG, with VASP being 

phosphorylated by both kinases (Krause et al., 2003) and Mena being 

phosphorylated by PKA alone (LeBrand et al., 2004).  

 

1.7 Drosophila embryonic hemocytes 

1.7.1 Drosophila hemocyte functions and their similarities to mammalian 

macrophages 

To investigate Ena function and single cell motility in vivo, hemocytes were 

used, as these cells can be easily visualised migrating through the Drosophila 

embryo. Hemocytes are the primary immune cells of insects and have many 

similarities to mammalian macrophages. One similarity being their specification, 

with many evolutionary-related transcription factors involved, such as Serpent 

(Srp) a GATA factor (Lebestky et al., 2000; Wood and Jacinto, 2007). 

Drosophila, hematopoiesis occurs in two phases: in the first a pre-determined 

population of hemocytes originates in the procephalic mesoderm, within the head 

region (Holz et al., 2003). Subsequently these cells migrate out from the head 

along invariant and developmentally programmed pathways to colonise the 

whole embryo (Tepass et al., 1994). These circulating hemocytes are 

plasmatocytes and constitute 95% of hemocytes in the embryo; the remaining 5% 

remain close to the foregut and differentiate into non-migratory, crystal cells 

(Bataille et al., 2005; Holz et al., 2003; Lebestky et al., 2000). Embryonic 
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plasmatocytes can persist through metamorphosis, although a second wave of 

hematopoiesis occurs at the onset of this process, when the lymph gland begins 

producing adult hemocytes, which include lamellocytes (Holz et al, 2003).  As 

cell migration in the embryo is being investigated, only plasmatocytes 

(henceforth referred to as hemocytes) are used in this study.  

 

Hemocytes, like vertebrate macrophages, are professional phagocytes and are 

responsible for the disposal of the majority of apoptotic cells and invading 

microorganisms during all stages in the Drosophila life cycle (Wood and Jacinto, 

2007). Embryonic hemocytes become phagocytic after encountering an apoptotic 

cell corpse and by the end of embryogenesis around 80-90% of hemocytes 

contain at least one engulfed apoptotic body (Tepass et al., 1994). However, 

unlike macrophages, hemocytes appear unable to induce apoptosis in 

neighbouring cells (Diez-Roux and Lang, 1997; Tepass et al., 1994). The 

mechanisms by which hemocytes recognise and engulf their targets are not well 

understood, but some of the receptors involved and the mechanisms utilised are 

similar to mammalian macrophages. Indeed phagocytosis of cells requires 

croquemort (crq), which is a homologue of the mammalian CD36 family of 

scavenger receptors (Franc et al., 1996). This receptor is expressed exclusively in 

hemocytes during embryogenesis, is enriched at the membrane of intracellular 

vesicles containing apoptotic cell corpses, and is required for recognition and 

engulfment of apoptotic cells. Another receptor implicated in apoptotic 

engulfment is Draper, which is similar to the C. Elegans gene CED-1 (Manaka et 

al., 2004). As well as engulfing apoptotic cells hemocytes are responsible for 

phagocytosing microorganisms and CD36 homologues are involved in this 

process too (Agaisse et al., 2005; Phillips et al., 2005; Ramet et al., 2002). 

Finally, Dscam, a member of the immunoglobulin superfamily, is also required 

for engulfment in Drosophila larval hemocytes (Watson et al., 2005).  

 

Another similarity between macrophages and hemocytes is their ability to 

migrate towards wounds (DiPietro et al., 1998; Jameson et al., 2005; Moreira et 

al., 2010; Stramer et al., 2005). Although in the Drosophila embryo this is 
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slightly different, as there is no circulatory system, so the migration of cells 

through the endothelia of the blood vessel is avoided. Nonetheless, during 

embryonic development hemocytes do migrate invasively, into the extended 

germ band, using a similar machinery to that used by vertebrate macrophages as 

they migrate out of blood vessels (Siekhaus et al., 2010). Finally both hemocytes 

and macrophages have been illustrated to promote tumour growth by secreting 

cytokines. In fact, macrophages have long been known to associate with tumours 

and more recently hemocytes have been found to act in a similar manner (Pastor-

Pareja et al., 2008). Like macrophages, hemocytes also secrete tumour necrosis 

factor (TNF), which was found to be both necessary and sufficient to initiate 

tumour signaling and promote malignancy (Cordero et al., 2010).  

 

1.7.2 Hemocyte functions during embryonic development 

Hemocytes are capable of phagocytosing pathogens and producing antimicrobial 

peptides to fight infection (Vlisidou et al., 2009), however, the embryo is a sterile 

environment and during development these functions are mainly redundant 

(Wood and Jacinto, 2007). Instead, embryonic hemocytes are required to remove 

apoptotic bodies (Tepass et al., 1994), and produce proteins involved in ECM 

formation (Fogerty et al., 1994). Hemocytes secrete the majority of the ECM in 

the embryo during the second half of embryogenesis (Fessler and Fessler, 1989) 

and are responsible for producing proteoglycans (Hortsch et al., 1998), laminins 

(Kusche-Gullberg et al., 1992) and collagen (Knibiehler and Lazdunski, 1987) 

amongst others. The importance of these secretions is illustrated in VEGF/PDGF 

receptor (pvr) mutants, where hemocytes fail to migrate along the ventral nerve 

cord (VNC) and cannot lay down ECM proteins, which in turn prevents the 

central nervous system (CNS) from condensing and disrupts neural function 

(Olofsson and Page, 2005). Indeed, hemocytes are required for malphigian tubule 

development and PDGF/VEGF signalling between hemocytes and the tubules is 

required for normal tubule pathfinding. Hemocytes were found to secrete type IV 

collagen around the growing tubules, which is required to sensitise a subset of 

tubule cells to BMP signalling, and the absence of either hemocytes or collagen 
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IV prevented BMP pathway activation and resulting in tubule misrouting and 

perturbing organ morphology and positioning (Bunt et al., 2010). 

 

Hemocytes as described previously are capable of engulfing and removing 

apoptotic bodies. This is an activity that is required within the embryo and 

hemocytes are responsible for phagocytosing the majority of apoptotic cells, the 

exceptions being a few cell corpses within the developing CNS, which are 

removed by glial cells (Sonnenfeld and Jacobs, 1995). Removal of apoptotic 

bodies is important in allowing different tissue structures to be shaped during 

embryogenesis and is required for glial positioning and axon scaffold formation 

within the CNS (Sears et al., 2003). Thus it is essential for survival that 

hemocytes migrate along their programmed routes and disperse throughout the 

embryo (Wood and Jacinto, 2007). Furthermore, there appears to be interplay 

between neuronal development and hemocyte dispersal, as failure of the CNS to 

detach from the epithelium prevents hemocyte migration down the midline 

(Evans et al., 2010a). This illustrates that whilst hemocyte migration is required 

for CNS development, so is efficient CNS development required for hemocyte 

migration.  

 

1.8 Hemocyte migrations in the developing Drosophila embryo  

1.8.1 Lateral migration 

Immunostaining has revealed that hemocytes are specified from a subpopulation 

of cells within the head mesoderm and are visible approximately two hours after 

gastrulation or by late stage 10 of development (Tepass et al., 1994). By early 

stage 12, hemocytes begin to migrate anteriorally into the clypeolabrum, 

ventrally to the gnathal buds and posteriorly into the tail end of the extended 

germ band (Fig. 1.8A), which at this stage is folded over the anterior portion and 

is juxtaposed to the head (Cho et al., 2002; Tepass et al., 1994). Hemocytes enter 

this structure through the underside pushing between the ectodermal epithelia 

and the neighbouring mesoderm before germ band contraction begins. This 

migration is more invasive than other developmental migrations, with hemocytes 
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breaking down junctions between epithelial cells in the tail and undergoing a 

streaming motility, similar to cancer cells in vivo (Siekhaus et al., 2010). These 

hemocytes then migrate past the hindgut opening and along the ventral nerve 

cord; at the same time the germ band begins to retract carrying hemocytes to the 

posterior of the embryo (Cho et al., 2002; Tepass et al., 1994). Although 

numerous hemocytes migrate into the extended germ band, a considerable 

population remain in the dorsal region of the head. This results in two separate 

 

Figure 1.8: Hemocyte developmental migrations 

Confocal images illustrating the distribution of hemocytes within Drosophila embryos at 

different stages of development. Hemocytes within the embryo were immunostained 

with anti-GFP (red) and the embryo with anti-armadillo (green). All images were taken 

with the anterior to the left and posterior to the right. A, B and C are imaged laterally 

and D and E ventrally. A illustrates early stage 12 of development when hemocytes in 

the head mesoderm migrate into the extended germ band. B shows hemocytes migrating 

along the VNC from the anterior of the embryo to the posterior at late stage 12 of 

development. C illustrates hemocytes from the anterior migrating along the midline to 

the posterior and hemocytes from the posterior migrating towards the anterior. D 

illustrates stage 14 of development where these two populations of hemocytes have met 

and formed a single line of cells along the midline. E is taken at stage 15 of development 

and shows the hemocytes in 3 parallel lines. All scale bars represent 50µm. 
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hemocyte populations, one at the anterior of the embryo and the other at the 

posterior. At stage 13-14 of development hemocytes migrate from these positions 

towards the middle of the embryo, following one of four different routes. In the 

first, cells migrate between the VNC and the ventral epidermis; in the second 

between the mesoderm and the dorsal surface of the VNC; in the third along the 

dorsal vessel and in the fourth along the gut primordium (Tepass et al., 1994). 

This results in the majority of the embryo being evenly populated with 

hemocytes by late stage 14 (Tepass et al., 1994, Wood et al., 2006).  

 

Migration along the VNC is particularly amenable for live imaging, as 

hemocytes undertaking this migration are located very superficially just beneath 

the epithelium, enabling high spatial resolution. Immunostaining and timelapse 

microscopy with fluorescently labelled hemocytes revealed that following germ 

band retraction, hemocytes migrate from the anterior (Fig. 1.8B-C) and posterior 

(Fig. 1.8C) of the embryo along the VNC at speeds of 0.4µm/min. By stage 14 

the two populations have met and hemocytes occupy positions along the entire 

midline (Fig. 1.8D). Individual cells then rapidly migrate out from distinct points 

along the midline at speeds of 1.8µm/min to occupy positions flanking the VNC 

and when viewed from the ventral side of the embryo these cells form three 

parallel lines (Fig. 1.8E; Wood et al., 2006). At this point in development 

hemocytes are now highly polarised and extend dynamic protrusions, which 

 

Figure 1.9: Hemocyte morphology 

Hemocytes at stage 15 of development are highly polarised in the direction of cell 

migration and the lamellipodia forms at the cell front. From this lamellipodia several 

filopodia extend. At this stage hemocytes have encountered apoptotic cell corpses and 

contain several vacuoles within the cell body.  
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extend and retract as the cells explore their environment (Fig. 1.9) (Wood et al., 

2006). 

 

1.8.2 Extracellular signaling required for hemocyte dispersal 

Several of the migrations undertaken by hemocytes during development are 

dependent upon signaling between Pvr and VEGF/PDGF ligands (Pvf)2 and 

Pvf3. Hemocytes express Pvr, and mutations in this receptor prevent hemocyte 

dispersal, leading to cell clumping at the anterior of the embryo. Pvf ligands are 

expressed in the VNC and dorsal vessel (Cho et al., 2002; Wood et al., 2006) and 

ectopic expression of these ligands in several different tissues re-routes 

hemocytes from their normal developmental migrations (Cho et al., 2002). 

However, whilst pvf2 mutation prevents hemocyte migration into the germ band 

and along the dorsal vessel, hemocytes remain able to migrate along the VNC 

(Bruckner et al., 2005; Cho et al., 2002; Wood et al., 2006). This suggests that 

Pvf2 and Pvf3 function redundantly and abolishing both Pvf2 and Pvf3 using 

RNAi prevented this migration, supporting this theory (Wood et al., 2006). 

Despite some redundancy, Pvf ligands display different temporal and spatial 

expression, with Pvf3 being expressed highly along the ventral midline at stage 

10 of development. Expression then decreases until stage 14 when it is almost 

undetectable. In contrast Pvf2 expression is first detected in the CNS at stage 12 

and increases until stage 14, when it decreases in a wave-like fashion from the 

anterior to the posterior. By stage 15 the ligand is only expressed in small, 

segmentally repeated regions along the posterior of the VNC. Hemocytes clump 

in these regions prior to migrating laterally and downregulation of Pvf2 is 

required for this migration, although it is unlikely to be the sole driving force. 

Since hemocytes do still migrate laterally, albeit at a later stage in development 

when Pvf2 is overexpressed at the midline (Wood et al., 2006). 

 

Slit/Robo signaling is also important in hemocyte dispersal, with mutation of  

both receptor and ligand perturbing migration down the midline. Interestingly, it  

was not Slit/Robo signaling to hemocytes that prevented this migration but a 

failure of the VNC to separate properly from the epithelium in slit mutants. This 



Chapter 1: Introduction 
 

38 

created a physical barrier that prevented hemocyte migration along the midline 

(Evans et al., 2010a). Therefore physical barriers within the embryo and defects 

in other tissues can affect the ability of hemocytes to migrate efficiently. 

 

1.8.3 Regulation of hemocyte developmental migration 

Recently several studies have begun to illustrate the intracellular signaling 

pathways and proteins that are involved in hemocyte motility. Initially the Ras-

MAPK pathway was illustrated to be activated downstream of Pvf signaling 

(Cho et al., 2002; Seger and Krebs, 1995) and expression of dominant negative 

(DN) Ras arrested hemocyte migration (Cho et al., 2002). Rac is also required 

for hemocyte dispersal and lamellipodial formation (Stramer et al., 2005; Paladi 

and Tepass, 2004) with expression of both DN and constitutively active Rac1 

reducing hemocyte migration. These hemocytes clustered in different regions of 

the embryo, suggesting that they may have different migratory problems. 

Hemocytes also express Rac2 and Mtl, and rac1 and rac2 double mutants 

revealed that these genes act redundantly to promote hemocyte migration; 

however Mtl was dispensable for migration (Paladi and Tepass, 2004). Like Mtl, 

Cdc42 was not required for hemocyte dispersal and expression of DN or CA 

constructs had no obvious effect on migration. Although migration defects were 

observed in maternal zygotic cdc42 mutants, suggesting Cdc42 function is 

required in other cells to direct hemocyte migration or that Cdc42 operates at an 

early point in development before sufficient levels of either construct can be 

expressed. Nonetheless, Cdc42 may play a role in regulating lamellipodia, as 

expression of CA Cdc42 later in development created rounder hemocytes with 

reduced lamellipodial area (Paladi and Tepass, 2004).  

 

Mutation of RhoL severely reduced hemocyte migration into the germ band but 

was not required for other developmental migrations (Siekhaus et al., 2010). This 

requirement for RhoL can probably be explained by the invasive nature of this 

migration; indeed RhoL expression was required for invasion through a DE-

cadherin barrier in the germ band. Further analysis revealed that RhoL mobilised 

Rap1 (a small GTPase that may activate the "-integrin Inflated) from the 
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cytoplasm to the leading edge (Siekhaus et al., 2010). As the Rap-1 activator 

Dizzy, was required, the authors suggested that this PDZ-GEF activates Rap1. At 

the same time Rap1 is relocalised to the membrane by RhoL, whereupon Rap1 

triggers Inflated affinity allowing binding and the DE-cadherin barrier to be 

crossed (Siekhaus et al., 2010). Dizzy is also required for other hemocyte 

migrations and positively regulates actin-based protrusions; presumably Dizzy 

regulates integrin-dependent adhesion through Rap1 via stabilisation of these 

protrusions (Huelsmann et al., 2006).  

 

PI3K is thought to be important in regulating polarity, but this kinase was 

dispensable for developmental migrations having no role in directionality or 

polarity (Wood et al., 2006). However, the actin-bundling protein Fascin 

encoded by the singed locus (sn) is required for hemocyte developmental 

migrations (Zanet et al., 2009), and hemocyte migration into posterior of the 

embryo was perturbed in sn mutants. In addition, Fascin was required for 

polarity and to form dynamic lamellipodia (Zanet et al., 2009). 

 

1.8.4 Hemocyte migration towards epithelial wounds 

Another hemocyte migration that can be visualised within the developing 

embryo is their rapid inflammatory chemotaxis towards wounds. From late stage 

14 of development, hemocytes can be distracted from their normal 

developmental migrations towards an epithelial wound (Moreira et al., 2010). 

Indeed, a wound of 40µm in diameter, recruits 8.7 hemocytes on average, from 

distances of 20-30µm away. The number of hemocytes present at the wound 

peaks at one hour and within two hours they begin dispersing away (Moreira et 

al., 2010; Stramer et al., 2005). Re-epithelialisation of the wound is complete by 

three hours and this process occurs even in the absence of hemocytes. This 

suggests that hemocytes are not required to signal to the epithelium and that the 

re-epithilisation does not require these cells to remove apoptotic bodies (Stramer 

et al., 2005). Hemocytes can be recruited from further distances, with cells 

migrating up to 50µm to a wound, although fewer are recruited from this distance 
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and those that are migrate at slower speeds and upon wound closure do not return 

to their original positions (Moreira et al., 2010).  

 

1.8.5 H2O2 recruits hemocytes to wounds 

At stage 15 of development hemocyte recruitment to wounds is independent of  

Pvr-Pvf signaling, although this signaling prevents recruitment prior to this stage 

(Moreira et al., 2010; Wood et al., 2006). Indeed, prior to stage 15 of 

development there is a refractile period during which hemocytes cannot be 

recruited to wounds and actively pursue Pvf signals over wound cues. Although 

hemocytes at this stage of development can be recruited to apoptotic cells at the 

periphery of the developmental pathways, suggesting that these dying cells 

release signals that override developmental signals to recruit hemocytes. The 

refractile period during which hemocytes are not recruited to wounds can also be 

overcome if wounds are made in a region of low Pvf expression or if Pvf is 

expressed throughout the epithelium, suggesting that Pvf must be expressed in a 

gradient in order to prevent hemocyte migration (Moreira et al., 2010). 

Nonetheless, following stage 14, hemocytes similarly to neutrophils recruited to 

zebrafish tail fin wounds (Niethammer et al., 2009), require hydrogen peroxide 

(H2O2) production to migrate to epithelial wounds. Indeed, reducing H2O2 

production using NADPH inhibitors or RNAi knock down of Duox oxidase, 

which produces H2O2, reduces hemocyte recruitment (Moreira et al., 2010). 

 

1.8.6 Hemocyte chemotaxis to wounds 

Unlike in developmental migrations, PI3K is required for hemocyte migration 

towards epithelial wounds, with inhibitors and expression of DN PI3K 

preventing recruitment (Wood et al., 2006). This suggests that different signaling 

pathways are activated upon migration to wounds. Rac is also required for this 

migration and hemocyte recruitment to wounds is prevented in embryos mutant 

for all three Rac genes or when DN Rac is specifically expressed in hemocytes 

(Stramer et al., 2005). These hemocytes have reduced lamellipodial areas, 

implying that lamellipodial protrusion is essential for this migration. Hemocytes 

expressing DN Rho or within rho1 mutants also fail to migrate towards wounds, 
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timelapse microscopy reveals that these cells polarise and attempt to migrate, but 

are held back by cytoplasmic tethers (Stramer et al., 2005). Interestingly 

hemocytes in cdc42 mutant embryos or those expressing DN Cdc42 could 

migrate towards wounds and although these cells had reduced polarity and 

directionality, they migrated at twice the speed of wild-type (WT) hemocytes and 

were more active than their WT counterparts at the wound (Stramer et al., 2005). 

Therefore many of the proteins that are required for the standard model of cell 

migration are utilised by hemocytes to migrate to wounds. 

 

Unsurprisingly hemocyte migration towards wounds is dependent on actin 

polymerisation (Wood et al., 2006) and both actin and microtubule regulatory 

proteins are important in this migration. Loss of Fascin reduces hemocyte 

migration speeds and results in fewer cells reaching wounds (Zanet et al., 2009). 

In hemocytes, microtubules form a polarised structure called the microtubule 

arm, which orientates in the direction of protrusion within the lamellipodia. This 

arm is required for contact inhibition and to polarise in response to wound 

signals (Stramer et al., 2010). Disrupting the arm by microtubule severing 

(expression of Spastin) or a reduction of microtubule stabilisation in orbit 

mutants (a plus end binding protein) perturbs migration to wounds. Indeed orbit 

mutant hemocytes chemotax at increased speeds but have reduced directionality 

and contact inhibition defects (Stramer et al., 2010). 

 

1.9 Experimental aims 

The aim of this study was to determine how Ena regulates hemocyte behaviour 

and motility within the Drosophila embryo. The role of Ena/VASP proteins in 

cell morphology and dynamics has been studied extensively in fibroblasts in 

vitro but less is known about Ena/VASP protein function in vivo. Furthermore, 

cancer studies contradict some of the in vitro work, as they suggest Mena 

positively regulates cell migration, whereas in fibroblasts Ena/VASP proteins 

negatively regulate motility. Therefore it will be interesting to identify how Ena 

regulates hemocyte motility and to determine whether this discrepancy is due to 
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Ena/VASP proteins being misregulated in cancer, or differences between in vivo 

and in vitro systems.  

 

Ena/VASP proteins also regulate both filopodia and lamellipodia and I hope to 

identify whether Ena can regulate these structures in hemocytes in vivo. Several 

studies have implicated Ena in the formation of actin bundles and I aim to 

determine whether Ena can regulate bundling and in particular Fascin bundling 

in hemocytes in vivo.  Indeed, determining whether there is any interplay 

between actin-binding proteins could prove fascinating. Finally, in light of these 

findings it will be interesting to investigate the role of actin bundles in hemocyte 

lamellipodial protrusion and migration within the embryo.  
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Chapter 2: Materials and methods 

Materials 

2.1 Fly stocks 

2.1.1 Hemocyte specific drivers 

The following Gal4 drivers were used to drive the expression of UAS constructs 

within hemocytes. 

Fly Stock From Reference 

w;serpentGal4 (w;srpGal4) Bloomington Stock Centre, 

Indiana 

Bruckner et al., 2004 

w;;croquemortGal4 (w;;crqGal4) Bloomington Stock Centre Stramer et al., 2005 

singedGal4 (snGal4) Gift from Brian Stramer,  

KCL, London 

Zanet et al., 2009 

w;singedGal4 (w;snGal4) Gift from Brian Stramer Unpublished 

 

2.1.2 Fluorescent markers 

The table below illustrates the UAS constructs used to visualise hemocyte 

morphology, dynamics and migration as well as actin dynamics.  

Fly Stock From Reference 

w;UASGFP 

w;;UASGFP 

Bloomington Stock Centre Yeh et al., 1995 

w;UASmCherryMoesin  

w;;UASmCherryMoesin 

Gift from Paul Martin, 

University of Bristol 

Millard and Martin, 

2008 

w;UASmcd8::GFP Bloomington Stock Centre Lee, T. et al., 1999 

w;UASlifeAct-GFP Gift from Brian Stramer Hatan et al., 2011 

 

2.1.3 UAS constructs 

The following constructs were expressed in hemocytes to manipulate protein 

expression and identify protein localisation.  
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Fly Stock From Reference 

w;;UASEna Gift from Mark Peifer,  

UNC, Chapel Hill 

Ahern-Djamali et al., 

1998 

w;;UASFPPPPMito Gift from Mark Peifer Gates et al., 2007 

w;;UASEnaGFP Gift from Mark Peifer Gates et al., 2007 

w;;UAS-Rac
V12

 Bloomington Stock Centre Luo et al., 1994 

UASmCherryFascin Gift from Brian Stramer Zanet et al., 2009 

 

2.1.4 Mutants 

The table below illustrates the mutants used; enabled (ena) and diaphanous (dia) 

mutants were balanced using CTG, myospheriod (mys) over FTG and singed (sn) 

over FKG. CTG and FTG embryos express GFP within the mesoderm (Halfon et 

al., 2002). FKG embryos contain the Kruppel promoter, which drives expression 

of GFP at the posterior of the embryo and amnioserosa at stage 9 of 

development. GFP expression declines during stage 13 and 14 of development, 

but increases towards the end of embryogenesis with high levels of expression in 

the Bolvic’s organs, posterior spiracles, cuticle and hemocytes (Casso et al., 

1999). Selecting against fluorescent balancers enabled homozygous mutant 

embryos to be obtained. 

Fly Stock Allele Type From Reference 

ena
23

 Hypomorph Bloomington Stock Centre Ahern-Djamali et al., 1998 

ena
210

 Hypomorph Bloomington Stock Centre Ahern-Djamali et al., 1998 

ena
GC1

 Null Gift from Mark Peifer Gertler et al., 1995 

dia
2
 Null Gift from Mark Peifer Castrillon and Wasserman, 

1994 

dia
5
 Hypomorph Bloomington Stock Centre Castrillon and Wasserman, 

1994 

mys
XG43

 Null Gift from Nick Brown, 

University of Cambridge 

Bunch et al. 1992 

sn
28

 Null Gift from Brian Stramer Cant and Cooley, 1996 

 

The fly lines created in this study from the above Gal4 drivers and UAS 

constructs are listed in appendix 1.  
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2.2 Antibodies used 

The following primary and secondary antibodies were used for 

immunofluorescent staining.  

 

2.2.1 Primary antibodies 

Antibody Raised in Epitope 

Recognised 

From Reference Dilution 

Anti-GFP Rabbit GFP Abcam  1:500 

Anti-22c10 Mouse Futsch DSHB Fujita et al, 1982 1:100 

Anti-Armadillo Mouse Armadillo  DSHB  1:25 

Anti-Ena Mouse Enabled DSHB Bashaw et al., 2000 1:50 

Anti-Dia Rabbit Diaphanous Gift from 

Mark Peifer 

Afshar et al., 2000 1:5000 

 

2.2.2 Secondary antibodies 

Antibody Raised in Fluorescence From Dilution 

Anti-Rabbit Goat Alexa Fluor 568 Molecular Probes 1:200 

Anti-Mouse Goat Alexa Fluor 568 Molecular Probes 1:200 

Anti-Mouse Goat Alexa Fluor 598 Molecular Probes 1:200 
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Methods 

2.3 Maintenance of fly stocks 

2.3.1 Keeping fly stocks 

Flies were maintained at 22ºC, under standard conditions, in vials or bottles of 

food with a plug. Initially, the food was made from treacle, oats, yeast and plant 

agar, but was changed for a recipe incorporating yeast extract, malt extract, corn 

meal, soya flour, plant agar and granulated sugar.  

 

2.3.2 Collecting flies 

Virgin female flies and male flies were collected in the morning and evening by 

anesthetisation, using carbon dioxide emitted from pads. Flies were subsequently 

stored in vials of food until required.  

 

2.3.3 Growing up fly stocks 

Stocks were grown up at 22ºC by tipping vials of flies into a new vial containing 

a pea-sized drop of yeast paste  (yeast mixed with water to the consistency of 

peanut butter) every 2-3 days. Progeny were collected from old vials and used to 

set up crosses or laying cages.  

 

2.3.4 Crosses 

Crosses were set up at 22ºC with a minimum of 10 flies. Flies were placed in a 

vial of food with a drop of yeast paste and were tipped every 2-3 days, until a 

sufficient number of progeny were obtained. Progeny were used to set up 

subsequent crosses or laying cages.  

 

2.4 Embryo collection 

2.4.1 Setting up laying cages 

Embryos were collected from laying cages at 22ºC and contained approximately 

50 flies. These cages consisted of a 100ml beaker with small holes in the bottom, 

inverted over an apple juice agar plate and secured with an elastic band (Fig.  
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Fig. 2.1: Setting up a laying cage 

Flies are put into laying cages consisting of an upturned beaker with holes in the bottom attached 

to an apple juice agar plate using an elastic band. Yeast paste was put on the plate to encourage 

laying. 

 

2.1). A pea-sized blob of yeast was put on the apple juice agar plate and the plate 

replaced as required. 

  

2.4.2 Collecting embryos  

Overnight plates at RT and afternoon plates aged for approximately 16 hours at 

18°C were used to increase the number of stage 13-15 embryos. Embryo stage 

was determined by gut morphology as is described by Hartenstein in the Atlas of 

Drosophila Development (Hartenstein, 1993). Stage 12-14 embryos were used to 

investigate developmental migrations and stage 15 for hemocyte morphology, 

dynamics, migration to wounds and random migration studies. Embryos were 

transferred from apple juice agar plates to cell strainers (BD Falcon) using a 

paintbrush and distilled water. The embryos were then dechorionated by 

immersion in neat commercial bleach. Embryos were observed under a 

dissecting microscope to determine when the chorion had dissolved (a process 

which takes approximately 2 minutes) and were then rinsed five times with 

distilled water to remove any residual bleach (Evans et al., 2010b).  
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2.5 Immunofluorescent staining 

2.5.1 Embryos 

a) Fixation 

Dechorionated embryos were transferred to an Eppendorf and fixed in 1:1 ratio 

of 4% formaldehyde (Sigma) in phosphate buffered saline (PBS) (Oxoid) and 

heptane (Sigma), for 20 minutes at RT on a roller. The lower aqueous phase 

containing formaldehyde was removed and replaced with an equal volume of 

methanol (Fisher) to devitilinise the embryos. Eppendorfs were shaken and left 

for 1 minute to aid this process, before embryos were removed with a Pasteur 

pipette, placed into fresh Eppendorfs, and washed three times with methanol. 

Fixed embryos were stored in methanol at -20°C until required.  

  

b) Antibody staining 

The methanol was removed and embryos washed thrice in PBS with 0.1% (v/v) 

Triton-X 100 (PBTx; Sigma). The embryos were subsequently blocked with 

PBTx containing 1% (w/v) bovine serum albumin (BSA) (Sigma) (PATx) at RT 

for an hour, and the solution changed three times over this period. The PATx was 

then removed, the primary antibodies diluted in PATx were added and the 

embryos incubated at 4°C overnight. After the antibodies were removed, the 

embryos were rinsed thrice with PATx and washed three times in PATx over an 

hour at RT on a roller. The secondary antibodies diluted in PATx were added and 

incubated with the embryos at RT for 2 hours on a roller. The antibodies were 

then removed, the embryos rinsed thrice with PATx and washed three times over 

1 hour with PATx.  Finally, 200µl of Dabco mounting medium (Sigma) was 

added and the embryos were stored at 4°C until required (see appendix 2 for 

Dabco preparation protocol).    

 

2.5.2 Hemocytes  

a) Fixation 

Ten stage 15 embryos were dechorionated (as described in 2.4.2), transferred 

into 125µl of 10% FBS (Sigma) in S2 cell media (Sigma), ruptured with a 
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tungsten needle and disaggregated by repeated pipetting with a Pasteur pipette. 

The cell suspension was transferred to a Nunclon D-coated tissue culture dish 

(Nunc) using a Pasteur pipette and cells were allowed to adhere for 2 hours in a 

humidified chamber at RT. After 2 hours the medium was removed and cells 

were washed three times in PBS before the hemocytes were fixed with 4% 

paraformaldehyde (Sigma) made up in PBS for 10 minutes, when antibody 

staining and 30 minutes when phalloidin staining. After fixation, adherent cells 

were washed thrice with PBS and permeabilised by washing twice in 0.1% 

PBTx. Hemocytes were then washed three times with PBS before they were 

stained with antibodies or phalloidin.  

 

b) Antibody staining 

Cells were fixed and permeabilised (as described in 2.5.2a) and subsequently 

incubated with primary antibodies diluted in PBS for 45 minutes at RT. 

Hemocytes were then washed three times with PBS before they were incubated 

with secondary antibodies diluted in PBS for 30 minutes at RT. The cells were 

washed thrice with PBS and the stained cells mounted in 25µl mowiol 

(Calbiochem) with a cover slip placed on top.   

 

c) Phalloidin staining 

Hemocytes were fixed and permeabilised (as described in 2.5.2a). Following 

permeabilisation the cells were blocked with 0.5% (w/v) BSA diluted in PBS for 

20 minutes. After blocking the hemocytes were washed three times in PBS, 

before they were stained with TRITC-phalloidin (Sigma) used at a 1:1000 

dilution in PBS, for 35 minutes at RT. Stained hemocytes were washed three 

times in PBS and once with distilled water. The water was removed, the plate 

blotted dry with a tissue and the stained cells mounted in 10µl of mowiol and 

stored at 4
o
C. 

 

d) Antibody and phalloidin staining 

Hemocytes were fixed and permeabilised (as described in 3.2a) and blocked and 

washed (as described in 3.2c). The cells were subsequently washed with PBS and 
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incubated with the primary antibody diluted in PBS for 45 minutes at RT. 

Hemocytes were then washed in PBS before they were incubated with the 

secondary antibodies and FITC-phalloidin (Sigma) at a 1:1000 dilution in PBS 

for 35 minutes at RT. Finally the stained cells were washed three times with 

PBS, once with distilled water and mounted in mowiol (as described in 5.2.2c). 

 

2.6 Sample preparation 

2.6.1 Fixed embryos 

Stained embryos in Dabco were mounted on cover slip bridges; consisting of a 

large no. 1 cover slip (24 by 32mm) attached with nail varnish to two smaller no. 

1 cover slips (22 by 22mm) at either end. Embryos were removed from 

Eppendorfs using Pasteur pipettes and placed onto the large cover slip. A second 

 

Fig. 2.2: Mounting Drosophila embryos prior to live imaging 

Double sided sellotape was attached to glass slides, and small cover slips were placed on each 

end. The correct stage embryos were then mounted between the cover slips and covered in 

Halocarbon 700 oil. A large cover slip was placed over the top and attached to the two smaller 

cover slips using nail varnish. 
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large cover slip was placed over the embryos and sealed on either side using nail 

varnish.  

 

2.6.2 Live embryos 

Embryos were dechorionated (as described in 2.4.2) and with a tungsten needle 

mounted ventral side up on a slide with double-sided sellotape (Scotch) and two 

small cover slips attached (Fig. 2.2). Embryos were then covered in a drop of 

Halocarbon 700 oil (Sigma). A large cover slip was placed over the top using 

forceps and attached on either side with nail varnish. 

 

2.6.3 In vitro hemocyte culture 

10 stage 15 embryos were bled into a drop of S2 media supplemented with (w/v) 

10% foetal bovine serum (FBS) and ± (w/v) 0.8% methylcellulose (Sigma) 

inside a Nunclon D-coated 60 mm tissue culture dish (Nunc).  A cover slip was 

placed on top and sealed using nail varnish.  Hemocytes were allowed to adhere 

for 60 minutes before live imaging through the cover slip.  

 

2.7 Creating epithelial wounds 

Stage 15 embryos were prepared for live imaging (as described in 2.6.2), with 

the embryo rolled slightly to the side, so the midline is off centre. The epithelium 

was then ablated dorsolaterally with respect to the ventral nerve cord (VNC) with 

a nitrogen laser-pumped dye laser (model no. VSL-337ND-S; Laser Science 

Inc.) attached to a Zeiss 510 confocal laser-scanning microscope.  

 

2.8 Dye injections 

Stage 15 embryos were prepared for live imaging ventral side up (as described 

above), but were dried in a box containing silica gel for 4 minutes prior to 

covering with Halocarbon oil.  Embryos were then injected anteriorly with 2.5 

mg/mL rhodamine-conjugated 70 kDa dextran (Molecular Probes), using 

Femtotips II and a FemtoJet/InjectMan injection system (Eppendorf).  Following 

injection, cover slips were attached as per normal. Live imaging and the position 
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of hemocytes relative to extracellular space, as marked by the injected 

rhodamine-dextran, was followed live.  

 

2.9 Image acquisition 

2.9.1 Fixed embryos 

The Zeiss 510 confocal laser-scanning microscope with the Zeiss Fluar 40%/1.3 

oil DIC objective was used to obtain high-resolution images of hemocyte 

positions in different staged fixed embryos. 

 

2.9.2 Fixed hemocytes 

Hemocytes were visualized within embryos using a Zeiss 510 confocal laser-

scanning microscope with the plan-apochromat 63%/1.4 oil objective. 

 

2.9.3 Live embryos 

Initially a Zeiss 510 confocal laser-scanning microscope with Ziess Fluar 40%/1.3 

oil DIC was used to investigate hemocyte developmental migrations and a plan-

apochromat 63%/1.4 oil objective used to observe other hemocyte migrations and 

dynamics at stage 15 of development. Time-lapse movies varied in duration; 

lateral migration was observed for up to 3 hours with z-projections taken every 2 

minutes. Migration to wounds for an hour with z-projections taken every 1 or 2 

minutes and hemocyte dynamics or random migration for 15 or 30 minutes with 

z-projections taken every 30 seconds. Time-lapse movies made for kymographs 

lasted up to 15 minutes with stills acquired every 3 or 4 seconds.  

 

Some later image acquisition was undertaken using a spinning disk confocal 

microscope (Ultraview; PerkinElmer) at RT with a HCX PL APO 63"/1.40-0.60 

Oil CS objective. Time-lapse movies lasted for approximately 15 minutes, with 

z-projections acquired every 6 seconds when investigating bundle dynamics and 

every 10 seconds for all other movies. 

 

2.9.4 in vitro hemocyte culture 

Cells were visualised using a Zeiss 510 confocal laser-scanning microscope with  
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plan-apochromat 63%/1.4 oil objective and c-apochromat 63%/1.2 water 

immersion objectives. 15 minute time-lapse movies were made in which stills 

were acquired at 4-second intervals. 

 

2.10 Image analysis 

All Zeiss confocal images were processed using Image J (NIH). LSM files were 

opened using the LSM reader plugin and noise was removed using Process; 

Noise; Despeckle. Stacks were then projected using the plugin Grouped 

Z_projector. Following these adjustments, images were saved as tiff files and 

movies as quick time files. 

 

Spinning disc confocal images were processed using volocity (PerkinElmer). 

Noise was removed using fine filter and contrast enhanced, using the contrast 

enhancement tool. Stills were saved as tiff files and movies as quick time files.  

 

2.10.1 Kymography 

Kymography was undertaken in ImageJ, with kymographs created using the line 

and multiple kymograph tools. All kymographs generated used sections one pixel 

wide. The multiple overlay plugin was used to produce an image showing the 

position of the line across the hemocyte in the kymograph.  

 

Kymographs were analysed in ImageJ with the persistence of the protrusion 

(seconds; x-axis) and the length of the protrusion (µm; y-axis) being determined. 

These values were used to calculate the velocity of protrusion and retraction 

events in Excel (as described in Hinz et al., 1999).  

 

2.10.2 Hemocyte morphology and dynamics 

a) Filopodia 

Filopodial length and number were determined using Image J. The average 

filopodial length was calculated manually, using the line tool to measure narrow 

protrusions greater than 1µm in length. Filopodial number was determined by 

counting the number of filopodia per hemocyte.  
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b) Lamellipodia 

The hemocyte total lamellipodial area was determined using ImageJ to measure 

the area of the whole hemocyte and the area of the cell body. These values were 

then transferred to Microsoft Excel, where the total lamellipodial area (the area 

of the whole hemocyte minus the area of the cell body) was calculated.  

 

Image J and Excel were also used to determine the total lamellipodial area over a 

period of 15 or 25 minutes, by quantifying the total lamellipodial area in stills 

from time-lapse movies.  

 

2.10.3 Hemocyte migration along the VNC 

To identify whether there was a defect in hemocyte migration along the VNC 

when Ena was inactivated, stained embryos were orientated laterally and the 

number of segments without hemocytes were counted. 

 

2.10.4 Hemocyte migration 

Cell tracking was performed using the manual tracking plugin in ImageJ on 

maximum projections of five slices (representing a depth of 20µm on the ventral 

side of each embryo). For each time point the centre of the cell body being 

tracked was highlighted manually, and its coordinates used to calculate speed.  

 

In volocity the manual tracking function and the pointer tool were used to track 

the cell body, when determining the relationship between bundle protrusion rate 

and cell velocity. 

 

2.10.5 Bundle number 

The number of Fascin bundles per cell was counted from stills of hemocytes 

expressing snGAL4UASmcherryfascin on a sn mutant background, with Ena 

overexpression and inactivation.  
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Life Act bundles per cell were also counted for various different phenotypes and 

the number of bundles per µm
2
 of lamellipodia was determined, by dividing the 

number of Life Act bundles by the total lamellipodial area.  

 

2.10.6 Bundle protrusion rate 

To illustrate bundle protrusion rates and coalescence the tip of mCherry-Fascin 

bundles were tracked as they extended, using the manual tracking function and 

the pointer tool in Volocity. Bundles were tracked from the point that they first 

became visible until they began to retract.  

 

2.11 Data analysis 

2.11.1 Graphs 

In this study several different types of graph were used and all were plotted using 

Excel, except the Rose Plots and hemocyte trajectory plots, which were 

generated using the chemotaxis tool in ImageJ.  

 

a) Bar charts 

Bar charts were used for discrete data sets, to illustrate the frequency of different 

outcomes. 

 

b) Line graphs 

Data was plotted in line graphs to illustrate changing lamellipodial dynamics or 

velocity over time. 

 

c) Box and whisker plots 

Data was plotted in “box and whisker” plots to illustrate the distribution within a 

set of data and to allow comparisons to be made between data sets. In all plots 

the whiskers correspond to the 10
th

 and 90
th

 percentiles, the box the lower and 

upper quartiles and the line shows the median.  

 

d) Hemocyte trajectory plots 

These plots were used to determine hemocyte directionality and in them the start 
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point for each track is taken as 0, 0 and all tracks are plotted out from this point.  

 

e) Rose plots 

Rose plots were also used to illustrate hemocyte directionality and illustrate the 

frequency of hemocytes migrating out at a particular angle from their start point.  

 

f) Scatter plots 

Scatter Plots were used in conjunction with the Spearman’s coefficient (see 

below) to identify whether two data sets correlated.  

 

2.11.2 Statistical Tests 

a) Student’s t-test 

Statistical significance between data sets was tested using the student’s t-test, 

which was calculated using Excel. A p-value <0.05 was taken to denote a 

significant difference between the hemocytes being investigated and control 

hemocytes. Asterisks (*) on the graphs denote that P < 0.05 or that there is 5% 

probability that control and test data do not differ. 

 

b) Spearman’s coefficient 

The Spearman’s coefficient was used to test the strength of a correlation and was 

calculated using Excel. The significance of this correlation was then calculated 

manually using the following formula: 

t value = R % & (n-2) 

                         (1-R
2
) 

r = Spearman’s coefficient 

n = number of data points 

 

The value obtained was then compared to t-tables to determine significance. This 

test was used twice and in both cases a p-value <0.01 was obtained, indicating 

there is <1% probability that the correlation observed between control and test 

data is a coincidence. 
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Chapter 3: Ena positively regulates hemocyte 

morphology and dynamics 

 

Chapter 3.1: Introduction 

3.1.1 Ena/VASP proteins localise to regions of actin dynamics 

Mammalian Ena/VASP proteins have been studied in a variety of different cell 

types and consistent with their role in anti-capping and actin filament elongation 

(Barzik et al., 2005; Bear et al., 2002), immunofluorescence revealed that these 

proteins localise to regions of dynamic actin reorganisation. Such regions include 

the leading edge, filopodial tips, focal contacts and in periodic puncta along 

stress fibres in migratory cells as well as cell-cell contacts in epithelial cells 

(Gertler et al., 1996; Lambrechts et al., 2000; Lanier et al., 1999; Reinhard et al., 

1992; Rottner et al., 1999a). VASP was originally identified in platelets, where 

this protein localised to the periphery of the cell and tips of microfilaments 

(Reinhard et al., 1992). This localisation was investigated further in the stable 

B16 melanoma line using VASP-GFP, where fluorescence peaked at the leading 

edge and coincided with a peak in F-actin intensity, presumably corresponding to 

the barbed ends of these filaments. This localisation was supported by EM of 

gold immunolabelled VASP-GFP, in which VASP localised to the very tip of 

filopodia and the anterior leading edge of lamellipodia at the boundary with the 

actin network (Rottner et al., 1999a). 

 

In Drosophila melanogaster embryos Ena is expressed throughout the embryo, 

with particularly high levels of expression in the central nervous system (CNS) 

(Gertler et al., 1995). More recently Ena localisation was investigated 

extensively within the epithelium during Drosophila development. 

Immunofluorescence revealed that from cellularisation onwards Ena was 

cytoplasmic and enriched at adherens junctions (AJs), becoming concentrated at 

epidermal tricellular junctions and the amnioserosal cortex during germ band 

extension. Ena remained in these locations through dorsal closure, when the 

protein localised to the front of the lamellipodia in leading edge cells (Gates et 
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al., 2007). GFP-tagged Ena also localised to junctions of these cells and the tips 

of their filopodia (Gates et al., 2007), therefore Ena/VASP proteins appear to 

localise to similar regions in both Drosophila epithelial cells and mammalian 

cells. Supporting this, Ena localises to the lamellipodial leading edge, cell 

contacts and punctate perinuclear structures in Drosophila S2 cells (Gates et al., 

2007). Finally, in the Drosophila embryo, Ena concentrates in the cells that 

instigate segmental groove formation and head involution (Gates et al, 2007). 

This, and other work by Gates and colleagues, illustrates that Ena is involved in 

several different morphogenetic movements during Drosophila development 

(Gates et al., 2007).  

 

3.1.2 Ena/VASP proteins regulate filopodia 

Perhaps unsurprisingly, given their localisation, the role of Ena/VASP proteins in 

filopodial and lamellipodial dynamics has been well studied in a variety of 

different systems. Indeed Ena/VASP proteins were shown to positively regulate 

filopodia in Dictyostelium discoideum and neurons (Chang et al., 2006; Han et 

al., 2002; LeBrand et al., 2004). In primary hippocampal neurons, LeBrand and 

colleagues found that targeting Ena/VASP proteins to the inner leaflet of the cell 

membrane increased filopodial number and length. Consistently sequestering 

Ena/VASP proteins at the mitochondria decreased filopodial formation under 

normal conditions and completely abolished their formation upon treatment with 

neuronal growth factors Netrin-1 or forskolin (LeBrand et al., 2004). In 

Dictyostelium, genetic ablation of dVASP, the sole Ena/VASP family member in 

this organism, decreased filopodial formation, whilst targeting dVASP to the cell 

membrane via myristoylation increased filopodial number (Han et al., 2002). 

Furthermore, mutating the only Caenorhabditis elegans Ena/VASP protein, 

UNC-34, reduces filopodial number in HSN neurons and expressing a GFP 

tagged version of this protein increases filopodial number in these cells (Chang 

et al, 2006). Finally, in Drosophila, sequestering Ena at the mitochondria of 

leading edge epithelial cells during dorsal closure reduces the number and length 

of filopodia, whilst targeting Ena to the lamellipodial leading edge leads to the 
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formation of longer filopodia (Gates et al., 2007). This suggests that the ability of 

Ena/VASP proteins to induce filopodia is conserved across species and cell type.  

 

3.1.3 Ena/VASP proteins positively regulate lamellipodial dynamics 

Like filopodial dynamics the role of Ena/VASP proteins in lamellipodial 

protrusion has been studied previously, in particular in fibroblasts in vitro. Here 

inactivating Ena reduced lamellipodial protrusion rates, but created protrusions 

that persisted for longer periods and rarely withdrew. Consistently enriching 

Ena/VASP proteins at the leading edge created short protrusions that protruded 

more rapidly than control cells, but were quickly lost, often as ruffles (Bear et al., 

2002). This data suggests that Ena/VASP proteins positively regulate 

lamellipodial dynamics, increasing the rate of lamellipodial protrusion but 

decreasing their persistence. Work by Rottner and colleagues supports this, as 

they illustrated that the level of VASP-GFP recruitment to the leading edge in a 

stable melanoma cell line directly correlated with the protrusion rate of the 

lamellipodia (Rottner et al., 1999a). Whilst in Drosophila, Ena was found to 

positively regulate lamellipodial area in leading edge cells (Gates et al., 2007).  

 

3.1.4 Ena sequestration as a means of inactivation 

To identify whether Ena/VASP proteins regulate filopodial and lamellipodial 

dynamics within hemocytes in the Drosophila embryo, Ena activity had to be 

misregulated. The Gal4-UAS system could be used to drive the expression of 

additional Ena constructs, but to inactivate Ena several different methods could 

be utilised including using ena mutant embryos or RNAi. However, both of these 

methods have their problems: ena mutant embryos also have neuronal defects 

(Gertler et al., 1995; Bashaw et al., 2000) and as there is interplay between CNS 

development and hemocyte migration (Evans et al, 2010a), some of the defects 

observed in hemocytes may be caused by non-cell autonomous effects. RNAi 

could also be problematic, as perdurance of maternal and/or zygotic protein may 

occur before levels of RNA knockdown are significant.  
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An alternative method is to use a construct called FP4Mito, which can be 

expressed to mislocalise Ena. This construct exploits the ability of the Ena-

VASP homology domain (EVH)1 domain to target Ena/VASP proteins to 

regions of the cell and is based upon the Listeria monocytogenes protein ActA, 

which binds Ena/VASP proteins (Chakraborty et al., 1995; Pistor et al., 1995) 

and is sequestered at the mitochondria when expressed in eukaryotic cells (Pistor 

et al., 1994). The construct takes the four EVH1-binding sites and the sequence 

responsible for mitochondrial targeting of ActA and fuses them to EGFP. 

Therefore this construct effectively creates binding sites for Ena/VASP proteins 

on the mitochondria and sequesters the protein here, presumably rendering it 

inactive. The authors that introduced this system also tested the specificity of the 

FP4 construct by mutating the phenylalanine residues of the four FPPPP repeats 

that are essential for EVH1 binding to alanine. This AP4Mito construct cannot 

bind Ena/VASP proteins, but contains all other sequences present in the FP4Mito 

construct (Bear et al., 2000). Immunofluorescence illustrated that expression of 

FP4Mito in Rat2 cells sequesters all detectable Mena and VASP from the leading 

edge and focal contacts to the mitochondria (EVL is undetectable in these cells), 

whilst their localisation is unaffected in AP4Mito expressing cells (Bear et al., 

2000).  

 

The FP4Mito and AP4Mito constructs were adapted for use in Drosophila, by 

placing the constructs under the control of a Gal4-driven UAS promoter. In both 

cultured S2 cells and within cells of the embryonic epidermis, 

immunofluorescence revealed that expression of the FP4Mito construct 

drastically altered endogenous Ena localisation, from the normal leading edge 

and junctional locations to the mitochondria. In comparison, AP4Mito 

sequestered significantly less Ena although occasional weak recruitment was 

observed. Furthermore, expression of FP4Mito throughout the epidermis of ena 

loss of function mutants did not alter the severity or frequency of embryonic 

phenotypes implying that FP4Mito does not have significant off-target effects 

(Gates et al., 2007).  
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As FP4Mito had previously only been used in cells, Gates and colleagues wanted 

to determine whether FP4Mito expression was a suitable method of inactivating 

Ena in whole organisms. To determine this they compared CNS and peripheral 

nervous system (PNS) development in zygotic ena mutant embryos, with 

embryos expressing FP4Mito under the control of elav-Gal4. Axons of the CNS 

in ena mutants have reduced longitudinal axis, whilst ISNb axons of the PNS fail 

to turn and continue towards inappropriate targets. When FP4Mito was expressed 

within these cells a similar number, range and severity of defects was observed. 

Furthermore AP4Mito had no effect on axon growth or pathfinding, suggesting 

that mislocalising Ena to the mitochondria is an effective mechanism of blocking 

Ena function in intact animals (Gates et al., 2007).  

 

3.1.5 FP4Mito specificity and Dia 

As has been mentioned previously, the specificity of the FP4Mito construct was 

tested extensively in both fibroblasts and Drosophila. Furthermore it was unable 

to recruit numerous focal adhesion proteins, WASP and even actin itself, 

however, Homem and Peifer later discovered that the construct sequesters 

Diaphanous (Dia) (Bear et al., 2000; Homem and Peifer, 2009). Presumably this 

sequestration is Ena dependent, as the authors showed that Ena-GFP 

overexpression recruited Dia to cytoplasmic aggregates in the cell. Furthermore, 

they illustrated that in vitro Dia and Ena co-immunoprecipitated with one 

another, suggesting that they either form a direct or indirect complex (Homem 

and Peifer, 2009). This has also been shown previously with Dia homologues 

and VASP in mammals (Grosse et al., 2003) and Dictyostelium (Schirenbeck et 

al., 2006). This suggests that Dia is being sequestered at the mitochondria 

through its ability to bind Ena; this could potentially create a problem as Dia has 

been reported to affect actin and cellular morphology in a similar manner to Ena 

(Homem and Peifer, 2009).  

 

Indeed Dia is a member of the Diaphanous related Formin (DRF) family of actin 

regulators, which nucleate actin filaments de novo (Faix and Grosse, 2006; 

Goode and Eck, 2007; Pollard, 2007; Pruyne et al., 2002), protect the barbed 
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ends of filaments from capping by competing with capping protein (CP) (Harris 

et al., 2004; Moseley et al., 2004; Pruyne et al., 2002; Zigmond et al., 2003) and 

actively promote filament elongation (Kovar et al, 2006; Higashida et al., 2004). 

Furthermore, DRFs were shown to be involved in the formation of filopodia; 

increasing the expression of mammalian homologue mDia2 led to an increase in 

the formation of microspikes and filopodia (Peng et al., 2003). In Dictyostelium, 

cells lacking DRF member dDia2 have reduced filopodial number (Schirenbeck 

et al., 2005a), whilst expressing constitutively active (CA) Dia in Drosophila 

leading edge cells induces the formation of ectopic filopodia (Homem and Peifer, 

2009). Given the similar activities of Ena and Dia it is therefore possible that 

FP4Mito could inactivate Dia in an Ena dependent fashion.  

 

3.1.6 Regulation of Ena function 

Drosophila Ena is negatively regulated by the tyrosine kinase Abelson (Abl) 

(Gertler et al., 1990) and therefore manipulating Abl expression could potentially 

be used to alter Ena activity. Ena is the best-characterised target of Abl and is 

believed to be the major target of this kinase during Drosophila morphogenesis 

(Gates et al., 2007; Stevens et al., 2008). Despite this, the exact mechanism by 

which Abl regulates Ena is unknown. In Drosophila epithelial cells, increased 

levels of Ena were detected at the filopodial tips in abl mutants (Gates et al., 

2007) and as abl heterozygosity reduced the phenotype of zygotic ena mutants, it 

implies that Abl may negatively regulate Ena localisation. Furthermore, as Abl is 

known to phosphorylate Ena on six tyrosine residues within the proline-rich 

domain of the protein and this inhibits binding to SH3 domains (Comer et al., 

1998), it was proposed that phosphorylation of Ena may enable binding to other 

proteins within the cytoplasm or prevent binding to SH3 containing partners at 

the leading edge (Grevengoed et al., 2003). However, phosphorylation is 

unlikely to be the only mechanism by which Abl regulates Ena activity as 

mutating Ena phosphorylation sites did not create a protein that is ectopically 

active, instead a modest reduction in Ena activity was observed (Comer et al., 

1998).  
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In addition to regulating cytoskeletal regulatory proteins such as Ena/VASP 

proteins, mammalian Abl may influence cytoskeletal dynamics itself as it 

contains F-actin binding domains that can bind actin directly and induce actin 

bundling (Van Etten et al., 1994; Wang et al., 2001). Drosophila Abl also 

contains these F-actin binding domains and therefore may influence actin 

directly (Hernandez et al., 2004). However, actin binding inhibits Abl kinase 

activity (Woodring et al., 2001). Nonetheless, Abl has been reported to regulate a 

number of different actin regulatory proteins, illustrating that this protein could 

indirectly affect cytoskeletal dynamics.  

 

The effect of Abl on cell morphology and dynamics has been studied in cells in 

culture as well as in Drosophila. In fibroblasts, increased expression of Abl 

induces ruffling, whilst Abl-deficient fibroblasts ruffle less (Plattner et al., 1999). 

Whereas in both neurons and fibroblasts, Abl leads to a kinase-dependent 

increase in filopodial-like microspikes (Woodring et al., 2002), suggesting that 

the outcome of Abl misregulation may be cell specific and depend on the other 

actin regulators present. In Drosophila, Abl regulates nerve outgrowth and 

fasciculation (Henkemeyer et al., 1987; Lanier and Gertler, 2000) and is also 

required in epithelia, to control AJ stability and actin organisation (Baum and 

Perrimon, 2001; Grevengoed et al., 2001; Grevengoed et al., 2003). In epithelia, 

Abl was found to be important in determining lamellipodial area, with Abl 

overexpression decreasing lamellipodial area (Stevens et al., 2008). However, 

unlike in mammalian culture systems, Abl negatively regulates filopodia in the 

Drosophila D16-C3 cell line, with Abl RNAi knock down increasing filopodial 

number and length and Abl overexpression reducing filopodial number (Gates et 

al., 2007). Furthermore Abl overexpression in leading edge cells reduced 

filopodial number (Stevens et al., 2008), suggesting that Abl may regulate 

filopodia differently in different systems. Perhaps the differences in cell culture 

could be due to differences in the signalling states of the cells and/or different 

complements of actin regulators.  
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3.1.7 Experimental aims 

Before investigating Ena function in hemocytes in vivo, it was important to 

establish whether these cells even express Ena. Having determined this, Ena 

localisation and dynamics were investigated within hemocytes in the developing 

embryo. Ena activity was then manipulated and any effect upon hemocyte 

morphology and dynamics identified. When investigating morphology and 

dynamics both, FP4Mito expression and Abl overexpression were used to 

downregulate Ena, enabling these two methods to be compared and to determine 

which is the more effective method of reducing Ena activity.  
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3.2 Results 

3.2.1 Ena is expressed in Drosophila hemocytes and localises to the leading 

edge  

Ena/VASP proteins are expressed in many migratory cells and before identifying 

whether Ena plays a role in hemocytes, it was important to determine if these 

cells express Ena. To this end, embryos were bled and the hemocytes cultured, 

fixed and immunostained in vitro, as hemocytes in the embryo lose their 

protrusions upon fixing. Initially hemocytes expressing cytoplasmic GFP were 

stained to reveal whether Ena is expressed endogenously within the hemocytes. 

This illustrated that Ena is expressed within embryonic hemocytes and is found 

enriched at the periphery of these cells (Fig. 3.1A, arrowhead). Furthermore, this 

immunostaining appears Ena specific, as it was not observed in the absence of 

the primary antibody or in a zygotic ena null mutant (Fig. 3.1 C-D). However, 

antibody staining cannot be used to determine Ena localisation in vivo and GFP-

tagged Ena will be used instead. To confirm that Ena-GFP localised to the same 

regions as endogenous Ena, hemocytes expressing Ena-GFP were 

immunostained in vitro. This revealed a similar staining to wild-type (WT) 

hemocytes, although Ena expression levels appeared higher, particularly at the 

periphery of the cell (Fig. 3.1B). Therefore, Ena is expressed in hemocytes and 

localises to the leading edge of the cell in vitro and GFP tagged Ena localises to 

the same regions as endogenous Ena.  

 

The localisation described above is similar to previous observations in neurons 

and fibroblasts, where the mammalian homologue of Ena, Mena, localises to the 

tips of filopodia and the leading edge of lamellipodia (Gertler et al., 1996; 

Lanier, et al., 1999). To identify whether Ena localised to similar regions within 

hemocytes in the embryo, the Gal4-UAS system was used to co-express Ena-

GFP and mCherry-Moesin. The latter construct labels F-actin and consists of 

mCherry, a derivative of RFP (Shaner et al., 2004), fused to the C-terminal 137 

residues of Moesin that contain the actin-binding domain of this protein (Fig. 

3.1E) (Millard and Martin, 2008). Live imaging of hemocytes at the midline at 
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stage 15 of embryonic development revealed that Ena localised to the tips of 

filopodia, the leading edge of lamellipodia and to puncta within the cell body 

(Fig. 3.1E arrowhead and bracket and movie 3.1). Thus Ena localisation in 

hemocytes appears similar to Mena localisation in fibroblasts.  

 

3.2.2 Ena dynamics during extension 

To observe Ena dynamics within filopodia, timelapse movies of the leading edge 

of stage 15 hemocytes expressing Ena-GFP were made. These movies capture 

the process of filopodial formation, extension and retraction and show that Ena is 

present at the leading edge prior to filopodial formation, with levels becoming 

enriched at the point of filopodial protrusion (Fig. 3.2A, arrow and movie 3.2). 

Ena then remained at the filopodial tip during extension and was retained at the 

tip during 25% of retraction events (N = 80 filopodia from 5 hemocytes in 3 

embryos, Fig. 3.2A-B, movie 3.1 illustrates filopodia retracting without Ena at 

the tip). Ena localisation therefore appears to be important for filopodial 

extension, but is dispensable for filopodial retraction.  

 

Kymography was used to probe Ena dynamics at the lamellipodial leading edge. 

Kymographs illustrate lamellipodial dynamics at a single point in the cells 

periphery and consist of a series of 1-pixel wide lines that are taken through the 

lamellipodia in the direction of migration in each still of a timelapse movie (Fig. 

3.3A). These lines are aligned through time to produce the kymograph, which 

illustrates how the lamellipodia protrudes or retracts over time (Fig. 3.3A’).  

 

Kymographs of stage 15 hemocytes co-expressing mCherry-Moesin and Ena-

GFP reveal that Ena is always present during lamellipodial extension (N = 31 

protrusions from 7 hemocytes in 6 embryos, Fig. 3.3B), but is lost from this 

location upon every retraction (N = 33 retractions from 7 hemocytes in 6 

different embryos, Fig. 3.3B). This loss of Ena upon retraction is particularly 

obvious when the leading edge is enlarged (Fig. 3.3C-C’). Therefore Ena appears 

to be important in regulating protrusion, but is dispensable for retraction in both 

filopodia and lamellipodia.
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Figure 3.1: Ena localises to the leading edge of lamellipodia and the tips of 

filopodia in hemocytes  

(A-D) Immunostaining of hemocytes in vitro to identify whether Ena is expressed in 

hemocytes and test the specificity of the antibodies used. (A-B) To determine if Ena is 

expressed in hemocytes and whether Ena-GFP localises to the same regions as 

endogenous Ena, hemocytes expressing GFP alone (WT) or GFP with Ena-GFP (Ena), 

were cultured in vitro and immunostained for Ena. (A) Ena is expressed within 

hemocytes and localises to the leading edge of lamellipodia (arrowhead). (B) A similar 

localisation is seen upon Ena overexpression, which increases Ena levels most obviously 

at the cell periphery and filopodia. (C) To illustrate primary antibody specificity zygotic 

ena
GC1

 null mutants were cultured in vitro and immunostained for Ena, only weak, 

background staining was visualised, suggesting the antibody is specific. (D) To 

determine whether the secondary antibody was binding non-specifically, WT hemocytes 

were stained with the secondary antibody only, again only weak, background staining 

was visualised illustrating the secondary antibody is binding the primary specifically. 

(E) To illustrate Ena localisation in vivo, midline hemocytes co-expressing mCherry-

Moesin (E) and Ena-GFP (E’) were imaged at stage 15 of embryonic development. (E’’) 

This revealed that Ena-GFP localises predominantly to the tips of filopodia (arrowhead) 

and the leading edge of lamellipodia (bracket) in hemocytes. Scale bars represent 10µm.



 

 

 

 

 

Figure 3.1: 
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Figure 3.2: Ena localises to filopodial tips during extension, but is lost from 

most filopodia upon retraction  

Timelapse movie illustrating !Ena-GFP localisation within a filopodia over its lifetime. 

Ena is observed a at the filopodial tip during extension and retraction of this filopodia 

(see Movie 3.1 for an example of Ena-GFP being lost during retraction). (B) The 

percentage of filopodia from which Ena was either retained at the tip upon retraction (N 

= 60 filopodia, 75%) or lost from this location upon withdrawal (N = 60, 25%). Graph is 

based upon 80 retractions from 5 hemocytes in 3 embryos. 
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Figure 3.3: Ena only localises to the lamellipodial leading edge during 

extension 

(A) To determine Ena localisation during lamellipodial extension and retraction 

kymography was used. A kymograph is generated from a series of line regions taken 

through each still in a movie (A), these line regions are then accumulated next to each 

other to reveal how the lamellipodia extends (A’) or retracts over time. (B) The 

kymograph was generated along the axis of protrusion (solid line in stills), 

demonstrating the presence of Ena-GFP at the leading edge during lamellipodial 

extension and its loss from this site upon retraction; the dotted lines indicate the time 

point in the kymograph corresponding to the two stills. (C) Still illustrating (in blue) the 

region of the kymograph that has been zoomed in on in C’. Here Ena-GFP is clearly lost 

as the lamellipodia retracts (C’, arrowheads). Ena was found at the leading edge during 

extension in all 31 events observed (N = 31 protrusions from 7 hemocytes in 5 embryos) 

and was lost upon all retractions (N = 33 retractions from 7 hemocytes in 5 embryos). 

Scale bars in C’ represent 2µm (vertical) and 60 seconds (horizontal); all other scale bars 

represent 10µm. 
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3.2.3 Ena localises to the leading edge during directed migration 

When undergoing random migration, within the embryo at stage 15 of 

development, Ena localises to regions of dynamic actin reorganisation (movie 

3.1), but to determine whether Ena is present at the leading edge during directed 

migration hemocytes were analysed undergoing lateral migration. This process 

occurs at stage 14 of development, when hemocytes that were located at the 

ventral midline migrate laterally to the edges of the developing ventral nerve 

cord (VNC) (Wood et al., 2006). Timelapse movies and stills of hemocytes co-

expressing Ena-GFP and mCherry-Moesin clearly illustrate Ena localised to the 

leading edge of the lamellipodia during this directed migration, with Ena 

enriched here in all migrations observed (N = 12 hemocytes from 3 embryos, 

Fig. 3.4A-C and movie 3.3). However, to illustrate that this was not just an edge 

effect, as cytoplasmic GFP was found enriched at the leading edge in 

immunostained hemocytes in vitro (Fig. 3.1A-B), hemocytes expressing 

cytoplasmic GFP were visualised undergoing lateral migration. In these 

hemocytes GFP was not specifically enriched at the lamellipodial leading edge 

indicating that the previous result was an Ena specific effect (Fig. 3.4D). 

Therefore Ena is present at regions of dynamic actin reorganisation in both 

randomly migrating hemocytes and those undergoing stereotyped migrations in 

vivo. Furthermore these locations are similar to those that were previously 

reported in fibroblasts and neural growth cones in vitro (Gertler et al., 1996; 

Lanier et al., 1999).  

 

3.2.4 Expression of FP4Mito in hemocytes recruits Ena to the mitochondria 

Having determined that Ena localises to the lamellipodial leading edge and 

filopodial tips within hemocytes, Ena levels were manipulated to probe function 

related to these structures. The Gal4-UAS system was used to drive the 

overexpression of Ena, or inactivate Ena using FPPPPMito-GFP (FP4Mito) 

within the hemocytes. As previously mentioned FP4Mito contains a 

mitochondrial targeting sequence, which localises this construct to the 

mitochondria, where it competes with endogenous proteins containing the FP4 
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Figure 3.4: Ena localises to the leading edge of hemocytes during directed 

migration 

(A-C) Ena-GFP is present at the lamellipodial leading edge during lateral migration (see 

supplementary material Movie 3.3 for corresponding time-lapse). Dots and lines reveal 

progress of the hemocyte when moving from the midline to the edge of the VNC. (B)! 

Illustrates mCherry-Moesin alone, (C) images show the GFP channel of the hemocyte 

from A; in these images Ena-GFP is clearly localised at the lamellipodial leading edge 

(arrowheads) and was observed here in all laterally migrating hemocytes that were 

imaged (N = 12 hemocytes from 3 embryos). (D) Cytoplasmic GFP is not enriched at 

the leading edge, suggesting that Ena-GFP localisation to the periphery is not an edge 

affect. Scale bars represent 10µm. 
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motif to sequester Ena/VASP proteins away from their correct cellular location, 

rendering them inactive (Fig. 3.5A-B).  

 

In order to determine whether FP4Mito efficiently sequestered Ena at the 

mitochondria in hemocytes, embryos expressing GFP alone or FP4Mito and GFP 

in their hemocytes were bled and the hemocytes cultured, fixed and 

immunostained for GFP and Ena in vitro. Confocal images of these hemocytes 

reveal that in WT hemocytes, Ena is localised at the periphery of the cell, 

particularly at the lamellipodial leading edge and the filopodial tips (Fig. 3.5C, 

arrowhead). However, upon expression of FP4Mito, Ena is re-localised to the 

mitochondria (Fig. 3.5D, arrow).   

 

3.2.5 FP4Mito expression sequesters Dia at the mitochondria 

FP4Mito expression appeared sufficient to sequester Ena at the mitochondria. 

However, FP4Mito can also sequester Dia, presumably via its interaction with 

Ena (Homem and Peifer, 2009). Therefore to determine whether this recruitment 

occurs in hemocytes, GFP or GFP and FP4Mito expressing cells were fixed and 

immunostained for Dia and GFP in vitro. The specificity of the antibodies were 

tested by staining a zygotic dia null mutant and staining with a secondary 

antibody alone, the latter resulted in very weak staining suggesting that the 

secondary is specific (Fig. 4.3E). More staining was observed in the null mutant 

hemocyte, however, this could be residual maternal protein and 

immunofluorescence was considerably lower than in WT hemocytes (Fig. 4.3D). 

In WT hemocytes Dia is found throughout the cytoplasm but is enriched at 

filopodial tips (Fig. 3.6B). FP4Mito recruited the majority of endogenous Dia 

from these locations to the mitochondria (Fig. 3.6A). Furthermore, 

immunostaining hemocytes overexpressing Ena-GFP for GFP and Dia revealed 

that Dia co-localised with Ena-GFP at the filopodial tips (Fig. 3.6C).  

 

Given the interaction between Dia and Ena (Homem and Peifer, 2009), Ena may 

be required for Dia localisation to mitochondria on FP4Mito expression. When 

FP4Mito was expressed in ena
GC1

 null mutants, immunostaining revealed that in 
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Figure 3.5: Expression of FP4Mito in hemocytes is sufficient to re-localise 

Ena to the mitochondria 

(A-B) Schematic illustrating how the construct UASFPPPPMito-GFP (FP4Mito) is used 

to sequester Ena (green circles) at the mitochondria (red ovals). (A) In WT hemocytes 

Ena localises to the leading edge of the lamellipodia. (B) When FP4Mito is expressed, 

this construct localises to the mitochondria and competes with endogenous proteins at 

the lamellipodial leading edge to recruit Ena to the mitochondria. As Ena is not in its 

correct cellular location it is rendered inactive. (C-D) Hemocytes expressing GFP alone 

(WT) or GFP and FP4Mito (FP4) were cultured in vitro and then immunostained for 

Ena. (C) In WT hemocytes Ena localises to the leading edge of lamellipodia 

(arrowhead). (D) Upon expression of FP4Mito in hemocytes, Ena localises to the 

mitochondria (arrow). Scale bars represent 10µm. 
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homozygotes Dia was not recruited to mitochondrial like punctae (Fig. 3.6G), in 

contrast to the recruitment of Dia to FP4Mito in ena
GC1

 heterozgotes (Fig. 3.6F). 

Therefore the recruitment of Dia to the mitochondria appears to be Ena 

dependent, suggesting that other methods of altering Ena activity may also 

misregulate Dia and that determining the exact roles of each protein will be 

difficult. 

 

3.2.6 Ena positively regulates filopodial number and length  

Ena/VASP proteins have previously been shown to regulate filopodia in vitro 

(Applewhite et al., 2007), therefore Ena or FP4Mito were co-expressed with 

cytoplasmic GFP to determine how Ena regulates these structures in hemocytes 

in vivo. Typically WT hemocytes produce a relatively large lamellipodia from 

which 4.9 filopodia project on average (N = 90 measurements from 9 hemocytes 

in 3 embryos; Fig. 3.7B, Table 3.1 and movie 3.5). Inactivating Ena drastically 

reduced the number of filopodia to an average of 0.13 per cell (P = 1.7 ! 10
-20

, N 

= 160 measurements from 16 hemocytes in 4 embryos); consistently Ena 

overexpression increased the number of filopodia to 7.8 per cell on average (P = 

2.1 ! 10
-5

, N = 60 measurements from 6 hemocytes in 4 embryos; Fig. 3.7A-C 

and E, Table 3.1 and movies 3.4-3.6). In WT hemocytes filopodia are on average 

2.9µm long (N = 33 filopodia from 10 hemocytes in 3 embryos) and consistent 

with previous studies, Ena inactivation significantly reduced filopodial length by 

45% (P = 2.1 ! 10
-3

, N = 6 filopodia from 5 hemocytes in 3 embryos) whilst Ena 

overexpression significantly increased their length by 38% (P = 1.0 ! 10
-4

, N = 

31 filopodia from 11 hemocytes in 5 embryos; Fig. 3.7A-C arrowheads and D, 

Table 3.1 and movies 3.4-3.6). Consequently Ena appears to be important in 

regulating both filopodial initiation and the extension of existing filopodia.  

 

3.2.7 Ena regulates lamellipodial dynamics 

In addition to regulating filopodia Ena/VASP proteins also regulate lamellipodial 

dynamics in vitro (Bear et al., 2002). However, unlike the striking effects of 

misregulating Ena upon filopodia, Ena’s regulation of lamellipodia proved less 

obvious. Indeed, WT hemocytes have an average lamellipodial area of 330µm
2
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Figure 3.6: Expression of FP4Mito also sequesters Dia at the mitochondria 

(A-G) Immunostaining of hemocytes in vitro to identify whether Dia is expressed in 

hemocytes, to test the specificity of the antibodies used and determine if FP4 sequesters 

Dia at the mitochondria and if this is Ena dependent. (A-E) Hemocytes expressing 

FP4Mito (FP4), cytoplasmic GFP (WT), or Ena-GFP (Ena) were cultured in vitro, 

before being immunostained for Dia with a TRITC conjugated secondary antibody. (A) 

Some but not all Dia is recruited to mitochondria on FP4Mito expression (arrow). (B) In 

WT hemocytes Dia is found throughout the cell, including at the cell periphery. (C) Dia 

is targeted to regions containing Ena-GFP on Ena overexpression (arrowheads). (D) To 

illustrate primary antibody specificity zygotic dia
2
 null mutants were cultured in vitro 

and immunostained for Dia, only background staining was visualised, suggesting the 

antibody is specific. (E) To determine whether the secondary antibody was binding non-

specifically, WT hemocytes were stained with the secondary antibody, again only weak, 

background staining was visualised illustrating the secondary antibody is binding the 

primary specifically. (F-G) To identify whether Dia recruitment to the mitochondria 

upon FP4 expression was Ena dependent, ena
GC1 

heterozygote and homozygote 

hemocytes expressing FP4Mito were immunostained for Dia. (F) Dia co-localises with 

FP4Mito at mitochondria (arrows) in ena
GC1

/+ hemocytes. (G) Dia is absent from 

FP4Mito mitochondria (arrow) in ena
GC1

 hemocytes, suggesting that Ena is required for 

indirect recruitment of Dia to FP4Mito. Scale bars represent 10µm. 
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Figure 3.7: Ena positively regulates both filopodial number and length 

(A-C)! Midline hemocytes expressing GFP and FP4Mito (FP4), GFP alone (WT), or GFP 

and Ena (Ena) were imaged live at stage 15 of embryonic development. Arrowheads 

indicate filopodia extending from the hemocyte’s lamellipodia. (D-E) Box and whisker 

plots for FP4 (green boxes in graphs), WT (blue boxes) and Ena (purple boxes) 

hemocytes, showing filopodial length (D) and filopodial number (E) for each genotype. 

WT hemocytes had on average 4.9 filopodia (N = 90 measurements from 9 hemocytes in 

3 embryos), which were 2.9µm long (N = 33 filopodia from 10 hemocytes in 3 

embryos). Ena inactivation reduced the average number of filopodia to 0.13 (P = 1.7 ! 

10
-20

, N = 160 measurements from 16 hemocytes in 4 embryos) and shortened their 

length to an average of 1.6µm (P = 2.1 ! 10
-3

, N = 6 filopodia from 5 hemocytes in 3 

embryos). Consistently Ena overexpression increased the average number of filopodia to 

7.8 per hemocyte (P = 2.1 ! 10
-5

, N = 60 measurements from 6 hemocytes in 4 embryos) 

and increased their length to 4.0µm (P = 1.0 ! 10
-4

, N = 31 filopodia from 11 hemocytes 

in 5 embryos). Asterisks (*) denote <5% probability that the test data and control do not 

differ (P < 0.05, t-test). Scale bars represent 10µm. 
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Table 3.1: Ena dependent regulation of hemocyte morphology in vivo 

 

 

    Filopodia  Lamellipodia 

  

  Number 
Length  

(µm) 
 Area  (µm

2
) 

Average 

Change in 

Area  

(µm
2
/s) 

Rate of 

Protrusion 

(µm/min) 

Persistence 

of Protrusion 

(mins) 

FP4Mito  

average 

p value 

standard deviation 

 

0.13 

1.7 ! 10
-20 

0.30 

1.6 

2.1 ! 10
-3 

0.64 

 

380 

2.5 ! 10
-17 

60 

0.46 

1.2 ! 10
-11 

0.40 

2.4 

1.4 ! 10
-4 

1.3 

0.46 

4.2 ! 10
-2 

0.30 

Abl  

average 

p value 

standard deviation 

 

5.6 

0.11 

3.2 

1.7 

8.6 ! 10
-8 

0.60 

 

310 

4.3 ! 10
-5 

66 

0.64 

7.7 ! 10
-3 

0.58 

4.2 

0.15 

2.1 

0.32 

0.73 

0.20 

WT  

average 

p value 

standard deviation 

 

4.9 

n/a 

2.4 

2.9 

n/a 

0.84 

 

330 

n/a 

60 

0.76 

n/a 

0.63 

5.3 

n/a 

4.8 

0.34 

n/a 

0.22 

Ena  

average 

p value 

standard deviation 

 

7.8 

2.1 ! 10
-5 

3.5 

4.0 

1.0 ! 10
-4 

1.2 

 

380 

1.2 ! 10
-10 

100 

0.94 

3.4 ! 10
-3 

0.82 

8.0 

8.8 ! 10
-3 

5.7 

0.25 

2.6 ! 10
-2 

0.20 
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(N = 305 measurements from 5 hemocytes in 4 embryos) and both Ena 

overexpression and inactivation significantly increased the average lamellipodial 

area by 15% (P = 2.5 ! 10
-17

, N = 283 measurements from 5 hemocytes in 3 

embryos for FP4Mito; P = 1.2 ! 10
-10

, N = 305 measurements from 5 hemocytes 

in 4 embryos for Ena; Fig. 3.8H and Table 3.1). To determine what effect Ena 

has upon lamellipodial dynamics, total hemocyte lamellipodial area was 

measured over time. This revealed that in WT hemocytes the lamellipodial area 

fluctuates by 0.76µm
2
/s on average (N = 300 measurements from 5 hemocytes in 

4 embryos), whereas Ena inactivation leads to a more stable lamellipodia that 

fluctuates by an average of 0.46µm
2
/s (P = 1.2 ! 10

-11
, N = 278 measurements 

from 5 hemocytes in 3 embryos). Consistently Ena overexpression created a very 

dynamic lamellipodia, which fluctuated by 0.94µm
2
/s on average (P = 3.4 ! 10

-3
, 

N = 300 measurements from 5 hemocytes in 4 embryos; Fig. 3.8A-F and H, 

Table 3.1 and movies 3.4-3.6).  

 

3.2.8 Ena increases lamellipodial protrusion rates but decreases persistence  

Having illustrated that Ena regulates total lamellipodial dynamics, it was 

important to investigate lamellipodial protrusion in more detail. Kymography of 

individual hemocytes showed that WT lamellipodia protrude and retract at 

regular intervals of 0.71 minutes (N = 73 protrusions from 10 hemocytes in 7 

embryos). Furthermore, WT lamellipodia protruded at an average rate of 

5.3µm/min (N = 51 protrusions from 7 hemocytes in 4 embryos) and persisted 

for 0.34 minutes (N = 51 protrusions from 7 hemocytes in 4 embryos; Fig. 3.9B 

and Table 3.1). Whereas when Ena is inactivated lamellipodial protrusion rate 

was decreased to 2.4µm/min (P = 1.4 ! 10
-4

, N = 35 protrusions from 7 

hemocytes in 3 embryos), although these protrusions were more persistent, 

persisting for an average of 0.46 minutes (P = 4.2 ! 10
-2

, N = 35 protrusions from 

7 hemocytes in 3 embryos; Fig. 3.9A, D-E and Table 3.1). Consistently Ena 

overexpression caused lamellipodia to become hyperactive, with protrusions 

protruding at an average rate of 8.0µm/min (P = 8.8 ! 10
-3

, N = 56 protrusions 

from 8 hemocytes in 5 embryos) although they persisted for shorter periods of
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Figure 3.8: Ena positively regulates lamellipodial dynamics 

(A-C)! Time-lapse movies of  midline hemocytes expressing GFP and FP4Mito (FP4), 

GFP alone (WT), or GFP and Ena (Ena) were made at stage 15 of embryonic 

development. Stills from these movies indicate how lamellipodial area fluctuates (red 

outlines). (D-F) Graphs show fluctuations in total lamellipodial area of five hemocytes 

of each genotype over 25 minutes. (G and H) !Box and whisker plots for FP4 (green 

boxes in graphs), WT (blue boxes) and Ena (purple boxes) hemocytes, showing total 

lamellipodial area (G) and rate of change in lamellipodial area (H) for each genotype. 

WT hemocytes have a relatively large lamellipodia of 330µm
2
 (N = 305 measurements 

from 5 hemocytes in 4 embryos), which fluctuates on average by 0.76µm
2
/s (N = 300 

measurements from 5 hemocytes in 4 embryos). Inactivating Ena increases the 

lamellipodial area to 380µm
2
 (P = 2.5 ! 10

-17
, N = 283 measurements from 5 hemocytes 

in 3 embryos), but decreases lamellipodial change to an average of 0.46µm
2
/s (P = 1.2 ! 

10
-11

, N = 278 measurements from 5 hemocytes in 3 embryos). Whereas overexpressing 

Ena also increases lamellipodial area to 380 µm
2
 (P = 1.2 ! 10

-10
, N = 305 measurements 

from 5 hemocytes in 4 embryos), these lamellipodia are more dynamics and on average 

change by 0.94µm
2
/s (P = 3.4 ! 10

-3
, N= 300 measurements from 5 hemocytes in 4 

embryos). Asterisks (*) denote P < 0.05 (t-test).  Scale bars represent 10µm. 
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Figure 3.9: Ena increases lamellipodial protrusion rates but decreases 

protrusion persistence 

(A-C) !Stills and kymographs of FP4, WT and Ena hemocytes: solid lines on the stills 

indicate axis through which kymographs were generated; the dotted lines indicate time 

point in kymograph corresponding to accompanying still. (D-E)! Box and whisker plots 

for FP4 (green boxes in graphs), WT (blue boxes) and Ena (purple boxes) hemocytes, 

showing the rate of lamellipodial protrusion (D) and lamellipodial persistence (E) for 

each genotype. Persistence was defined as the period of time each lamellipodia 

protruded for. In WT hemocytes the lamellipodia protrudes an average of 5.3µm/min (N 

= 51 protrusions from 7 hemocytes in 4 embryos) and these protrusions persisted for 

0.34 minutes on average (N = 51 protrusions from 7 hemocytes in 4 embryos). When 

Ena was inactivated the average rate of protrusion was reduced to 2.4µm/min (P = 1.4 ! 

10
-4

, N = 35 protrusions from 7 hemocytes in 3 embryos) whilst the average persistence 

of these protrusions was increased to 0.46 minutes (P = 4.2 ! 10
-2

, N = 35 protrusions 

from 7 hemocytes in 3 embryos). Consistently overexpressing Ena increased the average 

rate of lamellipodial protrusion to 8.0µm/min (P = 8.8 ! 10
-3

, N = 56 protrusions from 8 

hemocytes in 5 embryos) and decreased that average persistence of these protrusions to 

0.25 minutes (P = 2.6 ! 10
-2

, N = 56 protrusions from 8 hemocytes in 5 embryos). 

Asterisks (*) denote P < 0.05 (t-test). Scale bars represent 10µm, with the exception of 

kymographs (right-hand panels A-C) in which they represent 10µm (vertical) and 60 

seconds (horizontal). 



 

 

 

Figure 3.9: 

 

 



Chapter 3: Ena positively regulates hemocyte morphology and dynamics 
 

90 

time, lasting 0.25 minutes on average (P = 2.6 ! 10
-2

, N = 56 protrusions from 

hemocytes in 5 embryos; Fig. 3.9C, D-E and Table 3.1). Therefore Ena appears 

to be important in regulating both lamellipodial protrusion rate and the 

persistence of these protrusions.  

 

3.2.9 Abl negatively regulates filopodial length 

Another potential method to manipulate Ena activity is through Abl. To identify 

whether this was a suitable method of reducing Ena activity in hemocytes, Abl 

was overexpressed with cytoplasmic GFP in these cells. Reducing Abl levels 

induces filopodia in leading edge epithelial cells, whilst overexpression reduced 

filopodial formation and their length (Gates et al, 2007; Stevens et al., 2008); 

therefore one would anticipate that Abl would have an inhibitory effect upon 

filopodial formation in hemocytes. Interestingly, unlike expressing FP4Mito, 

overexpressing Abl did not affect the number of filopodia formed, with an 

average of 5.6 filopodia per cell compared to 4.9 in WT (P = 0.11, N = 100 

measurements from 10 hemocytes in 5 embryos for Abl, N = 90 measurements 

from 9 hemocytes in 3 embryos for WT; Fig. 3.10B-C and E, Table 3.1 and 

movies 3.5 and 3.7). However, Abl overexpression did reduce the length of these 

filopodia to 1.7µm on average compared to an average of 2.9µm for WT controls 

(P = 8.6 ! 10
-8

, N = 31 filopodia from 9 hemocytes in 6 embryos for Abl, N = 33 

from 10 hemocytes in 3 embryos for WT; Fig. 3.10B-D arrowheads, Table 3.1 

and movies 3.5 and 3.7). Indeed these filopodia were comparable in length to 

filopodia formed when Ena was inactivated by FP4Mito (P = 0.82, N = 6 

filopodia from 5 hemocytes in 3 embryos for FP4Mito; Fig. 3.10A-B arrowheads 

and D, Table 3.1 and movies 3.4 and 3.7). Therefore Abl’s regulation of Ena 

appears to be important in regulating the elongation of existing filopodia but is 

dispensable for filopodial formation. Furthermore, Abl overexpression is not 

equivalent to the use of FP4Mito.  

 

3.2.10 Abl overexpression reduces lamellipodial dynamics 

In addition to regulating filopodial length Abl may also function in lamellipodia 

formation as in Drosophila leading edge cells overexpression of Abl reduces
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Figure 3.10: Abl overexpression reduces filopodial length but not number 

(A-C)! Midline hemocytes expressing GFP and  FP4Mito (FP4), GFP and Abl (Abl) or 

GFP alone (WT) were imaged live at stage 15 of embryonic development. Arrowheads 

indicate filopodia extending from the hemocyte lamellipodia. (D-E) ! Box and whisker 

plots for FP4 (green boxes in graphs), Abl (turquoise boxes) and WT (blue boxes) 

hemocytes, showing filopodial length (D) and filopodial number (E) for each genotype. 

WT hemocytes had on average 4.9 filopodia (N = 90 measurements from 9 hemocytes in 

3 embryos), which were 2.9µm long (N = 33 filopodia from 10 hemocytes in 3 

embryos). FP4Mito expression reduced the average number of filopodia to 0.13 (P = 1.7 

! 10
-20

, N= 160 measurements from 16 hemocytes in 4 embryos) and shortened their 

length to an average of 1.6µm (P = 2.1 ! 10
-3

, N = 6 filopodia from 5 hemocytes in 3 

embryos). Abl overexpression reduced filopodial length to an average of 1.7µm (P = 8.6 

! 10
-8

, P = 8.6 ! 10
-8

, N = 31 filopodia from 9 hemocytes in 6 embryos), but did not 

affect filopodial number, with an average of 5.6 filopodia being formed per hemocyte (P 

= 0.11, N = 100 measurements from 10 hemocytes in 5 embryos). Asterisks (*) denote P 

< 0.05 (t-test).  Scale bars represent 10µm. 
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lamellipodial area (Stevens et al., 2008). Co-expression of cytoplasmic GFP and 

Abl enabled any differences in lamellipodia to be identified. Similar to leading 

edge cells, overexpression of Abl in the hemocytes reduced lamellipodial area by 

20µm
2
 to an average of 310µm

2
 (P = 4.3 ! 10

-5
, N = 355 measurements from 6 

hemocytes in 5 embryos for Abl, N = 305 measurements from 5 hemocytes in 4 

embryos for WT; Fig 3.11G and Table 3.1). This is consistent with previous 

Drosophila studies but completely contrasts with the increase in lamellipodial 

area upon expression of FP4Mito (P = 2.1 ! 10
-33

, N = 283 measurements from 5 

hemocytes in 3 embryos for FP4Mito). This may be due to Abl misregulating 

other proteins that are involved in lamellipodial formation. However, both 

FP4Mito and Abl overexpression reduced lamellipodial dynamics (Fig. 3.11A-B, 

D-E and H, Table 3.1 and movies 3.4 and 3.7), with Abl overexpression reducing 

lamellipodial dynamics to an average of 0.64 µm
2
/min compared to on 

0.76µm
2
/min average for WT (P = 7.7 ! 10

-3
, N = 349 measurements from 6 

hemocytes in 5 embryos for Abl, N = 300 measurement from 5 hemocytes in 3 

embryos for WT; Fig 3.11B-C, E-F and H, Table 3.1 and movies 3.5 and 3.7). 

Although this is statistically significant when compared to WT hemocytes the 

effect is not as severe as when FP4Mito is expressed (Fig 3.2.11A-F and H). 

Indeed Ena inactivation by FP4Mito reduced lamellipodial dynamics to an 

average of 0.46µm
2
/min, which is significantly less than the average of 0.64 

µm
2
/min observed for Abl overexpression (P = 6.4 ! 10

-6
, N = 278 measurements 

from 5 hemocytes in 3 embryos for FP4Mito). Nonetheless Abl appears to 

regulate both lamellipodial formation and dynamics in hemocytes.  

 

3.2.11 Overexpressing Abl has no significant effect upon lamellipodial 

protrusion or persistence 

As Abl overexpression reduced lamellipodial dynamics, it seemed likely that Abl 

could affect lamellipodial protrusion and retraction rates. Kymographic analysis 

revealed that the lamellipodia of hemocytes overexpressing this construct 

protruded at a slightly slower rate than in WT hemocytes (Fig. 3.12B-D and 

Table 3.1). Indeed in WT hemocytes the lamellipodia protrudes at a rate of 

5.3µm/min on average and although this was insignificant the lamellipodia
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Figure 3.11: Overexpression of Abl slightly reduces lamellipodial dynamics 

(A-C)! Time-lapse movies of  midline hemocytes expressing GFP and Abl (Abl), GFP 

and FP4Mito (FP4) and GFP alone (WT) were made at stage 15 of embryonic 

development. Stills from these movies indicate how the lamellipodial area fluctuates 

(red outlines). (D-F) Graphs show fluctuations in total lamellipodial area of five 

hemocytes of each genotype over 25 minutes. (G and H) !Box and whisker plots for FP4 

(green boxes in graphs), Abl (turquoise boxes) and WT (blue boxes) hemocytes, 

showing total lamellipodial area (G) and rate of change in lamellipodial area (H) for 

each genotype. ! WT hemocytes have a relatively large lamellipodia of 330µm
2
 (N = 305 

measurements from 5 hemocytes in 4 embryos), which fluctuate on average by 

0.76µm
2
/s (N = 300 measurements from 5 hemocytes in 4 embryos). Expressing 

FP4Mito increases the lamellipodial area to 380µm
2
 (P = 2.5 ! 10

-17
, N = 283 

measurements from 5 hemocytes in 3 embryos), but decreases lamellipodial change to 

an average of 0.46µm
2
/s (P = 1.2 ! 10

-11
, N = 278 measurements from 5 hemocytes in 3 

embryos). Overexpressing Abl decreases lamellipodial area to an average of 310 µm
2
 (P 

= 4.3 ! 10
-5

, N = 355 measurements from 6 hemocytes in 5 embryos), whilst reducing 

average lamellipodial change to 0.64µm
2
/s (P = 7.7 ! 10

-3
, N = 349 measurements from 

6 hemocytes in 5 embryos). Asterisks (*) denote P < 0.05 (t-test). Scale bars represent 

10µm. 
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protruded at an average rate of 4.2µm/min upon Abl overexpression (P = 0.15, N 

= 47 protrusions from 6 hemocytes in 4 embryos for Abl, N = 51 protrusions 

from 7 hemocytes in 4 embryos for WT). Interestingly, this rate of protrusion 

was significantly faster than when FP4Mito was expressed (P = 1.0!10
-5

, N = 35 

protrusions from 7 hemocytes in 3 embryos for FP4Mito; Fig. 3.12A-D and 

Table 3.1). No difference in protrusion persistence was observed between WT 

hemocytes and those overexpressing Abl, with lamellipodial protrusions in WT 

hemocytes persisting for 0.34 minutes on average compared to 0.32 minutes for 

Abl overexpression (P = 0.73, N = 47 protrusions from 6 hemocytes in 4 

embryos for Abl, N = 51 protrusions from 7 hemocytes in 4 embryos for WT; 

Fig. 3.12B-C and E and Table 3.1). Again there was a significant difference in 

protrusion persistence between hemocytes expressing FP4Mito and 

overexpressing Abl (P = 2.0!10
-2

, N = 35 from 7 hemocytes in 3 embryos for 

FP4Mito; Fig. 3.12A-B and E and Table 3.1), illustrating that Abl overexpression 

has only subtle effects upon lamellipodial dynamics.  
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Figure 3.12: Overexpressing Abl has no significant effect upon lamellipodial 

protrusion rate and persistence 

(A-C) !Stills and kymographs of WT, Abl and FP4 hemocytes: solid lines on the stills 

indicate axis through which kymographs were generated; the dotted lines indicate time 

point in kymograph corresponding to accompanying still. (D-E)! Box and whisker plots 

for FP4 (green boxes in graphs), Abl (turquoise boxes) and WT (blue boxes) hemocytes, 

showing the rate of lamellipodial protrusion (D) and lamellipodial persistence (E) for 

each genotype. Persistence was defined as the period of time each lamellipodia 

protruded. In WT hemocytes the lamellipodia protrudes an average of 5.3µm/min (N = 

51 protrusions from 7 hemocytes in 4 embryos) and these protrusions persisted for 0.34 

minutes on average (N = 51 protrusions from 7 hemocytes in 4 embryos). Expressing 

FP4Mito reduced the average rate of protrusion to 2.4µm/min (P = 1.4 ! 10
-4

, N = 35 

protrusions from 7 hemocytes in 3 embryos) and increased the average persistence of 

these protrusions to 0.46 minutes (P = 4.2 ! 10
-2

, N = 35 protrusions from 7 hemocytes 

in 3 embryos). Interestingly, overexpressing Abl slightly reduced the average rate of 

lamellipodial protrusion to 4.2µm/min (P = 0.15, N = 47 protrusions from 6 hemocytes 

in 4 embryos), but had no effect upon lamellipodial persistence, which was on average 

0.32 minutes (P = 0.73, N = 47 protrusions from 6 hemocytes in 4 embryos).  Asterisks 

(*) denote P < 0.05 (t-test). Scale bars represent 10µm, with the exception of 

kymographs (right-hand panels A-C) in which they represent 10µm (vertical) and 60 

seconds (horizontal). 
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Movie 3.1: Ena localises to the tips of filopodia and lamellipodia in randomly 

migrating hemocytes in vivo 

Hemocytes co-expressing Ena-GFP (green) and mCherry-Moesin (red) were imaged live 

at stage 15 of embryonic development.  A timelapse movie illustrates Ena-GFP at 

filopodial tips and leading edges of lamellipodia in hemocytes, during extension of these 

structures.  Upon retraction of these structures Ena-GFP is lost from lamellipodia and in 

some cases also from filopodial tips.  The scale bar represents 10µm; a still from this 

movie is shown in Fig. 3.1. 

 

Movie 3.2: Ena localises to the tips of filopodia during extension 

Hemocytes co-expressing Ena-GFP (green) and mCherry-Moesin (red) were imaged live 

at stage 15 of embryonic development.  A timelapse movie illustrates Ena-GFP at the 

lamellipodial leading edge, a filopodia then forms from the leading edge and Ena-GFP 

localises to the tip of the filopodia as it extends. Ena-GFP is also retained at the tip of 

this filopodia as it retracts, although this is not observed when every filopodia retracts. 

Stills from this movie are shown in Fig. 3.2. 

 

Movie 3.3: Ena localises to the leading edge of hemocytes during lateral migration 

Hemocytes co-expressing Ena-GFP (green) and mCherry-Moesin (red) were imaged live 

at stage 14 of embryonic development.  A timelapse movie reveals Ena-GFP at 

lamellipodial leading edges during lateral migration away from the ventral midline.  The 

scale bar represents 10µm; stills from this movie are shown in Fig. 3.4.  

 

Movie 3.4: Inactivating Ena reduces hemocyte dynamics and filopodia 

Hemocytes co-expressing cytoplasmic GFP and FP4Mito were imaged live at stage 15 

of embryonic development.  A timelapse movie reveals that these hemocytes are very 

static and rarely produce filopodia. The scale bar represents 10µm; stills from this movie 

are shown in Fig. 3.8 

 

Movie 3.5: WT hemocytes are dynamic and frequently produce filopodia 

Hemocytes expressing cytoplasmic GFP were imaged live at stage 15 of embryonic 

development.  A timelapse movie illustrates that these hemocytes are dynamic, forming 

lamellipodia from which extend several filopodia. The scale bar represents 10µm; stills 

from this movie are shown in Fig. 3.8 
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Movie 3.6: Overexpressing Ena increases hemocyte dynamics and filopodia 

Hemocytes co-expressing cytoplasmic GFP and Ena were imaged live at stage 15 of 

embryonic development.  A timelapse movie reveals that these hemocytes are very 

dynamic and producing numerous filopodia that are longer in length. The scale bar 

represents 10µm; stills from this movie are shown in Fig. 3.8. 

 

Movie 3.7: Overexpressing Abl reduces hemocyte dynamics and filopodial length 

Hemocytes co-expressing cytoplasmic GFP and Abl were imaged live at stage 15 of 

embryonic development.  A timelapse movie illustrates that these hemocytes are less 

dynamic than WT and although they produce filopodia they are frequently shorter in 

length. The scale bar represents 10µm; stills from this movie are shown in Fig. 3.11. 
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3.3 Discussion 

 

3.3.1 Ena localises to regions of actin dynamics in hemocytes 

These studies illustrate that Ena localises to the lamellipodial leading edge and 

the tips of filopodia in hemocytes in vivo (Fig. 3.1). This is consistent with 

previous findings of Mena and VASP localisation from fibroblasts, primary 

hippocampal neurons, melanoma cells and platelets in vitro (Gertler et al., 1996; 

Lanier et al., 1999, Reinhard et al., 1992; Rottner et al., 1999a). Hemocytes both 

in vivo and in vitro posses distinct puncta of Ena-GFP within their cell body 

(Fig. 3.1) and endogenous Ena also formed these puncta in hemocytes in vitro, 

suggesting they are not an artifact of the overexpression experiment (Fig. 3.1). 

They may be similar to the puncta observed in S2, leading edge (Gates et al., 

2007) and nurse cells (J. Zanet personal communication). Gates and colleagues 

proposed that these puncta were overexpression aggregates (Gates et al., 2007), 

given that the puncta are observed in WT hemocytes, it suggests that they are not 

overexpression aggregates, but they could be aggregates of surplus Ena. 

Particularly as Ena-GFP overexpression increases their intensity, suggesting that 

they become larger upon Ena-GFP expression. In light of findings by Schmauch 

and colleagues, that dVASP can oligomerise and form giant aggregates in 

Dictyostelium, this seems a plausible explanation for these puncta (Schmauch et 

al., 2009). In fibroblasts, Ena/VASP proteins also localised to puncta along stress 

fibres and focal contacts, which are yet to be detected in hemocytes (Gertler et 

al., 1996). 

 

In lamellipodia Ena is present at the leading edge during extension, but is lost 

upon retraction (Fig. 3.3), a finding that is consistent with studies of VASP-GFP 

dynamics in melanoma cell lines (Rottner et al., 1999a). This is somewhat 

expected as Ena/VASP proteins enable filament elongation, one would anticipate 

their loss upon filament retraction, allowing depolymerisation from the barbed 

end. More surprising was the retention of Ena-GFP at the tip of a subset of 

filopodia during retraction (Fig. 3.2). A similar phenomenon is reported in 

leading edge epithelial cells during dorsal closure and the authors suggest that 
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this difference in retraction could be caused by how the filopodium retracts. 

Indeed, when Ena is retained at the tip, depolymerisation and/or retrograde flow 

at the base of the filopodia may allow filopodial collapse and retraction (Gates et 

al., 2007). This implies that more than one mechanism for filopodial retraction 

may exist and could explain the phenotype observed here. However, if this 

occurs in filopodia why does it not occur within puncta along the lamellipodia 

leading edge? Perhaps it is more difficult for Ena to escape from filopodia 

leading to retention at the tip. This seems somewhat unlikely, as work by 

Applewhite and colleagues determined that whilst Ena/VASP proteins do not 

diffuse from the filopodial tip during extension, this retention was not caused by 

an inability of new protein to diffuse in from the cytoplasm. This suggests that 

during retraction protein will diffuse out. However, using fluorescence recovery 

after photobleaching (FRAP) these authors demonstrated that Ena/VASP 

proteins undergo continual cycling at the lamellipodial leading edge (Applewhite 

et al., 2007). This suggests that Ena/VASP kinetics in these two structures are 

different, and may help to explain why Ena is retained at filopodial tips during 

retraction, but not the lamellipodial leading edge. 

 

3.3.2 FP4Mito expression is more efficient at reducing Ena activity  

Two independent means were used to impair Ena function in order to determine 

its role in hemocytes. The first was mislocalising and inactivating Ena by 

expressing FP4Mito within the hemocytes using the Gal4-UAS system and the 

second was to determine whether overexpressing Abl attenuated Ena activity. 

Interestingly, using FP4Mito reduced lamellipodial and filopodial dynamics (Fig. 

3.7-3.9) as has been reported previously (Bear et al., 2002; Chang et al., 2006; 

Han et al., 2002; LeBrand et al., 2004), whilst overexpressing Abl had the 

greatest effect upon filopodial length (Fig. 3.10) and only reduced lamellipodial 

area and dynamics slightly (Fig. 3.11). This suggests that FP4Mito may be more 

effective at reducing Ena activity, especially as Abl overexpression was unable 

to induce some of the phenotypes previously reported upon Ena inactivation, 

such as a reduction in lamellipodial protrusion rate (Bear et al., 2002). However, 

FP4Mito also sequesters Dia in epithelial cells (Homem and Peifer, 2009) and 



Chapter 3: Ena positively regulates hemocyte morphology and dynamics 
 

103 

this was observed in hemocytes. Nonetheless Ena was required for this 

sequestration implicating Ena as a key regulator of Dia localisation and 

suggesting that any method that targets Ena activity could inadvertently effect 

Dia, a potentially key downstream effecter or partner of Ena.  

 

Clearly expressing FP4Mito is a more robust method of inactivating Ena than 

overexpressing Abl, as more severe phenotypes were observed. Perhaps the Abl 

construct was expressed more weakly in hemocytes, this seems unlikely as the 

same number and type of drivers were used for FP4Mito and Ena expression, 

although saturation could be tested by overexpressing Ena with Abl. 

Furthermore, determining whether using additional or stronger hemocyte drivers 

could induce a more severe phenotype in terms of Ena inactivation would be 

interesting, as it may help identify whether there is only mild suppression of Ena 

or whether the phenotypes observed are due to Abl targeting other cytoskeletal 

regulators. 

 

One key difference between these two methods was observed: when Abl was 

overexpressed smaller lamellipodia were formed, but FP4Mito expression 

increased lamellipodial area. Presumably this was caused by Abl targeting other 

proteins that are involved in cytoskeletal regulation, such as WAVE, an activator 

of the Arp2/3 complex (Huang et al., 2007; Stuart et al., 2006), which is involved 

in the formation of a branched network within the lamellipodia. However, as Abl 

positively regulates this protein (Stuart et al., 2006), it is unlikely to explain the 

decrease in lamellipodial area observed here. Instead this illustrates that Abl 

could be effecting a whole host of downstream targets that could potentially be 

implicated in lamellipodial formation. Other positively regulated targets of Abl 

include Profilin (Wills et al., 1999), the Cyclase Associated Protein (CAP) 

(Baum and Perrimon, 2001; Wills et al., 2002) and Orbit (Lee et al., 2004). 

Indeed, Orbit, a microtubule bundling protein, is implicated in cell polarity and 

contact inhibition in hemocytes (Stramer et al., 2010). It is possible that Abl may 

regulate Orbit in these cells, especially as Abl overexpressing hemocytes clump 

together (movie 3.7), suggesting a contact inhibition defect similar to that 
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observed upon Orbit misregulation (Stramer et al., 2010). Taking into account 

that Abl probably regulates other cytoskeletal regulators in hemocytes and that 

FP4Mito expression induces more severe phenotypes, using FP4Mito to 

inactivate Ena seems the preferable strategy to overexpressing Abl.  

 

3.3.3 Ena positively regulates filopodial dynamics in hemocytes in vivo 

Ena has been reported to regulate filopodial number and length in several 

different systems, including hippocampal neurons in culture (LeBrand et al., 

2004), fibroblasts (Applewhite et al., 2007), melanoma cells (Mejillano, et al., 

2004), C. Elegans HSN growth cones (Chang et al., 2006) and Dictyostelium 

(Han et al., 2002). Additionally it is now clear that Ena positively regulates both 

filopodial number and length in Drosophila hemocytes (Fig. 3.7), which suggests 

that regulating filopodia is a conserved role of Ena/VASP proteins. Furthermore, 

overexpression of Ena increases the number of filopodia (Fig. 3.7), 

demonstrating that Ena may be a limiting factor in filopodial formation in 

hemocytes. Indeed as Ena appears to be required for oligomerising the barbed 

ends of actin filaments enabling filopodial formation (Applewhite et al., 2007), 

increasing the amount of Ena would enable more filaments to bundle and 

increase filopodial initiation.  

 

Ena inactivation does not totally ablate filopodia, and as all detectable Ena was 

recruited to the mitochondria upon FP4Mito overexpression in hemocytes (Fig. 

3.5), these filopodia are unlikely to be created by residual Ena. Instead the 

filopodia are likely to be formed by a different mechanism such as de novo 

formation and/or incorporate alternative proteins such as Dia. Indeed, Dia was 

observed within the filopodia of fixed hemocytes in vitro even upon expression 

of FP4Mito (data not shown), suggesting that this protein may play a role in 

filopodial formation in the absence of Ena in hemocytes. Furthermore, in other 

systems Dia is sufficient to initiate filopodial formation (Block et al., 2008; 

Steffen et al., 2006) and a similar Dia-regulated compensatory mechanism was 

recently demonstrated in leading edge epithelial cells during dorsal closure upon 

Ena inactivation (Homem and Peifer, 2009). This suggests that in Drosophila 



Chapter 3: Ena positively regulates hemocyte morphology and dynamics 
 

105 

Ena/VASP proteins and Formins may be able to form filopodia independently of 

one another.  

 

3.3.4 Ena increases hemocyte lamellipodial dynamics in the Drosophila 

embryo 

Ena also regulates lamellipodial dynamics; and has been studied extensively in  

fibroblasts in vitro (Bear et al., 2002). Kymography illustrated that Ena 

overexpression drives lamellipodia protrusion, but these protrusions were less 

persistent, creating dynamic, “shark-teeth” like protrusions (Bear et al., 2002). 

Consistently, Ena inactivation reduced lamellipodial dynamics, creating “dune” 

like protrusions that protruded very slowly although these protrusions were more 

persistent (Bear et al., 2002). Similar changes in lamellipodial dynamics were 

found upon Ena overexpression and inactivation in hemocytes in vivo (Fig. 3.9), 

suggesting that the mechanisms by which Ena/VASP proteins regulate 

lamellipodial dynamics are conserved between these systems.  

 

In fibroblasts, the ability of Ena/VASP proteins to regulate lamellipodial 

dynamics was attributed to their effects on the actin network (Bear et al., 2002). 

Indeed, targeting Ena/VASP proteins to the leading edge created a more linear, 

less branched actin network, which presumably enables faster protrusion, but is 

prone to buckling leading to less persistent protrusions. Whereas Ena inactivation 

lead to the formation of a highly branched network with shorter filaments, which 

seemed to allow slower lamellipodial protrusion but was more stable (Bear et al., 

2002). It is tempting to speculate that given the similarity in lamellipodial 

protrusion between the two systems that a similar change may occur in 

hemocytes. However, hemocytes also express high levels of Fascin, an actin 

bundling protein, which creates a large number of actin struts within these cells 

(Zanet et al., 2009), whereas fibroblasts are reported to express far lower levels 

(Yamashiro, et al., 1998). This suggests that the actin network within hemocytes, 

may already be arranged into very linear networks and it will be interesting to 

determine what effect Ena misregulation has upon the actin network here.  
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Misregulating Ena also altered lamellipodial area, with both Ena overexpression 

and inactivation increasing the size of this structure. A similar increase in 

lamellipodial area was observed in Drosophila leading edge epithelial cells upon 

Ena overexpression, however, inactivation of Ena reduced lamellipodial area in 

these cells (Homem and Peifer, 2009). This implies that Ena has some cell type 

specific effects, most likely dependent upon the levels and activities of other 

actin regulatory proteins within the cell.  

 

3.3.5 Abl regulates hemocyte filopodial length  

Ena activity also appeared attenuated by Abl overexpression, with many of the 

phenotypes observed upon Ena overexpression being reversed by Abl, albeit very 

subtly in some cases. One key difference was a reduction in filopodia length 

(Fig. 3.10). This is consistent with studies in Drosophila cell culture and 

epithelial leading edge cells where Abl was found to negatively regulate 

filopodial length (Gates et al., 2007; Stevens et al., 2008) and is believed to 

antagonise Ena localisation (Gates et al., 2007). Given that Abl negatively 

regulates filopodia in hemocytes a similar mechanism may occur here.  

 

More recently, an alternative method of Ena/VASP regulation by Abl was 

proposed, after Michael and colleagues found that Abl kinases phosphorylate 

Lamellipodin, a protein that recruits Ena/VASP proteins to the leading edge 

(Michael et al, 2010). Interestingly, this phosphorylation was required for 

Ena/VASP protein recruitment, suggesting that in these cells Abl positively 

regulates the localisation of Ena/VASP proteins. Considering the negative 

regulation of hemocyte morphology by Abl, it seems more likely that this kinase 

is antagonising Ena activity and possibly localisation here. But the fact that Abl 

has opposing effects upon Ena/VASP proteins in different cells, suggests that 

either the manner in which these proteins are regulated is cell specific or perhaps 

the method is not conserved between mammals and Drosophila. Indeed, none of 

the six-phosphorylation sites in Ena are conserved in other Ena/VASP proteins 

(Moresco and Koleske, 2003), suggesting Abl may regulate Ena/VASP proteins 

differently in Drosophila. Consistent with this Abl positively regulates primary 
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mammalian hippocampal nerve outgrowth in an Ena/VASP dependent manner 

(Michael et al., 2010), whereas Abl negatively regulates Ena in Drosophila 

neurons (Gertler et al., 1995). However, as Drosophila express a homologue of 

Lamellipodin, Pico, Ena regulation by Abl may be more complex in this system. 

Nonetheless, if Abl regulates Ena/VASP proteins in a different manner in 

mammals it may explain why in mammalian systems Abl increases filopodial 

length but in Drosophila it reduces their length (Gates et al., 2007; Woodring et 

al., 2002; Woodring et al., 2004). 

 

One difference between epithelial cells and hemocytes is that Abl expression 

decreases the number of filopodia in epithelia and Drosophila cell lines (Gates et 

al., 2007) but has no effect upon their number in hemocytes. This may be caused 

by differences in the ratios of proteins within the cells, for example lower levels 

of CP increase filopodial number (Mejillano et al., 2004). Nonetheless, given the 

ability of Ena to oligomerise and the role this is believed to play in filopodial 

formation (Svitkina et al., 2003; Applewhite et al., 2007), this is slightly 

surprising. Perhaps there are other proteins that can compensate for a loss of Ena 

activity in hemocytes in terms of filopodial initiation but are unable to fully 

extend the filopodia they have initiated. Indeed, when FP4Mito is expressed 

some Dia is sequestered at the mitochondria with Ena. Since this will not occur 

on Abl overexpression perhaps there is more Dia available to initiate filopodia. 

Alternatively, as Abl has an F-actin binding domain, which bundles actin and 

promotes filopodial formation through an unknown mechanism (Van Etten et al., 

1994; Woodring et al., 2002), Abl could potentially initiate the formation of 

these filopodia itself.  

 

3.3.6 Abl overexpression reduces lamellipodial area 

A minor reduction in lamellipodial area and dynamics was observed upon Abl 

overexpression (Fig. 3.11) and this is consistent with Stevens and colleagues 

finding that Abl overexpression decreases lamellipodial area in leading edge 

cells (Stevens et al., 2008). However, whilst lamellipodial extension was 

attenuated during cell spreading in culture (Jin and Wang, 2007), other studies 
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suggest a more positive role for Abl in lamellipodial formation (Huang et al., 

2007; Sossey-Alaoui et al., 2007; Stuart et al., 2006). This implies that the 

mechanisms by which Abl regulates lamellipodial area could be more complex 

and highly dependent upon cell type, the ratios of proteins expressed and 

possibly even the signalling states of cells when cultured in vitro. However, as 

FP4Mito expression in hemocytes increased lamellipodial area, this suggests that 

the mechanism by which Abl regulates lamellipodial area could be Ena-

independent. Indeed, other proteins that could potentially be implicated include 

CAP, which is positively regulated by Abl and antagonises Ena, sequestering 

monomeric actin and preventing its incorporation into filaments (Baum and 

Perrimon, 2001).  

 

Abl overexpression also reduced lamellipodial dynamics (Fig. 3.11), but further 

investigation revealed only a slight decrease in lamellipodial protrusion rate (Fig. 

3.12) and this was not significant. As Abl overexpression significantly reduced 

the change in lamellipodial area per second, this is slightly surprising. However, 

this data set is considerably larger and perhaps with a larger N number the 

difference in protrusion rate would be significant. Indeed, Abl overexpression 

reduced both parameters by a similar amount (16% for change in lamellipodial 

area and 17% for protrusion rate). Nonetheless, the ability of Abl to only slightly 

retard lamellipodial dynamics implies that either Abl targets other proteins in 

addition to Ena like Profilin, which may have a positive effect upon dynamics, or 

perhaps Abl is more important in regulating Ena function within filopodia. 

Presumably this could occur if Abl was recruited specifically to filopodia, 

perhaps by other components of the tip complex. Alternatively, Ena/VASP 

protein dynamics appear to be regulated differently in lamellipodia and filopodia. 

Indeed, in lamellipodia, Ena/VASP proteins are frequently found to associate and 

disassociate with the lamellipodial leading edge, whilst in filopodia, once these 

structures are formed, Ena/VASP proteins are retained at the tip (Applewhite et 

al., 2007). Therefore in lamellipodia, once Abl has antagonised these proteins 

they will probably dissociate away, enabling new protein molecules to associate. 

Presumably these will be briefly active until Abl can inactivate them, increasing 
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lamellipodial protrusion until then. In filopodia, however, once Ena has been 

antagonised, new protein is unable to associate with the tip and so Abl could 

potentially inhibit all Ena activity. Interestingly, this change in kinetics occurs 

after filopodial initiation, which may explain why no reduction in filopodial 

number was observed upon Abl overexpression (Applewhite et al., 2007). 

 

3.3.7 Conclusions 

Ena localises to the leading edge of the lamellipodia and tips of filopodia in 

hemocytes in vivo, which is consistent with previous mammalian and Drosophila 

studies. Also illustrated previously was the ability of Ena/VASP proteins to 

regulate filopodial and lamellipodial protrusion and here Ena regulates filopodial 

number and length as well as lamellipodial protrusion and persistence in 

hemocytes within the Drosophila embryo. Furthermore, FP4Mito expression 

results in a more severe phenotype than Abl expression. Taking this into account 

and the fact that Dia sequestration appears to be Ena dependent and thus may be 

indistinguishable from Ena inactivation, expressing FP4Mito to reduce Ena 

activity appears the more effective method of inactivating Ena in hemocytes.  
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Chapter 4: Ena drives invasive macrophage migration in 

Drosophila embryos 

 

Chapter 4.1: Introduction 

4.1.1 Cell migration a role for Ena/VASP proteins 

In order for cells to migrate in a coordinated fashion they undergo a cycle of 

different steps. Initially, cells polarise in response to a chemoattractant and begin 

to polymerise F-actin at the leading edge, enabling membrane protrusion and 

lamellipodial and filopodial formation. These protrusions subsequently become 

anchored to the extracellular substrate via the transmembrane receptors of 

integrins. Integrins are coupled to the cytoskeleton, which enables them to 

transduce the force that is created when myosin contracts the actin network. This 

contraction imposes retrograde pulling forces upon the integrins, which enable 

forward locomotion of the cell body. Finally, there is disassembly of adhesions at 

the rear of the cell and retraction of the trailing edge (reviewed in Ridley et al., 

2003). Given that Ena/VASP proteins are observed at focal adhesions in 

fibroblasts (Gertler et al., 1996) and localise to filopodial tips and the 

lamellipodial leading edge in hemocytes (Fig. 3.1), where they regulate 

lamellipodial dynamics (Fig. 3.8) (Bear et al., 2002), it seems likely that these 

proteins will be involved in regulating cell migration speeds.  

 

4.1.2 Ena/VASP proteins positively regulate Listeria motility in cells 

Although quite different mechanistically, Ena/VASP proteins were originally 

found to regulate the motility of the intracellular bacteria Listeria 

monocytogenes. Indeed, the Listeria protein ActA, which is a multidomain 

protein found on the bacterial surface, interacts with host cell proteins to trigger 

the formation of actin tails (Domann et al., 1992; Kocks et al., 1992; Lasa et al., 

1997; Pistor et al., 1995). Ena/VASP proteins are recruited to ActA by proline-

rich repeats, which bind the EVH1 domain of this family of proteins (See Fig. 

4.1 for domains) (Niebuhr et al., 1997). Knock down of Ena/ VASP proteins or 

mutation of the proline-rich repeats reduced pathogenicity and retarded bacterial 
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motility in a dose dependent manner, although it did not prevent an actin cloud or 

short actin tails from forming around the bacterium (Lasa et al., 1997; Laurent et 

al., 1999; Loisel et al., 1999; Niebuhr et al., 1997; Smith et al., 1996). This 

illustrates that Ena/VASP recruitment is essential for Listeria intracellular 

motility and positively regulates cell migration in this context.  

 

4.1.3 Ena/VASP proteins negatively regulate fibroblast migration in vitro 

In contrast to the results presented for Listeria, fibroblast Rat2 cells expressing 

FP4Mito migrated at faster speeds, whilst cells in which Ena/VASP proteins had 

been recruited to the membrane translocated at reduced speeds (Bear et al., 

2000). Consistently, fibroblasts lacking all endogenous Ena/VASP proteins 

(MV
D7

 cells) translocated faster than derivative cells that re-expressed Mena 

(Bear et al., 2000). Indicating that Ena/VASP proteins negatively regulate 

fibroblast translocation rates in vitro. However, this hypothesis seems rather 

paradoxical given that Ena/VASP proteins positively regulate lamellipodial 

dynamics. Bear and colleagues suggest that rather than migration speed being 

influenced by lamellipodial protrusion rate, the persistence of these protrusions is 

more important in determining speed (Bear et al., 2002).  

 

The contribution of different parts of the Ena/VASP protein to random cell 

migration has also been identified by the reintroduction of Mena deletion 

mutants into the MV
D7

 cell line (see Fig. 4.1 for domains and functions) 

(Loureiro et al., 2002). Mutants lacking regions of the proline-rich domain 

localised normally to focal adhesions and the leading edge and had no effect 

upon random migration speeds, illustrating that the Profilin and ligand 

recruitment mediated by this region is dispensable for localisation and random 

motility. The F-actin binding site (FAB) domain, however, is essential for proper 

motility and for efficient Ena/VASP recruitment to the leading edge, but not 

focal adhesions (Loureiro et al., 2002). These results contrast to observations of 

Listeria motility where the FAB domain was dispensable for motility and the 

proline-rich region was required (Geese et al., 2002 and Loureiro et al., 2002). 

This suggests that these two migratory models require distinct functions of  
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Figure 4.1: Domain structure of Ena/VASP proteins 

The N-terminal Ena-VASP homology domain (EVH)1 and C-terminal EVH2 domains 

are indicated sandwiching the proline-rich region. The EVH1 domain mediates 

interactions with other proteins, most of which bind the consensus sequence 

(D/E)FPPPPX(D/E)(D/E). The proline-rich region contains binding sites for Profilin. 

The EVH2 domain contains three separate regions from the N-terminus, these are: a G-

actin binding site (GAB), an F-actin binding site (FAB) and a coiled-coil domain that 

mediates tetramerisation. Based on a figure in Bear and Gertler, 2009. 

 

Ena/VASP proteins, and utilise these functions in very different ways (Loureiro 

et al., 2002). Finally, mutating the coiled-coil domain did not prevent localisation 

to focal adhesions, but inhibited leading edge localisation and partially retarded 

migration speeds, indicating that oligomerisation is required for the correct 

targeting of Ena and efficient migration in fibroblasts (Loureiro et al., 2002).  

 

4.1.4 The role of Ena/VASP proteins at focal adhesions  

The role of Ena/VASP proteins at focal adhesions has also been studied in 

fibroblasts in vitro, where they selectively de-localised these proteins from focal 

adhesions, but not the leading edge, using a FPPPP (FP4) construct FP4Cyto. 

Expression of this construct in fibroblasts did not affect the speed of migration 

on a fibronectin substrate, suggesting that Ena/VASP proteins do not have a 

critical role in focal adhesions in this form of migration. Furthermore, the 

composition, number and morphology of focal adhesions appeared to be 

unaffected by the loss of Ena/VASP proteins (Bear et al., 2000). This suggests 

that the ability of Ena/VASP proteins to regulate lamellipodial dynamics is more 

important in determining migration speeds.  

 

Although the ability of Ena/VASP proteins’ to localise to focal adhesions did not 

appear to regulate migration speed, it was only recently that the role of these 
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proteins at focal adhesions was addressed. Indeed, Delon and Brown showed that 

loss of !PS1"PS and "PS integrins in Drosophila during epithelial 

morphogenesis lead to increased levels and aggregates of Profilin, Dia and Ena 

within the cytoplasm (Delon and Brown, 2009). As all three proteins induce de 

novo actin polymerization at integrin adhesions (Chakraborty et al., 1995; 

Reinhard et al., 1995; Butler at al., 2006), it may explain the increase in F-actin 

that is observed upon integrin knockdown. Why these proteins are 

downregulated by integrins is unknown, but the authors suggest that partial 

suppression of these proteins within the cell may control the amount of F-actin 

that is incorporated into stress fibres (Delon and Brown, 2009). Furthermore, 

Gupton and Gertler have illustrated that during neuritogenesis, integrin activation 

switches cytoskeletal dynamics and exocytosis from being controlled in an Ena-

dependent method to an Ena-independent method (Gupton and Gertler et al, 

2010). Together this data suggests that complexes containing integrins sequester 

Ena/VASP proteins and in doing so regulate their involvement in distinct 

processes within the cell. 

 

4.1.5 Ena/VASP proteins increase breast carcinoma cell motility and 

metastasis 

Interestingly, whilst upregulation of Ena/VASP proteins decreases fibroblast 

migration in vitro, all three mammalian homologues of Ena are found 

upregulated in a variety of different cancers, not only in animal models but also 

in humans (Di Modugno et al., 2006; Goswami et al., 2009; Hu et al., 2008; 

Robinson et al., 2009; Toyoda et al., 2009; Wang et al., 2004; Wang et al., 2007; 

Zhang et al., 2009). Indeed, Mena is upregulated up to four times in breast cancer 

and melanoma (Di Modugno et al., 2004) and this elevated expression correlates 

with increased invasiveness of breast tumours (Di Modugno et al., 2006). 

Furthermore, Mena expression correlates with the progressive transformation of 

pre-cancerous cervical and colonic lesions (Gurzu et al. 2008; Gurzu et al., 

2009). This and other work has lead to Mena being used as a marker of 

metastatic risk (Robinson et al., 2009). 
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Figure 4.2: Mena domain structure illustrating the insertion sites of the 

alternatively spliced constructs INV and 11a  

The LERER repeats are unique to Mena (Gertler et al., 1996). Mena
INV

 includes a 19 

amino acid insertion and Mena
11a

 a 21 amino acid insertion (Di Modugno, et al., 2007; 

Gertler et al., 1996; Urbanelli et al., 2006). Based on a figure from Gertler and 

Condeelis, 2011.

 

Mena can be alternatively spliced into four different exons, the best characterised 

of which are the Mena invasion (
INV

) isoform, that contains an insertion of 19 

amino acids between the EVH1 domain and the LERER repeats (Gertler et al., 

1996; Urbanelli et al., 2006), and the Mena
11a

 isoform, which contains a 21 

amino acid insertion in the EVH2 domain (Fig. 4.2; Di Modugno, et al. 2007). 

Up until recently, Mena
INV

 was believed to be expressed primarily in the axons 

of developing neurons (Gertler et al., 1996) and Mena
11a

 in epithelial cancer cells 

(Di Modugno et al., 2007). However, expression profiling of cells collected via 

the invasion assay has illustrated that Mena
INV

 is specifically upregulated, whilst 

Mena
11a

 is downregulated in migratory/macrophage associated tumour cells 

compared to average primary tumour cells, which were isolated from the same 

mouse and rat mammary tumours by fluorescence-activated cell sorting (FACS) 

(Philippar et al., 2008). Indeed, expression of Mena
INV

 reduced primary tumour 

cohesion (Roussos et al., 2011a), but increased invasion, intravasation, motility, 

epidermal growth factor (EGF) sensitivity and metastasis to the lungs (Philippar 

et al., 2008, Roussos et al., 2011b). Furthermore, overexpression of Mena also 

increases many of these parameters, although this deregulation by Mena 

overexpression alone was not always significant (Philippar et al., 2008; Roussos 

et al., 2011a). Consistently in Mena null mice, invasion, intravasation, motility 

and metastasis were all reduced (Roussos et al., 2010). This implies that Mena 

positively regulates many steps required for cancer progression. 
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4.1.6 Experimental aims 

As discussed previously, in fibroblast studies in vitro, Ena/VASP proteins 

negatively regulate cell migration speeds (Bear et al., 2000) whilst in cancer 

studies these proteins promote motility and metastasis (Philippar et al., 2008). In 

light of this contradictory data and the fact that hemocytes regulate lamellipodial 

dynamics in a similar manner to fibroblasts in vitro, these Drosophila immune 

cells were used to determine the effect of misregulating Ena/VASP proteins on 

migration speeds in a variety of different contexts. Using data collected here and 

comparing this to previous studies I attempt to reconcile the differences between 

these in vivo and in vitro studies.  
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4.2 Results 

 

4.2.1. Overexpression and inactivation of Ena does not effect gross hemocyte 

dispersal 

Initially, the effect of misregulating Ena on hemocyte dispersal was determined. 

During development hemocytes follow highly stereotyped routes to distribute 

fully through the embryo (Tepass et al., 1994; Wood et al., 2006) and the 

disruption of actin binding proteins such as Fascin and upstream regulators of the 

cytoskeleton like Rac, compromises hemocyte migration along these routes 

(Stramer et al., 2005; Zanet et al., 2009). To determine whether misregulating 

Ena function prevented hemocytes from following their developmental 

migrations, wild-type (WT) embryos and those with increased or inactivated Ena 

were fixed and immunostained to reveal hemocyte distribution at different stages 

of development.  

 

During development, hemocytes first migrate out of the head at late stage 10 and 

penetrate the germ band before it retracts at stage 12 of development (Fig. 4.3F, 

arrowhead). These hemocytes are then transported to the rear of the embryo 

during germ band retraction and a separate population migrates along the ventral 

nerve cord (VNC) towards the posterior of the embryo (Fig 4.3G, arrow). These 

two populations of hemocytes migrate towards one another between the VNC 

and the ventral epidermis (Fig. 4.3 H, arrow). At stage 14 of development the 

hemocytes form a single line down the midline of the embryo (Fig. 4.3I), and 

some of these cells then migrate laterally to form the three parallel lines seen at 

stage 15 of development (Fig. 4.3J; Wood et al., 2006). Interestingly, inactivation 

and overexpression of Ena did not appear to affect hemocyte developmental 

migrations, with hemocytes entering the germ band (Fig. 4.3A and K), migrating 

along the VNC from both the anterior (Fig. 4.3B and L) and the posterior (Fig. 

4.3C and M). Later the hemocytes could be seen forming a single line (Fig. 4.3D 

and N) and eventually three parallel lines (Fig. 4.3E and O). This illustrates that 

overexpressing or inactivating Ena has no severe effects upon hemocyte 

dispersal.
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Figure 4.3: Neither Ena overexpression nor inactivation effect gross 

hemocyte dispersal 

(A-O) Images of Drosophila embryos illustrating hemocyte dispersal at different stages 

of development. Embryos contained hemocytes, which were WT (F-J), expressing 

FP4Mito (A-E) or overexpressing Ena (K-O). Hemocytes within the embryos were 

stained with anti-GFP (red) and the embryo with anti-armadillo (green). All images were 

taken with the anterior to the left and posterior to the right. Images denoted by A-C, F-H 

and K-M were imaged laterally and those labelled D-E, I-J and N-O taken ventrally. A, 

F and K illustrate early stage 12 of development, when hemocytes in the head mesoderm 

migrate into the extended germ band (arrowhead in F). B, G and L show hemocytes 

migrating along the ventral nerve cord from the anterior of the embryo towards the 

posterior at late stage 12 of development (arrow in G). C, H and M, illustrate hemocytes 

from the anterior migrating along the midline to the posterior and hemocytes from the 

posterior migrating towards the anterior (arrows in H). D, I and N are taken at stage 14 

of development where these two populations of hemocytes have met and formed a single 

line of cells along the midline. E, J and O are taken at stage 15 of development and 

shows the hemocytes in three parallel lines. Importantly, no difference was observed in 

the developmental timings of hemocyte migration when Ena was inactivated (A-E 

compared to F-J) or overexpressed (K-O compared to F-J). All scale bars indicate 50µm. 
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Close quantification revealed, however, that fewer hemocytes reached the 

midline at stage 14 of development when FP4Mito was expressed; 22.4 

hemocytes were observed there compared to 31.0 hemocytes for embryos 

containing WT cells (P = 1.2 ! 10
-6

, N = 17 embryos for FP4Mito, N = 11 

embryos for WT). Furthermore, in WT embryos at stage 14 of development, 

hemocytes had migrated along the entire length of the VNC, but upon FP4Mito 

expression in these cells, 50% of embryos had hemocytes lacking from an 

average of 2.4 segments (N = 30 embryos for WT, N = 32 embryos for 

FP4Mito). Therefore Ena inactivation may delay hemocyte migration along these 

routes and reduce the numbers that migrate to the midline. It would be interesting 

to identify whether this decreased number of hemocytes at the midline is caused 

by a reduction in the overall number of migratory cells or an inability to migrate 

out from the head mesoderm. 

 

4.2.2 Ena positively regulates hemocyte migration speeds during lateral 

migration 

Although altering Ena levels did not severely disrupt hemocyte migrations 

during Drosophila development, only fixed time points were observed and it is 

possible that more subtle defects were missed. So to investigate hemocyte 

migration in more detail, these cells were imaged live as they migrated laterally. 

This migration was observed as it is a highly directional and stereotyped 

migration that is already well characterised (Wood et al., 2006). Cytoplasmic 

GFP was expressed within hemocytes to visualise them whilst they were 

migrating. Timelapse movies of these hemocytes were made and subsequently 

tracked to determine directionality and migration speeds. Consistent with 

previous published data, hemocytes migrate out from the midline (Fig. 4.4A 

arrow) to form three parallel lines (Fig. 4.4A arrowheads) and neither Ena 

overexpression nor inactivation prevented this migration (Fig 4.4B compared to 

Fig 4.4A and 4.4C). WT hemocytes migrated laterally at an average speed of 

1.8µm/min, which is consistent with previously published data (N = 53 

hemocytes from 3 embryos; Fig. 4.4G and Table 4.1) (Wood et al., 2006). 

However, in contrast to studies with fibroblasts in vitro (Bear et al., 2000), Ena 
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overexpression increased hemocyte migration speeds by 33% on average (P = 

2.1 ! 10
-3

, N = 51 hemocytes from 3 embryos; Fig. 4.4G and Table 4.1). 

Consistently, hemocyte lateral migration speeds were reduced by an average of 

22% when Ena was inactivated (P = 1.1 ! 10
-5

, N = 46 hemocytes from 7 

embryos; Fig. 4.4G and Table 4.1), suggesting that in hemocytes in the 

developing Drosophila embryo, Ena positively regulates lateral migration speed 

(Fig. 4.4G and Table 4.1).  

 

Analysis of hemocyte directionality during lateral migration revealed that WT 

hemocytes migrate out from set exit points along the midline and migrate 

perpendicularly to positions flanking the developing nerve cord (Fig. 4.4E). A 

similar distribution of tracks was visualised when Ena was both inactivated and 

overexpressed (Fig. 4.4E compared to Fig 4.4D and Fig. 4.4F), implying that Ena 

misregulation has no effect upon hemocyte directionality during this migration.  

 

4.2.3 Overexpression and inactivation of Ena does not affect directionality 

To investigate directionality further, the tracks of all laterally migrating 

hemocytes for each phenotype were plotted on a single graph, with each track 

initiated from the same point (Fig. 4.5A-C). This was undertaken to illustrate the 

distribution of tracks and revealed that there was no obvious difference between 

Ena overexpression or inactivation and WT (Fig. 4.5A-C). This same data was 

also plotted in Rose plots, in which the radius of each sector is proportional to 

the number of hemocytes that have migrated out at that angle from the origin. 

Therefore, the longer the sector, the more hemocytes that have migrated out at 

this angle from the start point. For WT, the highest frequencies are found around 

a horizontal line from the origin, with lower frequencies above and below this 

line, indicating that the majority of hemocytes migrate out at around 90° to the 

midline (Fig. 4.3E). When Ena is overexpressed and inactivated, this general 

trend is observed, however, there is some skewedness towards one side, in 

particular the left, when Ena is overexpressed (Fig. 4.3D, F). This is likely to be 

caused by the position of the embryo and the ability to track hemocytes 

migrating, rather than there being a bias to migrate laterally in one particular
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Figure 4.4: Ena positively regulates hemocyte migration speeds during 

lateral migration 

(A-C) Hemocytes expressing GFP and FP4Mito (FP4), GFP alone (WT), or GFP and 

Ena (Ena) were imaged live as they migrated laterally, from the midline (arrow in A) to 

the edges of the VNC (arrowheads in A) from stage 14 of development. (D-F) Tracks of 

FP4, WT and Ena hemocytes undergoing lateral migration reveal the directionality of 

migration. (G) Box and whisker plot for FP4 (green boxes in graphs), WT (blue boxes) 

and Ena (purple boxes) hemocytes showing lateral migration speed for each genotype. 

WT hemocytes migrated at average speeds of 1.8µm/min (N = 53 hemocytes from 3 

embryos), inactivating Ena reduced average migration speeds to 1.4µm/min (P = 1.1 ! 

10
-5

, N = 46 hemocytes from 7 embryos), whilst overexpressing Ena increased average 

migration speed to 2.4µm/min (P = 2.1 ! 10
-3

, N = 51 hemocytes from 3 embryos). This 

suggests that Ena positively regulates hemocyte lateral migration. Asterisks (*) denote P 

< 0.05 (t-test). Scale bars represent 20µm.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 4.4: 

 



 

 

 

Table 4.1: Ena positively regulates hemocyte migration speeds in vivo 

 

 

 

 

 

 

 

 

 

    Migration Speed 

  

  

Lateral 

migration 

(µm/min) 

Migration to 

wounds 

(µm/min) 

Random 

migration 

(µm/min) 

FP4Mito  

average 

p value 

standard deviation 

 

1.4 

1.1 ! 10
-5 

0.47 

1.3 

1.2 ! 10
-2 

0.37 

0.87 

4.3 ! 10
-5 

0.26 

WT  

average 

p value 

standard deviation  

1.8 

n/a 

0.49 

1.6 

n/a 

0.39 

1.4 

n/a 

0.47 

Ena  

average 

p value 

standard deviation 

 

2.4 

2.1 ! 10
-3 

1.2 

1.9 

1.7 ! 10
-2 

0.50 

1.6 

4.4 ! 10
-2 

0.48 
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direction. Finally, hemocyte directionality can be calculated by dividing the 

euclidean distance or shortest distance between the start and finish points, by the 

cell path or the route taken by the hemocyte. This value can be converted to give 

a percentage, with a value of 100% indicating straight motion and 0% non-

straight motion. This reveals that WT hemocytes are directional with a value of 

78.3% (N = 53 hemocytes from 3 embryos, Fig. 4.3G), whilst overexpressing 

and inactivating Ena do not affect directionality (76.8%, P = 0.61, N = 51 

hemocytes from 3 embryos for Ena; 79.8%, P = 0.65, N = 46 hemocytes from 7 

embryos for FP4Mito). This data suggests that Ena controls cell speed 

independently of signalling events that might be required to direct this migration.  

Furthermore, as Ena inactivation severely reduces filopodial number (Fig 3.7), 

but has no effect upon directionality, it implies that filopodia may not be critical 

in sensing lateral cues or in generating the mechanical force required for lateral 

migration itself.  

 

4.2.4 Altering Ena levels in hemocytes has no affect on neural development  

As Ena affects hemocyte migration speeds and there is interdependence between 

neuronal development and hemocyte migration (Evans et al., 2010a) with a lack 

of hemocytes migrating along the VNC attenuating central nervous system 

(CNS) patterning and condensation (Olofsson and Page, 2005; Sears et al., 

2003), I wondered whether neuronal development was perturbed when Ena was 

inactivated or overexpressed. To this end, stage 15 embryos were fixed, and 

stained with the monoclonal antibody 22c10 to reveal neuronal development. 

The antibody 22c10 detects Futsch, a microtubule-associated protein that is 

expressed in parts of the CNS and all neurons in the peripheral nervous system 

(PNS) (Hummel et al., 2000). Futsch expression is first detected in the MP2 

neurons of CNS in stage 11 embryos, when both dMP2 and vMP2 cells are 

labelled prior to the onset of axiogenesis. By stage 13, several interneurons and 

motorneurons express Futsch within their cell bodies and axonal trajectories, 

including VUM axons that originate in the midline and bifurcate at the anterior 

commissure and the aCC motorneuron. Within the PNS, Futsch is detected from 

early axonogenesis onwards and by stage 16 all sensory neurons express this 
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Figure 4.5: Overexpression and inactivation of Ena does not effect 

directionality 

(A-C) Plot of the tracks of laterally migrating hemocytes expressing GFP and FP4Mito 

(FP4), GFP alone (WT), or GFP and Ena (Ena); the tracks were initiated from the same 

point to illustrate how directional hemocyte migrations were. (D-F) Rose plots of FP4, 

WT or Ena hemocytes. (G) Box and whisker plots for FP4 (green boxes in graphs), WT 

(blue boxes) and Ena (purple boxes) hemocytes, showing directionality. Directionality 

was calculated as the euclidean distance divided by the cell path, this value was used to 

determine a percentage. WT hemocytes had an average directionality of 78.3% (N = 53 

hemocytes from 3 embryos), and neither Ena inactivation nor overexpression 

significantly affected hemocyte directionality (P = 0.65, N = 46 hemocytes from 7 

embryos for FP4; P = 0.61, N = 51 hemocytes from 3 embryos for Ena).  
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protein (Hummel et al., 2000). In stage 15 embryos, the aCC motorneuron (Fig. 

4.6B arrowhead) and VUM (Fig. 4.4B arrow) can be clearly seen. Expression of 

FP4Mito or Ena in the hemocytes did not appear to disrupt the formation or 

patterning of these neurons or others within the CNS and PNS (Fig. 4.6A and 

4.6C compared to 4.6B). In ena mutants, the CNS appears more disorganised, 

with thicker commissures and longitudinal pathways reduced and constricted 

laterally towards the midline (Bashaw et al., 2000; Gertler et al., 1995). Such 

defects were not observed upon Ena overexpression or inactivation in hemocytes, 

implying that the speed of hemocyte migration does not affect CNS 

development. Furthermore, this means that any effect that misregulating Ena has 

upon hemocyte migration speeds is due directly to problems with cell migration 

rather than any underlying problem in neuronal development. 

 

4.2.5 ena mutant hemocytes migrate at slower speeds 

An additional factor that could be reducing hemocyte migration speeds when Ena 

is inactivated is Dia. As FP4Mito sequesters Dia along with Ena (Fig. 3.6) 

(Homem and Peifer, 2009), suggesting Ena may be required for correct Dia 

localisation or function, it was important to identify whether the reduced 

migration speeds were a result of Dia mislocalisation. To this end, hemocyte 

lateral migration speeds were measured in three different ena zygotic mutants; 

ena
23

, ena
210

 and ena
GC1

. ena
210 

contains a point mutation in the EVH1 domain 

that prevents Ena from binding proteins containing the FP4 repeats such as zyxin 

(Ahern-Djamali et al., 1998), whilst ena
23 

codes for a truncated version of the 

protein that lacks part of the EVH2 domain (Ahern-Djamali et al., 1998). Indeed 

the tetramerisation domain is deleted but not the actin binding motifs (Ahern-

Djamali et al., 1998). Finally, ena
GC1

 is a null allele that does not code for protein 

(Gertler et al., 1995). Hemocytes expressing cytoplasmic GFP in these mutant 

embryos were imaged live and subsequently tracked. The resulting movies 

revealed that in all zygotic ena mutant embryos, hemocytes migrated laterally 

but their speeds during this migration were reduced (Fig. 4.7A-G). 

Unsurprisingly, zygotic ena
GC1

 gave the most severe phenotype with hemocytes 

migrating at an average speed of 1.1µm/min (N = 30 hemocytes from 5
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Figure 4.6: Altering Ena levels in hemocytes does not effect neural 

development 

(A-C) Images illustrating the development of the CNS and PNS of Drosophila stage 15 

embryos, with WT hemocytes (B), hemocytes expressing FP4Mito (A) or 

overexpressing Ena (C). Hemocytes were immunostained with anti-GFP (green) and 

Futsch (a CNS and PNS marker; red). All images were taken with the anterior at the top 

and posterior at the bottom from the ventral side of the embryo. The development of key 

neurons can be seen including the aCC motorneuron (B, arrowhead) and the VUM 

neuron (B, arrow). Inactivation (A) and overexpression (C) of Ena do not appear to 

effect the development of these or other neurons. All scale bars represent 20µm. 
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embryos). Both zygotic ena
23

 and ena
210

 mutant hemocytes migrated at slower 

speeds of 1.3µm/min on average (N = 32 hemocytes from 5 embryos for 
210

 and 

N = 30 hemocytes from 5 embryos for 
23

; Fig. 4.7G), suggesting that fully 

functional EVH1 and EVH2 domains are required for efficient hemocyte 

migration.  

 

Hemocytes in all three zygotic ena mutant embryos migrated more slowly than 

when FP4Mito was used to inactivate Ena, although this difference was only 

significant in ena
GC1

 embryos (P = 1.0 ! 10
-3

). This could be because FP4Mito 

does not sequester all the Ena present; this seems unlikely though, given that all 

Ena detectable by immunofluorescence was found at the mitochondria in these 

cells (Fig. 3.5). Alternatively, disruption of the CNS in the ena mutants may 

retard hemocyte migration (Bashaw et al., 2000; Gertler et al., 1995). Indeed, 

although the gross patterning of the CNS is unaffected in ena mutants, several 

subtle CNS defects are observed, including axon bundles being misrouted, 

thinning of longitudinal axon bundles and more axons exiting the CNS (Gertler 

at al., 1995). Although these defects are quite distinct from what is observed 

upon Robo/Slit misregulation (Bashaw et al., 2000), Ena is believed to lie 

downstream of Robo/Slit signalling (Bashaw et al., 2000) and as Slit expression 

within the nervous system is required for efficient hemocyte migration (Evans et 

al., 2010a), it may help explain the reduction in migration speeds observed here. 

Nonetheless, as mutating ena severely reduces hemocyte migration speeds, it 

suggests that Dia alone is unlikely to be causing the reduction in speed observed 

upon FP4Mito expression. However, it does not rule out the fact that Dia could 

be working downstream of Ena.  

 

4.2.6 Mutating dia has no effect upon hemocyte migration speeds 

Despite observing such a strong phenotype in ena mutants, it was important to 

identify whether Dia itself, is required for efficient hemocyte migration. To 

determine this the lateral migration of hemocytes in zygotic dia mutant embryos 

was observed. Two different dia mutants were used: dia
2
, a null mutant and dia

5
, 

which has reduced Dia expression (Castrillon and Wasserman, 1994).
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Figure 4.7: ena mutant hemocytes migrate at slower speeds 

(A-C) Three different ena mutant embryos, ena
210

, ena
23

 and ena
GC1

, with hemocytes 

expressing GFP were imaged live to visualise hemocyte lateral migration from the 

midline to the edges of the VNC from stage 14 of development. (D-F) Tracks of ena
210

, 

ena
23 

and ena
GC1

 mutant hemocytes undergoing lateral migration reveal the directionality 

of migration. (G) Box and whisker plot of lateral migration speed for each genotype. 

Inactivating Ena reduces average hemocyte lateral migration speeds to 1.4µm/min (P = 

1.1 ! 10
-5

, N = 46 hemocytes from 7 embryos) from 1.8µm/min (N = 53 hemocytes from 

3 embryos), likewise hemocytes in ena mutant embryos migrated significantly slower 

than WT (1.3µm/min, P = 1.3 ! 10
-5

, N = 32 hemocytes from 5 embryos for 
210

; 

1.3µm/min, P = 2 ! 10
-5

, N = 30 hemocytes from 5 embryos for 
23

; 1.1µm/min, P = 

4.4!10
-9

, N = 30 hemocytes from 5 embryos for 
GC1

). Asterisks (*) denote P < 0.05 (t-

test).  Scale bars represent 20µm. 
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Cytoplasmic GFP was expressed in the hemocytes of these mutants and the 

speed of hemocyte migration was determined by tracking cells in timelapse 

movies. This revealed that mutating dia did not prevent hemocyte lateral 

migration (Fig. 4.8A-D) and only reduced hemocyte migration speeds very 

slightly, an 8% reduction for dia
2
 and 9% reduction for dia

5
 and unsurprisingly 

this was not statistically significant (P = 0.53 for dia
2
, N = 48 hemocytes from 3 

embryos; P = 0.12 for dia
5
, N = 37 hemocytes from 3 embryos; Fig. 4.8E). 

However, only the production of zygotic Dia was prevented and as this protein is 

involved in cytokinesis, maternal protein is likely to persist until larval stages, as 

has been described for other proteins implicated in mitosis (Castrillon and 

Wasserman, 1994; Gatti and Baker, 1989). Indeed, immunostaining of 

hemocytes revealed that Dia persists in hemocytes at stage 15 of development 

(Fig. 3.6). Therefore, if all Dia was eliminated a more pronounced effect may be 

observed in terms of hemocyte migration speeds. Nonetheless, the data presented 

suggests that the phenotype observed upon FP4Mito expression is primarily due 

to Ena inactivation, although a role for Dia downstream of Ena still cannot be 

ruled out.  

 

4.2.7 Hemocytes migrate faster to wounds when overexpressing Ena 

Ena positively regulates hemocyte migration speeds during developmental 

migrations, but as hemocytes use a slightly different mechanism to migrate 

towards wounds, it was important to identify whether Ena played a similar role 

in this inflammatory migration. Indeed, hemocytes migrate towards an epithelial 

wound in response to hydrogen peroxide (H2O2) production and 

phosphatidylinositol-3-kinase (PI3K) is required for this migration but is 

dispensable for developmental migrations (Moreira et al., 2010; Wood et al., 

2006). To determine whether Ena is required for hemocyte chemotaxis towards 

wounds, the epithelium of the embryo was wounded using a laser and hemocytes 

were tracked for an hour post-wounding. This live imaging revealed that WT 

hemocytes migrate to wounds at an average speed of 1.6µm/min (N = 43 

hemocytes to 8 wounds; Fig. 4.9B and G). When Ena was overexpressed in 

hemocytes, this speed was increased by 21% (P = 1.7 ! 10
-2

, N = 31 hemocytes 



Chapter 4: Ena drives invasive macrophage migration in Drosophila embryos 
 

134 

Figure 4.8: Mutating dia does not reduce hemocyte migration speeds 

(A-B) Two different dia mutant embryos, dia
2
 and dia

5
, with hemocytes expressing GFP 

were imaged live, to visualise hemocyte lateral migration, from the midline to the edges 

of the VNC from stage 14 of development. (C-D) Tracks of dia
2 
and dia

5 
mutant 

hemocytes undergoing lateral migration reveal the directionality of migration. (E) Box 

and whisker plot of lateral migration speed for each genotype. Inactivating Ena reduces 

average hemocyte lateral migration speeds to 1.4µm/min (P = 1.1 ! 10
-5

, N = 46 

hemocytes from 7 embryos,) from 1.8µm/min (N = 53 hemocytes from 3 embryos), 

where as mutating dia only reduces migration speeds slightly (1.7µm/min, P = 0.53, N = 

48 hemocytes from 3 embryos for 
2
; 1.7µm/min, P = 0.12, N = 37 hemocytes from 3 

embryos for 
5
). Asterisk (*) denotes P < 0.05 (t-test).  Scale bars represent 20µm. 
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to 8 wounds for Ena), whilst Ena inactivation reduced inflammatory migration 

speeds by 19% compared to WT controls (P = 1.2 ! 10
-2

, N = 30 hemocytes to 6 

wounds for FP4Mito; Fig. 4.9A-C and G; Table 4.1). Interestingly, neither 

overexpression nor inactivation of Ena affected hemocyte directionality towards 

wounds (compare Fig. 4.9D-F), with FP4Mito expressing hemocytes having a 

directionality of 86.8% and Ena overexpressing a directionality of 87.2% 

compared to a value of 81.0% for WT hemocytes (P = 0.12, N = 30 hemocytes to 

6 wounds for FP4Mito; P = 7.8 ! 10
-2

, N = 31 hemocytes to 8 wounds for Ena; N 

= 43 hemocytes to 8 wounds for WT).  

 

Inactivating Ena slightly reduced the number of hemocytes recruited to wounds 

(8 hemocytes for WT N = 35 embryos compared to 7 for FP4Mito N = 45 

embryos, P = 6.0 ! 10
-6

). This could be caused by fewer hemocytes being present 

in the embryo meaning fewer cells could migrate to the wound. Alternatively, as 

these hemocytes migrate more slowly, fewer cells may reach the wound in the 

same period, or perhaps the initial response by these hemocytes to the H2O2 

gradient is retarded. Inactivating Ena did not prolong the average time for 

hemocytes to respond to the wound, suggesting the latter is unlikely, and 

analysing wound recruitment in more detail would help distinguish between the 

other two possibilities. 

 

4.2.8 Overexpression of Ena increases hemocyte migration speeds during 

random migration 

The fact that Ena overexpression increased the rate of two distinct examples of 

directed migration in vivo, whilst inactivation decreased migration speed, is in 

stark contrast to similar experiments conducted with fibroblasts in vitro (Bear et 

al., 2000).  However, in their experiments, fibroblast speed was measured during 

random migration, therefore hemocyte migration at stage 15 of development was 

monitored, when they too migrate randomly and appear to undergo contact 

inhibition on the ventral side of the embryo. Tracking the GFP labelled 

hemocytes revealed that manipulation of Ena did not cause any obvious 

differences in hemocyte migration and trajectories (Fig. 4.10 A-F). Consistent 
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Figure 4.9: Hemocytes migrate faster to wounds when overexpressing Ena 

(A-C) Hemocytes expressing GFP and FP4Mito (FP4), GFP alone (WT), or GFP and 

Ena (Ena) were imaged live as they migrated towards laser-induced, epithelial wounds.  

(D-F) Tracks of FP4, WT, and Ena hemocytes as they migrate towards a wound 

(asterisk). (G) Box and whisker plot for FP4 (green boxes in graphs), WT (blue boxes) 

and Ena (purple boxes) hemocytes, showing migration speed to wounds for each 

genotype. WT hemocytes migrated at average speeds of 1.6µm/min (N = 43 hemocytes 

to 8 wounds), inactivating Ena reduced average migration speeds to 1.3µm/min (P = 1.2 

! 10
-2

, N = 30 hemocytes to 6 wounds), whilst overexpressing Ena increased average 

migration speed to 1.9µm/min (P = 1.7 ! 10
-2

, N = 31 hemocytes to 6 wounds). This 

suggests that Ena positively regulates hemocyte migration to wounds. Asterisks (*) 

denote P < 0.05 (t-test).  Scale bars represent 20µm.
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with lateral migration and wounding studies, Ena overexpression increased 

hemocyte speed by 17%, whereas inactivation reduced it by 38% (P = 4.4 ! 10
-2

, 

N = 44 hemocytes from 7 embryos for Ena; N = 32 hemocytes from 7 embryos 

for WT; P = 4.3 ! 10
-5

, N = 30 hemocytes from 8 embryos for FP4; Fig. 4.8G 

and Table 4.1). This illustrates that in a variety of different assays Ena increases 

hemocyte migration speeds in vivo. Although this data contradicts work that was 

previously undertaken using fibroblasts in vitro (Bear et al., 2000), it supports 

later work illustrating the importance of Mena in increasing cell motility and 

metastasis in vivo (Philippar et al., 2008). Given that Ena positively regulates 

cell migration in vivo and negatively regulates it in vitro, it is possible that a 

difference between in vivo and vitro systems underlies this difference in 

migration speeds. 

 

4.2.9 Spatial constraints may underlie behavioural differences in vitro and 

in vivo 

One key difference between in vivo and in vitro systems is that in living 

organisms, cells are more constrained by their three-dimensional environment. 

The in vivo environment is also far more complex and involves interactions and 

contacts with other cells and the extra-cellular matrix (ECM). To determine how 

constrained hemocytes are within the developing embryo, rhodamine labelled 

dextran was injected into stage 15 embryos with cytoplasmic GFP-labelled 

hemocytes (Fig. 4.11A). These embryos were visualised under the confocal 

microscope and reconstructions and orthogonal projections through the embryo 

were made. The reconstruction illustrates that hemocytes are constrained to a 

narrow band underlying the epithelium (movie 4.1), with very little extracellular 

space surrounding them. Furthermore, injecting dextran into the extracellular 

space may increase pressure within the embryo forcing cells and tissue apart and 

creating a larger space, meaning in reality this space could be smaller. This lack 

of extracellular space is particularly evident in the orthogonal projection, where 

there is free space surrounding the hemocyte cell body but none at the leading 

edge of the lamellipodia (Fig. 4.11B-D arrowheads). Therefore, like many cells 

in vivo, hemocytes are likely to be subject to high levels of physical constraint.
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Figure 4.10: Overexpression of Ena increases hemocyte migration speeds 

during random migration 

(A-C) Hemocytes expressing GFP and FP4Mito (FP4), GFP alone (WT), or GFP and 

Ena (Ena) were imaged live as they migrated randomly over the VNC post-lateral 

migration from stage 15 onwards; red shading illustrates position of the cell body of an 

individual hemocyte at 0 and 30 minutes in the timelapse movie.  (D-F) Tracks of FP4, 

WT, and Ena hemocytes showing random motility over the course of a 30-minute 

movie.  (G) Box and whisker plots for FP4 (green boxes in graphs), WT (blue boxes) 

and Ena (purple boxes) hemocytes showing the speed of random migration for each 

hemocyte genotype. WT hemocytes migrated at average speeds of 1.4µm/min (N = 32 

hemocytes from 7 embryos), inactivating Ena reduced average migration speeds to 

0.87µm/min (P = 4.3 ! 10
-5

, N = 30 hemocytes from 8 embryos), whilst overexpressing 

Ena increased average migration speed to 1.6µm/min (P = 4.4 ! 10
-2

, N = 44 hemocytes 

from 7 embryos,). This suggests that Ena positively regulates hemocyte random 

migration. Asterisks (*) denote P < 0.05 (t-test).  Scale bars represent 20µm.
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Figure 4.11: Spatial constraints may underlie behavioural differences in 

vitro and in vivo 

(A) Rhodamine labeled dextran (red) was injected into the anterior of live Drosophila 

embryos with GFP-labelled hemocytes (green) to reveal extracellular space. Dextran is 

excluded from tissues including the VNC and gut but spreads between the epidermis and 

VNC. (B-D) Orthogonal projection of a GFP-labelled hemocyte (green, B and D) in a 

wild type embryo injected with rhodamine-dextran (red, C and D) to label extracellular 

space.  Hemocytes in this environment are tightly constrained between the epidermis (e) 

and underlying VNC (labelled in B). Scale bar represents 10µm. 
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4.2.10 Spatial constraints prevent hemocyte ruffling  

One key feature of Ena overexpressing fibroblasts in vitro is that lamellipodial 

protrusions are frequently lost as ruffles (Bear et al., 2002). It is possible that the 

physical constraint provided by surrounding tissues in a three-dimensional 

environment may prevent the formation of these structures in vivo. If ruffles 

cannot form in vivo then more protrusions could potentially be used productively 

during cell migration, leading to increased cell speeds. In order to investigate 

how a three-dimensional constraint may impact on cell behaviour, mCD8::GFP 

was expressed in hemocytes to label the plasma membrane and enable 

comparison between their membrane dynamics in vivo and in vitro.   

 

Hemocytes in vivo do not form membrane ruffles during migration (Fig. 4.12A, 

D and movie 4.2), although membrane folding is sometimes observed. Unlike 

ruffles, which form at the leading edge and remain parallel to the leading edge as 

they retract towards the cell body, folds appear throughout the lamellipodia and 

are frequently aligned perpendicular to the leading edge. However, in vitro, 

mCD8::GFP-expressing hemocytes form distinctive wave-like ruffles (or dorsal 

ruffles) at the leading edge of lamellipodia; these ruffles then move centripetally 

towards the cell body (Fig. 4.12B, E and movie 4.2). Therefore it seems likely 

that a spatial constraint prevents hemocytes from ruffling in vivo; to test this 

hypothesis further, methylcellulose was added to the cell culture media to 

thicken it and thereby artificially reconstitute a spatial constraint (Hollenbeck 

and Bamburg, 2003). Addition of methylcellulose to the media prevented 

hemocytes from forming ruffles in vitro and instead these cells produced a 

lamellipodia that protruded and retracted regularly (Fig. 4.12C, F and movie 4.2). 

 

4.2.11 Hemocytes are more dynamic in vitro, with larger lamellipodial 

retraction events 

Given that a physical constraint appears to inhibit the formation of membrane 

ruffles, hemocyte lamellipodial protrusion was analysed to determine whether 

any difference between in vivo and in vitro systems could be rescued by addition 

of methylcellulose. Kymography of lamellipodia revealed that protrusions were
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Figure 4.12: Hemocytes only form membrane ruffles when unconstrained  

(A-C) Stills from timelapse movies of hemocytes expressing mcd8::GFP in vivo (A), in 

vitro (B) and in vitro with methylcellulose (C); see movie 4.2 for corresponding 

timelapses. (A) In vivo hemocytes never form membrane ruffles. (B) In vitro ruffles can 

clearly be seen forming at the leading edge and moving centripetally towards the cell 

body (arrowheads). These ruffles are not seen in vivo. (C) Addition of methylcellulose 

to S2 media prevents the formation of membrane ruffles, which are normally found in 

vitro. (D-F) Kymographs of hemocytes expressing mCD8::GFP were generated from the 

same time-lapse movies. Solid lines in left panels indicate axis through which 

kymographs (right panels) were generated; images of hemocytes correspond to 

timepoints indicated by dotted lines in kymographs. (D) Membrane ruffles are not 

observed in vivo at the midline. (E) Hemocytes cultured in vitro in S2 media produce 

membrane ruffles at the leading edge, which move centripetally across the lamellipodia 

over time (arrowheads) appearing as bright diagonal lines across kymographs (arrows). 

(F) Upon addition of the methylcellulose to the S2 media, hemocytes cultured in vitro no 

longer form membrane ruffles and these cannot be seen on either the kymograph or the 

overlay. Scale bars represent 10µm, with the exception of kymographs (right-hand 

panels D-F) in which they represent 10µm (vertical) and 60 seconds (horizontal).   
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less persistent in vitro compared to in vivo (Fig. 4.13A-C, E and Table 4.2) with 

lamellipodial protrusions persisting for an average of 0.33 minutes in vivo (N = 

48 protrusions from 7 hemocytes in 6 embryos) opposed to 0.22 minutes in vitro 

(P = 7.7 ! 10
-3

, N = 36 protrusions from 4 hemocytes). While the speed of 

lamellipodial protrusion was increased from 5.3µm/min in vivo (N = 49 

protrusions from 7 hemocytes in 6 embryos) to 10µm/min in vitro (P = 8.4 ! 10
-

5
, N = 36 protrusions from 4 hemocytes; Fig. 4.13E and Table 4.2). However, 

hemocytes in vitro with methylcellulose protruded at a rate of 3.9µm/min (P = 

8.6 ! 10
-2

, N = 47 protrusions from 6 hemocytes), which was not significantly 

different from those in vivo; persistence was also increased, with the average 

lamellipodial protrusion persisting for 0.26 minutes and again there was no 

significant difference between these hemocytes and those in vivo (P = 8.5 ! 10-2, 

N = 47 from 6 hemocytes; Fig. 4.13D-E and Table 4.2).  This suggests that 

protrusions are less stable in vitro than in vivo and addition of a physical 

constraint prevents ruffling and stabilises protrusions in a manner similar to the 

in vivo environment. 

 

The retraction rate and persistence of retractions was also determined. Analysis 

of all retractions (i.e. those lost as ruffles and also those that simply retracted), 

revealed that in vitro lamellipodia retract more rapidly than in vivo (9.0µm/min 

compared with 3.3µm/min, P = 1.8 ! 10
-5

, N = 33 retractions from 4 hemocytes 

for in vitro and 50 retractions from 7 hemocytes in 6 embryos, for in vivo), and 

these retractions persist for shorter periods of time (0.32 minutes compared to 

0.44 minutes; P= 2.0 ! 10
-2

, N = 33 retractions from 4 hemocytes and 53 

retractions from 7 hemocytes in 6 embryos, respectively; Fig. 4.13F-G and Table 

4.2). Again, addition of methylcellulose reduced lamellipodial retraction rate 

from 9.0µm/min to 3.3µm/min (P = 6.8 ! 10
-4

, N = 33 retractions from 4 

hemocytes without methylcellulose and N = 34 retractions from 6 hemocytes 

with methylcellulose) and slightly increased persistence from 0.32 minutes to 

0.35 minutes (P = 0.53, N = 33 retractions from 4 hemocytes without 

methylcellulose and N = 40 retractions from 6 hemocytes with methylcellulose; 
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Fig. 4.13F-G and Table 4.2) and there was no significant difference between 

either of these parameters and hemocytes in vivo (P = 0.93 for protrusion rate 

and P = 8.0 ! 10-2 for protrusion persistence). Finally the dynamics of protrusions 

that are lost as membrane ruffles were compared to those lost without ruffling in 

vitro, which revealed that protrusions lost as ruffles retracted at faster speeds; 

9.8µm/min compared to 4.5µm/min (P = 7.8 ! 10
-3

, N = 26 and 7 respectively 

taken from 4 hemocytes) and retracted for longer periods of time 0.37 minutes 

compared to 0.22 minutes (P = 1.9 ! 10
-2

, N = 26 and 7 respectively taken from 4 

hemocytes; Fig. 4.13H-I and Table 4.3). In addition the overall retraction 

frequency was higher in vitro than in vivo, with retractions coincident with 

membrane ruffles accounting for 58% of retraction events (N = 104 retractions 

from 14 hemocytes). Taken together, these events demonstrated that in the 

absence of a three-dimensional constraint, protrusions are less persistent and 

retraction events more severe.  

 

4.2.12 Removal of physical constraints induces ruffling in vivo  

As a physical constraint appears to prevent ruffling in vivo, I wanted to 

determine whether ruffling could be induced in hemocytes within the embryo. To 

enable this, constitutively active (CA) Rac (RacV12) was expressed within the 

hemocytes, as this particular construct induces ruffling in vitro (Ridley et al., 

1992). Confocal microscopy revealed that expression of this construct did not 

stimulate hemocyte ruffling in vivo (Fig. 4.14A-B and movie 4.3), suggesting 

that the physical constraints within this environment were sufficient to inhibit 

these structures from forming. Consistent with this, Rac overexpression in 

hemocytes in vitro did lead to the formation of exuberant hemocyte protrusions 

and ultimately ruffles (Fig. 4.14C).  

 

As constraints within the embryos appear to prevent hemocyte ruffling from 

occurring, removing these constraints should enable hemocytes to form 

membrane ruffles. To this end, the epithelium overlying a hemocyte was ablated 

with a laser and a time-lapse movie of the hemocyte was made. This revealed 

that hemocytes below the epithelial wound actively formed ruffles (Fig. 4.14D
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Figure 4.13: Hemocytes are more dynamic in vitro, with larger lamellipodia 

retraction events 

(A-C) Examples of quantified kymographs. Solid lines in left panels indicate axis 

through which kymographs (right panels) were generated; images of hemocytes 

correspond to timepoints indicated by dotted lines in kymographs. (D-G) Box and 

whisker plots of lamellipodial dynamics in vivo and in vitro, including protrusion rate 

(D), persistence of protrusions (E), retraction rate (F), persistence of retractions (G). In 

vivo the average lamellipodia protrudes at 5.3µm/min (N = 49 protrusions from 7 

hemocytes in 6 embryos) and persists for 0.33 minutes on average (N = 48 protrusions 

from 7 hemocytes in 6 embryos). In vitro the average lamellipodia protrusion rate is 

increased to 10µm/min on average (P = 8.4 ! 10
-5

, N = 36 protrusions from 4 

hemocytes,) and on average persists for 0.22 minutes (P = 7.7 ! 10
-3

, N = 36 protrusions 

from 4 hemocytes). Addition of methylcellulose to hemocytes in culture reduced the 

average lamellipodial protrusion rate to 3.9µm/min (P = 1.1 ! 10
-5

, N = 47 protrusions 

from 6 hemocytes) and slightly increased average persistence to 0.26 minutes (P = 0.25, 

N = 47 protrusions from 6 hemocytes), meaning these hemocytes are not statistically 

different from those in vivo (P = 8.6 ! 10
-2 

and 8.5 ! 10
-2 

respectively). Hemocytes in 

vivo retracted lamellipodial protrusions at an average rate of 3.3µm/min (N = 50 

retractions from 7 hemocytes in 6 embryos) and these retractions persisted for 0.44 

minutes on average (N = 53 retractions from 7 hemocytes in 6 embryos). In vitro the rate 

of retraction was increased to 9.0µm/min on average (P = 1.8 ! 10
-5

, N = 33 retractions 

from 4 hemocytes) and these protrusions persisted for 0.32 minutes on average (P= 2.0 ! 

10
-2

, N = 32 retractions from 4 hemocytes). Addition of methylcellulose reduced average 

in vitro retraction rates to 3.3µm/min (P = 6.8 ! 10
-4

, N = 34 retractions from 6 

hemocytes) and slightly increased persistence to 0.35 minutes on average (P = 0.53, N = 

40 retractions from 6 hemocytes). There was no significant difference between these 

hemocytes and those in vivo (P= 0.93 and 8.0 ! 10
-2 

respectively). (H-I) Box and 

whisker plots comparing lamellipodial retraction in vitro; lamellipodial retraction rate 

(H) and retraction persistence (I).  The lamellipodia retracts at an average rate of 

9.8µm/min  (N = 26 retractions from 4 hemocytes) when ruffling compared to 

4.5µm/min in a simple retraction event (P = 7.8 ! 10
-3

, N = 7 retractions from 4 

hemocytes). Ruffles also retract for longer 0.37minutes on average (N = 26 retractions 

from 4 hemocytes) compared to 0.22 minutes (P = 1.9 ! 10
-2

, N = 7 retractions from 4 

hemocytes). Asterisks (*) denote P < 0.05 (t-test). Scale bars represent 10µm, with the
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exception of kymographs (right-hand panels A-C) in which they represent 10µm 

(vertical) and 60 seconds (horizontal).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Table 4.2: Hemocytes are more dynamic in vitro 

 

 

 

 

 

 

 

 

 

 

 

 

Condition    
Rate of protrusion 

(µm/min) 

Persistence of 

protrusion (mins) 

Rate of retraction 

(µm/min) 

Persistence of 

retraction (mins) 

Frequency of 

retraction events 

(events/min) 

in vivo  

average 

p value 

standard deviation 

 

5.3 

n/a 

4.9 

0.32 

n/a 

0.19 

3.3 

n/a 

1.8 

0.44 

n/a 

0.24 

1.0 

n/a 

0.31 

in vitro   

average 

p value 

standard deviation 

 

10 

8.4 ! 10
-4 

7.1 

0.22 

7.7 ! 10
-3 

0.12 

9.0 

1.8 ! 10
-5 

8.2 

0.32 

2.0 ! 10
-2 

0.22 

1.6 

5.2 ! 10
-3 

0.66 

in vitro with 

methylcellulose 
 

average 

p value 

standard deviation 

 

3.9 

8.6 ! 10
-2 

2.6 

0.26 

8.5 ! 10
-2 

0.16 

3.3 

0.93 

1.9 

0.35 

8.0 ! 10
-2 

0.24 

1.1 

0.85 

0.37 



 

 

 

Table 4.3: Ruffles are more detrimental retraction events 

 

 

 
Condition    

Rate of retraction 

(µm/min) 

Persistence of 

retraction (mins) 

in vivo  

average 

p value 

standard deviation 

 

3.3 

n/a 

1.8 

0.44 

n/a 

0.24 

in vitro ruffles  

average 

p value 

standard deviation 

 

9.8 

2.6 ! 10
-6 

8.9 

0.37 

0.31 

0.27 

in vitro retractions  

average 

p value 

standard deviation 

 

4.5 

9.1 ! 10-2 

1.8 

0.22 

2.4 ! 10-5 

6.8 ! 10-2 
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and movie 4.4). This supports the hypothesis that the surrounding tissue provides 

the physical constraint that prevents ruffling in vivo. Whilst it is possible that 

other changes such as the release of H2O2 could affect hemocyte behaviour, this 

seems unlikely as ruffles were only observed when hemocytes were directly 

underneath the epithelial hole.  

 

4.2.13 Integrin mutants do not exhibit exuberant ruffling in vivo 

This physical constraint could stop ruffling by simply constraining the 

lamellipodia or it could push the lamellipodia down, enabling adhesions to form, 

which in turn prevent ruffling. Presumably if the latter occurs, then hemocytes 

could form ruffles in the absence of adhesion. To identify whether adhesions are 

important in the prevention of ruffling, membrane dynamics were investigated in 

an integrin mutant. Drosophila express 5! and 2" integrins, of these !PS4, "PS 

and "# are highly expressed in larval hemocytes (Irving et al., 2005; Nagaosa et 

al., 2011), however, !PS4 is expressed only by lamellocytes. "PS and "# are also 

expressed embryonically as is !PS2, with the " integrins being involved in 

encapsulation and phagocytosis respectively and !PS2 being required for 

migration into the germ band (Ivring et al., 2005; Nagaosa et al., 2011; Siekhaus 

et al., 2010). "PS integrins may also be required for the efficient production of 

protrusions (Huelsmann et al., 2006), and given their possible role in protrusion 

formation these myospheroid ("PS) mutants were investigated (mys; mys
XG43

).  

 

Hemocytes in mys mutants have an uneven lamellipodia that contains several 

membrane folds (Fig. 4.15A and movie 4.5). Closer inspection revealed that the 

folds are unlikely to be ruffles, as in neither the stills from a time-lapse movie 

nor a kymograph do the ruffles appear to form at the lamellipodial leading edge 

and move centripetally towards the cell body (Fig. 4.15A-B). This implies that 

the spatial constraint may prevent ruffling directly rather than enabling adhesions 

to form, which in turn prevent ruffling. 

 

4.2.14 Spatial constraints prevent hemocytes from forming ruffles  

The data presented in this chapter illustrates that, three-dimensional spatial 
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Figure 4.14: Only removal of the overlying constraint induces ruffling in 

vivo  

(A) Hemocytes expressing CA Rac
V12

 do not ruffle in vivo; see movie 4.3 for 

corresponding timelapse. (B-C) Kymographs of hemocytes expressing CA Rac
V12

, both 

in vivo and in vitro. Solid lines in left panels indicate axis through which kymographs 

(right panels) were generated; images of hemocytes correspond to timepoints indicated 

by dotted lines in kymographs. In vivo Rac is incapable of inducing ruffles, whilst in 

vitro characteristic ruffles can be seen forming at the leading edge and moving 

diagonally across the kymograph. (D) Hemocytes do form ruffles at epithelial wounds 

(arrowheads), where the overlying epithelium has been ablated; see movie 4.4 for 

corresponding timelapse. Scale bars represent 10µm, with the exception of kymographs 

(right-hand panels B-C) in which they represent 10µm (vertical) and 60 seconds 

(horizontal). 
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Figure 4.15: Mutating mys does not induce ruffling 

(A) Stills from a timelapse movies of a hemocyte expressing cytoplasmic GFP in a mys 

mutant. Removing integrins did not induce membrane ruffling in vivo, although some 

membrane folding can be seen in the stills. (B) Kymograph of a hemocyte expressing 

cytoplasmic GFP in the mys mutant was generated from the same time-lapse movie.  

Solid lines in left panels indicate axis through which kymographs (right panels) were 

generated; images of hemocytes correspond to timepoints indicated by dotted lines in 

kymographs. Scale bars represent 10µm, with the exception of kymographs (right-hand 

panels D-F) in which they represent 10µm (vertical) and 60 seconds (horizontal). 
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constraints provided by surrounding tissues within the developing embryos 

stabilise hemocyte lamellipodial protrusions, by preventing ruffles from forming. 

In support of this conclusion, hemocytes in vivo that are constrained by their 

environment do not form membrane ruffles (Fig. 4.16A). However, removal of 

the overlying constraint, by laser ablation in vivo or by culturing hemocytes in 

vitro allows hemocyte ruffling to occur (Fig. 4.16B and C). The addition of an 

artificial physical constraint to cultured hemocytes is able to prevent the 

formation of these structures in vitro (Fig. 4.16D), clearly demonstrating that the 

presence of physical constraint dictates whether ruffles will form within a 

dynamic lamellipodia.   

 

In addition to identifying that a spatial constraint prevents ruffle formation, it is 

shown that these ruffling events are more detrimental than a simple retraction 

event. Therefore, a combination of the absence of these detrimental retractions in 

vivo, coupled with the increased rate of protrusion upon Ena overexpression, 

may explain why overexpressing Ena enables accelerated migration in vivo. 

Furthermore, as this situation parallels the overexpression of Mena by 

metastasising cells in vivo, it may help explain how increased Mena levels 

exacerbate metastasis and cancer progression.  
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Figure 4.16: Model 

(A-D) Schematic diagram illustrating how the 3D environment in vivo may provide a 

spatial constraint and prevent membrane ruffling. Hemocytes within the Drosophila 

embryo never form ruffles (A), however, removal of the overlying epithelial constraint 

enables ruffling (B). These ruffles appear similar to those that are observed in vitro (C), 

which can be prevented from forming by adding a spatial constraint such as 

methylcellulose to the cell culture media (D). This data suggests that it is the spatial 

constraint within the embryo that prevents hemocytes from ruffling.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 4.16: 
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Movie 4.1: Hemocytes are constrained within the developing Drosophila embryo 

Projection of a stage 15 embryo, which is expressing cytoplasmic GFP in the hemocytes 

and has been injected with rhodamine labelled dextran to label extracellular space.  

Hemocytes in this environment are tightly constrained in a thin layer just beneath the 

epidermis. The scale bar represents 10µm. 

 

Movie 4.2: Dynamic behaviour of hemocytes in vitro and in vivo 

Stage 15 hemocytes expressing membrane tagged GFP were visualised in vivo (A), in 

vitro (B) and in vitro with methylcellulose added to the S2 media (C).  Hemocytes do 

not ruffle in vivo but do form ruffles in vitro.  However, ruffling can be prevented 

through the addition of methylcellulose. The scale bar represents 10µm; stills from this 

movie are shown in Fig. 4.12.  

 

Movie 4.3: Constitutively active Rac cannot induce ruffling in vivo 

Hemocytes co-expressing cytoplasmic GFP and CA Rac
V12

 were imaged live at stage 15 

of embryonic development.  Rac
V12

 failed to induce membrane ruffling in vivo.  The 

scale bar represents 10µm; stills from the movie are also shown in Fig. 4.14.  

 

Movie 4.4: Removing the epithelial constraint induces hemocyte ruffling in vivo 

The epithelium of a stage 15 WT embryo with GFP-labelled hemocytes was laser 

ablated.  Removal of this overlying spatial constraint enabled the formation of obvious 

membrane ruffles.  The scale bar represents 10µm; stills from this movie are shown in 

Fig. 4.14. 

 

Movie 4.5:  Mutating mys does not induce ruffling in vivo 

Hemocytes expressing cytoplasmic GFP on a mys mutant background were imaged live 

at stage 15 of embryonic development.  Mutation of mys failed to induce membrane 

ruffling in vivo.  The scale bar represents 10µm.  
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4.3 Discussion 

4.3.1 Ena/VASP proteins positively regulate cell migration in vivo 

The data presented here and in chapter three illustrates that although hemocytes 

in vivo exhibit similar lamellipodial dynamics to cultured mammalian fibroblasts 

in vitro upon Ena/VASP misregulation (Bear et al., 2002), Ena overexpression 

increases hemocyte migration speeds in vivo, whereas it reduces fibroblast 

migration speeds in vitro (Bear et al., 2000). Consistent with the hemocyte 

findings presented here, Ena inactivation in border cells also decreases migration 

speeds (Gates et al., 2009). This in vivo hemocyte data also closely correlates 

with the finding that Mena upregulation in rat breast carcinoma cells increases 

cell motility, metastases and invasion (Philippar et al., 2008). Consistently, Mena 

deficiency reduces these parameters, strongly suggesting that Mena positively 

regulates metastasis and invasion (Roussos et al., 2010). Although, recent work 

has illustrated that Mena overexpression increases carcinoma cell streaming, 

suggesting that these cells, like border cells, will utilise a slightly different 

mechanism of migration (Roussos et al., 2011a). Nonetheless, overexpressing 

Ena/VASP proteins in both these systems enhances motility; furthermore, using a 

completely different assay, these proteins increased Listeria motility within cells 

(Lasa et al., 1997; Laurent et al., 1999; Loisel et al., 1999; Niebuhr et al., 1997; 

Smith et al., 1996). So, taken together, all of this data implies that Ena/VASP 

proteins positively promote cell migration in vivo. 

 

There is one potential conflict with the data presented here, in that FP4Mito is 

capable of sequestering Dia, albeit when bound to Ena (Fig. 3.6) (Homem and 

Peifer, 2009). This means that Dia mislocalisation rather than Ena could cause 

the reduction in migration speeds which is observed upon FP4Mito expression. 

However, the effects of FP4Mito, in terms of migration speeds, appear to be Ena 

specific as a comparable reduction in speed is observed in FP4Mito-expressing 

hemocytes and zygotic ena mutants (Fig. 4.7). These experiments do not rule out 

a role for Dia in concert or downstream of Ena, although zygotic dia mutants 

failed to show a significant reduction in lateral migration speeds (Fig. 4.6). While 

this phenotype could be so mild due to maternal protein persisting, Dia may also 
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be dispensable in determining hemocyte migration speeds. Nonetheless, given 

that Ena is capable of relocalising Dia, it suggests that Dia and Ena co-operate in 

hemocytes and this co-operation may be important in ensuring that the 

appropriate protrusions form and are used efficiently in cell migration in vivo.  

 

4.3.2 Both the EVH1 and EVH2 domains are required for Ena function 

Loss of either the coiled-coil or EVH1 domain of Ena severely reduced 

hemocyte migration speeds (Fig. 4.7). This is not particularly surprising as far as 

the EVH1 domain is concerned, as in Mena this region is sufficient for targeting 

to the lamellipodial leading edge (Bear et al., 2000). Furthermore, binding 

through the EVH1 domain is required for Lamellipodin recruitment of 

Ena/VASP proteins (Krause et al., 2004). This implies that this domain is 

important in targeting Ena/VASP proteins to the correct cellular location and that 

preventing interactions with proteins through this domain is likely to reduce 

recruitment. If recruitment is prevented then one would anticipate observing a 

similar phenotype to FP4Mito expression and this appears to occur here (Fig. 

4.7). However, the point mutation in this mutant protein was shown to prevent 

recruitment to zyxin, which is found in focal contacts and not the leading edge 

(Ahern-Djamali et al., 1998; Rottner et al., 2001). Zyxin, however, recruits Ena 

through the FP4 motif, so presumably recruitment to all FP4 motifs will be 

prevented and as several leading edge proteins utilise this method of recruitment 

(Jenzora et al., 2005; Krause et al., 2004; Lafuente et al., 2004; Quinn et al., 

2006), it is likely that recruitment of this mutant protein will be reduced. 

However, not all Ena/VASP binding proteins contain the FP4 motif and Tes 

binds the EVH1 domain of Mena through different sites, occluding the site for 

FP4 binding (Boeda et al., 2007), suggesting that some proteins may still be 

capable of recruiting this mutant. But, as the ena
210

 mutation is not in the core 

binding regions of the FP4 motif it may affect protein structure or secondary 

interactions (Ahern-Djamali et al., 1998), which may prevent binding to proteins 

lacking the FP4 motif as well. Nonetheless, given the complexity of Ena/VASP 

protein binding, it seems unlikely that recruitment will be totally abolished; 

instead this mutant will probably be recruited less robustly to the leading edge.  
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The results obtained for the coiled-coil mutant are consistent with Mena coiled-

coil mutants being unable to fully rescue the effects of MV
D7

 cells (Loureiro et 

al., 2002). This implies that this region plays an important role in mediating 

efficient cell migration, possibly by enhancing Ena targeting as has previously 

been described (Bear et al., 2000; Ahern-Djamali et al., 1998). Indeed, 

expression of a GFP-tagged EVH1 domain in fibroblasts was more diffuse than 

GFP-tagged Mena, suggesting the EVH2 domain may enable multimerisation, 

which would enhance the signal at the leading edge (Bear et al., 2000). In 

support of this hypothesis, the ena
23

 mutant used in this study did not bind zyxin 

as efficiently in pull down experiments and was only weakly recruited to focal 

contacts when expressed in mammalian cell lines (Ahern-Djamali et al., 1998). 

Furthermore, the idea that other regions of the protein are important in regulating 

localisation is not surprising as the F- and G-actin binding domains are thought 

to enhance Ena/VASP protein localisation to the leading edge in an actin-

dependent manner (Bear et al., 2002; Loureiro et al., 2002). Alternatively, the 

coiled-coil domain may help mediate actin oligomerisation (Applewhite et al., 

2007), generating stronger actin networks that enable productive lamellipodial 

protrusions to be made and ultimately enable faster migration. Indeed, this is 

likely to create a more linear actin network and in fibroblasts this increases 

lamellipodial protrusion (Bear et al., 2002). Although in these cells mutating the 

coiled-coil domain resulted in the equivalent of a partial reduction in migration 

speeds, suggesting that this region may not be as important in determining 

migration speeds in fibroblasts (Loureiro et al., 2002).  

 

Hemocytes in the above mutants migrate at faster speeds than hemocytes in 

ena
GC1

 mutants. Perhaps these proteins still have some functionality. However, 

as they migrate at similar speeds to FP4Mito and this construct sequesters all Ena 

(Fig. 3.5), this seems somewhat unlikely. It is possible that defects in the CNS 

could explain why hemocytes in the ena
GC1

 mutants migrate slower than 

hemocytes in either of the other two ena mutants or upon FP4Mito expression. 

One way to test whether hemocyte migration speeds were being affected non-cell 

autonomously would be to re-express Ena in the hemocytes alone and identify 
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whether this fully rescued migration speeds. However, neuronal mutation is also 

likely in the other mutants, although this may not be as severe depending on the 

requirement of the EVH1 and EVH2 domains in Ena function during neuronal 

development. Finally, different contributions of maternal protein may complicate 

the phenotypes observed further; indeed, immunostaining suggests that some 

maternal protein persists at stage 15 in ena
GC1

 mutants (Fig. 3.1).  

 

4.3.3 A spatial constraint may explain differences in migration speed 

between in vivo and in vitro systems 

The fact that Ena/VASP proteins appear to regulate cell migration positively in 

cells in vivo, whilst they regulate migration negatively in fibroblasts in vitro, 

may reflect the differences in environment between in vivo and in vitro systems. 

Previously it has been shown in a variety of different contexts that migratory 

cells within an organism are highly constrained and this also occurs with 

hemocytes in the developing embryo (Fig. 4.9) (Evans et al., 2010a; Wolf et al., 

2007; Yamaguchi et al., 2005). This spatial constraint appears to inhibit 

membrane ruffling (Fig. 4.12), and hemocytes in vivo only form membrane 

ruffles when the overlying spatial constraint is removed (Fig. 4.14). The 

hemocyte lamellipodia still undergoes retraction events in vivo, but these events 

are less severe and occur less frequently during migration (Fig. 4.13); therefore 

inhibiting ruffling enables the lamellipodia to advance further and in doing so 

increases cell migration speeds.  

 

This hypothesis may explain why Ena/VASP proteins negatively regulate cell 

migration speeds in vitro, as more ruffles were observed upon Ena/VASP 

recruitment to the leading edge (Bear et al., 2002). Furthermore, in a scratch 

wound assay in which cells migrated more slowly following the indirect 

knockdown of VASP, the cells also had increased lamellipodial ruffling (Moeller 

et al., 2004), implying that the number of lamellipodial ruffles formed may be 

inversely proportional to cell migration speed in vitro. In this study they also 

illustrated that VASP positively regulated lamellipodial protrusion rates, which 

presumably helps regulate migration speeds (Moeller et al., 2004), this is similar 
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to the data presented here, and together they suggest that lamellipodial protrusion 

rate and ruffling may be more important in determining overall migration speed 

than lamellipodial persistence. Either way, the data presented here may explain 

why Ena/VASP proteins increase metastasis, as the invasive migration of cancer 

cells through stromal tissue is highly constricted by the ECM (Wolf et al., 2007). 

This means that protrusions that might otherwise have been lost as membrane 

ruffles are rendered competent to contribute to cell migration.   

 

4.3.4 Are focal contacts also involved in determining migratory speed? 

Other authors, including Small and colleagues, have suggested that levels of 

membrane ruffling in combination with adhesion strength may underlie differing 

migration speeds between cell types (Small et al., 2002). The spatial constraints 

imposed on migrating hemocytes could restrict the detachment of Ena-regulated 

lamellipodia from their adhesions to the substrate, enabling faster migration. 

However, if this were the case one would anticipate that loss of focal adhesion 

components would induce the formation of lamellipodial ruffles, whereas 

mutating !PS-integrin only created membrane folds within the lamellipodia and 

not bona fide dorsal ruffles (Fig. 4.15). Although the mys
XG43

 allele is null, the 

mutants used were zygotic so it is possible that maternal protein could be playing 

a role and it would be interesting to determine whether an enhanced phenotype is 

observed in maternal/zygotic mutants. This seems somewhat likely as 

Huelsmann and colleagues report that no phenotype is observed in mys
XG43

 

mutants upon zygotic mutation, but that there was a clear phenotype in 

maternal/zygotic mutants (Huelsmann et al., 2006). Also, hemocytes express 

other integrins and perhaps there is functional redundancy, with other integrins 

taking over the role of !PS integrins in their absence. It would be interesting to 

identify whether mutating more than one integrin could cause a phenotype.  

 

The folds observed in mys mutants may be a consequence of a lack of adhesion 

to the substrate, but alternatively misregulation of integrins may affect the 

balance of actin regulatory proteins within the cell, causing the formation of 

aggregates, ectopic filament formation and ultimately lamellipodial folding. 
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Indeed, removal of !PS integrin in the Drosophila follicular epithelium causes an 

upregulation of F-actin content concurrent with an increase in Ena, Dia and 

Profilin (Delon and Brown, 2009). These accumulations are similar to aggregates 

that have been previously seen when Ena is overexpressed in mammalian cells 

and Drosophila (Baum and Perrimon 2001; Gertler et al., 1996), but are not 

observed upon Ena upregulation in hemocytes (Fig. 3.1). In hemocytes puncta 

are observed but these appear to be distinct to aggregates, as the latter also recruit 

actin whereas the former do not (Baum and Perrimon, 2001). Perhaps these 

aggregates do not form upon Ena overexpression in hemocytes, as they also 

require Profilin and Dia, which may be expressed at insufficient levels. However, 

integrin mutation may release Profilin and Dia increasing levels and enabling 

aggregates to form.  

 

It is possible that Ena could have a more direct role in modulating adhesion, 

especially as Mena localises to focal contacts and adhesions in fibroblasts 

(Gertler et al., 1996). However, selectively removing Mena from adhesions did 

not affect cell migration speeds in fibroblasts (Bear et al., 2000). This implies 

that any modulation Mena makes to adhesions is dispensable for efficient 

fibroblast migration. The literature suggests that none of the mutants or 

constructs used selectively remove Ena from one particular structure (Ahern-

Djamali et al., 1998; Bear et al., 2000; Gates et al., 2007) and in the future it 

would be interesting to determine whether Ena has a role in adhesion in 

hemocytes.  

 

The majority of work undertaken by other authors and discussed here was carried 

out in vitro and recent work has illustrated that adhesions may be different in 

nature in vivo. Indeed, mammalian dendritic cells require integrins in vitro but 

do not require these proteins during their interstitial migration in vivo 

(Lammermann et al., 2008). Although, in hemocytes, integrins are clearly 

important for migration (Siekhaus et al., 2010; Huelsmann et al., 2006; Urbano et 

al., 2009), which strongly suggests that these cells make some form of adhesion. 

The nature of this adhesion has yet to be addressed, but it is worth noting that 
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Ena-positive, focal adhesion-like structures do not appear to form in hemocytes 

(Fig. 3.1). However, this could be because adhesions are difficult to image, 

Kubow and Horwitz found that in 3D matrices these structures could only be 

visualised when levels of background fluorescence were low (Kubow and 

Horwitz, 2010). Therefore it is possible that when expressing Ena-GFP, 

fluorescence levels are too high to visualise these structures. Indeed a GFP-

tagged version of integrin-linked kinase (ILK), which associates with integrins at 

adhesion sites (Zervas et al., 2001), was expressed throughout the embryo via its 

own promoter. This revealed that hemocytes express this protein, but it localises 

predominantly to the cell body and does not obviously form discrete puncta 

within protrusions (data not shown). Thus visualising any adhesion formed 

within hemocytes may be difficult and in the future it will be intriguing to see 

exactly what types of adhesive structures hemocytes make.  

 

Recently a relationship between Ena levels and integrins was illustrated in 

epithelial cells (Delon and Brown, 2009) and it will be interesting to determine 

whether integrins play a similar role in hemocytes. This and other work suggests 

that adhesions may act to sequester Ena/VASP proteins and release them only 

when required for distinct processes within the cell (Delon and Brown, 2009; 

Gupton and Gertler at al., 2010). This suggests that misregulating these proteins 

is unlikely to effect the formation or behaviour of focal adhesions. However, 

although very different, Ena/VASP proteins clearly have a role at cell-cell 

contacts (Baum and Perrimon, 2001; Gates et al., 2007) and Mena 

overexpression reduces cohesion enabling metastasis (Roussos et al., 2011a). 

Therefore, any disruption of adhesions upon overexpression or inactivation of 

Ena cannot be ruled out, although this would be Ena-dependent given the 

correspondence between ena mutants and embryos with FP4Mito expressing 

hemocytes (Fig. 4.7).  

 

4.3.5 The role of filopodia in hemocytes  

Directionality is also required for efficient cell migration, and filopodia are 

generally considered to have a sensory role, enabling chemoattractants within the 
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environment to be detected and ultimately leading to directional migration 

towards these cues (Davenport et al., 1993; Goodhill et al., 2004). However, 

FP4Mito expressing hemocytes with drastically reduced numbers of filopodia 

still migrate in a directional fashion during lateral migration (Fig. 4.5) and 

wound chemotaxis. This ability of cells to respond to attractive signals 

irrespective of functional filopodia has also been observed in growth cones 

(Dwivedy et al., 2007; Kim et al., 2002). This implies that in some systems 

filopodia may have an alternative role; indeed, in epithelial sheets, filopodia 

enable the matching of these sheets and the formation of cell-cell contacts 

between them (Jacinto et al., 2000; Raich et al., 1999). Although these functions 

are unlikely in hemocytes, one possibility is that the filopodia are initiating the 

formation of adhesions. Integrins and cadherins are known to associate with 

filopodial tips (Letourneau et al., 1989), as well as along the shafts of these 

structures (Steketee and Tosney, 2002) and more recently filopodial tips have 

been shown to contain activated yet unligated !1 integrins (Galbraith et al., 

2007). Allowing these structures to act as sites of adhesion and enable tension to 

be created (Gupton and Gertler, 2007).  Furthermore, in Dictyostelium 

discoideum upon loss of dVASP, they observe a reduction in filopodia and a 

detachment of the leading edge from the underlying substrate for periods of up to 

one minute, suggesting that in this system filopodia may have a role in initiating 

adhesion (Han et al., 2002). Further work is required to determine whether 

filopodia in hemocytes are involved in adhesion formation. 

 

4.3.6 Altering hemocyte migration speeds does not effect neuronal 

development or wound healing 

Interestingly, although Ena positively regulates hemocyte migration speeds 

within the embryo, neither overexpression nor inactivation of Ena had a 

significant effect on hemocyte development or wound healing. Since it has been 

shown that a failure of hemocytes to migrate down the midline resulted in 

reduced phagocytosis and ECM being deposited, perturbing neuronal 

condensation and patterning (Olofsson and Page, 2005; Sears et al., 2003), it 

seemed plausible that altering hemocyte migration speeds and number could 
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cause defects in CNS development. However, no difference was detected (Fig. 

4.4), suggesting that the speed at which the hemocytes migrate does not have any 

drastic effects upon Drosophila development. Also despite fewer FP4Mito 

expressing hemocytes reaching the midline neuronal development was not 

perturbed, suggesting that the number of hemocytes can be reduced drastically 

and neuronal patterning still occurs correctly. Presumably there must be a critical 

number of hemocytes below which problems in condensation and patterning 

would be observed, as insufficient hemocytes would be present to engulf 

apoptotic cells and lay down matrix. This data also suggests that there is no 

obvious defect in hemocyte phagocytosis upon Ena inactivation, which is 

interesting as Ena/VASP proteins have implicated in phagocytosis in other 

systems (Castellano et al., 2001; Coppolino et al., 2001). 

 

The only difference observed at wounds was the number of hemocytes recruited 

following Ena inactivation, where the number of cells recruited was significantly 

reduced. It has been previously illustrated that this inflammatory response is not 

essential for wound closure in the Drosophila embryo (Stramer et al., 2005), so 

one could assume that the wounds within these embryos would close normally. 

However, it would be interesting to determine if FP4Mito expressing hemocytes 

persisted at the wound for longer or whether further FP4Mito expressing 

hemocytes are recruited to the wound after an hour. Furthermore, as Ena/VASP 

proteins are implicated in phagocytosis (Castellano et al., 2001; Coppolino et al., 

2001), it would be interesting to identify whether the ability of FP4Mito 

expressing hemocytes to engulf apoptotic matter at the wound was compromised. 

GFP expressing hemocytes contain obvious vacuoles when imaged with confocal 

microscopy (Fig. 3.7) that contain apoptotic corpses (I. Evans personal 

communication). Given that these vacuoles appear normal in FP4Mito 

expressing hemocytes, a defect in phagocytosis seems unlikely but a subtle 

defect in recognition or uptake and degradation of apoptotic or necrotic debris 

cannot be ruled out. Further analysis will determine whether Ena/VASP proteins 

play a role in hemocyte phagocytosis. 
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4.3.7 Conclusions 

The data presented in this chapter illustrates that Ena/VASP proteins positively  

regulate hemocyte migration speeds in vivo. This is consistent with metastasis 

and invasion studies in rats but contradicts previous findings from fibroblasts in 

vitro (Bear et al., 2000; Philippar et al., 2008; Roussos et al., 2010) and suggests 

that the discrepancy may be caused by differences between in vivo and in vitro 

systems. Hemocytes, like many cells in vivo, are highly constrained between the 

underlying VNC and overlying epidermis and this constraint appears to prevent 

the formation of membrane ruffles. Furthermore, these ruffles are more 

detrimental to lamellipodial protrusion, retracting faster and persisting for longer 

than a simple retraction event. As more ruffles were observed upon Ena/VASP 

recruitment to the leading edge in fibroblasts (Bear et al., 2002), it may help 

explain why these cells migrated more slowly. Indeed, if more protrusions are 

lost as ruffles then these protrusions cannot be used efficiently in cell migration 

and the cell migrates more slowly. In contrast, in vivo, where these ruffles do not 

appear to form, all protrusions could be used in cell migration, helping to explain 

why these cells migrate faster.  
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Chapter 5: Actin bundle coalescence drives hemocyte 

migration 

 

5.1 Introduction 

5.1.1 Actin bundling  

Actin bundling is required for the formation of long parallel filaments, which are 

important in filopodial and stress fibre formation in migratory cells as well as in 

microvilli, stereocillia of the inner ear, growth cones, the bristles and hairs of 

Drosophila melanogaster and nurse cell bundles in insect oocytes (reviewed in 

Bartles et al., 2000; Kureishy et al., 2002; Mattila and Lappalainen, 2008). 

Numerous different actin-crosslinking proteins exist, including !-actinin, Epsin, 

Fascin, Filamin, Fimbrin, Forked, Myosin, and Villin (reviewed in Bartles, 

2000). Furthermore, other proteins exist, whose primary role is not actin 

bundling, but which have been found to bundle actin such as Ena/VASP proteins 

and Diaphanous related Formins (DRFs) (Bachmann et al., 1999; Barzik et al., 

2005; Esue et al., 2008; Harris et al., 2006; Machaidze et al., 2010). Given the 

number of actin regulatory proteins that exist, it seems plausible that there will 

be functional redundancy between the different proteins; indeed in Dictyostelium 

discoideum, actin-bundling proteins have both unique and overlapping functions 

in terms of their regulation of the actin cytoskeleton (Rivero et al., 1999). 

 

5.1.2 Fascin is required for actin bundling 

Fascin was one of the first actin-bundling proteins to be characterised and is a 

highly conserved family in vertebrates (Adams, 2004). In vitro, Fascin seems to 

inherently form actin-bundles, as simply mixing these two proteins led to the 

formation of needle-like actin-bundles (Bryan and Kane 1978). Electron 

microscopy (EM) of these bundles revealed they are unipolar and organized into 

hexagonal packs with 8-12nm spacing between filaments (depending on the 

origin of the Fascin used), and show a periodic striping pattern (Bryan and Kane, 

1978; Cant et al., 1994). Further studies revealed that there is one Fascin 

molecule per actin crosslink and that a crosslink is found every 25-60 actin 
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monomers (Aratyn et al., 2007; DeRosier and Censullo, 1981; Bryan and Kane 

1978). Fascin bundling activity is mediated by two different actin-binding 

domains, one in the N-terminus and the other in the C-terminus of Fascin (Ono et 

al., 1997; Jansen et al., 2011).  

 

Fascin generates stiff and parallel bundles, but the protein has a relatively 

dynamic relationship with actin filaments, with interactions having a half-life of 

six to nine seconds, enabling dynamic crosslinking (Vignjevic et al., 2006). 

Indeed, Fascin undergoes rapid diffusion within filopodia and slower diffusion 

with the cytoplasmic pool, but at any one given time the majority of Fascin 

within a filopodia is bound to actin (Aratyn et al., 2007). Furthermore, 

computational modelling has illustrated that this activity is important for 

maintaining filopodial growth and to sustain longer filopodia (Aratyn et al., 

2007).  

 

Fascin activity and localisation is regulated by PKC phosphorylation on serine 39 

(S52 in Drosophila) within the N-terminal actin-binding domain, with 

phosphorylation of this site preventing actin bundling (Adams et al., 1999; 

Yamakita et al., 1996; Ono et al., 1997) and precluding Fascin from filopodia 

(Aratyn et al., 2007). This suggests that the unphosphorylated form of Fascin is 

the one responsible for actin bundling and activity. However, in Drosophila, 

phosphorylation of this serine was dispensable for hemocyte migration, but 

regulated epithelial bristle formation (Zanet et al., 2009), meaning that neither 

phosphorylated nor unphosphorylated Fascin exhibited more activity in 

hemocytes, whilst unphosphorylated Fascin was more active in bristles. This 

implies that the requirement for serine phosphorylation in Drosophila at least 

may be cell or function dependent. 

 

Fascin has been illustrated to be involved in a whole host of different biological 

functions including neuronal growth cone morphogenesis and reorganisation 

(Brown and Bridgman, 2009; Cohan et al., 2001), bristle formation in 

Drosophila (Cant et al., 1994; Tilney et al., 1995; Tilney et al., 1998; Wulfkuhle 
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et al., 1998), and the formation of actin bundles in nurse cells during cell 

dumping (Cant et al., 1994; Tilney et al., 1998). Cell dumping is a process that 

occurs during oogenesis and involves the contraction of nurse cells and extrusion 

of their cytoplasmic contents into the neighbouring egg (Guild et al., 1997). But, 

perhaps unsurprisingly given Fascin’s ability to bundle actin, this protein has 

been studied extensively in filopodia. Indeed, in numerous studies, Fascin has 

been demonstrated to both localise to and be important in the generation of 

filopodia in vitro and in a variety of different cell types (Cohan et al., 2001; 

Sasaki et al., 1996; Svitkina et al., 2003; Vignjevic et al., 2003; Vignjevic et al., 

2006; Yamashiro-Matsumura and Matsumura, 1986; Yamashiro et al., 1998). 

Furthermore, Fascin is highly expressed in specialised cells that produce large 

numbers of filopodia such as neurons, mature dendritic cells and transformed 

cells (Cohan et al., 2001).  

 

Fascin is also observed within the lamellipodia of some cells where it forms 

struts (Cohan et al., 2001; Zanet et al., 2009) and has been shown to increase 2D 

motility of cells in culture (Hashimoto et al., 2005; Yamashiro et al., 1998). 

More recently, Fascin was found to be upregulated in a whole host of different 

cancers at both the protein and mRNA levels (Hashimoto, et al., 2007; Jayo and 

Parsons, 2010; Kim et al., 2009; Vignjevic et al., 2007), where it was implicated 

in lamellipodial protrusion, podosome disassembly and invadopodia formation 

(Yamakita et al., 2011; Li et al., 2010). 

 

5.1.3 A role for Fascin in hemocyte lamellipodial dynamics and migration  

Despite Fascin being implicated in cancer progression, the role of this protein 

within the lamellipodia and ultimately cell migration, has not been studied 

extensively. Recent work in hemocytes revealed that cells mutant for singed (sn) 

the locus which codes for Fascin, display several defects in hemocyte dispersal, 

including a delay in hemocyte migration along the ventral midline. These defects 

persist to later stages of development, as hemocytes remain aggregated in the 

ventral two-thirds of the embryo and are unable to reach the posterior. In 

addition to hindering developmental migrations, sn mutation reduces hemocyte 
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migration towards wounds, with fewer hemocytes recruited and those that were 

migrating at significantly slower speeds (Zanet et al., 2009). As previously 

described in other cell types, fluorescence microscopy revealed that Fascin 

localised to ribs or struts of actin within the lamellipodia and remained here as 

the ribs extended to form filopodia. Indeed, these Fascin rich struts displayed 

polarised growth, extending from the cell body towards the leading edge, before 

they retracted and ultimately disappeared. Furthermore, as reported previously, 

these struts were highly dynamic and exhibited treadmilling throughout the 

lamellipodia and in their absence the lamellipodia was very static and fluctuated 

little in area over time (Zanet et al., 2009). 

 

5.1.4 Actin-bundling proteins may have distinct roles in bundle formation 

Several different studies have suggested actin bundling may occur via a two-step 

process in which the first protein acts as an initiator of bundling and the second 

an organiser. Shibayama and colleagues proposed this theory after studying 

intestinal development in chick embryos (Shibayama et al., 1987). Indeed, in 

microvillus formation during embryogenesis in both the chick and mouse, Villin 

initially concentrates at the apical surface of the epithelium, when few microvilli 

have formed and actin filaments appear disorganised (Shibayama et al., 1987; 

Ezzell et al., 1989); Fimbrin localises two to three days later, enabling numerous 

short microvilli containing organised actin bundle cores to form (Shibayama et 

al., 1987; Ezzell et al., 1989). This suggests that Villin initiates the bundling and 

Fimbrin organises the preformed bundles. Fimbrin appears to function similarly 

in the stereocilia of the chick inner ear, where it organises actin bundles into 

hexagonal packs (Tilney and DeRosier, 1986; Tilney et al., 1989; Tilney et al., 

1992).   

 

Bundles may be organized in a similar manner within Drosophila pupa 

neurosensory bristles. These are located on the thorax, extend up to 400µm and 

contain several parallel actin bundles (Tilney and DeRosier, 2005). Genetic 

analysis of these bundles revealed that the sequential action of Forked then 

Fascin is required for their formation (Petersen et al., 1994; Tilney et al., 1995; 
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Tilney et al., 1998; Wulfkuhle et al., 1998). Forked is believed to act first, as 

Fascin is observed in excess in the bristle before accumulating at actin bundles, 

suggesting that Forked may mediate some change that enables Fascin binding 

(Tilney et al., 1998; Wulfkuhle et al., 1998). Fascin then forms regular cross-

links between the filaments forming a hexagonal array (Cant et al., 1994; Tilney 

et al., 1995; Tilney et al., 1998; Wulfkuhle et al., 1998). Indeed, Fascin is well 

suited to this role as it binds actin with relatively low affinity (Aratyn et al. 2007; 

Vignjevic et al., 2006), meaning cross-links can be easily made and broken, 

which is necessary in the formation of a maximally cross-linked bundle from 

several smaller, disordered bundles (Stokes and DeRosier, 1991; Bartles, 2000).  

 

Fascin may also organise actin bundles during nurse cell dumping. These 

bundles extend from the nurse cell plasma membrane and form a cage around the 

nucleus, preventing it from blocking the ring canals upon dumping (Cant et al., 

1994; Guild et al., 1997). The assembly of these bundles requires Quail (a Villin 

homologue) followed by Fascin (Cant et al., 1994; Mahajan-Miklos and Cooley 

1994). Interestingly, Quail can partially substitute for Fascin in this system, as 

Quail overexpression in sn mutants results in bundles that appear wild-type (WT) 

but become disorganised in the final stages of dumping (Cant et al., 1998). This, 

and the fact that Quail is present in nurse cells before the formation of 

cytoplasmic bundles, suggests that Quail may initiate actin bundling (Cant et al., 

1998; Mahajan-Miklos and Cooley, 1994).  

 

5.1.5 Interplay between Fascin and Ena/VASP proteins  

Several authors have speculated about the interplay between Ena/VASP proteins 

and Fascin and the function of these two proteins has been studied during the 

transition between lamellipodia and filopodia, in cell lines in culture. Svitkina 

and colleagues originally illustrated that a filopodia forms from the dendritic 

network of the lamellipodia. Using EM and fluorescence microscopy they 

visualised the formation of !–precursors, where the barbed ends of actin 

filaments come together to form a cone like structure. GFP-VASP appeared to 

accumulate here early in the formation of these structures, whilst Fascin-GFP 
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appeared to accumulate in more established precursors, where, presumably, it 

enables actin bundling and a filopodia to form (Svitkina et al, 2003).  

Later work from the same group illustrated that depletion of Capping Protein 

(CP) by RNAi in MV
D7

 cells did not induce filopodial formation, suggesting that 

Ena/VASP proteins have a function independent of anti-capping in this process. 

These authors found that the Ena/VASP homology domain (EVH)2 domain of 

Ena/VASP proteins was the minimal unit required for filopodial formation 

(Applewhite et al., 2007). Furthermore, mutation of the coiled-coil region within 

the EVH2 domain inhibited filopodial formation suggesting that Ena/VASP 

proteins may have a role in oligomerising actin filaments as was previously 

proposed by Schirenbeck and colleagues (Applewhite et al., 2007; Schirenbeck 

et al. 2005a). Indeed, these authors suggested a similar oligomerisation 

mechanism for dVASP, and found that the F-actin binding site (FAB) was 

required for actin bundling and presumably filopodial formation (Schirenbeck et 

al., 2006). Mutation of the FAB or G-actin binding domains (GAB) also 

disrupted filopodial formation in MV
D7

 cells, suggesting these regions may help 

Ena/VASP remain localised at filopodial tips. Indeed, Ena/VASP proteins 

undergo a change in kinetics as filopodia form from lamellipodia and become 

stabilised at filopodial tips and these transient interactions mediated by the FAB 

and GAB may maintain this localisation, enabling actin polymerisation 

(Applewhite et al., 2007). 

 

5.1.6 Experimental aims 

Both Ena inactivation and sn mutation result in similar phenotypes in hemocytes 

and the aim of this chapter was to investigate any similarities and possible 

interplay further. Initially it was determined whether Ena regulates Fascin 

bundling. Having identified this, Ena was misregulated in the absence of Fascin; 

surprisingly, Ena overexpression could rescue some aspects of sn mutation. This 

is somewhat unexpected and bundling was investigated further, concentrating on 

the relationships between bundling and lamellipodial protrusion and bundling 

and cell migration. 
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5.2 Results 

 

5.2.1 sn mutant hemocytes mimic those where Ena has been inactivated 

Initially, lamellipodial dynamics were investigated further as although a similar 

phenotype was observed upon Ena inactivation and sn mutation, the method used 

to determine lamellipodial dynamics by Zanet and colleagues was slightly 

different. In the study by Zanet and co-authors the hemocyte lamellipodia was 

divided into four and fluctuations were measured within each quadrant rather 

than measuring the whole lamellipodial area, as was undertaken for Ena 

misregulation (Zanet et al., 2009). In order to measure overall lamellipodial area 

change, sn mutant hemocytes (sn
28

) and those in which Ena was inactivated were 

labelled with mCherry-Moesin to reveal lamellipodial area and timelapse movies 

were made. Analysis of these movies revealed, that like Ena inactivation, sn 

mutation increased lamellipodial area (Fig. 5.1A-C, G and Table 5.1) and 

reduced lamellipodial dynamics by 40% (P = 1.2!10
-11

, N = 278 measurements 

from 5 hemocytes in 3 embryos for FP4; P = 5.0 !10
-13

, N = 270 measurements 

from 5 hemocytes in 5 embryos for sn
28

; N = 300 measurements from 5 

hemocytes in 4 embryos for WT; Fig. 5.1D-F, H and Table 5.1), which is 

consistent with previous results (Fig 3.8) (Zanet et al., 2009) and illustrates that 

inactivating Ena or mutating sn within these cells results in a similar phenotype 

in terms of lamellipodial dynamics (P = 0.68 for FP4 and sn
28

). Given the 

similarity of these phenotypes, the effect of Ena misregulation on Fascin activity 

was determined.  

 

5.2.2 Ena positively regulates Fascin bundling  

Initially, Fascin bundling was investigated; using the Gal4UAS system to express 

mCherry-Fascin on a sn mutant background, Fascin bundles within the 

hemocytes could be imaged live. This revealed that similar to previously 

published data using Fascin-GFP (Zanet et al., 2009), mCherry-Fascin forms 

struts within the lamellipodia (Fig. 5.2B, Table 5.2 and movie 5.2). However, 

expression of FP4Mito drastically reduced Fascin bundling, with very few if any 

Fascin struts persisting in these cells (Fig. 5.2A and D, Table 5.2 and movie 5.1).
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Figure 5.1: Both Ena inactivation and sn mutation reduce hemocyte 

dynamics 

(A-C) Midline hemocytes expressing mCherry-Moesin and FP4Mito (FP4), 

mCherryMoesin alone (WT) and mCherry-Moesin on a sn mutant background (sn
28

), 

were imaged live at stage 15 of development. (D-F) Graphs show fluctuations in total 

lamellipodial area of five hemocytes of each genotype over 25 minutes. (G and H) !Box 

and whisker plots for FP4, WT and sn
28

 hemocytes, showing total lamellipodial area (G) 

and rate of change in lamellipodial area for each genotype (H). !WT hemocytes have a 

relatively large lamellipodia of 330µm
2
 (N = 305 measurements from 5 hemocytes in 4 

embryos), which fluctuates on average 0.76µm
2
/s (N = 300 measurement from 5 

hemocytes in 4 embryos). Inactivating Ena increases the average lamellipodial area to 

380µm
2
 (P = 2.5 " 10

-17
, N = 283 from 5 hemocytes in 3 embryos), but decreases 

lamellipodial change to an average of 0.46µm
2
/s (P = 1.2 " 10

-11
, N = 278 measurements 

from 5 hemocytes in 3 embryos). Similarly, mutating sn increased lamellipodial area to 

460µm
2
 (P = 1.3 " 10

-79
, N = 275 measurements from 5 hemocytes in 5 embryos) on 

average and decreased lamellipodial dynamics to an average of 0.45µm
2
/s (P = 5.0 " 10

-

13
, N= 270 measurements from 5 hemocytes in 5 embryos,). Asterisks (*) denote P < 

0.05 (t-test). Scale bars represent 10µm. 

 

 

 

 

 



 

 

 

Figure 5.1: 

 



 

 

 

Table 5.1: Ena and Fascin interplay regulates hemocyte dynamics 

 

 

    Lamellipodia 

    Area  (µm
2
) 

Average 

Change in 

Area  (µm
2
/s) 

Rate of 

Protrusion 

(µm/min) 

Persistence 

of Protrusion 

(mins) 

FP4Mito  

average 

p value 

standard deviation 

 

380 

2.5 ! 10
-17 

60 

0.46 

1.2 ! 10
-11 

0.40 

2.4 

1.4 ! 10
-4 

1.3 

0.46 

4.2 ! 10
-2 

0.30 

sn
28

 

FP4Mito 
 

average 

p value 

standard deviation 

 

380 

1.7 ! 10
-16

 

70 

0.40 

4.2 ! 10
-16

 

0.30 

n/a n/a 

sn
28

  

average 

p value 

standard deviation 

 

460 

1.3 ! 10
-79 

70 

0.45 

5.0 ! 10
-13 

0.33 

2.5 

2.6 ! 10
-4 

1.8 

0.66 

5.2!10
-5 

0.40 

sn
28

 Ena  

average 

p value 

standard deviation 

 

320 

0.71 

80 

0.64 

0.11 

0.54 

4.7 

0.50 

2.4 

0.52 

1.3 ! 10
-2

 

0.34 

WT  

average 

p value 

standard deviation 

 

330 

n/a 

60 

0.76 

n/a 

0.63 

5.3 

n/a 

4.8 

0.34 

n/a 

0.22 

Ena  

average 

p value 

standard deviation 

 

380 

1.2 ! 10
-10

 

100 

0.94 

3.4 ! 10
-3

 

0.83 

8.0 

8.9 ! 10
-3

 

5.7 

0.25 

2.6 ! 10
-2 

0.20 
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Indeed, upon expression of FP4Mito the average number of Fascin struts per cell 

was reduced from an average of 29 per cell to 0.18 (P = 2.4 ! 10
-34

, N = 49 

hemocytes from 14 embryos for FP4, N = 44 hemocytes from 12 embryos for 

WT). This data supports the idea that Ena has a role in initiating the formation of 

actin bundles and suggests that Ena may lie upstream of Fascin. Consistently, 

expressing Ena-GFP with mCherry-Fascin increased the number of Fascin struts 

within the lamellipodia, to 34 on average per cell (P = 2.5 ! 10
-2

, N = 55 

hemocytes from 19 embryos for Ena, N = 44 hemocytes from 12 embryos for 

WT; Fig 5.2C-D, Table 5.2 and movie 5.3). This suggests that Ena positively 

regulates Fascin bundling in hemocytes and may be the limiting factor for bundle 

formation. However, whilst inactivating Ena reduced Fascin bundling density (P 

= 2.2 ! 10
-34

; Table 5.2), Ena overexpression did not significantly increase 

bundling density (P = 0.90; Table 5.2). Nonetheless, Ena-GFP localised to the 

tips of these Fascin bundled struts and therefore appears to be ideally situated to 

regulate the formation of these structures (Fig. 5.2C, arrowhead), although it is 

important to note that this is an overexpression of Ena and endogenous Ena may 

not be as obviously enriched here.  

  

5.2.3 Ena localises to the tips of Fascin bundled struts as they coalesce 

Given Ena localisation within hemocytes and the ability of this protein to 

regulate Fascin bundling, coalescence of these Fascin bundles was investigated. 

To this end, timelapse movies of the leading edge of hemocytes expressing 

mCherry-Fascin and Ena-GFP on a sn mutant background were made. In these 

movies, Ena-GFP could be seen at the tips of Fascin bundles and remained here 

as the bundles coalesced and formed larger bundles and ultimately filopodia (Fig. 

5.3A, arrowhead and movie 5.5). This coalescence of Fascin bundles is 

particularly obvious when the tips of the bundles are tracked (Fig. 5.3B). 

Therefore Ena appears ideally situated to mediate Fascin bundle coalescence. 

The coalescence of bundles does not appear to be an artifact of Ena 

overexpression as this process was observed in hemocytes expressing mCherry-

Fascin alone on the sn mutant background (Fig. 5.3C-D and movie 5.4). Given 

that Ena appears to be implicated in the coalescence of actin bundles, it is 
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Figure 5.2: Ena positively regulates Fascin bundling 

(A-C) Midline hemocytes expressing mCherry-Fascin on a sn mutant background with 

FP4Mito (FP4), mCherry-Fascin alone (Fascin) or with Ena-GFP (Ena) were imaged at 

stage 15 of development. (A) Expressing FP4Mito prevents the formation of Fascin 

struts. (B) mCherry-Fascin can clearly be seen localising to struts within the 

lamellipodia (arrowheads). (C) Ena overexpression does not effect Fascin localisation 

and Ena localises to the leading edge (bracket), whilst Fascin is found enriched in struts 

within the lamellipodia and extending as filopodia (arrowhead). (D) Box and whisker 

plot of the number of Fascin bundles per cell. On average there are 29 Fascin bundles 

per cell (N = 44 hemocytes 12 in embryos), but inactivating Ena severely reduces this 

number to 0.18 (P = 2.4 ! 10
-34

, N = 49 hemocytes in 14 embryos). Consistently Ena 

overexpression increases the number of Fascin bundles to 34 on average (P = 2.5 ! 10
-2

, 

N = 55 hemocytes in 19 embryos). Asterisks (*) denote P < 0.05 (t-test). Scale bars 

represent 10µm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 5.2: 

 

 



 

 

 

 

 

Table 5.2: Ena regulates Fascin bundling dynamics 

 

 

    Fascin Bundles 

  

  
Number of 

bundles 

Bundles per µm
2
 of 

Lamellipodia 

Number of 

Bundles 

Coalescing 

Protrusion Rate of 

Bundle (µm/sec) 

Protrusion Rate 

of Coalescing 

Bundle (µm/sec) 

 

FP4Mito  

average 

p value 

standard deviation 

 

0.18 

2.4 ! 10
-34 

0.44 

4.8 ! 10
-4 

2.2 ! 10
-34 

1.2 ! 10
-3

 

n/a n/a n/a  

WT  

average 

p value 

standard deviation 

 

29 

n/a 

10 

8.8 ! 10
-2

 

n/a 

3.1 ! 10
-2

 

4.7 

n/a 

1.9 

8.4 ! 10
-2

 

n/a 

5.5 ! 10
-2

 

0.15 

n/a 

4.0 ! 10
-2

 

 

Ena  

average 

p value 

standard deviation 

 

34 

2.5 ! 10
-2

 

10 

8.9 ! 10
-2

 

0.90 

2.6 ! 10
-2

 

6.9 

1.9 ! 10
-4

 

1.9 

7.6 ! 10
-2

 

0.58 

6.7 ! 10
-2

 

0.13 

0.1 

5.6 ! 10
-2
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possible that Ena overexpression could increase the number of these events and 

so the number observed per cell at any given timepoint were counted. This 

revealed that upon Ena overexpression there is a significant increase in the 

number of bundles coalescing. Indeed, in WT cells there were on average 4.7 

filaments coalescing, whereas upon Ena overexpression this was increased to 6.9 

(P = 1.9 ! 10
-4

, N = 22 hemocytes from 9 embryos for WT, N = 30 hemocytes 

from 14 embryos for Ena; Fig. 5.3E and Table 5.2). 

 

5.2.4 sn mutant hemocytes expressing FP4Mito resemble those in which Ena 

is inactivated alone  

As Ena appears to regulate Fascin activity, the effect of misregulating Ena in the 

absence of Fascin was determined. Presumably if these two proteins co-operate 

to regulate actin bundling then misregulating Ena would have no effect on the sn 

mutant phenotype. Initially FP4Mito was expressed with mCherry-Moesin in sn 

mutant hemocytes, timelapse movies were made and their lamellipodial 

dynamics investigated. These movies revealed expressing FP4Mito in sn mutant 

cells had no further negative effect upon hemocyte lamellipodial dynamics. 

Indeed these cells are not statistically different from those in which Ena is 

inactivated or sn mutated (P = 0.11 for FP4Mito, N = 180 measurements from 6 

hemocytes in 3 embryos for sn
28

 FP4, N = 278 from 5 hemocytes in 3 embryos 

for FP4Mito; P = 0.15 for sn
28

, N = 270 measurements from 5 hemocytes in 5 

embryos for sn
28

) with all having a statistically more stable lamellipodia that 

fluctuate little in area over time when compared to WT (P = 4.2 ! 10
-16

 for sn
28 

FP4, N = 300 measurements from 5 hemocytes in 4 embryos for WT; Fig. 5.4E-

H and J and Table 5.1).  

 

The other key similarity between FP4Mito expressing hemocytes and those in 

which sn is mutated is their reduced migration speeds towards wounds (Fig. 4.7; 

Zanet et al, 2009). In order to investigate the inflammatory migration, epithelial 

wounds were made using laser ablation and timelapse movies of hemocytes 

migrating towards the wound were obtained. Tracking these movies revealed that 

expressing FP4Mito did not affect the speed at which sn mutant hemocytes 
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Fig. 5.3: Ena is implicated in the coalescence of Fascin bundles  

(A) Stills from a timelapse illustrating mCherry-Fascin struts with Ena-GFP at the tip. 

These struts coalesce to form larger bundles (arrowhead), and as they do so Ena-GFP 

remains at the tip. (B) Tracks of the tips of the bundles in A, illustrating their 

coalescence. (C) Stills from a timelapse showing mCherry-Fascin at struts within the 

hemocyte lamellipodia and their coalescence over time, illustrating that this is not an 

artefact of Ena-GFP overexpression. (D) Tracks of the tips of the bundles in C, showing 

their coalescence. (E) Box and whiskers plot of the number of coalescing bundles per 

cell. WT cells have on average 4.7 coalescing bundles at any one time (N = 22 

hemocytes from 9 embryos). Overexpressing Ena increases the number of coalescence 

events to an average of 6.9 per cell (P = 1.9!10
-4

, N = 30 hemocytes from 14 embryos). 

Asterisk (*) denotes P < 0.05 (t-test). Scale bars represent 10µm. 
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migrate towards wounds (P = 0.92, N = 44 hemocytes from 13 embryos for sn
28

 

FP4Mito, N = 12 hemocytes from embryos for FP4Mito; Fig. 5.4K and Table 

5.3). Furthermore there was no significant difference in migration speeds 

between sn mutant hemocytes and sn mutants expressing FP4Mito (P = 0.36, N = 

32 hemocytes from 15 embryos for sn
28

). Therefore, as the phenotype was not 

enhanced it appears that Ena and Fascin may be working together to regulate 

actin bundling and that removing either results in a similar phenotype as far as 

lamellipodial dynamics and migration speeds are concerned.   

 

Hemocytes also had a larger lamellipodial area upon FP4Mito expression in sn 

mutants, and this area was statistically similar to when FP4Mito alone was 

expressed (P = 0.17, N = 186 from 6 hemocytes in 3 embryos for sn
28

 FP4, N = 

283 measurements from 5 hemocytes in 3 embryos for FP4Mito; Fig. 5.4A-B 

and I and Table 5.1). Interestingly, the lamellipodial area was significantly 

smaller than in sn mutant hemocytes (P = 4.0 ! 10
-24

, N = 275 measurements 

from 5 hemocytes in 5 embryos for sn
28

; Fig. 5.4C and I and Table 5.1), 

suggesting that hemocytes in which both Ena is inactivated and sn mutated have 

a more similar phenotype to those in which Ena alone is inactivated. 

 

5.2.5 Fascin is not required for Ena localisation 

After determining that inactivating Ena had no effect upon sn mutant 

lamellipodial dynamics or migration speeds towards wounds, I wondered what 

effect Ena overexpression would have. However, before determining this, it first 

had to be identified whether mutating sn affected Ena localisation. To this end, 

sn mutant hemocytes expressing mCherryMoesin were fixed and stained for Ena 

in vitro, this revealed that Ena localises to the leading edge of these cells and can 

be seen enriched at the tips of filopodial like structures (arrowhead, Fig. 5.5A). 

Ena-GFP also localises to the lamellipodial leading edge in sn mutant hemocytes 

both in vitro and in vivo (in vitro data not shown, in vivo data illustrated in Fig. 

5.5B and movie 5.7). This indicates that Fascin is not required for Ena 

localisation and is consistent with Ena working upstream of this actin bundling 

protein. 
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Figure 5.4 Mutating sn does not enhance the FP4Mito phenotype 

(A-D) Midline hemocytes expressing mCherry-Moesin with FP4Mito (FP4), with 

FP4Mito in a sn mutant (sn
28

 FP4), in a sn mutant (sn
28

), or mCherryMoesin alone (WT) 

were imaged live at stage 15 of development. (E-H) Graphs show fluctuations in total 

lamellipodial area of five hemocytes of each genotype over 15 minutes. (I-K) !Box and 

whisker plots for FP4, sn
28

 FP4, sn
28

 and WT hemocytes, showing total lamellipodial 

area (I) change in lamellipodial area (J) and migration speeds to wounds for each 

genotype (K). !WT hemocytes have an average lamellipodia area of 330µm
2
 (N = 305 

measurements from 5 hemocytes in 4 embryos), which fluctuates on average by 

0.76µm
2
/s (N = 300 measurements from 5 hemocytes in 4 embryos). Inactivating Ena 

alone, inactivating Ena in a sn mutant and mutating sn all significantly increase the 

lamellipodial area to 380µm
2
, 380µm

2
 and 460µm

2
 respectively (P = 2.5 " 10

-17
, N = 283 

from 5 hemocytes in 3 embryos for FP4; P = 1.7 " 10
-16

, N = 186 from 6 hemocytes in 3 

embryos for sn
28 

FP4; P = 1.3 " 10
-76

, N = 275 measurements from 5 hemocytes in 5 

embryos for sn
28

). Furthermore, inactivating Ena alone, inactivating Ena in a sn mutant 

and mutating sn all decrease lamellipodial change to 0.46µm
2
/s, 0.40µm

2
/s and 

0.45µm
2
/s respectively (P = 1.2"10

-11
, N = 278 measurements from 5 hemocytes in 3 

embryos for FP4; P = 4.2 " 10
-16

, N = 180 measurements from 5 hemocytes in 3 

embryos for sn
28 

FP4; P = 1.4 "10
-13

, N = 270 measurements from 5 hemocytes in 5 

embryos for sn
28

). WT hemocytes migrate at speeds of 1.7µm/min towards wounds (N = 

39 hemocytes from 9 embryos for WT), inactivating Ena alone, inactivating Ena in a sn 

mutant and mutating sn all significantly reduce migration speeds to 1.4µm/min, 

1.4µm/min and 1.3µm/min respectively (P = 3.4 " 10
-2

, N = 12 hemocytes from 4 

embryos for FP4; P = 1.7 " 10
-3

, N = 44 hemocytes from 13 embryos for sn
28 

FP4, P = 

5.5"10
-4

; N = 32 hemocytes from 15 embryos for sn
28

). Asterisks (*) denote P < 0.05 (t-

test). Scale bars represent 10µm. 
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Table 5.3: Ena and Fascin interplay regulates hemocyte migration speeds 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

    Migration Speed 

    

Chemotaxis to 

Wounds  

(µm/min) 

Random 

Migration 

Speed 

(µm/min) 

 

FP4Mito  

average 

p value 

standard deviation 

 

1.4 

3.4 ! 10
-2 

0.46 

1.3 

1.1 ! 10
-4 

0.22 

 

sn
28

 

FP4Mito 
 

average 

p value 

standard deviation 

 

1.4 

1.7 ! 10
-3

 

0.43 

1.4 

1.1 ! 10
-3

 

0.51 

 

sn
28

  

average 

p value 

standard deviation 

 

1.3 

5.5 ! 10
-4 

0.42 

1.5 

4.4 ! 10
-4 

0.29 

 

sn
28

 Ena  

average 

p value 

standard deviation 

 

1.6 

0.36 

0.64 

1.8 

0.29 

0.51 

 

WT  

average 

p value 

standard deviation 

 

1.7 

n/a 

0.44 

1.9 

n/a 

0.48 

 

Ena  

average 

p value 

standard deviation 

 

2.0 

6.1 ! 10
-3

 

0.48 

2.2 

4.1 ! 10
-2

 

0.60 
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Figure 5.5: Fascin is dispensable for Ena localisation 

(A) Immunostaining of hemocytes in vitro to identify whether Ena localises to the 

leading edge in sn mutant hemocytes. Hemocytes expressing mCherry-Moesin on a sn 

mutant background were cultured in vitro and immunostained for Ena. (A’-A’’) Ena 

localises to the leading edge even in the absence of Fascin (arrowhead). (B) To illustrate 

Ena localisation in vivo, midline hemocytes co-expressing mCherry-Moesin (B) and 

Ena-GFP (B’) on a sn mutant background were imaged at stage 15 of embryonic 

development. (B’’) This revealed that Ena-GFP localises to the leading edge (bracket) in 

hemocytes. Scale bars represent 10µm. 
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5.2.6 Ena overexpression rescues sn mutant lamellipodial dynamics 

To determine whether Ena overexpression affects sn mutant hemocyte dynamics, 

the total lamellipodial area was measured from timelapse movies of these cells 

and compared to sn mutant hemocytes. Analysis of these movies illustrated that 

whilst the lamellipodia is stable upon sn mutation, overexpression of Ena within 

sn mutant hemocytes increases lamellipodial dynamics by 42% (N = 281 

measurements from 5 hemocytes in 5 embryos for sn
28

 Ena; N = 320 

measurements from 6 hemocytes in 6 embryos for sn
28

; Fig. 5.C-D and F, Table 

5.1 and movies 5.6 and 5.7). Indeed, these cells are significantly more dynamic 

than those in which sn alone has been mutated or Ena inactivated (P = 2.2 ! 10
-2

 

and 2.5 ! 10
-8

 respectively) and once again this data is comparable with WT with 

no significant difference being observed (P = 0.11, N = 300 measurements from 

5 hemocytes in 4 embryos for WT). Similarly, as illustrated previously when sn 

is mutated in hemocytes the average lamellipodial area increases to 460µm
2
 (N = 

275 measurements from 5 hemocytes in 5 embryos). However, Ena 

overexpression in sn mutants significantly reduces this area to WT levels 

(320µm
2
) (P = 8.1!10

-65
 sn

28
 and sn

28
 Ena, N = 286 measurements from 5 

hemocytes in 5 embryos for sn
28

 Ena; P = 0.71 sn
28

 Ena and WT, N = 305 

measurements from 5 hemocytes in 4 embryos for WT; Fig. 5.6A-B, E and Table 

5.1). Taken together these results demonstrate that surprisingly Ena 

overexpression can rescue lamellipodial dynamics in sn mutant hemocytes. 

 

5.2.7 Ena overexpression rescues sn mutant lamellipodial protrusion rates 

To investigate this increase in lamellipodial dynamics further, kymography was 

used to determine whether there was any difference in lamellipodial protrusion 

rate or persistence. Kymography of stage 15 sn mutant hemocytes with or 

without Ena overexpression revealed that the lamellipodia of sn mutants 

protrudes significantly more slowly than WT hemocytes, with a 41% reduction 

in lamellipodial protrusion rates (P = 2.6 ! 10
-4

, N = 37 protrusions from 6 

hemocytes in 5 embryos for sn
28

; N = 51 protrusions from 7 hemocytes in 4 

embryos for WT; Fig. 5.7A and C and Table 5.1). These protrusions also 

persisted for longer periods of time 0.66 minutes for sn mutant hemocytes
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Figure 5.6: Ena overexpression in sn mutants rescues lamellipodial 

dynamics 

(A-B)! Stills of  midline hemocytes expressing mCherryMoesin on a sn mutant 

background (sn
28

) and mCherryMoesin and Ena-GFP on a sn mutant background (sn
28

 

Ena) imaged at stage 15 of embryonic development. (C-D) Graphs show fluctuations in 

total lamellipodial area of five hemocytes of each genotype over 25 minutes. (E and F) 

!Box and whisker plots showing total lamellipodial area (E) and rate of change in 

lamellipodial area (F) for both genotypes, plus previously collected data for Ena 

overexpression and inactivation. !Mutating sn increased lamellipodial area to 460µm
2
 on 

average (N = 275 measurements from 5 hemocytes in 5 embryos), this is much larger 

than WT or upon either Ena overexpression or inactivation. Interestingly Ena 

overexpression reduced this lamellipodial area to 320µm
2
 on average, which was no 

longer significantly different to WT (P = 0.71, N = 286 measurements from 5 hemocytes 

in 5 embryos for sn
28

 Ena; N = 305 measurements from 5 hemocytes in 4 embryos for 

WT). Mutating sn also decreased lamellipodial dynamics on average to 0.45µm
2
/s (P = 

5.0 " 10
-13

, N = 320 measurements from 6 hemocytes in 6 embryos), this is similar to 

what is observed upon Ena inactivation. Ena overexpression in sn mutants increases 

lamellipodial dynamics so that they are no longer significantly different to WT (P = 

0.11, N = 281 measurements from 5 hemocytes in 5 embryos for sn
28

 and Ena, N = 300 

measurements from 5 hemocytes in 4 embryos for WT). Finally, Ena overexpression 

alone increases lamellipodial dynamics further. Asterisks (*) denote P < 0.05 (t-test). 

Scale bars represent 10µm.



 

 

 

Figure 5.6: 

 

 



Chapter 5: Actin bundle coalescence drives hemocyte migration 
 

199 

compared to 0.34 minutes for WT hemocytes (P = 5.2 ! 10
-5

, N = 36 protrusions 

from 6 hemocytes in 5 embryos for sn
28

, N = 49 protrusions from 7 hemocytes in 

4 embryos for WT; Fig. 5.7A and D and Table 5.1). Overexpression of Ena in sn 

mutants significantly increased lamellipodial protrusion rates from 2.5µm/min on 

average to 4.7µm/min (P = 5.0 ! 10
-5

, N = 31 protrusions from 6 hemocytes in 3 

embryos) and this rate of protrusion was similar to WT (5.3µm/min, P = 0.50; 

Fig. 5.7B-C and Table 5.1). However, Ena overexpression could not rescue 

lamellipodial persistence defects observed in sn mutant cells (P = 1.3 ! 10
-2 

sn
28

 

and WT, N = 31 protrusions from 6 hemocytes in 3 embryos; P = 0.11 sn
28

 and 

sn
28

 Ena; Fig. 5.7B and D and Table 5.1). This suggests that the mechanism by 

which Ena rescues sn mutant hemocytes is capable of creating a lamellipodia that 

can protrude efficiently but cannot rescue temporality.  

 

5.2.8 Ena overexpression rescues sn mutant migration speeds to wounds 

As overexpressing Ena increased lamellipodial protrusion rate, and this is likely 

to influence the ability of these cells to migrate, the effect on hemocyte migration 

of overexpressing Ena in sn mutants was determined. Initially migration towards 

wounds was visualised, as this had previously been studied extensively in sn 

mutant hemocytes (Zanet et al, 2009). Consistent with the work of Zanet et al., 

tracking of hemocytes expressing mCherry-Moesin migrating towards wounds 

revealed that when sn was mutated, hemocytes migrated 24% slower than their 

WT counterparts towards wounds (1.4µm/min) (P = 5.5 ! 10
-4

, N = 32 

hemocytes from 15 embryos for sn
28

, N = 39 hemocytes from 9 embryos for WT; 

Fig. 5.8A and C and Table 5.3). However, when Ena was overexpressed in sn 

mutant hemocytes, migration speeds were significantly increased to 1.6µm/min 

on average (P = 1.0 ! 10
-2

), which is not significantly different to the 1.7µm/min 

that is observed for WT cells (P = 0.36, N = 68 hemocytes from 17 embryos for 

sn
28

 Ena; Fig. 5.8B-C and Table 5.3). It appears then that Ena overexpression not 

only rescues lamellipodial protrusion dynamics in sn mutants, but also migration 

speed towards wounds.
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Figure 5.7: Overexpressing Ena in sn mutants rescues hemocyte 

lamellipodial protrusion 

(A-B) !Kymographs of sn
28

 and sn
28

 and Ena expressing hemocytes. (C-D) ! Box and 

whisker plots of rate of lamellipodial protrusion (C) and lamellipodial persistence (D). 

Upon sn mutation in hemocytes, the lamellipodia protrudes at an average of 2.5µm/min 

(N = 37 from 6 hemocytes in 5 embryos), this is drastically slower than WT (P = 2.6 " 

10
-4

, N= 51 protrusions from 7 hemocytes in 4 embryos), but comparable to Ena 

inactivation (P = 0.90). Interestingly, Ena overexpression in sn mutant hemocytes 

significantly increased lamellipodial protrusion rate (P = 5.2 " 10
-5

, N = 31 protrusions 

from 6 hemocytes in 3 embryos) and there was no significant difference between these 

hemocytes and WT (P = 0.50, N = 49 from 7 hemocytes in 4 embryos). Whilst Ena 

overexpression enhances this rate further. When sn is mutated protrusions persisted for 

0.66 minutes on average (N = 36 from 6 hemocytes in 5 embryos), this is statistically 

different to WT (P = 5.2 " 10
-5

, N = 49 from 7 hemocytes in 4 embryos), and Ena 

inactivation (P = 1.7 " 10
-2

). Ena overexpression in sn mutants, partially rescues 

lamellipodial persistence with these protrusions persisting for 0.52 minutes on average 

(N = 31 protrusions from 6 hemocytes in 3 embryos). This is statistically different to 

WT (P = 1.3 " 10
-2

), but not sn mutation (P = 0.11). Finally Ena overexpression 

drastically reduces the persistence of lamellipodial protrusions. Asterisks (*) denote P < 

0.05 (t-test). Scale bars represent 10 !!m (vertical) and 60 seconds (horizontal). 
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Figure 5.8: Ena overexpression rescues sn mutant migration to wounds 

(A-B) Hemocytes expressing mCherry-Moesin on a sn mutant background (A) and 

mCherry-Moesin and Ena-GFP on a sn mutant background (B) were imaged live as they 

migrated towards laser-induced, epithelial wounds. (C) Box and whiskers plot of 

hemocyte migration speed to wounds for each genotype. Upon sn mutation, hemocytes 

migrate significantly slower than WT cells (P = 5.5 ! 10
-4

, N = 32 hemocytes from 15 

embryos for sn
28

, N = 39 hemocytes from 9 embryos for WT), but at a comparable speed 

to hemocytes in which Ena has been inactivated (P = 0.60). Interestingly, Ena 

overexpression in sn mutant hemocytes significantly increased hemocyte migration 

speeds to wounds (P = 1.0 ! 10
-2

, N = 68 hemocytes in 17 embryos) and there was no 

significant difference between these hemocytes and WT (P = 0.36). Ena overexpression 

increases hemocyte migration speeds further. Asterisks (*) denote P < 0.05 (t-test). Scale 

bars equal 20µm.  
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5.2.9 Ena overexpression rescues sn mutant random migration speeds 

As Ena overexpression rescued migration speeds towards a known 

chemoattractant (H2O2), I wondered if it could also increase migration speeds 

during random migration at stage 15 of development. Tracking of cells at this 

stage of development revealed that sn mutation decreased hemocyte migration 

speeds to 1.6µm/min from 1.9µm/min (P = 4.4 ! 10
-4

, N = 43 hemocytes from 7 

embryos for sn
28

, N = 15 hemocytes from 3 embryos for WT). Again Ena 

overexpression in these mutant cells increased migration speeds to an average of 

1.8µm/min (P = 1.3 ! 10
-2

), which was not statistically different from WT cells 

(P = 0.29, N = 38 hemocytes from 7 embryos for sn
28  

Ena). Thus Ena 

overexpression is capable of rescuing reduced migration speeds in sn mutant 

hemocytes both during wound induced directed migration and random migration 

within the embryo.   

 

5.2.10 Ena overexpression increases actin bundling 

As Ena overexpression in a sn mutant background increases both lamellipodial 

dynamics and migration speeds, it was important to determine what was 

happening to the cytoskeleton within the cell under these conditions. To enable 

this, LifeAct-GFP, a GFP tagged construct that contains the first 17 amino acids 

of abp-140 from yeast, was used (Riedl et al., 2008; Hatan et al., 2011). When 

expressed in hemocytes, LifeAct-GFP reproducibly labels actin bundles in stage 

15 hemocytes within the embryo (Fig. 5.10B). Expression of LifeAct-GFP within 

FP4Mito expressing cells revealed that very little actin bundling occurs when 

Ena is inactivated, with actin bundles completely absent from the lamellipodia 

(Fig. 5.10A and F and Table 5.4). This is consistent with data presented earlier in 

the chapter suggesting that Ena was required for Fascin mediated bundling (Fig. 

5.2A and Table 5.2). In WT cells, actin bundles can clearly be visualised and 

overexpression of Ena increases the density of bundles within the lamellipodia 

from 6.0 ! 10
-2

 per µm
2
 to 8.2 ! 10

-2 
per µm

2
 (P = 1.8 ! 10

-2
, N = 23 hemocytes 

from 8 embryos for WT, N = 16 hemocytes from 9 embryos for Ena; Fig. 5.10B-

C and F and Table 5.4). Furthermore, this data suggests that not only does Ena 

positively regulate Fascin mediated bundling but all actin bundling within 
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Figure 5.9: Overexpressing Ena increases sn mutant random migration 

speeds 

(A-B) Hemocytes expressing Life Act-GFP on a sn mutant background (A) and Life 

Act-GFP and Ena-GFP on a sn mutant background (B) were imaged live as they 

migrated towards laser-induced, epithelial wounds. (C) Box and whiskers plot of 

hemocyte migration speed to wounds for each genotype. Upon sn mutation, hemocytes 

migrate at an average of 1.6µm/min compared to 1.9µm/min for WT cells (P = 4.4 ! 10
-

4
, N = 43 hemocytes from 7 embryos for sn

28
, N = 15 hemocytes from 3 embryos for 

WT), which was comparable to the speed at which hemocytes with Ena inactivated 

migrate (P = 0.60). Ena overexpression in sn mutant hemocytes significantly increased 

random migration speeds to 1.8µm/min (P = 1.3 !10
-2

, N = 38 hemocytes in 7 embryos) 

and there was no significant difference between these hemocytes and WT (P = 0.29, N = 

38 hemocytes from 7 embryos). Ena overexpression increases hemocyte migration 

speeds further. Asterisks (*) denote P < 0.05 (t-test). Scale bars equal 20µm. 
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hemocytes. Surprisingly, actin bundling was observed in sn mutant hemocytes 

(Fig. 5.10D and F and Table 5.4), although there were significantly fewer 

bundles than in WT hemocytes (P = 3.2 ! 10
-5

, N = 19 hemocytes from 7 

embryos); presumably either residual Fascin or alternative bundling proteins 

mediate this bundling. Interestingly, overexpression of Ena increased actin 

bundling in sn mutants such that the number of bundles within the lamellipodia 

was increased to WT levels (P = 0.66, N = 30 hemocytes from 8 embryos; P = 

4.2 ! 10
-4

 sn
28

 and sn
28

 Ena; Fig. 5.10E-F and Table 5.4). Therefore Ena not only 

appears to regulate Fascin bundling in WT cells but when overexpressed it 

appears to induce the formation of actin bundles in sn mutant hemocytes. 

 

Interestingly, fewer bundles were observed in all genotypes using LifeAct-GFP 

rather than mCherry-Fascin and this resulted in lower bundle densities being 

observed in LifeAct expressing cells (Compare Table 5.2 to Table 5.4). This 

suggests that the LifeAct construct does not bind actin bundles as well as Fascin 

and indeed LifeAct is found not to bind certain types of actin bundle (Munsie et 

al., 2009). However, using LifeAct-GFP, a higher bundle density was observed 

upon Ena overexpression (Compare Table 5.2 to 5.4), which is not seen when 

using mCherry-Fascin, suggesting that Ena increases actin bundling via another 

bundling protein in hemocytes.  

 

As Lifeact-GFP has been reported not to bind all types of actin (Munsie et al., 

2009) and to ensure that these observations were not an artifact, hemocytes were 

cultured in vitro and stained with phalloidin to label actin. Phalloidin is a toxin 

that cross-links actin subunits, preventing depolymerisation (Estes et al., 1981; 

Faulstich et al., 1977), and can be fluorescently labelled (Wulf et al., 1979), in 

this case with Rhodamine. Staining of stage 15 hemocytes in vitro revealed that 

upon Ena inactivation very little bundling could be visualised in the lamellipodia 

(Fig. 5.11A). Indeed, the only filaments that could be clearly visualised were 

those orientated parallel to the leading edge, this is very similar to the 

arrangement of actin bundles in B16F1 cells upon Fascin knockdown by RNAi 

(Vignjevic et al., 2006). In contrast, in WT cells actin could be visualised 
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forming a network and also the occasional straight bundle, which protruded from 

the cell body (arrowhead Fig. 5.11B). Overexpression of Ena increased the 

number of straight bundles, although the network of actin could also be 

visualised (Fig. 5.11C). Again this network could be seen upon sn mutation 

along with the occasional straight bundle (Fig. 5.11D). Interestingly this is 

somewhat different to what has been observed previously upon Fascin 

knockdown in cell culture, where no actin struts were observed (Vignjevic et al., 

2006). It is possible that these struts are mediated by residual Fascin or that in 

hemocytes other actin-bundling proteins are expressed more highly and can 

compensate for a loss of Fascin. Consistent with the in vivo data, Ena 

overexpression increased the number of these straight bundles within cultured 

hemocytes and these could be observed coalescing and forming !-structures 

previously described in cell lines in vitro (Fig. 5.11E) (Svitkina et al., 2003). 

Taken together, these results demonstrate that Ena overexpression in hemocytes 

in vitro increases actin bundling as was observed in vivo.  

 

5.2.11 Bundle coalescence increases lamellipodial protrusion 

As Ena appears to be important in regulating actin bundling, I wondered how 

increased bundling translates to an increase in lamellipodial protrusion and 

ultimately cell migration. mCherry-Fascin was expressed in sn mutant hemocytes 

and the tips of Fascin bundles were tracked as they formed, extended, coalesced 

and underwent subsequent cycles of extension and coalescence until they 

retracted. This revealed that as the bundle extended it protruded fairly rapidly, 

however, protrusion rate increased as two bundles came together and coalesced. 

Indeed an increase in protrusion rate was observed as two filaments moved 

closer to one another and peaked as the two bundles joined or coalesced. 

Subsequently the rate of protrusion decreased as the two bundles became 

bundled into a single larger bundle and the fusion point between the two bundles 

moves rearwards towards the cell body (Fig. 5.12A and B). These dynamics can 

be seen clearly on the graph in 5.12B, where the peaks correspond to the end of a 

coalescence event and are indicated by arrowheads in the montage in 5.12A. 
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Fig. 5.10: Ena rescues actin bundling in sn mutants 

(A-E) Midline hemocytes expressing Lifeact-GFP, with FP4Mito (A), Lifeact-GFP 

alone (B), with Ena-GFP (C), on a sn mutant background (D), or with Ena-GFP on a sn 

mutant background were imaged at stage 15 of development. (A) Expressing FP4Mito 

drastically reduces the formation of actin struts. (B) Lifeact labels actin struts within the 

lamellipodia (arrowheads). (C) Ena overexpression induces the formation of further 

actin bundles. (D) A few actin bundles are visualised upon sn mutation. (E) Ena 

overexpression in sn mutants increases the number of actin bundles. (F) Box and 

whisker plot of the number of actin bundles per µm
2
 of lamellipodia. On average there 

are actin 0.06 bundles per µm
2
 of lamellipodia in WT hemocytes (N = 23 hemocytes 

from 8 embryos), inactivating Ena reduces this number to 0.0008 (P = 2.2 ! 10
-18

, N = 

20 hemocytes from 7 embryos), consistently Ena overexpression increases the number to 

0.082 (N = 16 hemocytes from 9 embryos, P = 1.8 ! 10
-2

). Whilst mutating sn reduced 

the number of bundles per µm
2
 of lamellipodia to 0.04 (P = 3.2 ! 10

-5
, N = 19 hemocytes 

from 7 embryos) and Ena overexpression in the sn mutant increased the number to 0.06 

(P = 0.66, N = 30 hemocytes from 8 embryos). Asterisks (*) denote P < 0.05 (t-test). 

Scale bars equal 10µm.  
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Table 5.4: Ena regulates actin bundling 

 

 

 

 

    Actin Bundles 

  

  
Number of 

Bundles 

Bundles per 

µm
2
 of 

Lamellipodia 

FP4Mito  

average 

p value 

standard deviation 

 

0.30 

5.2 ! 10
-14 

1.1 

7.8 ! 10
-4 

2.2 ! 10
-18 

2.9 ! 10
-3

 

sn
28

  

average 

p value 

standard deviation 

 

9.2 

4.4 ! 10
-5

 

4.0 

3.9 ! 10
-2 

3.2 ! 10
-5 

2.1 ! 10
-2

 

sn
28 

Ena  

average 

p value 

standard deviation 

 

12.3 

5.5 ! 10
-2

 

4.7 

6.2 ! 10
-2 

0.66
 

2.6 ! 10
-2

 

WT  

average 

p value 

standard deviation 

 

15.3 

n/a 

4.6 

6.0 ! 10
-2

 

n/a 

2.0 ! 10
-2

 

Ena  

average 

p value 

standard deviation 

 

21.3 

1.3 ! 10
-2

 

8.1 

8.2 ! 10
-2

 

1.8 ! 10
-2

 

1.4 ! 10
-2
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Figure 5.11 Phalloidin staining reveals an increase in actin bundling upon 

Ena overexpression 

(A-E) Hemocytes expressing FP4Mito (A), GFP (B), Ena-GFP (C), GFP on a sn mutant 

background (D), or with Ena-GFP on a sn mutant background were cultured in vitro and 

fixed and stained with phalloidin. (A) No actin bundling could be visualised upon 

expression of FP4Mito. (B) Phalloidin labels the actin network and also the occasional 

long actin strut in WT cells (arrowhead). (C) Ena overexpression induces the formation 

of further long actin bundles (arrowhead), although the actin network can still be 

visualised. (D) A few long actin bundles are visualised upon sn mutation (arrowhead) 

and again the more diffuse actin network can be seen. (E) Ena overexpression in sn 

mutants increases the number of long actin bundles and these can be seen forming !-

precursors (arrowhead). Scale bars represent 10µm. 
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Quantification of these two events illustrated that the bundle protruded 85% 

faster when completing coalescence rather than simple extension (P = 1.8 ! 10
-3

, 

N = 28 extensions from 3 hemocytes in 3 embryos, N = 10 coalescences from 3 

hemocytes in 3 embryos; Fig. 5.12C). When Ena was overexpressed in 

hemocytes bundle protrusion rate was not increased relative to WT during either 

extension or coalescence (P = 0.58 and 0.10 respectively; Fig. 5.12C-D). 

However, coalescence increased bundle protrusion rate in cells overexpressing 

Ena by 71%, which is comparable to the 85% observed in WT cells (P = 1.8 ! 

10
-3

 for Ena extension and coalescence events, N = 79 extensions from 8 

hemocytes in 5 embryos, N = 23 coalescences from 8 hemocytes in 5 embryos; 

Fig. 5.12D). This suggests that Ena does not play a role in enhancing the rate of 

bundle protrusion; presumably Ena is more important in increasing the number 

of bundles that are extending and coalescing. Indeed, the latter seems likely as 

more coalescence events are observed upon Ena overexpression (Fig. 5.3E). 

 

5.2.12 Bundles coalescing increases hemocyte migration speeds 

Having identified that bundle coalescence appears to be important in driving 

protrusion, I wanted to determine whether it is also important in regulating cell 

migration speeds. The rate of protrusion was tracked for every bundle that was 

extending directly in front of the cell body of a migrating hemocyte, and the 

average of these values and the cell migration speed were plotted against time 

(Fig. 5.13A-B). This revealed that the same oscillations that were observed for a 

single bundle occur when multiple bundles are plotted together, suggesting that 

the bundles are undergoing waves of coalescence at the same time. Observing 

movies of hemocytes expressing mCherry-Fascin supports this idea (Movie 5.2). 

Furthermore, these oscillations are also observed in the speed of the cell body, 

suggesting that there may be a direct correlation between bundle protrusion rate 

and cell migration speed. Indeed plotting these two parameters against one 

another (Fig. 5.13C) gave a Spearman’s coefficient of +0.7, which suggests 

moderate to high positive correlation, with significance tests suggesting there is 

less than a 1% probability that this correlation is caused by chance alone.
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Figure 5.12: Actin bundling is required for efficient lamellipodial protrusion 

(A) Stills from a timelapse illustrating mCherry-Fascin struts within the lamellipodia of 

sn mutant hemocytes. Over time these struts extend and coalesce (arrowhead). (B) 

Graph of the rate of bundle protrusion over time, as bundles coalesce the rate of 

protrusion is increased (arrows) and the arrows on the graph corresponding to the 

arrowheads on the stills. (C) Box and whisker plot illustrating the difference in bundle 

protrusion rate of coalescing bundles (C) and extending bundles (E). The average 

extending bundle protrudes at a rate of 0.084µm/min (N = 28 extension events from 3 

hemocytes in 3 embryos), upon coalescence this rate significantly increases to 

0.15µm/min (P = 1.8 ! 10
-3

, N = 10 coalescence events from 3 hemocytes in 3 embryos). 

(D) Box and whisker plot illustrating the difference in bundle protrusion rate of 

coalescing bundles (C) and extending bundles (E), when Ena is overexpressed within the 

hemocyte. The average extending bundle upon Ena overexpression protrudes at a rate of 

0.076µm/min (N = 79 extension events from 8 hemocytes in 5 embryos), upon 

coalescence this rate significantly increases to 0.13µm/min (P = 1.8 ! 10
-3

, N = 23 

coalescence events from 8 hemocytes in 5 embryos). No significant difference was 

observed between WT hemocytes and those overexpressing Ena for either bundle 

extension (P = 0.58) or coalescence (P = 0.10). Asterisks (*) denote P < 0.05 (t-test). 

Scale bars equal 10µm. 
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However, as Ena appears to be important in regulating the number of 

coalescence events, these events were also plotted against migration speed (Fig. 

5.13D). Although the correlation coefficient was slightly weaker here, +0.63, 

there is still a moderate positive correlation and again the probability that this 

correlation was caused by chance is less than 1%. Therefore there appears to be a 

positive correlation between the number of bundles coalescing and the speed at 

which hemocytes migrate.  

 

5.2.13 Could Dia help form actin bundles in the absence of Fascin? 

As long linear bundles appear to form when Ena is overexpressed in sn mutants, 

it seemed plausible that Diaphanous (Dia) could be involved in the formation of 

these structures, especially as DRFs have been shown to initiate the formation of 

actin filaments and bundle them (Esue et al., 2008; Harris et al., 2006; Li and 

Higgs, 2003; Machaidze et al., 2010). So, hemocytes were fixed in vitro and 

stained with FITC conjugated phalloidin and an antibody for Dia. This illustrated 

that in WT cells, as previously shown in Chapter 3, Dia staining appears punctate 

with enrichment at the lamellipodial leading edge (Fig. 5.14C). A similar 

localisation was observed upon sn mutation (Fig. 5.14A) and upon Ena 

overexpression in both the presence and absence of Fascin. Dia did appear 

enriched in regions of heavy actin bundling (Fig. 5.14B and D arrowheads), 

however, this staining was still punctate and was not observed along the entire 

length of the bundle. Taken with the fact that mutating dia actually increased the 

number of these straight bundles (data not shown), it seems unlikely that Dia is 

involved in mediating the formation of these bundles.  

 

5.2.14 Bundle coalescence drives lamellipodial protrusion and ultimately 

migration 

The results presented in this chapter allow a model of actin regulation within the 

leading edge to be developed (Fig. 5.15). Previously I have illustrated that Ena 

localises to the leading edge of hemocytes (Fig. 3.1) and from observations of 

movies in which Ena-GFP is co-expressed with mCherry-Fascin in sn mutants, it 

appears that Ena may localise to the lamellipodial leading edge first 
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Figure 5.13: Actin bundling drives hemocyte migration 

(A) Stills from a timelapse illustrating mCherry-Fascin struts within the lamellipodia of 

sn mutant hemocytes. The rate of protrusion of the bundles directly in front of the cell 

body (arrowheads) was measured over the time and the average bundle protrusion rate 

determined. (B) Line graph of the average bundle protrusion rate and the cell migration 

speed plotted against time. (C) Scatter plot of average bundle protrusion rate against cell 

velocity, R = + 0.70 (N = 109 extensions from 8 hemocytes in 3 embryos). (D) Scatter 

plot of the number of coalescing bundles against cell velocity, R = + 0.63 (N = 88 

measurements from 8 embryos in 3 hemocytes).  P < 0.01 indicating there is <1% 

probability that the correlation observed between control and test data is a coincidence 

(Spearman’s test). Scale bars represent 10µm. 
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Figure 5.14: Dia is unlikely to be involved in this bundling 

(A-D) Hemocytes mutant for sn (A), mutant for sn and expressing Ena-GFP (B), 

expressing no markers (C), and expressing Ena-GFP (D), were cultured in vitro and 

fixed and stained with phalloidin and anti-Dia. (A) On sn mutation Dia is found 

throughout the lamellipodia and is slightly enriched at the leading edge. (B) When Ena 

is overexpressed in sn mutant hemocytes a similar localisation is observed with a slight 

enrichment at regions of heavy actin bundling (arrowhead). (C) In WT hemocytes Dia is 

found throughout the lamellipodia and is slightly enriched at the periphery (D) Upon 

Ena overexpression more Dia is localised at the lamellipodial leading edge and there is a 

slight enrichment of Dia at regions of heavy actin bundling (arrowhead). Scale bars 

represent 10µm. 
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(Fig. 5.15A, movie 5.3). Here presumably Ena binds the barbed ends of the actin 

bundles and enables extension of the bundles by preventing filament capping 

(Fig. 5.15A’). As these bundles extend Ena also facilitates their oligomerisation 

enabling larger bundles to form linked by Fascin. This oligomerisation of Ena 

facilitates faster protrusion of the lamellipodia (Fig. 5.15 A’’-A’’’). The 

coalescence and subsequent increase in bundle protrusion speed appears to 

correlate with an increase in hemocyte migration speed. 

 

Upon FP4Mito expression, Ena is mislocalised and can no longer mediate the 

formation of actin bundles. Without these bundles it is more difficult for the actin 

network to provide the driving force to push the lamellipodia forward and 

therefore these hemocytes migrate more slowly (Fig. 5.15B). In sn mutants, a 

few bundles persist; however, they are significantly fewer than in WT, 

particularly when the increased lamellipodial area of these cells is taken into 

account. As these bundles are likely to be more dispersed over the lamellipodia, 

it becomes more difficult for bundles to coalesce, leading to a decrease in 

lamellipodial protrusion and migration speed (Fig. 5.15C). Ena overexpression in 

these cells increases the amount of Ena at the leading edge (Fig. 3.1) and this 

increases numbers of bundles, which in the absence of Fascin are now 

crosslinked by a compensatory mechanism involving an unknown bundling 

protein(s). Increased levels of Ena facilitate the coalescence of these bundles and 

this increase in bundling and coalescence increases both lamellipodial protrusion 

and migration speeds (Fig. 5.15D). In WT cells it seems likely that both types of 

actin bundle persist (Fascin dependent and Fascin independent) and Ena 

mediates the coalescence of all actin bundles enabling efficient cell protrusion 

and migration (Fig. 15.5E). Finally, upon Ena overexpression there is an increase 

in both forms of actin bundle and increased Ena at the leading edge enables 

further coalescence events to occur, leading to a further increase in protrusion 

and ultimately cell migration speed (Fig. 5.15F).  
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Figure 5.15: Model 

(A-F) Schematic illustrating how Ena and Fascin could cooperate to enable bundling 

lamellipodial protrusion and ultimately cell migration. (A) Ena localises to the leading 

edge of hemocytes, (A’) and binds the barbed ends of actin filaments and enables 

continued elongation, by preventing capping. (A’’) Ena oligomerises enabling larger 

bundles to form. (A’’’) This oligomerisation allows faster lamellipodial protrusion and 

ultimately cell migration. (B) Upon FP4Mito expression, Ena can no longer mediate the 

formation of actin bundles, the lamellipodia protrudes at a slower rate and hemocytes 

migrate more slowly. (C) In sn mutants, a few bundles persist and as they are more 

dispersed over the lamellipodia, coalescence is more difficult and so the lamellipodia 

protrudes more slowly and ultimately they migrate at slower speeds (D) Ena 

overexpression increases the amount of Ena at the leading edge and this may enable 

oligomerisation to occur over larger distances facilitating coalescence of bundles and 

filaments from further apart. Presumably then other actin-bundling proteins within the 

cell maintain these actin bundles once Ena has initiated their formation. Nonetheless this 

increase in bundling and coalescence presumably increases both lamellipodial protrusion 

and migration speeds (E) In WT cells it seems like that both types of bundle persist 

although Fascin is likely to be more highly expressed and Ena mediates the coalescence 

of actin bundles enabling efficient cell protrusion and migration. (F) Finally upon Ena 

overexpression there appears to be an increase in both forms of actin bundle and 

presumably increased Ena at the leading edge enables further coalescence events to 

occur, leading to increased protrusion and ultimately cell migration. 
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Movie 5.1: Inactivating Ena prevents Fascin bundling in hemocytes 

Hemocytes co-expressing FP4Mito-GFP (green) and mCherry-Fascin (red) were imaged 

live at stage 15 of embryonic development.  A timelapse movie illustrates FP4Mito-GFP 

at mitochondria within the cell body, whilst mCherry-Fascin appears diffuse through the 

lamellipodia and slightly enriched within the cell body. The scale bar represents 20µm; a 

still from this movie is shown in Fig. 5.2. 

 

Movie 5.2; Fascin localises to struts within the lamellipodia 

Hemocytes expressing mCherry-Fascin were imaged live at stage 15 of embryonic 

development.  A timelapse movie illustrates mCherry-Fascin localizing to struts within 

the lamellipodia. Fascin localises here as the struts extend and coalesce to form larger 

bundles. The scale bar represents 20µm; a still from this movie is shown in Fig. 5.2. 

 

Movie 5.3: Ena-GFP localises to the lamellipodial leading edge whilst Fascin forms 

struts within the lamellipodia 

Hemocytes co-expressing Ena-GFP (green) and mCherry-Fascin (red) were imaged live 

at stage 15 of embryonic development.  A timelapse movie illustrates Ena-GFP at 

filopodial tips and leading edges of lamellipodia in hemocytes. Fascin localises to struts 

within the lamellipodia.  The scale bar represents 20µm; a still from this movie is shown 

in Fig. 5.2. 

 

Movie 5.4: Ena-GFP localises to the tips of Fascin bundles as they coalesce 

Hemocytes co-expressing Ena-GFP (green) and mCherry-Fascin (red) were imaged live 

at stage 15 of embryonic development. A timelapse movie illustrates Ena-GFP and 

mCherry-Fascin at the lamellipodial leading edge, Fascin struts extend here and coalesce 

to form larger bundles, whilst Ena-GFP remains at the tips of these bundles. The scale 

bar represents 10µm; stills from this movie are shown in Fig. 5.3. 

 

Movie 5.5: Fascin bundles are observed coalescing in WT hemocytes 

Hemocytes expressing mCherry-Fascin were imaged live at stage 15 of embryonic 

development. A timelapse movie illustrates mCherry-Fascin struts at the lamellipodial 

leading edge, where they extend here and coalesce to form larger bundles. The scale bar 

represents 10µm; stills from this movie are shown in Fig. 5.3. 
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Movie 5.6: sn mutant hemocytes are less dynamic 

Hemocytes expressing mCherry-Moesin on a sn mutant background were imaged live at 

stage 15 of embryonic development.  A timelapse movie illustrates that the lamellipodia 

in these hemocytes are less dynamic. The scale bar represents 20µm; a still from this 

movie is shown in Fig. 5.6. 

 

Movie 5.7: Ena-GFP localises to the leading edge in sn mutant hemocytes and 

increases lamellipodial dynamics 

Hemocytes co-expressing Ena-GFP (green) and mCherry-Moesin (red) on a sn mutant 

background were imaged live at stage 15 of embryonic development.  A timelapse 

movie illustrates Ena-GFP at filopodial tips and leading edges of lamellipodia in 

hemocytes. Furthermore these lamellipodia appear more dynamic than in sn mutant 

hemocytes. The scale bar represents 20µm; a still from this movie is shown in Fig. 5.5. 
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5.3 Discussion 

 

5.3.1 Actin bundling is required for efficient cell migration 

This chapter illustrates that Ena positively regulates Fascin-mediated actin 

bundling and that the extension of these Fascin bundles provides the underlying 

force for lamellipodial protrusion and ultimately cell migration. The fact that 

actin bundling is required for efficient cell migration is not completely surprising 

as recent studies have identified that Fascin positively regulates lamellipodial 

dynamics in both Drosophila hemocytes and dendritic cells (Zanet et al., 2009; 

Yamakita et al. 2011). Although the actual mechanism by which lamellipodial 

protrusion rates were increased was not determined. However, as non-migratory 

larval hemocytes no longer express Fascin and mutating sn decreases embryonic 

hemocyte migration speeds towards wounds, this implies that Fascin is required 

for migration (Zanet et al., 2009). Furthermore, Fascin also increases migration 

speeds in two-dimensional in vitro assays, and like !-actinin, is implicated in 

cancer, where overexpression of this protein increases metastasis and invasion 

(Hashimoto et al., 2005; Hwang et al., 2008; Yamashiro et al., 1998; Yamamoto 

et al., 2007). Taken together, these studies suggest that Fascin and indeed actin 

bundling positively regulate lamellipodial dynamics and ultimately cell 

migration.  

 

Although Fascin bundling was increased upon Ena overexpression, the density of 

bundles within the lamellipodia was not (Table 5.2). The opposite was observed 

when using LifeAct, which could be due to a combination of the lamellipodia 

being labelled less clearly and LifeAct labelling fewer bundles, indeed, other 

studies have reported that this construct does not bind all forms of actin (Table 

5.4) (Munsie et al., 2009). Alternatively, a different actin bundler could be 

forming these bundles. Given that an increase in bundling is also observed upon 

Ena overexpression in sn mutants this seems plausible (Fig. 5.10 and 5.11).  

 

Interestingly, increasing bundle size did not increase lamellipodial protrusion 

rate. Indeed when tracking individual bundles before and after coalescence, some 
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bundles protruded marginally faster following the incorporation of a further 

bundle, whilst others experienced no change in protrusion speed or even 

protruded slightly slower (the latter is illustrated in Fig. 5.12). This is slightly 

surprising, as one would anticipate that larger bundles would be stronger and 

more adept at pushing against the lamellipodial membrane enabling protrusion, 

especially as filament crosslinking is thought to prevent the buckling of 

individual filaments (Mogilner and Oster, 1996). However, this did not occur, 

instead a clear increase in protrusion rate was observed as bundles came together 

and peaked as coalescence was completed (Fig. 5.12); presumably this occurs 

because you have two bundles originating in different regions of the cell pushing 

together on the same region of the lamellipodia, creating a larger force and 

enabling increased protrusion. Following the completion of coalescence 

protrusion rate decreases, presumably because only one bundle is now pushing 

against the lamellipodial leading edge and deforming it. The dynamics observed 

here are similar to those shown by Svitkina and colleagues in mouse melanoma 

cells, although the kinetics observed in this study are slightly slower than those 

observed by Svitkina and co-authors (Svitkina et al., 2003). However, in both 

studies bundles fuse with one another and this fusion site moves rearwards as the 

fused bundle protrudes (Fig. 5.3 and Fig. 5.12) (Svitkina et al., 2003). 

Furthermore, bundles here appear to undergo several waves of coalescence 

forming progressively larger bundles as was also reported in the mouse 

melanoma cell line (Fig. 5.3 and 5.12) (Svitkina et al., 2003).  

 

In hemocytes, when the average bundle protrusion rate was calculated, the wave 

like increase and decrease in protrusion rate was maintained (Fig. 5.13), 

suggesting that bundles undergo coalescence simultaneously. A similar pulsatile 

increase in lamellipodial protrusion is also observed in fibroblasts (Lackie et al., 

1985), although this may be generated by an alternative method. In hemocytes, 

the oscillations in bundle protrusion rate lead to a similar increase and decrease 

in hemocyte migration speeds over time (Fig. 5.13), implying that the 

coalescence of bundles is important in dictating migration speeds.  
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5.3.2 Ena facilitates actin bundling in Drosophila hemocytes 

The fact that Ena appears to facilitate actin bundling is not particularly surprising 

given that Ena/VASP proteins have been described to have this activity 

previously (Bachmann et al., 1998; Barzik et al., 2005). Furthermore, several 

authors have suggested that Ena/VASP proteins at the tips of filaments may 

facilitate the bringing together of filaments enabling proteins such as Fascin to 

bundle them (Applewhite et al, 2007; Brill-Karniely et al., 2009; Svitkina et al, 

2003). Previously this has been shown to be important in filopodial formation; 

indeed, Applewhite and colleagues first illustrated that Ena had this anti-capping 

independent function in filopodia, where it enabled the coalescence of actin 

filaments (Applewhite et al., 2007). In hemocytes too, Ena also appears to have 

this function as it increased the number of coalescence events (Fig. 5.3), 

however, here this mechanism appears important in creating dynamic 

lamellipodia, which are required for efficient migration.  

 

The data presented here suggests that Ena sits upstream of Fascin and is capable 

of initiating bundle formation. This is consistent with the observation that Fascin 

localisation is inhibited by Ena inactivation but that Ena localisation is 

unaffected in sn mutant cells (Fig. 5.2 and 5.6). Furthermore, this fits with the 

model originally proposed by Svitkina and colleagues, in which Ena is thought to 

mediate the coalescing of filaments, and Fascin bundles the actin subsequently 

(Svitkina et al., 2003; Applewhite et al., 2007). To date though, it has not been 

determined whether Ena and Fascin interact directly, and it will be interesting to 

determine whether these two proteins interact with one another in hemocytes. 

Although these interactions were tested genetically in hemocytes, the results 

proved inconclusive (data not shown). However, when FP4Mito was expressed 

in mCherry-Fascin cells there appears to be enrichment of Fascin in the cell body 

(Fig. 5.2), which is not observed in WT or Ena overexpressing cells, suggesting 

they may interact and that Ena could recruit Fascin here. 

 

5.3.3 Ena facilitates actin bundling in the absence of Fascin 

As Ena/VASP proteins are implicated in the initiation of actin bundles, it is not 
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particularly surprising that Ena can facilitate bundling in the absence of Fascin 

(Applewhite et al., 2007; Bachmann et al., 1998; Barzik et al., 2005; Svitkina et 

al., 2003). Furthermore, it has been reported previously that other actin bundlers 

are at least partially capable of maintaining bundling when overexpressed in the 

absence of Fascin (Cant et al., 1998; Vignjevic et al., 2006). For example, Quail 

overexpression can rescue the formation of actin bundles in the absence of 

Fascin in Drosophila nurse cells, although these bundles are more disorganised, 

suggesting that Quail may be required for initiating bundling and Fascin for 

maintaining them in this cell type (Cant et al, 1998). Furthermore Fimbrin 

overexpression partially rescues filopodial protrusion and presumably bundling 

upon Fascin knockdown in cultured cells (Vignjevic et al., 2006). The 

phenotypes observed in hemocytes are likely to be slightly different, as Ena 

localisation in these cells suggests that Ena itself is not bundling these struts, 

given that this protein is only visualised at the cell periphery and not along the 

actin filament (Fig. 3.1 and Fig 5.2). However, Ena appears to facilitate the 

bringing together of struts enabling bundling to occur (Fig. 5.3). Perhaps by 

bringing more struts together Ena enables these to be bundled by residual Fascin 

or an alternative protein that perhaps is not expressed as highly as Fascin.  

 

5.3.4 Dia appears not to bundle actin in the absence of Fascin 

As Ena and Dia interact, DRFs mediate actin filament nucleation and bundling 

(Esue et al., 2008; Harris et al., 2006; Homem and Peifer, 2008, Li and Higgs, 

2003; Machaidze et al., 2010) and mDia acts in a similar mechanical manner to 

Fascin with regard to bundling in vitro (Esue et al., 2008), it seemed logical to 

test whether the increased bundling upon Ena overexpression in sn mutants was 

mediated by Dia. However, immunofluorescence and phalloidin staining 

revealed that this was unlikely, as although Dia was enriched in some parts of 

actin bundles, the staining was very punctate and Dia was not enriched at all 

bundles (Fig. 5.13). This is not surprising as Dia is not as robust an actin-bundler 

as many of the other proteins that could facilitate this bundling. Indeed, Dia 

requires actin to be 10 times more concentrated in vitro to initiate bundling than 

Fascin (Esue et al., 2008). Furthermore, two of the three studies of DRF 
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mediated bundling, only investigated the FH2 domain, which mediates actin 

binding, and not the whole protein thus any activity mediated by this domain 

may not be retained in the whole protein (Harris et al., 2006; Machaidze et al., 

2010). Finally, all three studies were undertaken in vitro and so the findings may 

not be directly relevant to what occurs in cells (Esue et al., 2008; Harris et al., 

2006; Machaidze et al., 2010). 

 

5.3.5 What is bundling actin in the absence of Fascin? 

The method by which Ena increases actin bundling remains unclear. Indeed, Ena 

could potentially be bundling the actin itself. This seems plausible as Ena/VASP 

proteins have been reported to have bundling activity, however, as Ena is not 

found along the length of the bundle, this seems less likely (Fig. 5.10). 

Alternatively, Ena overexpression could potentially be enhancing the bundling 

activity of residual Fascin. One way to test whether residual Fascin is mediating 

the bundling would be to use RNAi lines to knockdown any remaining Fascin in 

sn
28

 mutant hemocytes. Alternatively, immunostaining could be carried out to 

determine whether residual Fascin is present. However, given that different 

lamellipodial dynamics are observed upon Ena overexpression in sn mutants 

(Fig. 5.6) and that the bundles observed in these mutants and mutants 

overexpressing Ena in vitro appear quite distinct (Fig. 5.10), it seems plausible 

that another bundling protein is operating.  

 

Previously it has been reported that at least two different actin bundling proteins 

may be required to mediate the formation of fully functional bundles in several 

different biological systems including microvilli, stereocillia, nurse cell actin 

bundles and Drosophila bristles (reviewed in Bartles, 2000). Furthermore, only 

Limulus sperm have been reported to express a single actin-bundler, suggesting 

that in the vast majority of cells in most organisms actin-bundling proteins 

cooperate to form actin-bundles (Schmid et al., 1994). The studies undertaken 

above were in non-migratory cells, but actin bundles are also bundled by 

different actin-crosslinkers in keratocytes. In these cells the actin-bundler utilised 

depended on the location of the bundle, with Fascin initially binding filopodial 
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bundles until they were incorporated into the lamellipodia and bound first by !-

actinin and later by myosin II (Schafer et al., 2010).  

 

If another actin-bundler is involved then there are several potential candidates 

including !-actinin, Filamin, Myosin, Fimbrin, Forked and Quail. Forked, 

Fimbrin and Quail appear likely candidates as they are implicated in two-step 

bundling, however, Quail expression is germline specific in adult Drosophila and 

in the embryo is found in the gut, epidermis and germ cells at the stages of 

development that hemocytes are migrating (Tomancak et al., 2002; Tomancak et 

al., 2007). Forked appears to initiate actin bundling in Drosophila bristles, but its 

function has not been characterised in detail in other cells (Petersen et al., 1994; 

Tilney et al., 1995; Tilney et al., 1998; Wulfkuhle et al., 1998).  Fimbrin partially 

rescues Fascin knockdown in cells in culture, increasing filopodial formation 

(Vignjevic et al., 2006). Furthermore, Fimbrin in microvilli appears to organise 

bundles (Tilney and DeRosier, 1986; Tilney et al., 1992) and given that there is 

no problem in bundle initiation here, perhaps the protein involved has more of an 

organisational role. In later stages of development in the embryo, Fimbrin 

appears to be diffuse and although there is some expression in regions that 

hemocytes persist, there is no detectable enrichment of protein (Tomancak et al., 

2002; Tomancak et al., 2007). Nonetheless, this does not mean that hemocytes 

do not express Fimbrin, as in in situs Ena does not appear to be highly expressed 

by hemocytes (Tomancak et al., 2002; Tomancak et al., 2007). 

 

Other potential candidates are Filamin, !-actinin and Myosin. !-actinin is 

ubiquitously expressed throughout the embryo and ovaries and is found in 

follicle cells, forming actin bundles in nurse cells and the ring canal (Wahlstrom 

et al., 2004; Wahlstrom et al., 2006). Although in migratory cells !-actinin seems 

to be found predominantly in stress fibres and focal contacts, suggesting that it is 

a less likely candidate (Langanger et al., 1986; Wehland et al., 1979). Filamin is 

also required for cell migration (Fox et al., 1998; Gawecka et al., 2010), is 

expressed in Drosophila lamellocytes (Rus et al., 2006), and is implicated in the 

formation of ring canals and border cell migration in Drosophila (Li et al., 1999; 
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Sokol and Cooley, 1999; Sokol and Cooley, 2003). Finally, myosin X can form 

Ena-independent bundles (Dent et al., 2007), whilst myosin VI is implicated in 

border cell migration (Geisbrecht and Montell, 2002), suggesting that myosins 

could also be implicated in this migration. 

 

Interestingly, Ena overexpression in sn mutants did not rescue lamellipodial 

persistence suggesting that the protein compensating for Fascin is less dynamic. 

Furthermore the filopodia that form upon Ena overexpression in sn mutants 

appear shorter than in WT hemocytes (data not shown) and computer modelling 

suggests this is consistent with a less dynamic actin bundler (Aratyn et al., 2007). 

Indeed, one key feature of Fascin is its dynamic interaction with actin, and this 

protein has a Koff of 0.12s
-1

 for this interaction in Neuroblastoma 2a cells and a 

Koff of 0.11s
-1

in B16F1 cells, as determined by FRAP (Aratyn et al., 2007; 

Vignjevic et al., 2006). However, there is little data regarding the dissociation 

constants of other actin bundlers, although Fimbrin has a Koff of 0.043s
-1

 in vitro 

as measured by a total internal reflection microscopy (TIRF) microscope coupled 

to a flow chamber (Skau et al., 2011). Obviously these studies are unlikely to be 

directly comparable as different techniques were used and one study was 

undertaken in cells in culture and the other on filaments in vitro, but Fimbrin 

appears to remain bound to actin for longer and is a promising candidate for 

bundling actin in the absence of Fascin.  

 

Another difference between actin bundlers is how closely they bundle actin 

filaments. Indeed Fascin bundles filaments relatively tightly, whereas other 

proteins such as !-actinin bundle filaments more loosely and act as crosslinking 

proteins (Meyer and Aebi, 1990; Bryan and Kane, 1978; Cant et al., 1994). !-

actinin also bundles actin filaments with parallel and anti-parallel orientations, 

the latter of which is unlikely to be involved in cell protrusion, whilst other 

proteins such as Forked only form parallel bundles (Petersen et al., 1994). With 

more time it would be interesting to determine which Drosophila actin bundler is 

involved, indeed a triple mutant of sn, fimbrin and forked has recently been 

made, and overexpression of Ena in this triple mutant will help identify whether 



Chapter 5: Actin bundle coalescence drives hemocyte migration 
 

234 

Fimbrin or Forked are required, for actin bundling and hemocyte dynamics and 

migration in the absence of Fascin.  

 

5.3.6 Ena overexpression cannot rescue all sn mutant hemocyte defects 

As mentioned previously, Ena overexpression, whilst rescuing the majority of 

defects following sn mutation, does not rescue all of them; for example Ena is 

incapable of rescuing lamellipodial persistence. One explanation for this could be 

that the actin bundling protein mediating bundling in the absence of Fascin is less 

dynamic; alternatively the arrangement of actin within the lamellipodia could be 

altered making retraction more difficult. Indeed, in nurse cells the absence of 

Fascin, Quail overexpression created more disorganised actin arrays (Cant et al., 

1998) and since a more linear network reduced protrusion persistence (Bear et 

al., 2002), perhaps in hemocytes lacking functional Fascin the bundles become 

more disorganised making it difficult to break interactions between the actin 

network and resulting in slower lamellipodial withdrawal. Phalloidin staining 

suggests that the arrays formed in sn hemocytes are not obviously disorganised, 

but they do appear to form denser bundles upon Ena overexpression (5.11), 

which may make breaking interactions between bundles more difficult.  

 

5.3.7 Fascin and Ena may not regulate cell migration in this manner in all 

cell types 

The ability of Ena and Fascin to bundle actin within the lamellipodia enables 

increased lamellipodial protrusion and cell migration rates, which may explain 

why these two proteins positively regulate cell migration. In dendritic cells, 

Fascin has been shown to increase lamellipodial dynamics (Yamakita et al., 

2011), which in these cells lead to increased migration, suggesting that a similar 

mechanism may occur in dendritic cells. However, Fascin is also implicated in 

podosome disassembly in these cells (Yamakita et al 2011) and localises to the 

podosome core where it promotes adhesion stability and migration (Quintavalle 

et al., 2010), as well as the formation of invadopodia (Li et al., 2010). So whilst 

an increase in lamellipodial dynamics may help mediate an increase in cell 

motility, in cancer at least, Fascin appears to regulate a whole array of different 
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functions that may influence migration speed. Furthermore, Fascin regulated 

focal contact dynamics in colon carcinoma cells and as these structures form in 

non-tumourigenic migratory cells, Fascin have other roles in cell migration 

(Hashimoto et al., 2007).  

 

As discussed previously, Ena/VASP proteins are implicated in other aspects of 

cell migration and they too regulate invadopodia in rat breast carcinoma cells, 

where they are required for invadopodia maturation (Philippar et al., 2008). 

Mena may bundle actin in these structures, helping to stabilise them, so it is 

possible that Mena may play a similar role to Ena in hemocytes. However, this 

seems less likely within the lamellipodia of rat breast carcinoma cells where 

Arp2/3 is implicated in protrusion. Actin within these cells is thought to normally 

be capped and cannot undergo elongation, however upon epidermal growth 

factor (EGF) stimulation Cofilin is recruited and this protein severs capped actin 

filaments at the leading edge, creating new barbed ends (Philippar et al., 2008). 

Mena binds these barbed ends and actin elongation occurs via Profilin dependent 

delivery of actin monomers and Mena anti-capping activity (Bear et al., 2002; 

Philippar et al., 2008). Arp2/3 binds the sides of the new actin filaments and 

initiates the formation of further filaments, which Mena binds, preventing 

capping and enabling continued elongation (Philippar et al., 2008). Given the 

involvement of Arp2/3 in this mechanism, it seems unlikely that either actin 

bundling or Fascin will be involved. However, it will be interesting to determine 

whether Mena operates in the same manner in non-cancerous cells or in response 

to different growth factors. 

 

Taken altogether these results seem to infer that although Ena and Fascin co-

operate to regulate cell migration in hemocytes in vivo and both increase cell 

migration during metastasis, the actual mechanism in cancer may be rather 

different. Nonetheless, Fascin and Ena appear to be important in regulating the 

formation of actin bundles and it is likely that the ratio of other actin regulatory 

proteins and extracellular signalling will influence what these actin bundles are 

used for. Indeed, in cells such as hemocytes, which express high levels of Fascin, 
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these bundles are used for lamellipodial protrusion, as may also occur in neurons, 

which form Fascin struts within the lamellipodia (Cohan et al., 2001). But, it 

seems somewhat unlikely that actin bundles will be used for protrusion in cells 

like fibroblasts, which express lower levels of Fascin (Yamashiro, et al., 1998).  

 

5.3.8 Ena inactivation and sn mutation do not result in identical phenotypes 

The data presented here illustrates that whilst there are several similarities 

between hemocytes in which Ena is inactivated and sn mutated there are still 

some differences. For example, mutating sn results in more serious 

developmental migration defects than inactivating Ena. This could be due to non-

cell autonomous effects, as hemocyte specific expression of Fascin-GFP is 

incapable of rescuing the migration routes taken by hemocytes in sn mutants 

(Zanet et al., 2009). Additionally, Fascin is also implicated in polarity in 

hemocytes (Zanet et al., 2009), which could potentially affect hemocyte 

migration speeds. Furthermore, mutating sn increases hemocyte lamellipodial 

area drastically and significantly more than Ena inactivation (Fig. 5.1). This 

could be caused by a lack of polarity leading to lamellipodial formation all 

around the cell body rather than just in the direction of cell protrusion. Indeed, sn 

mutant hemocytes have reduced polarity at stage 15 of development (Zanet et al., 

2009), whilst those expressing FP4Mito do not (data not shown). Given the 

important role that microtubules play in establishing polarity in hemocytes 

(Stramer et al., 2010), this suggests that there may be differences in microtubule 

organisation in sn mutants that do not occur when FP4Mito is expressed. 

Interestingly when Ena is inactivated in a sn mutant, the phenotype more closely 

resembles Ena inactivation in hemocytes, presumably because no actin bundling 

occurs in these hemocytes (data not shown), where as some bundles form in sn 

mutants.  

 

5.3.9 Conclusions 

In hemocytes, Ena and Fascin appear to cooperate, enabling actin bundling 

within cells and removal of either appears sufficient to prevent the majority of 

actin bundling. Interestingly, Ena can rescue several of the defects of sn mutants; 
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this is likely to be mediated by the bundling of filaments through another actin-

bundling protein. These bundles are capable of allowing lamellipodial protrusion 

and also increase speed, but do not rescue lamellipodial persistence, which 

implies they may be less dynamic than Fascin bundles. Finally, these studies 

illustrated that actin bundling and in particular actin-bundle coalescence, is 

extremely important in driving cell protrusion and ultimately migration in 

hemocytes both during their developmental migrations and towards wounds. 
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Chapter 6: Final discussion 

Cell migration is an essential process for proper embryonic development, it is 

required for tissue renewal and wound healing during adulthood in higher 

organisms and its misregulation contributes to pathological processes, including 

metastasis. It is therefore important to understand the mechanisms that underlie 

this process. The basic mechanism by which cells migrate has already been 

established, however, most of our understanding of cell migration comes from in 

vitro studies. The main aim of this study was to determine how the actin 

regulatory protein Ena, regulated hemocyte dynamics and migration within the 

Drosophila embryo and to compare these results to studies from fibroblasts in 

vitro. Furthermore, the genetic system utilised herein has enabled us to probe 

how the activities of two different actin regulators can be coordinated to produce 

the appropriate F-actin containing structures for migration.  

 

6.1 Similarities and differences between Ena/VASP protein 

function in hemocytes in vivo and fibroblasts in vitro 

Previously Ena/VASP function has been investigated extensively in fibroblasts in 

vitro. Manipulation of Ena activity in hemocytes had several similarities to 

corresponding experiments performed in fibroblasts. As had been reported for 

Mena in fibroblasts (Gertler et al., 1996) and many other cell types (Lambrechts 

et al., 2000; Lanier et al., 1999; Reinhard et al., 1992; Rottner et al., 1999a), Ena 

localised to regions of dynamic actin reorganisation within embryonic 

hemocytes. In particular Ena was found at the tips of filopodia and the leading 

edge of lamellipodia (Fig. 3.1). However in fibroblasts in vitro, Mena was 

observed at focal contacts (Gertler et al., 1996) and this was not seen in 

hemocytes in vivo (Fig. 3.1). Nonetheless, this localisation may not be required 

for its activity, as removal of Ena/VASP proteins from these structures did not 

perturb fibroblast migration (Bear et al., 2000) and these sites may simply 

sequester Ena/VASP proteins (Delon and Brown, 2009). Furthermore, hemocytes 

may not form focal adhesions as integrins may not be essential for motility in 

three-dimensions (Lamermann et al., 2008); however adhesions are notoriously 
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difficult to visualise live within a three-dimensional environment (Kubow and 

Horwitz, 2010), so it is possible that these structures exist but cannot be imaged 

with present techniques. Coincident with Ena localisation and previous studies 

from fibroblasts, Ena positively regulated lamellipodial dynamics (Fig. 3.8 and 

Fig. 3.9) (Bear et al., 2002). Although filopodia have not been investigated 

extensively in fibroblasts, Ena/VASP proteins are required to form these 

structures (Applewhite et al., 2007). Furthermore, in a whole variety of other 

cells these proteins positively regulate filopodial number and length, which was 

also observed in hemocytes in vivo (Fig. 3.7) (Chang et al., 2006; Han et al., 

2002; LeBrand et al., 2004; Mejillano et al., 2004). 

 

Nonetheless, there was one key difference: Mena overexpression reduced 

fibroblast migration speeds in vitro (Bear et al., 2000), whereas overexpression 

of Ena increased hemocyte migration speeds in three different assays in the 

Drosophila embryo (Figs. 4.2, 4.9 and 4.10). This is a complete reversal of the 

phenotype; however studies investigating breast cancer in rats found that Mena 

was upregulated in tumourigenic cells (Di Modugno et al., 2004) and that this 

upregulation increased motility, metastasis and invasion (Philippar et al., 2008). 

This strongly suggests that in this cancer at least, an increase in Mena leads to an 

increase in cell migration. Although cancer migration differs from normal 

migrations in a variety of ways; for example tumourigenic cells produce 

podosomes and invadopodia (reviewed in Murphy and Courtneidge, 2011), it 

seemed likely that there was a difference between in vivo and in vitro systems. 

Indeed, one apparent difference was that fibroblasts in vitro frequently form 

ruffles, which can be clearly visualised by kymography (Bear et al., 2002), but 

these structures were never visualised in hemocytes in vivo (Fig. 3.9). A series of 

experiments revealed that hemocytes had the capacity to form membrane ruffles, 

but their formation required cells to be spatially unconstrained (Fig. 4.12 and 

4.14). As hemocytes within the embryo are highly constrained by their 

surrounding environment (Fig. 4.11), this suggested that in vivo physical 

constraints prevent ruffles from forming. Detailed quantification of retraction 

events revealed that ruffles engender more extreme retractions than lamellipodial 
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retraction alone (Fig. 4.13), suggesting that in the absence of ruffling, protrusions 

could be used more efficiently in cell migration. Finally, in fibroblasts, 

upregulating Ena/VASP protein activity stimulates ruffling (Bear et al., 2002; 

Michael et al., 2010). This could explain why fibroblasts migrate at reduced 

speeds. Since more protrusions are lost as ruffles in these cells with the effect 

that protrusions cannot be used efficiently in cell migration, causing the cell to 

migrate at slower speeds.  

 

6.2 Lamellipodial protrusion rate increases hemocyte motility 

The fact that Ena positively regulated both lamellipodial protrusion and cell 

migration led to the conclusion that lamellipodial protrusion rate is an important 

driving force during hemocyte migration (Figs. 3.8, 3.9 and 4.2). Previously, 

using their findings from fibroblasts in vitro, Bear and colleagues suggested that 

lamellipodial persistence rather than protrusion determined cell migration speeds 

(Bear et al., 2002). They reasoned that as cell migration is a complex process 

based upon a whole variety of different activities it was not surprising that their 

data implied a greater correlation between persistence and cell velocity than 

between lamellipodial protrusion rate and velocity (Bear et al., 2002). 

Presumably these stable protrusions enabled adhesions to form that could be used 

by the fibroblast to migrate, whereas protrusions that were frequently retracting 

would be less likely to form such structures. Yet in this investigation using a 

variety of different genotypes, there appears to be a greater correlation between 

lamellipodial protrusion rate and cell migration speed. Indeed, simply 

overexpressing Ena increased both lamellipodial protrusion and cell migration 

speeds; inactivation of Ena consistently reduced both of these parameters (Figs. 

3.8, 3.9 and 4.2). Furthermore, both protrusion rate and speed were increased 

while persistence remained the same when sn mutant hemocytes overexpressing 

Ena were compared to sn mutants (Figs. 5.5 and 5.6). This data suggests that in 

hemocytes at least, there is a greater correlation between protrusion rate and cell 

migration speed.  
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This is in contrast to earlier findings by Bear and colleagues; it is possible that 

increased lamellipodial protrusion results in larger net increases in lamellipodial 

area, enabling further adhesions to form or allowing actin flowing and protrusion 

to occur if adhesions do not form and presumably enabling faster migration 

(Lammermann et al., 2008). As Bear and colleagues originally suggested, cell 

migration speeds are unlikely to depend solely on one aspect of the migrational 

cycle and the data presented here infers that retraction may play a role too. 

Indeed Burnette and colleagues suggest the number of retraction events 

determines migration speed, after finding that in faster migrating kidney 

epithelial cells the lamellipodia did not protrude faster, nor persist for longer, but 

instead retraction events were less frequent (Burnette et al., 2011). In light of this 

study it would be intriguing to identify what happens to retractional events in 

hemocytes undergoing directed migration. Another factor that can alter migration 

speed is rear adhesion release (Gardel et al., 2010), this is observed in slow 

moving cells such as fibroblasts. In hemocytes rear release may play a role in 

migration; as hemocytes within rho mutant embryos cannot retract their rear and 

are unable to migrate towards wounds (Stramer et al., 2005). Moreover, these 

defects imply the existence of adhesions although the phenotypes observed could 

be caused by incomplete separation of hemocytes following contact inhibition, 

the process by which cells separate following contact with one another 

(Abercrombie, 1962). Interestingly, in fast moving cells such as neutrophils 

protrusion appears to be more important in dictating migration speed, with 

lamellipodial protrusion almost mirroring migration speed (Gardel et al., 2010; 

Irimia et al., 2007). When plotted here the average bundle protrusion rate almost 

mirrors migration speed (Fig. 5. 13), suggesting that lamellipodial advance is 

more important in determining speed in hemocytes.  

 

6.3 Ena regulates actin bundling, which drives hemocyte 

migration 

Another aim was to investigate if Ena regulated bundling and having determined 

that this occurs; the role of actin bundles in driving lamellipodial protrusion and 
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hemocyte migration within the Drosophila embryo was identified. Using a 

fluorescent tag to label actin, it appears that Ena is required for actin bundling 

within hemocytes and positively regulates this bundling (Fig. 5.10). This activity 

is consistent with previous studies, which suggests a role for Ena/VASP proteins 

in actin bundling in vitro (Barzik et al., 2005) and in actin filament clustering and 

bundling within cells (Applewhite et al., 2007; Svitkina et al., 2003). This 

illustrates that Ena has a similar role in cells in vivo. Furthermore, the number of 

actin bundles coalescing correlated directly with lamellipodial protrusion and cell 

migration. Indeed, all genotypes in which bundling was reduced exhibited more 

stable lamellipodia and migrated at slower speeds. Hemocytes with increased 

bundling had more dynamic lamellipodia and migrated more rapidly. In addition, 

analysis of Fascin-mediated actin bundles revealed that there was a direct 

correlation between bundle protrusion rate and cell migration speed (Fig. 5.14). 

Ena also increased the number of Fascin bundles (Figs. 5.2 and 5.10), as well as 

the number of these bundles coalescing (Fig. 5.3). As bundle coalescence 

increased protrusion rates (Fig. 5.13) and was directly correlated to migration 

speeds, this may help explain how Ena regulates lamellipodial protrusion and 

ultimately migration speed.  

 

6.4 Can oligomerisation alone explain the increase in migration 

speeds upon Ena overexpression? 

Given the variety of functions that are proposed for Ena (Bear and Gertler, 

2009), it is interesting that coalescence, which could be mediated by 

oligomerisation of Ena, is so important in determining hemocyte speed (Figs. 5.3 

and 5.14). This activity has been described in in vitro reconstitution assays 

(Barzik et al., 2005), and is believed to occur upon reintroduction of Ena/VASP 

proteins to MV
D7

 cells in vitro (Applewhite et al., 2007; Svitkina et al., 2003). 

Nonetheless the main function of Ena/VASP proteins is thought to be in 

antagonising Capping Protein (CP) (Bear and Gertler, 2009). These properties 

are not thought to be mutually exclusive; therefore Ena is likely to antagonise CP 

in hemocytes in vivo too. Indeed, this activity could contribute towards 
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lamellipodial protrusion and ultimately cell migration, by enabling further 

filaments to be elongated that can then be incorporated into bundles, increasing 

the number of bundles formed. Increased bundle formation in turn requires more 

coalescence and it seems likely that a combination of these two activities enables 

efficient migration.  

 

Although detailed characterisation of F-actin bundling within ena
23

 mutants has 

not yet been carried out, the fact that these mutants, which lack the 

oligomerisation domain, phenocopy FP4Mito expression and ena
GC1

 null mutants 

in terms of their migration parameters (Fig. 4.7), suggests that oligomerisation is 

of key importance. Furthermore, immunostaining of fibroblasts expressing the 

ena
23

 mutant construct revealed that this protein localises to the leading edge, 

although staining was more diffuse suggesting that the Ena-VASP homology 

domain (EVH)2 domain is important in enriching Ena in this region (Ahern-

Djamali et al., 1998). Nonetheless, these data suggest that truncated ena
23

 binds 

F-actin barbed ends and that any difference in phenotype could be attributed to 

an inability to oligomerise.  

 

Experiments by Applewhite and colleagues using RNAi knockdown of CP in 

MV
D7

 cells could not rescue filopodial formation, suggesting that Ena/VASP 

proteins have other activities besides anti-capping which are required for 

filopodial formation. Moreover, filopodial formation was dependent on all 

regions within the EVH2 domains, which lead to the proposal that Ena/VASP 

proteins may initiate filament clustering, enabling subsequent bundling 

(Applewhite et al., 2007). In this respect it would be interesting to express 

FP4Mito within hemocytes in a CP mutant background, to help identify which 

features of Ena are important in determining hemocyte lamellipodial protrusion 

and migration speeds. Alternatively, different UAS-Ena mutant constructs could 

be generated and expressed specifically within the hemocytes of ena null mutant 

embryos to identify which regions of the protein are required for bundling and 

migration. sn mutants have reduced actin bundling, and are unlikely to have 

defects in filament elongation, but they still have significantly reduced 
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lamellipodial dynamics and migrate at far slower speeds (Zanet et al., 2009). 

Clearly this is not a particularly clean way of investigating function, as loss of 

Fascin may perturb other activities, but it suggests that the ability to initiate and 

maintain bundling may be more important in determining lamellipodial 

protrusion and ultimately migration speeds. Indeed actin bundles are likely to be 

important in lamellipodial protrusion, as individual filaments are known to be 

prone to buckling (Pollard and Borisy, 2003) and are unlikely to deform the 

membrane sufficiently.  

 

6.5 A model for Ena  

Ena localises to the leading edge of the lamellipodia and the tips of filopodia in  

migrating hemocytes, sites enriched with F-actin barbed ends in these and other 

cells (Bear et al., 2000; Gertler et al., 1996; Lanier et al., 1999). Ena/VASP 

proteins can be displaced from F-actin barbed ends in fibroblasts by treating 

these cells with low concentrations of Cytochalasin D (CD), which competes for 

barbed end binding, illustrating that these proteins bind the barbed ends of actin 

filaments directly (Fig. 6.1) (Bear et al., 2002). As the main activity of 

Ena/VASP proteins appears to be anti-capping (Bear and Gertler, 2009), it is 

likely that once bound, Ena prevents filament capping in hemocytes, enabling 

filament elongation (Fig. 6.1). Interestingly, Ena did not enhance the protrusion 

rate of individual bundles within hemocytes (Fig. 5.12), as was observed using 

total internal reflection microscopy (TIRF) on actin filaments with purified 

protein in vitro (Pasic et al., 2008). Instead Ena may allow a greater number of 

filaments to protrude, increasing the force pushing against the membrane and 

enabling faster lamellipodial protrusion and cell migration. This activity coupled 

with the ability of Ena to enhance coalescence (Fig. 5.3), a process that increases 

lamellipodial protrusion rate and migration speeds in hemocytes (Figs. 5.12 and 

5.13), may explain how this protein increases lamellipodial protrusion and 

migration (Fig. 6.1). Indeed, Ena appears to mediate the further bundling of pre-

existing actin-bundles (Fig. 5.2 and 5.10) and the fact that no bundling is 

observed upon FP4Mito expression suggests that Ena initiates the bundling of 

actin filaments too (Fig. 5.2). Furthermore, Ena localises to the leading edge of 
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Fig. 6.1: Ena anti-capping and bundling activities promote lamellipodial protrusion 

and actin bundling  

In WT cells the majority of actin filaments (red lines) have either CP (blue) or Ena 

(green) bound to their barbed ends. CP prevents barbed end elongation and Ena 

antagonises CP, enabling continued elongation. Ena/VASP proteins also oligomerise 

and this activity may initiate the clustering of actin filaments enabling Fascin bundling. 

A combination of these activities is likely to enable efficient lamellipodial protrusion 

and ultimately hemocyte migration. Overexpression of Ena biases the ratio of Ena to CP 

towards Ena enabling more oligomerisation events to occur and further bundling. This 

increase in anti-capping and bundling may explain why these cells migrate faster. In 

contrast inactivating Ena would increase the number of capped filaments and prevent 

oligomerisation and subsequent bundling, resulting in slower filament protrusion rates 

and ultimately slower lamellipodial protrusion and migration speeds.  

 

hemocytes (Fig. 3.1) and when overexpressed is found at the tips of Fascin-

mediated F-actin bundles (Fig. 5.3), where it is in a prime location to regulate 

both of these activities. It seems likely that Ena will be found localised here, as 

VASP localises to !-precursors; structures formed by two actin filaments or 

bundles fusing at their barbed ends prior to forming a filopodia, in melanoma 

cells (Svitkina et al., 2003), and Ena overexpression did not effect localisation in 

hemocytes in vitro (Fig. 3.1).  



Chapter 6: Final discussion 
 

246 

 

Fig. 6.2: Could Fascin zipper actin bundles together? 

Ena oligomerisation may bring actin filaments and bundles together enabling 

coalescence. Coalescence may allow Fascin to bundle and subsequent binding of Fascin 

lower down the filament or bundle may zipper the two together. Alternatively retrograde 

flow and/or filament treadmilling may result in the fusion point moving rearwards. 

 

In the absence of Ena, capping is likely to be increased, reducing the number of 

filaments that are polymerising and presumably reducing the pressure upon the 

plasma membrane, the driving force for protrusion (Fig. 6.1). In addition, Ena 

seems important in initiation of bundling, presumably via the ability to cluster 

the barbed ends of actin filaments; bringing filaments close enough for the 

binding of Fascin. Previously it has been proposed that Fascin “zippers” together 

actin filaments as they fuse to form bundles in vitro (Vignjevic et al., 2003). This 

seems plausible in hemocytes, as the fork formed by the two bundles fusing 

moves progressively towards the cell body over time (Figs. 5.13 and 6.2). This 

phenomenon is also observed in melanoma cells in vitro (Svitkina et al., 2003), 

however here the fusion site moved rearwards as the filament treadmilled and the 

whole assembly was pushed back by retrograde flow. This led to the proposal 

that the crowded nature of the cell in which many filaments are crosslinked may 

preclude “zippering” (Vignjevic et al., 2003). Nevertheless given suitable in vivo 

conditions this mechanism may still occur (Vignjevic et al., 2003) and in 

hemocytes where actin is bundled into struts rather than crosslinked into arrays 

this activity is more likely. Regardless of the mechanism of Fascin bundling, in 

the absence of Ena, coalescence and the subsequent fusing of bundles cannot 

occur. Presumably this absence of bundling and coalescence hinders 

lamellipodial protrusion and ultimately cell migration (Fig. 6.1).  
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6.6 Could this model be applied to other cells 

In this study Ena appears to regulate actin in a manner similar to that proposed in 

the convergent elongation model of filopodial formation (Svitkina et al., 2003). 

Clearly this mechanism requires high Fascin levels or other actin bundling 

proteins to enable the formation of actin struts throughout the lamellipodia. 

Indeed, this may occur in neurons, which express high levels of Fascin and 

whose actin arrangements within their growth cones appear very similar to 

hemocytes (Edwards et al., 1995; Lanier et al., 1999). However many cells, 

including fibroblasts, do not express Fascin highly (Yamashiro, et al., 1998) and 

it will be interesting to identify whether Ena regulates lamellipodial protrusion, 

and ultimately migration, in a similar manner in these cells. In rat breast 

carcinoma cells Arp2/3 and Cofilin are also required for lamellipodial protrusion 

in response to EGF signaling (DesMarais et al., 2004) and Arp2/3 localises to the 

lamellipodia after Mena (Philippar et al., 2008). This led to the suggestion that 

Cofilin severs actin, allowing Mena to bind the new barbed ends and facilitate 

filament elongation. Arp2/3 could then bind these new filaments, initiating 

branching and the formation of further filaments and enabling lamellipodial 

protrusion (Philippar et al., 2008). This is somewhat different from the model 

proposed in this work, but has only been observed downstream of one growth 

factor, in a tumourigenic cell with one splice variant (Philippar et al., 2008) and 

so may not be representative of all signaling cascades and cell types. Nonetheless 

this model may explain how Ena/VASP proteins promote metastasis and 

migration in other cells, which express low levels of Fascin. 

 

In hemocytes phalloidin staining and LifeAct-GFP expression suggest that Ena 

regulates actin bundling, whereas in fibroblasts this does not occur. Instead EM 

studies reveal a change from a branched actin network to a linear actin network 

(Bear et al., 2002). Although linear filaments formed, these were not bundled 

together into parallel arrays (Bear et al., 2002), perhaps such arrangements 

cannot be maintained as these cells express low levels of Fascin (Yamashiro, et 

al., 1998). This could explain why bundling is not visualised throughout the 

lamellipodia and implies that Ena/VASP proteins in these cells may have more 
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of an anti-capping and anti-branching function than oligomerisation. 

Furthermore, Mena and Ena may not be directly comparable as Mena is 

alternatively spliced (Gertler et al., 1996; Urbanelli et al., 2006) whereas Ena is 

not, and Mena splice variants have different activities (Philippar et al., 2008). 

Nonetheless, it would be interesting to identify whether there is a change in the 

hemocyte actin network upon Ena misregulation and phalloidin staining implies 

that the actin network is more linear upon Ena upregulation (Fig. 5.11).  

 

Other studies have suggested that the amount of CP may determine whether cells 

form a lamellipodia rather than filopodia (Mejillano et al., 2004). Indeed 

increasing CP levels in vitro biased actin arrangements towards a more branched 

network (Mejillano et al., 2004). So it is possible that lower levels of CP could 

influence which type of actin arrangement is formed. A combination of both high 

levels of Fascin and low levels of CP could lead to a highly bundled lamellipodia 

rather than a branched network.  

 

6.7 Other potential roles for Ena in Drosophila hemocytes 

In addition to having an important role in cell migration, Ena/VASP proteins are 

also involved in immunity, linking signalling through T cell receptors to 

remodelling of the actin cytoskeleton in T cells (Krause et al., 2000). As 

hemocytes are the primary immune cells of Drosophila and provide an important 

first line of defence against infection (Wood and Jacinto, 2007; Nehme et al., 

2011; Vlisidou et al., 2009), it would be interesting to identify whether Ena plays 

a role in hemocytes during the Drosophila immune response. Indeed, in 

macrophages Ena/VASP proteins localise to phagocytic cups, where they are 

required for actin reorganisation, cup formation and the phagocytosis of 

opsonised particles (Castellano et al., 2001; Coppolino et al., 2001). As VASP is 

required for phagocytosis in macrophages in vitro (Coppolino et al., 2001), it 

seems plausible that Ena will also be required for phagocytosis in hemocytes in 

vivo. However, Ena may be dispensable for phagocytosing apoptotic cells, as 

Ena-GFP does not localise to phagocytic cups when apoptotic debris is engulfed 

(data not shown), neither was vacuole formation perturbed within FP4Mito 
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expressing hemocytes (Fig. 3.7). This suggests that either Ena is not required for 

hemocyte phagocytosis, or that it is only required for phagocytosing bacteria; 

either way it would be fascinating to investigate the role of Ena in this process. 

 

In addition to engulfing apoptotic bodies, hemocytes are also required to lay 

down extra-cellular matrix (ECM) whilst undergoing developmental migrations 

through the embryo, and both of these activities are important for neuronal 

development (Olofsson and Page, 2005; Sears et al., 2003). Recent work has 

illustrated that hemocytes like neutrophils in vitro can prioritise different signals 

(Foxman et al., 1997; Foxman et al., 1999), with cells migrating towards 

apoptotic cues first, followed by developmental cues and eventually towards 

wounds (Moreira et al., 2010). Indeed, hemocytes respond to apoptotic cells 

throughout development, but only respond to wounds once they have 

developmentally dispersed, suggesting that removing apoptotic bodies and laying 

down ECM is more important than wound healing (Moreira et al., 2010). In light 

of these results it would be interesting to identify whether misregulating Ena 

affects the ability of hemocytes to prioritise these different cues. Given that 

inactivating Ena did not impair phagocytosis of apoptotic cells (see above) it 

seems unlikely that misregulation of this protein would affect hemocytes ability 

to prioritise signals from apoptotic corpses. Furthermore, hemocytes in which 

Ena has been inactivated migrate at slower speeds and in reduced numbers 

towards wounds (Fig. 4.9), it therefore seems unlikely; given that this response is 

already dampened, that wound cues would be prioritised over developmental 

cues. Nevertheless, Ena overexpression increases hemocyte migration speeds to 

wounds (Fig. 4.9) and it would be interesting to determine whether cells could be 

recruited to wounds earlier when this protein is overexpressed.  

 

6.8 Ena interactions with Dia 

Ena also interacts with Diaphanous (Dia), and FP4Mito sequesters Dia in  

Drosophila epithelial leading edge cells and hemocytes, albeit when bound to 

Ena (Fig. 3.6) (Homem and Peifer, 2009). This data strongly suggests that Ena 
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and Dia may cooperate in hemocytes to regulate protrusion formation, as was 

shown for epithelial leading edge cells (Homem and Peifer, 2009). In addition, in 

leading edge cells constitutively active (CA) Dia relocalised Ena from adherens 

junctions (AJ) to the leading edge, suggesting that CA Dia can alter Ena 

localisation too. This has not been observed in hemocytes (data not shown), 

however, CA Dia was not used and it would be interesting to identify whether 

CA Dia can relocalise Ena in these cells. Furthermore, it would be fascinating to 

investigate Dia function further, during hemocyte migration in vivo. Preliminary 

experiments illustrate that CA Dia localises to filopodial tips and positively 

regulates filopodial formation (Data not shown), as was shown previously in 

Dictyostelium discoideum and epithelial leading edge cells (Homem and Peifer, 

2009; Schirenbeck et al., 2005a) and suggests that a conserved function of Dia 

may be to regulate filopodia. Homem and Peifer also found that mutating dia 

increased lamellipodial area, although expression of various Dia constructs did 

not affect lamellipodial protrusion in leading edge epithelial cells (Homem and 

Peifer, 2009). This is somewhat surprising as mDia produces long unbranched 

actin filaments within the lamellipodia of B16F1 cells (Yang et al., 2007), which 

would be expected to destabilise it altering lamellipodial dynamics (Pollard and 

Borisy, 2003). It would therefore be interesting to identify whether Dia 

expression affects hemocyte lamellipodia, although preliminary work suggests 

that dia mutation does not affect lamellipodial area or dynamics (data not 

shown), further implying that Dia’s primary role is filopodial formation.  

 

Homem and Peifer also illustrated that CA Dia can create filopodia when Ena 

was inactivated, further illustrating that Dia biases protrusions towards filopodia, 

and that this protein can create these structures even in the absence of Era 

(Homem and Peifer, 2009). In hemocytes overexpression of Dia induced 

filopodial formation even in the presence of FP4Mito (data not shown) and it 

would be interesting to identify whether expression of CA Dia could induce 

further filopodia. This data suggests that similar to mammalian cells and unlike 

Dictyostelium, Dia can act independently of Ena to form filopodia in Drosophila 

cells (Dent et al., 2007; Schirenbeck et al., 2006). Furthermore, Dia appears to 
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have a central role in filopodia, as mutating this protein in both leading edge cells 

and hemocytes reduced filopodial number and decreased filopodial length in the 

latter (data not shown) (Homem and Peifer, 2009). Interestingly, overexpressing 

Ena in dia mutant hemocytes failed to rescue filopodial extension and increased 

formation slightly (data not shown), suggesting that Dia may be required for 

filopodial initiation and elongation, whereas, Ena may be more important in 

filopodial initiation. This fits with FP4Mito expression reducing both filopodial 

number and length in leading edge cells, whereas in ena
23

 mutants only reduced 

filopodial number was observed, perhaps Dia sequestration causes the shorter 

filopodia that are found upon FP4Mito expression (Homem and Peifer, 2009). In 

light of these findings it would be interesting to tease apart the different 

requirements for Ena and Dia in hemocyte filopodial formation. In both leading 

edge cell and hemocyte lamellipodia Ena overexpression increased lamellipodial 

formation when Dia was overexpressed and mutated (data not shown) (Homem 

and Peifer, 2009), suggesting Ena may also bias hemocyte protrusions towards 

lamellipodia. Taken with the filopodial results this suggests that Dia and Ena 

may interact in a similar manner in hemocytes and epithelial leading edge cells 

and it would be fascinating to identify how Ena and Dia misregulation influence 

hemocyte migration.  

 

6.9 Interplay with microtubules 

This study focussed on actin, but actin and microtubules interact with one 

another to regulate protrusion and migration (Rodriguez et al., 2003), so it would 

be interesting to identify whether Ena misregulation affects microtubule 

dynamics. In hemocytes microtubules protrude into the lamellipodia and are 

subsequently bundled to form an arm, which is required for polarisation and 

contact inhibition (Stramer et al., 2010). Interestingly, given that Ena is required 

for actin strut formation (Fig. 5.2) and microtubules have been shown to run up 

actin struts to enter the lamellipodia (Salmon et al., 2002), Ena and therefore 

actin struts are dispensable for microtubule entry into the lamellipodia and arm 

formation (data not shown). This suggests that unlike in lung epithelial cells actin 

struts may not be required for microtubules to grow up in hemocytes (Salmon et 
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al., 2002). However, Ena inactivation prolonged contact inhibition (data not 

shown), suggesting that the arm does not form properly or microtubule dynamics 

are impaired. Perhaps actin strut coalescence helps mediate the bundling of 

microtubules. In contrast sn mutation decreases polarity (Zanet et al., 2009), 

suggesting that microtubules within these cells are disrupted, perhaps the actin 

network in sn mutant hemocytes is more disorganised, impairing microtubule 

protrusion into the lamellipodia. Nonetheless it would be interesting to identify 

whether microtubules are required for actin bundle formation and Ena 

localisation, by expressing Spastin, a microtubule severing protein.  

 

In addition to determining whether there is any interplay between Ena and 

microtubules in hemocytes, the role of actin-microtubule crosslinkers could also 

be investigated further. Potential crosslinkers include the spektraplakin Short-

Stop (Shot) and Formins (Lee and Kolodziej, 2002; Rosales-Nieves et al., 2006). 

Three Formin family members bind microtubules including Dia (Rodriguez et 

al., 2003), although binding data suggests that other proteins may be involved in 

this association (Bartolini et al., 2008). Nonetheless, Formins stabilise 

microtubules in vivo and in vitro (Bartolini et al., 2008; Palazzo et al., 2001), and 

in vitro this stabilisation is independent of Formin Homology (FH)2 domain 

dimerisation and actin nucleation (Bartolini et al., 2008). Furthermore, in 

fibroblasts in vitro mDia1 and/or mDia2 promote polarisation and motility, 

which may be mediated through microtubule interactions (Wen et al., 2004). 

Finally in HeLa cells mDia expression induced the formation of longitudinal 

parallel actin bundles and orientated microtubules along these bundles (Ishizaki 

et al., 2001). Therefore it may be interesting to investigate whether Dia regulates 

microtubules in hemocytes.  

 

Shot links microtubules and actin through GAS2 and Calponin domains 

respectively at the periphery of S2 cells (Applewhite et al., 2010) and 

preliminary work in hemocytes suggests that Shot may localise to microtubules 

in these cells (data not shown). Interestingly, shot mutant cells disperse normally 

during development, they have reduced lamellipodial dynamics and shorter 
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filopodia (data not shown). Shot is also important for filopodial formation in 

neurons in culture, however, the actin-microtubule crosslinking activity of Shot 

was not required for filopodial formation (Sanchez-Soriano et al., 2009); 

suggesting that this crosslinking function may be dispensable for filopodial 

formation. Regardless it would be interesting to investigate the role of Shot 

further during hemocyte migrations.  

 

6.9 Final conclusions 

The main aim of the study was to determine the role of Ena in hemocytes in vivo. 

Whilst there were several similarities with Ena/VASP protein function in 

fibroblasts in vitro, there was one key difference; Ena/VASP proteins decreased 

fibroblast migration speeds in vitro but increased hemocyte migration speeds in 

vivo. Given that the hemocyte result correlates with studies of breast cancer it 

seems likely that the role of Ena/VASP proteins is to positively regulate cell 

migration in vivo. This study therefore helps illustrate the importance of in vivo 

studies, since whilst in vitro work can help understand protein function, it may 

not always be representative of the protein’s role within a complex three-

dimensional in vivo environment.  

 

After determining that Ena positively regulated hemocyte migration speeds and 

dynamics, a secondary aim was to identify how Ena regulated lamellipodial 

protrusion and ultimately cell migration. Studies using Fascin and labelled actin 

revealed that Ena was important in regulating bundling within the hemocyte 

lamellipodia and that overexpression of this protein increased bundle 

coalescence. Furthermore, bundle coalescence was important for both 

lamellipodial protrusion and cell migration, helping to explain how Ena regulates 

protrusion in hemocytes in vivo.  
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Appendix 1: Fly lines generated 

 

Chapter 3: 

Fly line Used for 

w;;crqGAL4UAScherrymoesin,UASEnaGFP in vitro hemocyte staining 

w;;crqGAL4UAScherrymoesin, UASFP4Mito in vitro hemocyte staining 

w;ena
GC1

;crqGAL4UASGFP 

   CTG 

in vitro hemocyte staining 

w;dia
2
;crqGAL4UASGFP 

  CTG 

in vitro hemocyte staining 

w;srpGAL4UAScherrymoesin;UASEna-GFP Ena localisation 

w;srpGAL4UASGFP;crqGal4UASGFP WT (in vitro hemocyte staining, 

morphology, dynamics and 

kymography) 

w;srpGAL4UASGFP;crqGAL4UASGFP 

                   +                UASFP4Mito 

Ena inactivation (morphology, 

dynamics and kymography) 

w;srpGAL4UASGFP;crqGAL4UASGFP 

                   +                   UASEna 

Ena overexpression 

(morphology, dynamics and 

kymography) 

w;srpGAL4UASGFP;crqGAL4UASGFP 

                   +                    UASAbl 

Abl overexpression 

(morphology, dynamics and 

kymography) 
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Chapter 4: 

Fly line Used for 

w;srpGAL4UASGFP;crqGal4UASGFP WT (antibody staining, 

migration studies, dye injection) 

w;srpGAL4UASGFP;crqGAL4UASGFP 

                   +                UASFP4Mito 

Ena inactivation (antibody 

staining, migration studies)  

w;srpGAL4UASGFP;crqGAL4UASGFP 

                   +                   UASEna 

Ena overexpression (antibody 

staining, migration studies)  

w;ena
GC1

;crqGAL4UASGFP 

   CTG 

enabled  null mutant (lateral 

migration) 

w;ena
23

;crqGAL4UASGFP 

   CTG 

enabled EVH2 mutant (lateral 

migration) 

w;ena
210

;crqGAL4UASGFP 

   CTG 

enabled EVH1 mutant (lateral 

migration) 

w;dia
2
;crqGAL4UASGFP 

  CTG 

diaphanous null mutant (lateral 

migration) 

w;dia
5
;crqGAL4UASGFP 

  CTG 

diaphanous mutant (lateral 

migration) 

w;srpGAL4UASmcd8::GFP GFP labeled membranes (in vivo 

and vitro studies) 

w;srpGAL4UASGFP;crqGAL4UASGFP 

                   +                  UASRac
V12

 

Overexpression of constitutively 

active Rac (kymograph) 

mys
XG43

;srpGAL4UASGFP;crqGAL4UASGFP 

  FTG 

myospheroid mutant 

(kymograph) 
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Chapter 5: 

Fly line Used for 

w;srpGal4UASmCherrymoesin;crqGal4UASmcherrymoesin 

 

WT (lamellipodial dynamics, 

migration studies) 

 sn
28 

;srpGal4UASmCherrymoesin 

FKG 

sn mutant (lamellipodial 

dynamics, migration studies) 

w;srpGal4UASmCherrymoesin;crqGal4UASmcherrymoesin 

                        +                                     UASFP4Mito 

Ena inactivation (lamellipodial 

dynamics) 

sn
28

,snGAL4UAScherryfascin;crqGAL4UASEnaGFP 

                 FKG 

Ena overexpression and Fascin 

localisation (number of Fascin 

bundles, bundle dynamics) 

sn
28

,snGAL4UAScherryfascin 

                 FKG 

Fascin localisation (number of 

Fascin bundles, bundle 

dynamics) 

sn
28

,snGAL4UAScherryfascin;;UASFP4Mito 

                FKG 

 

Ena inactivation and singed 

localisation (number of Fascin 

bundles) 

sn
28

;srpGAL4UASmCherrymoesin;        + 

FKG                      +                       UASFP4Mito  

 

Ena inactivation in a singed 

mutant (lamellipodial dynamics, 

migration studies) 

sn
28

;;crqGAL4UASmCherrymoesinUASEnaGFP 

FKG 

Ena overexpression in a singed 

mutant (lamellipodial dynamics, 

migration studies) 

sn
28

,snGAL4UASlifeact 

             FKG 

sn mutant with labelled actin 

(number of actin bundles)  

w;snGAL4UASlifeact 

 

Labelled actin (number of actin 

bundles) 

w;snGAL4UASlifeact;               + 

               +                 crqGAL4UASEnaGFP 

Ena overexpression with labelled 

actin (number of actin bundles) 

w;snGAL4UASlifeact;               + 

               +                 crqGAL4UASFP4Mito 

Ena inactivation with labelled 

actin (number of actin bundles) 

sn
28

,snGAL4UASlifeact;;              + 

           FKG                    crqGAL4UASEnaGFP 

Ena overexpression in a singed 

mutant with labelled actin  

(number of actin bundles) 

w;srpGAL4UASGFP; crqGAL4UASGFP WT (phalloidin staining) 
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sn
28 

;srpGal4UASGMA 

FKG 

sn mutant (phalloidin staining) 

w;;crqGAL4UASFP4Mito Ena inactivation (phalloidin 

staining) 

 sn
28 

;;crqGAL4UASEnaGFP 

FKG  

 

sn mutant with Ena 

overexpression (phalloidin and 

Dia with phalloidin staining) 

w;;crqGAL4UASEna-GFP 

 

Ena overexpression (phalloidin 

and Dia with phalloidin staining) 

w;srpGAL4;crqGAL4 WT (Dia with phalloidin 

staining) 

sn
28

 

FKG 

sn mutant (Dia with phalloidin 

staining) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendices 
 

258 

Appendix 2: DABCO Preparation 

Recipe:  

1.25grams of DABCO 

5mls of 10 ! PBS (1PBS tablet in 10ml of water) 

45mls of Glycerol 

 

Procedure: 

1.25 grams of DABCO was dissolved in 5mls of 10 ! PBS in a Falcon tube and 

the volume was made up to 50mls by adding glycerol. The Falcon tube was 

covered in aluminum foil and put on the roller at 4°C overnight. The DABCO 

was then stored at 4°C until required. 
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