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The actin regulators Enabled and Diaphanous 
direct distinct protrusive behaviors in different 
tissues during Drosophila development
Stephanie H. Nowotarskia, Natalie McKeona, Rachel J. Mosera, and Mark Peifera,b

aDepartment of Biology and bLineberger Comprehensive Cancer Center, University of North Carolina at Chapel Hill, 
Chapel Hill, NC 27599

ABSTRACT  Actin-based protrusions are important for signaling and migration during devel-
opment and homeostasis. Defining how different tissues in vivo craft diverse protrusive be-
haviors using the same genomic toolkit of actin regulators is a current challenge. The actin 
elongation factors Diaphanous and Enabled both promote barbed-end actin polymerization 
and can stimulate filopodia in cultured cells. However, redundancy in mammals and Diapha-
nous’ role in cytokinesis limited analysis of whether and how they regulate protrusions during 
development. We used two tissues driving Drosophila dorsal closure—migratory leading-
edge (LE) and nonmigratory amnioserosal (AS) cells—as models to define how cells shape 
distinct protrusions during morphogenesis. We found that nonmigratory AS cells produce 
filopodia that are morphologically and dynamically distinct from those of LE cells. We hypoth-
esized that differing Enabled and/or Diaphanous activity drives these differences. Combining 
gain- and loss-of-function with quantitative approaches revealed that Diaphanous and En-
abled each regulate filopodial behavior in vivo and defined a quantitative “fingerprint”—the 
protrusive profile—which our data suggest is characteristic of each actin regulator. Our data 
suggest that LE protrusiveness is primarily Enabled driven, whereas Diaphanous plays the 
primary role in the AS, and reveal each has roles in dorsal closure, but its robustness ensures 
timely completion in their absence.

INTRODUCTION
From bundled myofibrils in muscle to dynamic filopodia and lamel-
lipodia in migratory axons, proper development requires cells to 
build distinct actin-based structures. A host of actin regulatory pro-
teins govern the underlying geometries of actin structures, mediat-
ing elongation, nucleation, branching, capping, and severing 
(Pollard and Borisy, 2003). Elegant studies characterized biochemi-
cal properties and interactions of these regulators in vitro or in sim-
ple, single-cell systems, but we still lack a clear understanding of 
how they work together or separately to produce protrusions in vivo 

during development. Filopodia, first described on neuronal growth 
cones (Harrison 1910), were historically viewed as sensory structures 
of migratory cells, helping drive guided migration (Wood and 
Martin, 2002; Gupton and Gertler, 2007). A century later, we are still 
uncovering filopodial roles in vivo (Sanders et al., 2013; Roy et al., 
2014). Thus defining mechanisms by which filopodia form within a 
single cell type and how they differ among different cell types dur-
ing development remains a key challenge.

Filopodia formation is believed to rely on actin elongation fac-
tors such as Diaphanous-related formins (DRFs) and Enabled (Ena)/
VASP proteins (Michelot and Drubin, 2011). Both protein families 
bind actin filament barbed ends to promote polymerization and 
block capping, and members of both protein families can, when 
overexpressed/activated in cultured cells or neurons, promote for-
mation of filopodia (Bachmann et  al., 1999; Lanier et  al., 1999; 
Rottner et al., 1999; Bear et al., 2002; Svitkina et al., 2003; Lebrand 
et al., 2004; Barzik et al., 2005; Applewhite et al., 2007; Pasic et al., 
2008; Chesarone and Goode, 2009; Hansen and Mullins, 2010). Cell 
protrusive behavior is crucial in many developmental events (Rørth, 
2009), and current models suggest that Ena/VASP proteins and 
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These data suggest that there are distinct roles for each of these 
elongation factors in filopodia. However, we still lack a clear under-
standing of how actin-elongation proteins work together or sepa-
rately to initiate and elongate protrusions in vivo and how these 
protrusions contribute to major developmental processes. Our de-
sire to define the roles of Dia in protrusive behavior was further 
sharpened by the recent discovery of a likely role for Dia in generat-
ing cytonemes, “signaling filopodia,” whose roles in paracrine sig-
naling are becoming increasingly apparent (Roy et al., 2014).

To study the regulation and roles of protrusive behavior in em-
bryonic development, we use Drosophila dorsal closure as a model 
(Jacinto et al., 2002b; Heisenberg, 2009). During this process, two 
lateral sheets of epidermal cells move dorsally to meet at the dorsal 
midline, displacing the central amnioserosal (AS) cells and enclosing 
the embryo in skin (Supplemental Movie S1; Figure 1, A and B). As 
closure proceeds, lateral epidermal cells elongate along their dor-
sal-ventral axes and move toward the midline. Closure is partially 
powered by an actin-based supracellular cable at the leading edge 
(LE) of the epidermis, which acts as a purse string to draw the two 
sheets together (Young et  al., 1991; Kiehart et  al., 2000; Jacinto 
et al., 2002a), while the central AS cells undergo waves of apical 
constriction (Kiehart et al., 2000; Gorfinkiel et al., 2009; Solon et al., 
2009), drastically reducing their area. Actin-based protrusions from 
LE cells play key roles in closure, aligning the two contralateral 
sheets as they meet at the anterior and posterior canthi (Jacinto 
et al., 2002a; Millard and Martin, 2008).

Although LE cells are not classical migrating cells, their filopodia 
and lamellipodia are likely to serve a similar purpose, helping sense 
the cellular environment and provide protrusive force, matching the 
epidermal sheets on the two sides and zippering them closed, akin 
to the role of filopodia in junction formation in primary keratino-
cytes, endothelial cells, or Caenorhabditis elegans ventral enclosure 
(Raich et  al., 1999; Vasioukhin et  al., 2000; Woolner et  al., 2005; 
Millard and Martin, 2008; Hoelzle and Svitkina, 2012). Surprisingly, 
the nonmigratory cells of the amnioserosa also make actin-based 
protrusions, although they have not been characterized nor their 
roles defined.

We thus built on previous work by our lab and others in vitro and 
in cultured cells, using the LE and AS to uncover whether and how 
Ena and Dia regulate protrusive behavior during normal develop-
ment, assessing whether roles these proteins can have in stimulating 
filopodial behavior after overexpression or activation play out in im-
portant roles during normal development. Combining detailed 
quantitative analysis of cell behavior with both loss-of-function and 
gain-of function genetic tools helped reveal the mechanisms by 
which regulated Ena and Dia activity shape protrusive behavior in 
these two cell types—one migratory and one not—and to assess 
their contributions to the tissue level process of dorsal closure.

RESULTS
AS and LE cells provide a model for differential regulation 
of protrusive behavior during normal development
We have learned much about how actin regulators modulate actin 
polymerization in vitro and how they regulate protrusive behavior in 
cultured cells, but their roles in vivo during normal development are 
less clear. Protrusions produced by LE cells during dorsal closure 
provide a model for how different actin regulators shape protrusive 
activity within a single cell type during normal development (Figure 
1, A–C; Jacinto et al., 2000; Woolner et al., 2005; Gates et al., 2007; 
Millard and Martin, 2008; Homem and Peifer, 2009; Bilancia et al., 
2014). During dorsal closure, LE cells elongate and migrate to meet 
contralateral partners, producing protrusions that are a mix of broad 

DRFs should play key roles in regulating this (Gupton and Gertler, 
2007). One puzzle has been why cells have two different families of 
actin elongation factors. The roles of Ena/VASP proteins in filopodia 
formation and protrusive behavior were confirmed in cell culture by 
loss-of-function approaches (Bear et al., 2000; Loureiro et al., 2002; 
Schirenbeck et al., 2006; Gonçalves-Pimentel et al., 2011). In con-
trast, whereas activated DRFs clearly can induce filopodia in cul-
tured cells and localize to their tips (Yang et al., 2007; Block et al., 
2008), assessing whether DRFs are essential for protrusive behavior 
and filopodia during development has been more challenging due 
to their conserved roles in cytokinesis and the partial redundancy of 
mammalian DRFs.

DRFs play a wide variety of roles in vivo. They were first identified 
via their conserved roles in cytokinesis (Castrillon and Wasserman, 
1994; Chang et al., 1997; Imamura et al., 1997; Swan et al., 1998; 
Tominaga et al., 2000; Tolliday et al., 2002; Peng et al., 2003; Echard 
et al., 2004; Ingouff et al., 2005). Subsequent work in cultured mam-
malian cells identified a diverse array of functions, ranging from 
stress fiber assembly, to coordinating microtubules and actin, to tar-
geted secretion and organelle dynamics, to modulating cell adhe-
sion and phagocytosis (Faix and Grosse, 2006). Knockdown studies 
clearly implicate DRFs in directional cell migration (Yamana et al., 
2006; Gupton et al., 2007; Lai et al., 2008; Shi et al., 2009; Dong 
et al., 2013; Daou et al., 2014), but, with the exception of work in 
Dictyostelium and Drosophila epidermal cells (Schirenbeck et  al., 
2005; Homem and Peifer, 2009), their roles in protrusive behavior 
and filopodia formation in vivo remain less well established. In cul-
tured cells, mDia1 knockdown reduces filopodia formation induced 
by IRSp53 or Rif (Goh et al., 2011; Goh and Ahmed, 2012), whereas 
mDia2 antibody blockade or knockdown in B16F1 cells reduces 
both filopodia and lamellipodia (Peng et al., 2003; Yang et al., 2007). 
The roles of mammalian DRFs in protrusive behavior during devel-
opment are even less clear. Mammals have three DRFs, complicat-
ing analysis. mDia1 mutants have immune system defects (Tanizaki 
et al., 2010), whereas compound mDia1; mDia3 mutants have de-
fects in neuronal migration (Thumkeo et  al., 2011), and mDia2-
knockout mice have multinucleate erythroblasts (Watanabe et al., 
2013). However, in none of these cases were clear effects on protru-
sive behavior defined.

Drosophila provides a simple system for studying these proteins, 
as there is only one Ena/VASP protein, Ena, and one DRF, Diapha-
nous (Dia). In Drosophila, Dia’s early role in the modified form of 
cytokinesis known as cellularization (Afshar et al., 2000; Grosshans 
et al., 2005) obscured the search for later functions. However, use of 
RNA interference or zygotic mutants in which maternal protein had 
run down revealed roles in apical protein secretion in tracheae 
(Massarwa et al., 2009), cytoskeletal regulation during wound heal-
ing (Antunes et  al., 2013; Abreu-Blanco et  al., 2014), segmental 
groove formation (Mulinari et  al., 2008), germband retraction 
(Homem and Peifer, 2008) and synapse growth (Pawson et al., 2008). 
However, once again, in vivo roles for Dia in protrusive behavior 
proved more elusive.

Recent work revealed that these two processive actin elongators, 
Ena and Dia, are biochemically distinct. Dia is a more efficient elon-
gation factor than Ena, being seven times more processive and 
elongating twice as fast (Bilancia et al., 2014). These differences in 
biochemical properties are reflected in the filopodia each stimulates 
in cell culture, with Dia-driven filopodia having longer lifetimes and 
Ena-driven filopodia being more dynamic. Further, Ena and Dia di-
rectly interact via their EVH1 and FH1 domains (Bilancia et al., 2014; 
Barzik et al., 2014), and through this interaction, Ena can negatively 
regulate Dia, most likely at filament initiation (Bilancia et al., 2014). 
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were similar (Figure 1G; 3.7 ± 0.5 vs. 3.5 ± 0.6 μm), as was the distri-
bution of maximum filopodial lengths (Supplemental Figure S1B). 
Two other parameters were also strikingly different in the two tis-
sues—lamellipodia area and filopodia lifetime. Filopodia along the 
LE most often arise from broad lamellipodia (Figure 1C, arrow; 
Gates et al., 2007; Homem and Peifer, 2009), but the actin-based 
structures associated with AS filopodia remained largely unex-
plored. To test the hypothesis that differences in the filopodia/
lamellipodial balance might help account for the visual difference 
between the two tissues, we quantified lamellipodial area. There 
was significantly less lamellipodial area/cell perimeter in AS versus 
LE cells (Figure 1I; AS, 0.4 ± 0.04 μm2/μm perimeter, n = 6 embryos, 
vs. LE, 2.4 ± 1.3 μm2/μm perimeter, n = 5 embryos). Thus AS filopo-
dia largely emerge directly from the cell cortex, whereas LE filopo-
dia emerge from lamellipodia (Figure 1, E vs. C). The difference in 
lamellipodial area accounted for part of the visual difference be-
tween protrusive behaviors in the two tissues, but a second dynamic 
parameter also played an important role. AS cell filopodia had sig-
nificantly longer mean lifetimes than their LE cell counterparts 
(Figure 1H; AS, 459 ± 65 s, n = 9 embryos, 567 filopodia, vs. LE, 
294 ± 72 s, n = 7 embryos, 429 filopodia; p = 0.014; this was also 
reflected in a shift of the distributions of the lifetimes of individual 
filopodia; Supplemental Figure S1B).

This difference in filopodial lifetime prompted us to look closely 
at the relationship between filopodial length and lifetime, which 
could be influenced in part by barbed-end polymerization rates. To 
explore this, we plotted the maximum length versus lifetime for 
each wild-type LE or AS filopodium, generating a “protrusive pro-
file” of individual filopodia (AS and LE distributions are superim-
posed in Figure 1J; the separate distributions are in Supplemental 
Figure S2A). We applied a linear regression fit to each data set, the 
slope of which revealed the relationship between filopodial length 
and lifetime. As expected, longer filopodia generally have longer 
lifetimes in all cases. However, the relationship between these two 
parameters differed significantly in the two tissues (p = 0.0001), with 
filopodia in the AS generally having longer lifetimes at the same 
length. This could be consistent with differences in filopodial exten-
sion rates or persistence of extension, which may reflect differences 
in activity of the actin regulators governing filopodial behavior in the 
AS and LE.

The AS filopodial protrusive profile also revealed outliers that are 
longer lived than any at the LE (Figure 1J, region highlighted by yel-
low bar). This is prominently illustrated by comparing the top 20% 
longest-lived filopodia in LE versus AS cells (Figure 1K)—the mean 
lifetimes of the longest-lived filopodia differ by almost twofold 
(Figure 1L; 564 ± 152 vs. 985 ± 358 s). Finally, we examined whether 
this increase in lifetime reflected differences in the time filopodia 
spent extending or retracting (Supplemental Figure 1, C and D). To 
do so, we measured the time each filopodium spent extending 
(defined as the time before maximum length was reached) and/or 
retracting (defined as the time from maximum length until the 
filopodium shortened below our minimum length). Both were in-
creased proportionately in AS cells versus the LE, such that in both 
tissue types, filopodia spent roughly half of their lifetime before they 
reached maximum length and half after maximum length (Supple-
mental Figure 1, C–E). Although we were unable to measure instan-
taneous extension rates, due to the inability to use automated track-
ing, the analysis did reveal average rates of filopodia extension, 
which were similar in the two tissues (Supplemental Figure 1F). 
Together these data suggest that the difference in lifetime is primar-
ily shaped by the longer time AS filopodia spent extending and re-
tracting rather than a difference in rate. Thus these two tissues have 

lamellipodia (Figure 1C, arrowheads; Supplemental Movie S2, right) 
and filopodia (Figure 1C, arrows; we used the en-GAL4 driver to 
express our filopodial marker—moesin–green fluorescent protein 
[GFP] or actin-GFP—in alternating stripes of cells in the lateral epi-
dermis). Their nearest neighbors, the AS cells (Figure 1, A and B), 
also use the actin cytoskeleton to drive oscillatory behavior, result-
ing in net apical constriction (Kiehart et  al., 2000; Jacinto et  al., 
2002b; Solon et al., 2009). Previous work suggested that AS cells, 
although they are nonmigratory, also produce filopodia (Figure 1D; 
Jacinto et al., 2000), but their characteristics and dynamics have not 
been assessed. These two cell types provide a setting to test the 
hypothesis that Ena and Dia act separately and together to help 
shape the distinctive protrusive behaviors of different cell types in 
normal development. Our first task was to determine whether 
filopodial dynamics differ in these two cell types, which undergo 
very different cell shape changes, by characterizing AS cell protru-
sions and comparing them to those in the LE.

We visualized protrusions by labeling f-actin structures by ex-
pressing the moesin actin-binding domain fused to GFP (Moe-GFP) 
via the myosin light chain promoter (spaghetti squash [sqh]), driving 
expression both in the AS and the lateral epidermis, or using the 
UAS-GAL4 system to drive Moe-GFP along the LE in stripes (Table 
1). To facilitate comparison with our and other previous work, we 
defined filopodia as any thin protrusion (width, <1.25 μm; length, 
>1.15 μm) extending beyond the lamellipodium or leading edge, 
and lamellipodia were defined as protrusions >1.25 μm in width. We 
then used live confocal imaging to visualize filopodia dynamics in 
both tissues.

This revealed that AS cells produced thin, actin-based filopodia 
(Figure 1D, arrows; Supplemental Movie S2, left). However, because 
AS cells protrude over one another (Figure 1D), quantifying AS 
filopodial number, length, and lifetime was obstructed by lack of 
contrast against which to accurately measure individual filopodia. To 
better visualize AS filopodia, we developed a bleaching assay, pho-
tobleaching individual AS cells (Figure 1E). Bleaching allowed us to 
correctly assign protrusions to neighboring cells and reliably discern 
spatial and temporal properties of individual protrusions, facilitating 
quantitative comparison of AS and LE. It is important to note that 
the bleached cells were not those whose protrusions we measured—
they simply provided the darkened background against which to 
more easily visualize neighbors. To ensure that bleaching did not 
adversely affect cell behavior or viability, we verified that it did not 
obviously alter filopodial behavior (by following filopodia before 
and after bleaching), that embryos with bleached cells completed 
dorsal closure in a timely manner, and that bleached cells were no 
more likely than unbleached neighbors to be among the fraction of 
AS cells to undergo early apoptosis (5% observed in our combined 
experiments vs. 10–30% of all AS cells/every closure event normally; 
Kiehart et al., 2000; Toyama et al., 2008).

Visual inspection suggested that the protrusive behavior of LE 
and AS cells was qualitatively distinct, with the LE producing filopo-
dia emerging from lamellipodia and the AS protrusions emerging 
more often from the cell body (Figure 1, C vs. E, and Supplemental 
Movie S2). To refine this comparison, we quantitated different as-
pects of protrusive behavior in the two tissues. We did this manu-
ally, as the complex motion of both LE and AS filopodia in the x-y 
and z axes (Supplemental Movie S3) prevented automated quanti-
tation. This revealed a number of striking differences. When we 
quantitated the number of filopodia formed per micrometer of cell 
perimeter per hour, we found that AS cells produce four times fewer 
filopodia than LE cells (Figure 1F; 0.9 ± 0.04 vs. 4.3 ± 1.0, p = 0.013). 
In contrast, the mean maximum lengths of filopodia in each tissue 
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FIGURE 1:  The AS and LE cells as a model for differential regulation of protrusive behavior during normal development. 
For all embryo images. anterior is left. (A) Schematic, stage 14 embryo during dorsal closure. (B) Maximum intensity 
projection movie still. Dorsal closure in an embryo expressing the moesin actin-binding domain fused to GFP driven in 
both AS and LE via spaghetti squash promoter. LE cells (blue arrows), LE actin cable (arrowheads), AS cells (yellow 
region). Boxes indicate regions of embryo like those shown in C vs. D and E. (C–E) Scale bars, 5 μm. (C) Lateral 
epidermal cells expressing Moe-GFP in engrailed stripes. LE cells (bracket) produce filopodia (arrows) that often arise 
from lamellipodia (arrowheads). (D, E) AS cells (D, before bleaching; E, after bleaching central cell). AS cells produce 
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dynamic and emerged from broad lamellipodia (Bilancia et  al., 
2014), suggesting Ena and Dia have properties that might allow 
them to drive filopodia with these sorts of distinct dynamic proper-
ties in vivo.

Ena and Dia have distinct localization patterns in the AS 
versus the LE
The simplest version of the hypothesis that Dia and Ena drive differ-
ent types of protrusive behavior in different cell types would involve 
a situation in which either Ena or Dia predominates in one or the 
other tissue. However, in fixed embryos, both endogenous Ena and 
Dia are present in both cell types but localize differently in each. In 
LE cells, endogenous Ena localized robustly with F-actin to LE “dots” 
where LE cells abut one another and project over the AS (Figure 2, 
A, A′′, and C–C′′, cyan arrowheads), as well as to the tips of LE 
filopodia (in embryos where these were successfully preserved; 
Figure 2, C–C′′, yellow arrows). In epidermal cells ventral to the LE, 
endogenous Ena was planar polarized, being enriched at tricellular 
junctions, with lower levels at the lateral cortex (Figure 2A′′, cyan 
arrows vs. brackets; Bilancia et al., 2014). Endogenous Dia was corti-
cal in all cells of the lateral epidermis (Figure 2B) and less polarized 

distinct filopodial dynamics as revealed by differences in both the 
behavior of individual filopodia and their protrusion profiles.

The parameters of filopodial length and lifetime are also likely to 
be modulated in part by retrograde flow, which in turn depends on 
rates of actin polymerization at the tip and myosin-based contractil-
ity at the base of the filopodia. To determine whether retrograde 
flow rates in filopodia were different between the two tissues, we 
expressed actin-GFP in the AS or the LE and either bleached a small 
transverse region of a filopodia or followed fiduciary marks via 
kymography for a portion of the filopodia’s lifetime in which it did 
not move laterally in x-y. From this, we found that the AS has a small 
but significant increase in retrograde flow compared with the LE 
(Figure 1M; 3.2 ± 1.3 vs. 2.0 ± 0.5 μm/s), suggesting increased elon-
gation at the tip and/or increased myosin contractility.

Together the data revealed that AS filopodia have a higher rate 
of retrograde flow and are generally significantly longer lived than 
LE filopodia of the same length and that a subset of the AS filopo-
dia have substantially longer lifetimes overall. These differences 
were intriguing, given our recent results in cultured cells in which 
Dia-driven filopodia had longer lifetimes and often emerged di-
rectly from the cell body, whereas Ena-driven filopodia were more 

Stock Source

Sqh moesin-GFP D. Kiehart (Duke University, Durham, NC)

UAS-GFP-actin P. Martin (University of Bristol, Bristol, United Kingdom)

UAS moesin-GFP D. Kiehart

UASGFPDia∆DAD P. Rorth (EMBL, Heidelberg, Germany)

UASHADia∆DAD Homem and Peifer (2009)

GAL4 drivers Expression pattern

C381-GAL4 Expression starts at stage 12 in the amnioserosa

engrailed-GAL4 Expression starting at stage 12 in engrailed-expressing epidermal cells in the posterior of each 
segment; occasionally a few amnioserosa cells

Antibody Dilution Source

Anti-Enabled 1:100 Developmental Studies Hybridoma Bank (DSHB; University of Iowa, Iowa, City, IA)

Anti-Diaphanous 1:5000 S. Wasserman (University of California, San Diego, La Jolla, CA)

Anti-DE-CAD2 1:100 DSHB

Anti-neurotactin 1:100 DSHB

Anti-phosphotyrosine 1:1000 Upstate Biotechnology (Lake Placid, NY)

Anti-lamin 1:500 DSHB

Tetramethylrhodamine 
isothiocyanate–phalloidin

1:500 Molecular Probes (Eugene, OR)

Secondary antibodies: Alexa 
488, 568, 647

1:500 Molecular Probes

TABLE 1:  Fly stocks, antibodies, and probes.

filopodia (arrows) and fewer lamellipodia. (F–I) Quantitation of protrusive parameters of LE vs. AS cells. Error bars in 
all graphs equal SD; n ≥ 5 embryos. (F) LE cells produce more filopodia per micrometer perimeter than AS cells. 
(G) Filopodia mean maximum length is the same. (H) AS cell filopodia have a longer mean lifetime than LE filopodia. 
(I) LE cells produce more lamellipodial area per micrometer of perimeter. (J) Protrusive profiles of AS and LE cells, or 
plots of filopodium maximum length vs. lifetime. Slopes of linear regression illustrate that AS filopodia are longer lived 
per unit length. Individual distributions are shown in Supplemental Figure S2. Longer-lived subset of AS cell filopodia 
indicated by yellow bar. (K) Top 20% of filopodia by lifetime from each tissue. (L) The longest-lived 20% AS cell filopodia 
have a lifetime almost double that of the longest-lived LE filopodia. (M) AS cell filopodia have a higher rate of 
retrograde flow.
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than Ena, though there was enrichment in 
the region where LE cells abut the AS (Figure 
2B′′, cyan arrowheads) and somewhat ele-
vated accumulation at dorsal-ventral cell 
borders (Figure 2, B and B′′, arrows); unfor-
tunately the fixation conditions needed for 
the Dia antibody prevented preservation of 
the LE filopodia. Together these localization 
patterns suggest that there may be differ-
ential activity of these two elongation fac-
tors in the lateral epidermis versus the LE 
cells. In the AS, endogenous Ena localized 
robustly to the cell cortex (Figure 2, A and 
A′, yellow arrowheads), even from early 
stages (unpublished data), at levels roughly 
comparable to those for the cortex of LE 
cells. However, in contrast to the LE, Ena’s 
localization in AS cells was radially symmet-
ric. Endogenous Dia was also cortically lo-
calized in the AS, at levels slightly lower than 
for the LE cell cortex, and also was radially 
symmetric (Figure 2, B and B′). Thus both 
proteins are present in both the LE cells and 
the AS cells and are potentially poised to 
play roles in filopodia formation and elonga-
tion in both tissues.

Ena is preferentially enriched 
in LE filopodia
This analysis of fixed embryos provided in-
sights into localization differences of these 
two actin regulators in vivo but did not reli-
ably capture the dynamic cell protrusions 
we study. To assess this, we used live analy-
sis of fluorescently tagged proteins. Endog-
enous Ena, GFP-tagged Ena, and red fluo-
rescent protein (RFP)–tagged Ena can all 
localize to filopodia tips in LE cells (Figure 2, 
C and D, arrows; Gates et  al., 2007). Pre-
serving endogenous Dia localization to 
filopodia proved impossible, as fixation con-
ditions preserving LE filopodia fail to pre-
serve Dia antibody signal. Full-length Dia 
tagged with GFP is presumably in the auto-
inhibited state (it has no effects on filopodial 
behavior), and it is largely cytoplasmic, with 
some cortical enrichment but no enrichment 

FIGURE 2:  Ena and Dia localization in AS and LE cells: similarities and distinctions. Embryos, 
stage 13/14, anterior left and dorsal up, antigens indicated. (D–H) Expressed fluorescent 
protein–tagged versions of the indicated protein using engrailed (D, F, G) or c381 AS (E, H) 
GAL4 drivers. Fixed embryos (A–C) and live embryos (D–H). (A–A′′) Endogenous Ena localizes 
circumferentially to the AS cortex (yellow arrowheads) and in the lateral epidermis is enriched in 
LE dots in LE cells (cyan arrowheads) and at tricellular junctions (cyan arrows) in more-ventral 
epidermal cells relative to the lateral cell cortex (cyan brackets). (B–B′′) Endogenous Dia localizes 
cortically in the AS (yellow arrowheads) and is cortical in the lateral epidermis, with some 
enrichment just behind the LE (B′′, cyan arrowheads) and at dorsal/ventral cell borders (arrows). 
(C–C′′) Endogenous Ena localizes to filopodia tips along the LE (arrows) and robustly localizes to 

LE dots (arrowheads). (D–D′′) RFP-Ena also 
localizes to tips of LE cell filopodia (arrows). 
(E) When expressed in the AS, RFP-Ena 
localizes predominantly to the cell cortex 
(arrowheads). (F–F′′) RFP-Ena robustly 
localizes to tips of LE cell filopodia and 
filopodial fans (cyan arrows), whereas in an 
adjacent AS cell, it is cortical (arrowheads) 
and occasionally localizes to filopodial tips 
(yellow arrow). (G, H) Constitutively active 
GFPDia∆DAD can localize to LE filopodia tips 
(G, arrows) and localizes robustly to tips of 
AS cell filopodia (H, arrows). Scale bars, 
20 μm, except F insets, 10 μm.
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in concert within in a common membrane (Figure 3B, arrowheads, 
and Supplemental Movie S4 middle). Both filopodia and fan-like 
protrusions have RFP-Ena at the tips (Figure 2F, cyan arrows). When 
we quantitated LE filopodia induced by Ena overexpression (exclud-
ing fan protrusions to allow direct comparisons), we found higher 
filopodia number, suggesting increased filopodia initiation (Figure 
3H; Gates et al., 2007). However, mean filopodial lifetime and length 
were not different from those for control LEs (Figure 3, I and J), nor 
were there striking changes in the distribution of filopodial maxi-
mum lengths or lifetimes (Supplemental Figure S1A). We next ex-
amined the protrusive profile, comparing filopodia length and life-
time. The protrusive profile of Ena-induced filopodia at the LE was 
not significantly different from that for wild type (Figure 3K, green 
vs. blue dots and lines, and Supplemental Figure S2B). The observa-
tion that elevating Ena along the LE increases filopodia initiation 
without changing filopodia dynamics is consistent with the idea that 
Ena normally initiates and governs elongation of LE filopodia, 
whereas the elevation of filopodia number after elevation of Ena 
levels suggests that Ena may be limiting for LE filopodial initiation.

Active Dia induces long-lived LE filopodia that mimic 
AS filopodia
We then contrasted filopodia induced by Ena at the LE with filopo-
dia induced by active Dia. Overexpressing hemagglutinin (HA)-
tagged Dia∆DAD had a dramatic affect, triggering filopodia-like 
protrusions all along the epidermal cell cortex of all lateral epider-
mal cells (Figure 3F and Supplemental Movie S4, right; Homem and 
Peifer, 2009). Like Ena, active Dia also significantly increased the 
number of filopodia initiated along the LE (Figure 3, C, arrows, and 
H) and induced filopodial fans (Figure 3C, arrowhead). However, in 
contrast to Ena, Dia substantially altered the dynamic properties of 
LE filopodia, with mean length significantly decreased and mean 
lifetime significantly increased (Figure 3, I and J; there were parallel 
changes in the distributions of individual maximum lengths and life-
times; Supplemental Figure S1A). We thus examined the protrusive 
profile, plotting maximum length versus lifetime for each wild-type 
LE filopodium, as well as those induced by Ena overexpression or 
activated Dia (Figure 3K). Whereas the protrusive profile of Ena-in-
duced filopodia was not significantly different from that of wild type 
(Figure 3K, green vs. blue dots, blue vs. yellow lines; individual dis-
tributions are in Supplemental Figure S2B), in contrast, the slope of 
the protrusive profile of Dia-induced LE filopodia was significantly 
shifted, with active Dia inducing generally shorter and longer-lived 
filopodia (Figure 3K). Thus, in contrast to Ena, Dia does not seem to 
be a strong candidate for playing the dominant role in normal LE 
filopodial dynamics. Intriguingly, Dia overexpression at the LE al-
tered the slope of the protrusive profile such that it was more similar 
to that of normal AS cells.

Ena activity in the lateral epidermis is polarized
In the wild type, endogenous Ena is strongly enriched at LE dots 
(Figure 2, A and A′′, arrowheads) and robustly but more weakly en-
riched at tricellular junctions in more ventral epidermal cells (Figure 
2, A and A′′, arrows). Overexpressing RFP-Ena in lateral epidermal 
stripes induced ectopic filopodia at the place where its levels are 
normally elevated—the tricellular junctions in more ventral cells 
(Figure 3E, cyan arrowheads, and Supplemental Movie S5, middle)—
but not at the places were endogenous Ena levels are lower—the 
lateral cell cortices (Figure 3E, yellow arrowheads). RFP-Ena local-
ized to the tips of the ectopic protrusions (Supplemental Figure 
S3A, arrows). This allowed us to ask questions about polarization of 
Ena activity. At the LE, protrusions are restricted to dorsal borders of 

to either the edges of lamellipodia or the tips of filopodia (Homem 
and Peifer, 2009). Thus, to assess Dia’s ability to localize to filopodia 
tips, we live imaged embryos expressing a GFP-tagged, constitu-
tively active version of Dia (Dia∆DAD, lacking the DAD autoinhibi-
tory domain). Like Ena, active Dia was also enriched at tips of LE 
filopodia (Figure 2G, arrows; Homem and Peifer, 2009). Thus both 
elongation factors can localize to filopodia tips along the LE.

Because we cannot reliably preserve AS cell protrusions after 
fixation, we assessed the ability of Ena and Dia to localize to AS 
filopodia tips by live imaging. Surprisingly, live imaging of RFP-Ena 
expressed in the AS using the c381-GAL4 driver revealed strong 
localization to the AS cortex (Figure 2E, arrowheads) but did not 
reveal clear enrichment in AS filopodia. When we expressed RFP-
Ena using the engrailed-GAL4 driver, we saw robust localization to 
LE filopodia (Figure 2, D and F, cyan arrow, left) and to LE filopodial 
“fans” (Figure 2F, cyan arrows, right). In the rare, isolated AS cells 
expressing both actin and RFP-Ena via this driver, we saw strong 
RFP-Ena localization to the cortex (Figure 2F, yellow arrowheads) 
and only occasional localization to the tips of AS cell filopodia 
(Figure 2F, inset, arrow); thus the ratio of RFP-Ena at AS filopodial 
tips relative to the AS cell cortex was lower than in LE cells (Figure 
2F, yellow arrowheads and arrow vs. cyan arrows). This is not solely 
due to reduced filopodia number, as Ena overexpression increases 
the number of AS filopodia (see later discussion). In contrast, GFP-
tagged active Dia localized robustly to the tips of AS filopodia 
(Figure 2H, arrows). Together these data demonstrate that both Ena 
and Dia can localize to the tips of filopodia in both AS and LE cells 
but suggest that Ena enrichment to filopodial tips may be more ro-
bust at the LE.

Roles for Ena levels in governing filopodia number 
and dynamics along the LE
Our assessment of the biochemical properties of Ena and Dia and 
their effects on protrusive behavior in cultured Drosophila cells re-
vealed that Dia generates longer, longer-lived filopodia emerging 
from the cell body, whereas Ena generates shorter-lived filopodia 
that emerge from lamellipodia (Bilancia et al., 2014). On this basis, 
we hypothesized that Ena is responsible for the more dynamic LE 
filopodia, whereas Dia might play a more dominant role in the AS. 
Consistent with this, reducing Ena function using loss-of-function 
mutants substantially reduced LE filopodial number (Homem and 
Peifer, 2009).

To further test this hypothesis, we used quantitative tools to as-
sess the dynamic properties of filopodia driven by either Ena or ac-
tivated Dia. To do so, we expressed tagged versions of Ena or active 
Dia (Dia∆DAD; Homem and Peifer, 2009) along with actin-GFP in 
epidermal stripes using engrailed-GAL4. We used actin-GFP for 
these experiments to allow comparison to our earlier work with LE 
cells. Although actin-GFP can have toxic effects, as were observed 
in the ovary (Spracklen et al., 2014), we did not observe any obvious 
toxic effects driving UAS-actin-GFP in the lateral epidermis using 
the en-GAL4 driver—these embryos complete dorsal closure in a 
time consistent with the time taken by wild-type embryos and em-
bryos expressing UAS-Actin-GFP hatch (unpublished data).

Wild-type LE protrusions are a mix of lamellipodia (Figure 3A, 
arrowheads; Supplemental Movie S4, left) and their associated 
filopodia (Figure 3A, arrows). Both Ena and activated Dia can pro-
mote formation of filopodia along the LE (our data; Gates et al., 
2007; Homem and Peifer, 2009). Overexpressing RFP-Ena in the lat-
eral epidermis altered LE protrusive behavior, promoting both ex-
cess filopodia (Figure 3B, arrows, H; Gates et al., 2007) and “filopo-
dial fans,” which may be many closely packed “filopodia” elongating 



3154  |  S. H. Nowotarski et al.	 Molecular Biology of the Cell

FIGURE 3:  Expressing Ena or active Dia at the LE induces filopodia with distinct dynamic behaviors. Schematics indicate 
locations of LE cells and more-ventral lateral epidermal cells and expression pattern of engrailed driver (dark stripes). 
(A–G) Stage 14 embryos expressing GFP-actin in stripes in the ventral epidermis under control of en-GAL4 (A–F) or 
moe-GFP ubiquitously (G). Scale bars, 10 μm. (A–C) LE cells. (A) Wild-type, revealing normal filopodia (arrows) that arise 
from broad lamellipodia (arrowheads). (B) Overexpressing Ena yields filopodia (arrows) and morphologically distinct 
filopodial-fan protrusions (arrowheads). (C) Expressing constitutively active Dia∆DAD induces short filopodia (arrows), as 
well as fan-like structures (arrowheads). (D–G) Lateral epidermal cells. (D) Wild-type epidermal cells ventral to the LE 
normally do not form filopodia or lamellipodia, either laterally (yellow arrowheads) or at tricellular junctions (cyan 
arrowheads), but do produce actin-based dorsal hairs at the posterior borders of cells by late closure (arrows). (E) Ena 
overexpression yields filopodia and filopodial-fan-like protrusions at tricellular junctions (cyan arrowheads) but no lateral 
filopodia (yellow arrowheads). (F) Dia∆DAD overexpression induces numerous lateral filopodia (yellow arrowheads) and 
filopodia emerging from lamellipodia at tricellular junctions (cyan arrowheads). (G) dia2 zygotic mutants also have 
filopodia emerging from tricellular junctions (cyan arrowheads). (H–J) Quantitation of filopodial dynamics. n, number of 
embryos. (H) Mean number of filopodia produced per micrometer perimeter per hour along the LE in the genotypes 
indicated. Statistics, t test. (I) Mean maximum filopodia length (μm). (J) Mean filopodia lifetime (s). (K, L) Protrusive 
profile plots of maximum length (μm) vs. lifetime (s) with linear regression analysis. The p value is by ANCOVA for 
difference in slopes. (K) LE filopodia, genotypes indicated. (L) Filopodia induced at tricellular junctions.
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Ena overexpression also decreased the lifetime of the 20% longest-
lived filopodia (Figure 4G), and the effect on filopodial lifetime in-
cluded parallel reductions in the time spent extending and that 
spent retracting, without a significant change in rate (Supplemental 
Figure S1, C–F). Analysis of the protrusive profile of AS filopodia 
after Ena expression provided an interesting insight into this differ-
ence. Ena overexpression in the AS altered the relationship between 
filopodial length and lifetime, with lifetime generally reduced for 
filopodia of the same length relative to AS controls (Figure 4H 
and Supplemental Figure S2C). As a result, the protrusive profile of 
Ena-induced AS filopodia strongly resembles that of filopodia pro-
duced by Ena expression along the LE and is statistically indistin-
guishable from that of wild-type LE filopodia (Figure 4I). The fact 
that Ena overexpression induces “LE-like” filopodia in the AS is con-
sistent with the hypothesis that Ena governs wild-type filopodia 
dynamics along the LE.

To begin to test whether Dia governs the longer-lived AS filopo-
dia, we examined effects of expressing Dia∆DAD in the AS, predict-
ing it would increase filopodia lifetime. Indeed, both lifetime and 
maximum length of filopodia are significantly increased (Figure 4, E 
and F, and Supplemental Figure S1B; Dia∆DAD also increased the 
lifetime of the 20% longest-lived filopodia; Figure 4G). The increase 
in length is readily apparent, with occasional filopodia spanning the 
cortex of one to several AS cells, an event never seen in controls 
(Figure 4C, arrowheads, and Supplemental Movie S6, right). The 
increase in filopodial lifetime primarily involved more time spent ex-
tending without a significant change in rate (Supplemental Figure 
S1, C–F). However, despite these changes in length and lifetime, the 
slope of the protrusive profile of Dia∆DAD-induced filopodia in the 
AS was the same as that of wild-type AS cells, as length and lifetime 
increased in parallel (Figure 4J and Supplemental Figure S2C). 
These data are consistent with the model that Dia normally drives 
wild-type AS cell filopodial behavior, helping make them longer 
lived.

Ena/Dia sequestration via FP4mito expression alters and 
delays dorsal closure and drastically reduces filopodia 
number, length, and lifetime
Both elongation factors are thus poised to play roles in filopodia in 
each tissue, and each can influence filopodia in distinctive ways. 
However, the integral test for whether Ena and Dia truly regulate 
normal filopodial behavior during development is to ask whether 
and how filopodia are altered when each elongation factor is re-
duced or removed. We first reduced function of both Ena and Dia 
by sequestering Ena away from the cell cortex by expressing 
FP4mito, a high-affinity Ena-EVH1 domain-binding site tethered to 
mitochondria (Bear et al., 2000), specifically in the AS. FP4mito effi-
ciently recruits Ena to mitochondria in Drosophila, leading to loss-
of-function (Figure 5B′′, inset, arrows, Gates et al., 2007). FP4mito 
also recruits some Dia to mitochondria, whereas some remains at 
the cortex (Figure 5B′′′, inset, arrows vs. arrowhead; Homem and 
Peifer, 2009; FP4 also recruits Dia family members in mammalian 
cells; Barzik et al., 2014). FP4mito drastically reduces filopodia in LE 
cells (Gates et al., 2007).

To explore the effect of depleting both Ena and Dia in the AS, we 
expressed FP4mito specifically there and visualized protrusions us-
ing Moe-GFP (Figure 5, A and D, and Supplemental Movie S8). 
FP4mito substantially reduced AS filopodia number (Figure 5, C vs. 
D and E; 0.53 ± 0.03 filopodia/μm perimeter per hour vs. 0.9 ± 0.4 
in wild type; p = 0.03) and dramatically reduced the maximum length 
and lifetime of the remaining filopodia relative to controls (Figure 5, 
F and G, and Supplemental Figure S1B). FP4mito also drastically 

the LE cells. The ectopic filopodia induced by RFP-Ena in more ven-
tral epidermal cells also appeared to be oriented dorsally. To test 
directly whether these filopodia were polarized, we coexpressed 
RFP-Ena and GFP-actin, photobleached the GFP-actin in a subset of 
lateral epidermal cells, and watched over time as filopodia appeared 
on unbleached neighbors. These filopodia emerged from the dorsal 
tricellular junctions of unbleached cells (100%, n = 5 embryos; Sup-
plemental Figure S3B, yellow arrows). Controls in the same tissue 
(ventral tricellular junctions abutting more-ventral bleached cells) 
never produced filopodia (Supplemental Figure S3B, cyan arrows). 
Thus the lateral epidermis is polarized toward the LE, suggesting 
that Ena activity at tricellular junctions is polarized.

Active Dia also induced filopodia in cells ventral to the LE—like 
Ena, Dia induced filopodia at tricellular junctions, but active Dia also 
induced filopodia along the lateral cortex (Figure 3F, cyan vs. yellow 
arrowheads, and Supplemental Movie S5, right). Dia-induced filopo-
dia at the lateral cortex, where Ena levels are low, have exceptionally 
long lifetimes (Bilancia et al., 2014), consistent with our hypothesis 
that Dia promotes longer-lived filopodia. Dia-induced filopodia at 
tricellular junctions, where Ena levels are higher, were shorter-lived. 
We analyzed and compared protrusive profiles of filopodia at tricel-
lular junctions. The occasional wild-type filopodia observed at tricel-
lular junctions and those induced by Ena had similar protrusive pro-
files (Supplemental Figure S3C), and the slopes of both of these 
protrusive profiles resembled those of wild-type LE cells (Figure 3L). 
In contrast, Dia-induced filopodia at tricellular junctions had a sig-
nificantly different protrusive profile, being generally longer lived 
with respect to length (Figure 3L), and thus are similar to wild-type 
AS filopodia. Therefore, even in this ectopic location, Ena-induced 
filopodia more resembled those at the wild-type LE, whereas Dia-
induced filopodia had dynamic properties more similar to those of 
the AS.

Elevating Ena expression in the AS induces filopodia with LE 
characteristics, whereas active Dia promotes long-lived 
filopodia in the AS with AS-like dynamics
The foregoing data combined with our earlier work suggest that Ena 
may be the dominant actin elongator acting at the LE. The differ-
ences in protrusive profile between the wild-type LE and AS, along 
with the shift in protrusive profile induced by Dia at the LE, led us to 
hypothesize that Dia may be more important in the AS. To begin to 
test this, we elevated either Ena or Dia activity in AS cells, express-
ing RFP-Ena or HA-Dia∆DAD specifically in the AS using c381-GAL4, 
and driving sqh-Moe-GFP to visualize protrusions and compare 
them to wild type (Figure 4, A–C, and Supplemental Movie S6). El-
evating levels of these actin regulators did not prevent completion 
of dorsal closure. HA-Dia∆DAD did not substantially change either 
the overall process of dorsal closure or its timing, as assessed by 
area change or canthi migration within the last 90 min of closure 
(Supplemental Figure S4, A and C–E). Overexpressing Ena did not 
alter overall closure or the change in AS area, but it did increase the 
rate of closure as determined by canthi distance (Supplemental 
Figure S4, A, B, D, and E, and Supplemental Movie S7).

Both RFP-Ena and HA-Dia∆DAD expression increased AS filopo-
dia number (Figure 4D and Supplemental Movie S6), as expected. 
Unexpectedly, Ena expression in the AS did not induce the fan-like 
protrusions driven by Ena overexpression along the LE (Figure 4, B 
vs. B, inset, and Supplemental Movie S4 vs. Supplemental Movie 
S6). However, elevating Ena levels significantly altered filopodial be-
havior. Whereas Ena overexpression increased filopodia number, as 
it did when overexpressed at the LE, both filopodial length and life-
time decreased (Figure 4, E and F, and Supplemental Figure S1B). 



3156  |  S. H. Nowotarski et al.	 Molecular Biology of the Cell

FIGURE 4:  Elevating Ena or Dia activity in the AS has effects on protrusive behavior distinct from one another and from 
their effects at the LE. (A–C) Representative movie stills of AS cell bleach experiments in stage 14 embryos ubiquitously 
expressing Moe-GFP in genotypes indicated. Yellow arrows note filopodia. Scale bars, 10 μm, except B inset, 5 μm. 
(A) Wild-type AS cells produce filopodia (arrows) without many lamellipodia. (B) Ena overexpression increases filopodia 
number (arrows) but does not induce the filopodial fans seen in LE cells (B inset, arrowhead). (C) Dia∆DAD induces long 
filopodia (arrow, arrowheads). (D–F) Statistics via t test. (D) Mean filopodia number per micrometer of perimeter per 
hour. (E) Mean maximum filopodium length (μm). (F) Mean filopodial lifetime (s). (G) Mean filopodial lifetime of longest-
lived 20%. (H–J) Protrusive profiles. Statistical test, ANCOVA for difference in slopes, (H) Ena overexpression in the AS 
alters the protrusive profile, leading to shorter-lived filopodia when controlled for length. (I) Ena overexpression in the 
AS yields filopodia with a protrusive profile slope resembling that of wild-type LE cells. (J) Expressing Dia∆DAD in the 
AS does not significantly alter the protrusive profile slope of AS cell filopodia.
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decreased the lifetime of the 20% longest-
lived filopodia (Figure 5H). The effect on 
filopodial lifetime resulted from parallel re-
duction in times of filopodial extension and 
retraction, without a significant change in 
rate (Supplemental Figure S1, C–F). Of in-
terest, however, the slope of the protrusive 
profile of the remaining filopodia was un-
changed from that for wild type (Figure 5J 
and Supplemental Figure S2C). In contrast, 
lamellipodial area increased relative to wild 
type (Figure 5I, 0.57 ± 0.14 μm2/μm perim-
eter vs. 0.42 ± 0.04 in wild type; p = 0.03). 
These data suggest that some combination 
of Ena and Dia is important for filopodia 
initiation in AS cells, and, because FP4mito 
more effectively recruits Ena relative to Dia, 
are consistent with the idea that the filopo-
dia remaining after FP4mito expression 
may be driven by residual cortical Dia, ex-
plaining the unchanged slope of the pro-
trusive profile.

We next explored how depleting Ena 
and Dia from the AS affected the larger-
scale process of dorsal closure. The AS pro-
vides a significant but partially redundant 
contribution to the forces required to en-
sure completion of dorsal closure (Kiehart 
et al., 2000; Hutson et al., 2003), resulting, 
at least in part, from pulsatile apical con-
strictions of each AS cell that reduce AS 
area. However, the role of AS cell protru-
sions in dorsal closure has remained un-
tested. Filopodial protrusions of LE cells do 
play an important role in late dorsal closure, 
helping zipper the two sheets together and 
correctly matching contralateral partners 
(Woolner et  al., 2005; Gates et  al., 2007; 
Millard and Martin, 2008).

To explore the hypothesis that AS cell 
protrusions are also important for dorsal 
closure, we assessed morphogenetic move-
ments and dorsal closure timing in embryos 
expressing FP4mito in the AS. These em-
bryos completed dorsal closure and 
hatched, as lethality was negligible (96% 
embryonic viable, n = 327), suggesting that 
either the few remaining filopodia are suf-
ficient or filopodia in the AS are not essen-
tial for dorsal closure. However, our movies 
revealed substantial alterations in the pro-
cess. In wild type, the advancing epidermis 
encloses an eye-shaped opening (Figure 
6A; Figure 6G displays four representative 
examples of the LE at the same stage of 
closure) with zippering occurring at the 
canthi (Figure 6A, arrows) and a straight 
leading edge (Figure 6A, arrowhead, and 
G). In contrast, embryos expressing FP4mito 
had abnormally shaped openings (Figure 
6, B and G), with apparent difficulties in zip-
pering at the canthi (Figure 6B, arrow). 

FIGURE 5:  Expressing FP4mito in the AS attenuates filopodia initiation, length, and lifetime. 
(A–D) Stage 13/14 embryos. (A) Schematic illustrating view in B–D. (B–B′′′) FP4mito 
expression in the AS using c381 GAL4 recruits both Ena and some Dia to mitochondria. 
Arrows in insets, FP4mito punctae; arrowheads, residual cortical Dia. Scale bars, 20 μm (B), 
10 μm (B insets, C, and D). (C) Representative movie still, wild-type AS cell expressing 
Moe-GFP. Arrows, filopodia. (D) Representative movie still, FP4mito expression in the AS. 
Arrow, short filopodium; bracket, lamellipodium. (E) Mean filopodia number per micrometer 
of perimeter per hour. (F) Mean filopodium maximum length (μm). (G) Mean filopodial 
lifetime (s). (H) Mean filopodial lifetime of longest-lived 20%. (I) Mean lamellipodial area. 
(J) FP4mito filopodia, although substantially shorter, have an unchanged protrusive profile 
slope.
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FIGURE 6:  Zygotic ena or dia mutants have substantial alterations in the process of dorsal closure but still complete 
closure in a timely manner. (A–D, H, I) Movie stills, embryos expressing sqh-driven Moe-GFP in genotypes indicated. 
(A–D) Embryos filmed from 90 min before closure. Scale bars, 50 μm. (A) Wild type. Note eye-shaped opening with 
zippering at canthi (arrows) and straight LE (arrowhead). (B) FP4mito expressed in AS. Note alteration in shape of the 
opening (arrow, 90 min), rip between AS and LE (asterisk), differential progress of different LE cells (white and blue 
arrows), and puckering of epidermis (30 and 0 min, yellow arrows). (C) ena zygotic mutant. Note alteration in shape of 
the opening, slowed zippering (yellow arrow), and differential progress of different LE cells (white and blue arrows). 
(D) dia zygotic mutant. Note alteration in shape of the opening, rip between AS and LE (asterisk), difference in z-plane 
of LE and AS (bracket), and severe puckering of the epidermis (yellow arrows). (E, F) Quantitation of rates of dorsal 
closure. Horizontal lines indicate mean and vertical bracket 95% confidence interval. Statistical test, ANOVA. (E) Rates 



Volume 25  October 15, 2014	 Ena and Dia in protrusive behavior  |  3159 

trusion profile was unchanged (Figure 7I and Supplemental Figure 
S2C). This suggested that Dia might elongate the remaining filopo-
dia, consistent with the idea that Dia normally regulates the wild-
type AS protrusion profile.

We then assessed the requirement for Ena for dorsal closure, 
analyzing dynamics of the process via live imaging (Figure 6C). As 
expected from analysis of fixed embryos (Gates et al., 2007), ena 
zygotic mutants displayed obvious defects in dorsal closure, many 
of which were shared with FP4mito-expressing embryos. These var-
ied in severity, and most prominently affected the normally “eye-
shaped” dorsal closure front, with delays in zippering at the canthi 
(Figure 6C; 90 min, yellow arrow) and uneven progress of the lead-
ing edge (Figure 6G), with some LE cells slowed compared with 
neighbors (Figure 6C, 90 min, blue vs. white arrows, and Supple-
mental Movie S7). We next assessed whether these differences in 
morphogenetic movements slowed the overall rate of closure, by 
measuring the average rate of area change and advancement of 
canthi during the last 90 min of closure. Surprisingly, despite the 
obvious visual defects in dorsal closure shape, the change in area 
over time was not different from wild type (Figure 6E), and canthi 
migration rate actually increased (Figure 6F), perhaps because the 
wavy, elongated LE initially lags behind in zippering and then quickly 
increases its rate in last 30–60 min before closure (Figure 6C, 60 vs. 
30 min). Further, in contrast to embryos expressing FP4mito, only 
10% (1 of 10) of ena mutants displayed twitching before closure. 
Thus, although reducing Ena dramatically alters the process of dor-
sal closure, it is not required for either completing closure or for 
its correct timing, suggesting that the timing defects seen after 
FP4mito expression in the AS are not solely a result of Ena loss.

Dia regulates AS filopodia protrusive profile and plays a role 
in normal dorsal closure
Dia and its family members can induce filopodia, and cultured cell 
studies are consistent with a role in protrusive behavior. However, 
Dia’s essential role in cytokinesis and the redundancy of mamma-
lian family members have largely precluded assessment of whether 
Dia-class formins regulate protrusive behavior during normal de-
velopment. To assess this, we reduced Dia levels by zygotic loss of 
function using the null allele dia2 (Castrillon and Wasserman, 
1994). We found that zygotic dia2 mutants have substantially re-
duced cortical Dia at dorsal closure (Supplemental Figure S5B), 
are embryonic lethal and display significant phenotypes by the 
time they initiated dorsal closure, including severe head involution 
defects (Supplemental Figure S6, A and B). The lateral epidermis 
of dia2 zygotic mutants also had the characteristic defect associ-
ated with dia loss in other tissues (Castrillon and Wasserman, 
1994; Afshar et al., 2000): fewer and larger cells, with correspond-
ingly large nuclei (Supplemental Figure S6, C–E, yellow arrows), 
which in other cases resulted from cytokinesis failure. Of impor-
tance, because AS cells do not divide after the blastoderm stage 
(Frank and Rushlow, 1996; Reim et al., 2003), AS cells and nuclei 
were of normal size in dia2 mutants (Supplemental Figure S6E, 
magenta arrows). We thus used dia2 zygotic mutants to assess 
Dia’s role in AS filopodial behavior and in the overall process of 
dorsal closure.

Some regions along the leading edge progressed toward the dorsal 
midline more rapidly than others (Figure 6B, 60 and 30 min, white 
vs. blue arrows), and, as closure was completed, the epidermis was 
puckered (Figure 6B, 30 and 0 min, yellow arrows). In a subset of 
embryos, there was ripping between the AS and LE (two of eight 
embryos; Figure 6B, asterisk), although this was repaired and clo-
sure completed. Ripping between the AS and LE is also characteris-
tic of mutants lacking the integrin βPS subunit in both tissues 
(Narasimha and Brown, 2004; Gorfinkiel et al., 2009). Finally, in a 
subset of embryos expressing FP4mito in the AS, there was a slight 
delay in dorsal closure. In normal development, dorsal closure pre-
cedes initiation of muscle constriction. If dorsal closure is delayed, 
muscles begin to twitch before the epidermis fully encloses the em-
bryo. Whereas muscle contraction never precedes closure in wild 
type (n = 13), in embryos expressing FP4mito in the AS, muscles 
started to twitch just before closure in half of the embryos (three of 
six; Supplemental Movie S7—twitching begins at 1 h, 50 min); this 
delay is likely restricted to early stages, as mean rates of area change 
and canthi advancement in late closure were not significantly altered 
(Figure 6, E and F, and Supplemental Movie S7). Thus depleting Ena 
plus Dia substantially alters dorsal closure, but the robustness of the 
morphogenesis program allows closure to go to completion despite 
their depletion.

Ena regulates AS filopodial length and lifetime and is 
required for proper dorsal closure
We next sought to determine which elongation factor was respon-
sible for these changes in dorsal closure and in AS protrusions in-
duced by expression of FP4mito, by examining embryos zygotically 
mutant for either ena or dia. For ena, we examined embryos trans
heterozygous for enaGC1, a null allele (Gertler et al., 1995), and ena46, 
which truncates Ena and eliminates the EVH2 domain responsible 
for Ena’s interaction with actin (Li et al., 2005). In transheterozygotes, 
Ena levels and cortical localization in fixed embryos were substan-
tially reduced by the onset of dorsal closure (Supplemental Figure 
S5, A and A, inset).

Ena reduction had striking qualitative effects on filopodial be-
havior (Figure 7, A and B, and Supplemental Movie S8). We thus 
quantitated different filopodial parameters. Loss of zygotic Ena sig-
nificantly reduced both filopodial maximum length and lifetime 
(Figure 7, E and F, and Supplemental Figure S1B), including effects 
on time spent extending and retracting (Supplemental Figure S1, 
C–F). Ena reduction had a parallel effect on the lifetime of the 20% 
longest-lived filopodia (Figure 7G). In contrast, lamellipodial area 
remained statistically indistinguishable from that of wild type (Figure 
7H), and Ena reduction did not significantly alter AS filopodial num-
ber relative to that of wild type (Figure 7D), indicating that either 
Ena is not responsible for most filopodia initiation in the AS or re-
sidual maternal Ena is sufficient. This is in marked contrast to the LE, 
for which reducing Ena significantly reduces filopodia number 
(Homem and Peifer, 2009). Thus Ena reduction partially pheno-
copied FP4mito expression, suggesting that Ena does, in fact, help 
regulate filopodial behavior in this tissue. However, analysis of the 
protrusive profile of filopodia in ena mutants revealed that filopodia 
are both shorter and shorter-lived, and thus the slope of the pro-

of area change in the last 90 min of closure (μm2/min) are unaltered. (F) Rate of canthi distance change in the last 90 min 
of closure differs only in ena mutants. (G) Representative scale-matched outlines of LE actin cable aligned by anterior 
canthi for genotypes indicated, captured when canthi were ∼160 μm apart. (H) dia mutant displaying ripping of the 
AS (arrows). (I) The relationship between the epidermis and AS cells was often altered in dia mutants: the LE cable 
(I′, arrows) and AS (I′′) were both several micrometers lower in focal plane than the lateral epidermis (I), unlike what we 
observed in wild type.
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FIGURE 7:  Reducing Dia or Ena each affects AS protrusive behavior, but only Dia reduction alters the protrusive 
profile. (A–C) Representative movie stills, AS cells, stage 13/14 embryos expressing Moe-GFP. Scale bars, 10 μm. 
(A) Wild-type AS cell. Arrows, filopodia. (B) enaGC1/ena46 zygotic mutant. Arrows, short filopodia; bracket, 
lamellipodia. (C) dia2 zygotic mutant. Arrows, filopodia. (D) Reducing Dia increases mean filopodia number, whereas 
reducing Ena does not alter it. (E) Both Ena and Dia are important for mean maximum filopodium length (μm). 
(F) Both Ena and Dia help maintain the mean filopodial lifetime of filopodia (s). (G) Mean filopodial lifetime of the 
longest-lived 20% reveals that loss of Dia drastically reduces the lifetimes of the top 20%. (H) Lamellipodia area is 
statistically similar in all three genotypes. (I–K) Protrusive profiles. (I) In ena mutants, length and lifetime are reduced 
in proportion, and thus protrusive profile slope is unchanged. (J) Reducing Dia alters the protrusive profile of 
filopodia toward shorter lifetimes at a given length. (K) Reducing Dia in the AS yields a filopodia protrusive profile 
with a slope more like that of WT LE filopodia.
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DISCUSSION
Cell protrusions help drive many cell behaviors, including cell migra-
tion. We are interested in how different cells craft distinct suites of 
cell protrusions using the same genomic toolkit of actin regulators 
and how these distinct cell behaviors contribute to morphogenesis. 
We addressed these questions using gain- and loss-of-function ap-
proaches during embryonic morphogenesis to alter the function of 
two actin elongation factors with known roles in cultured cells, to 
assess how their biochemical properties and activities in simpler sys-
tems play out in the more complex environment in vivo.

Both Ena and Dia play important roles in regulating 
protrusive behavior during normal development
Studies in vitro and in cultured cells demonstrated that both Ena/
VASP and DRFs bind to barbed ends and accelerate filament elon-
gation, and gain-of-function studies revealed that both can stimu-
late formation of filopodia (see Introduction). However, the contri-
butions of these proteins to protrusive behavior during normal 
development remain significantly less clear. Ena/VASP proteins have 
clearly defined roles in vivo in filopodia formation in several settings: 
Dictyostelium (Schirenbeck et al., 2006), Xenopus retinal ganglion 
cells (Dwivedy et  al., 2007), and Drosophila primary neurons 
(Gonçalves-Pimentel et  al., 2011), LE cells (Homem and Peifer, 
2009), and hemocytes (Tucker et al., 2011). In contrast, functional 
redundancy of mammalian DRFs and their essential role in cytokine-
sis limit loss-of-function studies during normal development. As a 
result, there are only a handful of examples suggesting important 
roles for DRFs in protrusive behavior in vivo: these include roles in 
planar polarized protrusions during Drosophila bract cell induction 
(Peng et al., 2012), a role in LE protrusions during dorsal closure 
(Homem and Peifer, 2009), and a recently described role in promot-
ing cytonemes, the long signaling filopodia in fly imaginal disk cells 
(Roy et al., 2014).

Our data provide new insights into these issues, allowing us to 
directly compare the roles of Ena and Dia in shaping the dynamics 
of protrusive behavior during normal development within the same 
cell types. Our quantitative analyses of both gain- and loss-of-func-
tion mutants reveal that Ena and Dia each induces filopodia with 
characteristic dynamic behaviors that are most clearly depicted by 
their distinct “protrusive profiles,” which relate filopodial length and 
lifetime and thus provide a filopodial fingerprint for each actin regu-
lator. This parameter may be useful as we and others move forward 
to define the regulators of filopodial behavior in other tissues—it will 
be interesting to test whether it serves in other places and times as 
a means of distinguishing whether Ena or Dia is the dominant regu-
lator. It is important to note that the protrusive profile is an emergent 
property, the precise mechanistic basis of which is unclear. In the 
simplest terms, the difference in protrusive profile slope means that 
filopodia are, for example, “more stable” in the AS versus the LE, 
with longer lifetimes at the same length. Understanding its mecha-
nistic basis will require probing its possible components. Filopodia 
are likely to exhibit distinct phases of elongation, retraction, and 
pause (Schäfer et al., 2011), and rates and duration of filopodial ex-
tension and retraction reflect a complex mix of several parameters: 
1) which actin elongators are present at the tips of filopodia, 2) the 
intrinsic extension speed and processivity of the actin elongation 
factor(s) at the tip and the way these parameters are modulated by 
other factors in the tissue, 3) the levels and activity of capping pro-
tein, and 4) the rate of retrograde flow in the tissue. It will be impor-
tant moving forward to develop new tools to measure these modes 
reliably in tissues in vivo and to further dissect the contributions of 
different factors contributing to protrusive behavior.

Zygotic dia mutants had significant alterations in AS filopodial 
behavior (Figure 7, C–H, and Supplemental Movie S8). We first as-
sessed Dia’s role in AS filopodia number. Unexpectedly, dia2 mu-
tants had significantly more AS filopodia (Figure 7, C and D). This 
increase is in direct contrast to the effects of either FP4mito or loss 
of Ena, for which filopodia number was either reduced or remained 
the same (Figures 5E and 7D and Supplemental Movie S8). This is 
also in contrast to the LE, for which reducing Dia reduced filopodia 
number (Homem and Peifer, 2009). We consider possible explana-
tions for this in the Discussion. Reducing Dia also affected other 
parameters of protrusive behavior. Like Ena reduction, reducing Dia 
reduced both the maximum length and lifetime of filopodia (Figure 
7, E and F, and Supplemental Figure S1C). The effect on filopodial 
lifetime included parallel reductions in the time spent extending 
and that spent retracting, without a significant change in rate (Sup-
plemental Figure S1, C–F). Intriguingly, Dia reduction affected the 
lifetime of the 20% longest-lived filopodia even more dramatically 
(Figure 7G). Finally, in contrast to what we observed in ena mutants, 
the slope of the AS protrusive profile of dia mutants significantly 
differed from that of wild type; dia-mutant AS filopodia had a gener-
ally lower lifetimes per length relative to either control or ena-mu-
tant filopodia (Figure 7J and Supplemental Figure S2C). Strikingly, 
the protrusive profile of AS filopodia in dia mutants was shifted to 
resemble that of wild-type LE filopodia (Figure 7K), for which, as we 
discussed earlier, Ena largely drives protrusive behavior. These data 
are consistent with a model in which Dia activity normally shapes the 
protrusive profile of filopodia in AS cells, as Ena does at the LE, and 
when Dia is reduced, Ena confers filopodial behavior on the AS cells 
as it normally does at the LE.

Like Ena, Dia is not essential for completion of dorsal closure, as 
dia zygotic mutants close (nine of nine live embryos). However, 
closure was morphologically very different. The shape of the dorsal 
opening was substantially altered in many embryos (Figure 6, D and 
G), with delays in zippering both anterior and posterior (Figure 6D, 
90 min, yellow arrow). Unlike ena mutants, but reminiscent of FP4mito 
expression in the AS, dia mutants displayed ripping along the LE (10 
of 13 embryos; Figure 6H, arrows). In addition, during the last hour 
of closure, when the AS, the LE cable, and LE cells in wild-type em-
bryos are normally in roughly the same position on the z-axis, in dia 
mutants, both the LE cable and the AS drop below the level of the 
LE cells (Figure 6, D, bracket, and I–I′′, and Supplemental Movie S7). 
This is not due to premature AS cell apoptosis, as we can still visual-
ize both the cable and the AS cells in lower z-planes (Figure 6, I′ and 
I′′). Despite these morphological differences, the rate of closure as 
assessed by the rate of change in area or reduction in canthi distance 
was not affected (Figure 6, E and F), and only occasional (one of 
nine) dia mutants had muscle twitching before closure. Together 
these data are consistent with the hypothesis that the AS-LE ripping 
seen after FP4mito expression results from Dia reduction and sug-
gest that the delay in dorsal closure seen after FP4mito expression 
is an additive result of reducing both Ena and Dia in the AS.

In recent work, we found that Ena and Dia directly bind one an-
other and that Ena can inhibit Dia both in vitro and in vivo (Bilancia 
et al., 2014). In examining the lateral epidermis of dia zygotic mu-
tants, we saw a surprising phenotype that suggested this relation-
ship may be even more complex. Whereas protrusive behavior in 
wild type is essentially restricted to the dorsal surface of LE cells, in 
dia zygotic embryos we observed frequent ectopic protrusions at 
tricellular junctions of more-ventral cells (Figure 3G, arrowheads; 14 
of 17 embryos), reminiscent of the effects of Ena overexpression 
(Figure 3E). One possible explanation is that Dia can also inhibit 
Ena. We consider this further in the Discussion.
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whose protrusive profiles were more similar to those of wild-type AS 
cells. This is consistent with the idea that Ena is responsible for the 
normal protrusive profile of the LE cells. In contrast, whereas ena 
loss of function did not alter the slope of the protrusive profile of AS 
filopodia, dia loss of function converted the AS cell protrusive pro-
file slope to one resembling that of LE cells, consistent with the idea 
that Dia is normally the dominant player in the AS. However, the full 
picture that emerged is not that simple: our present and previous 
(Homem and Peifer, 2009) loss-of-function analyses reveal that both 
actin regulators play roles in both tissues—for example, the data are 
consistent with a model in which Dia is important for elongation of 
AS filopodia, whereas Ena may play a supporting role, perhaps 
helping regulate filopodia initiation and working in concert with 
fascin-based bundling (Winkelman et al., 2014). It will be important 
to define the mechanistic underpinnings of these differences.

How might cells differentially deploy these two actin regulators? 
Our analysis ruled out the simplest model, in which one or the other 
cell type expressed only Ena or Dia. However, the two tissues do lo-
calize both actin regulators in distinctive fashions, with both Ena and 
to a lesser extent Dia having polarized localizations in the lateral epi-
dermis, whereas both proteins are uniformly cortical in the AS. These 
differences in localization could reflect direct recruitment of Ena or 
Dia to these discrete places by distinct actin architectures or indirect 
recruitment via binding partners, including partners binding Ena’s 
EVH1 domain, such as lamellipodin or zyxin (Krause et al., 2004; Drees 
et al., 2002). Another potential clue emerged from examination of 
fluorescently tagged Ena and Dia. GFP-DiaΔDad localized effectively 
to filopodia tips in both the AS and at the LE. However, RFP-Ena local-
ized distinctly differently in the two tissues. In LE cells, it readily local-
ized to both filopodia tips and to the “filopodial fans” that it induced. 
However, in the AS, RFP-Ena was largely cortical rather than strongly 
localized to filopodial tips and did not induce filopodial fans. Perhaps 
Ena localization and/or activity is differentially regulated in these two 
tissues. Defining the mechanisms differentially regulating Ena at dif-
ferent subcellular locations will be of interest as we move forward.

Both actin elongation factors are important for proper 
dorsal closure, but the process is robust to their depletion
Although AS cells are not migratory, they still produce dynamic 
filopodia and lamellipodia. Why do these nonmigratory cells have 
filopodia, and are they important for dorsal closure? FP4mito expres-
sion specifically in the AS, which sequesters Ena and some Dia, sub-
stantially reduced filopodia length and lifetime. It also strikingly al-
tered the shape/movement of the LE, along with more subtle changes 
in proper timing of closure and tissue integrity. The ena and dia zy-
gotic mutants, which each exhibited alterations in AS and LE filopo-
dial behavior, also close in a manner morphologically quite distinct 
from wild type, although the timing of closure remains unaltered. 
Together these data are consistent with the possibility that AS filopo-
dia may help regulate dorsal closure. However, AS cells also undergo 
dramatic cycles of actomyosin-based apical constriction and relax-
ation, which play important roles in driving closure and presumably 
use the same actomyosin machinery that drives protrusions (Franke 
et al., 2005; Solon et al., 2009; David et al., 2010). Because we lack a 
method for depleting cell protrusions without affecting cortical actin 
and the actomyosin network involved in cell constriction, it is unclear 
whether the altered closure process we observed is directly related 
to filopodia loss or occurs via effects on another structure/process 
altered by elongation factor loss. The ability of FP4mito-expressing 
embryos and ena and dia zygotic mutants to close in a time frame 
largely similar to wild type despite considerable larger-scale defects 
also highlights the robustness of the dorsal closure process.

Together our data reveal that, in general, Dia promotes filopodia 
with longer lifetimes, whereas Ena-driven filopodia are shorter-lived. 
These differences in filopodial dynamics regulated by Ena and Dia 
during embryogenesis parallel the biochemical differences we re-
cently documented for these two proteins: Drosophila Dia is a more 
effective actin elongation factor than Ena, promoting actin elonga-
tion two times more efficiently and remaining at the barbed end 
seven times longer (Bilancia et al., 2014). The ability to assess the 
roles of Ena and Dia in parallel at all levels of complexity from purified 
proteins to cultured cells to tissues in vivo during morphogenesis is 
beginning to provide a picture of why cells retain two different pro-
teins that both promote actin filament elongation, by suggesting that 
cells use them differentially to craft distinct protrusive behaviors.

These simplified “rules,” suggesting, for example, that Dia will 
produce longer filopodia, are not universally true in complex tissues 
in vivo, however; for example, activated Dia overexpression in the 
lateral epidermis decreased LE filopodia length. What might ac-
count for this variation? In this tissue, filopodia are normally re-
stricted to the leading edge of the LE cells. Activated Dia not only 
elevates filopodia number at the leading edge, but it also induces 
filopodia all around the cell perimeter. We suspect this may lead to 
competition for limiting levels of G-actin, thus reducing the length 
of individual filopodia. This competition for G-actin illustrates one 
way in which actin regulators can interact with one another. Further, 
the complexity in generation of filopodia is likely to be present even 
in the filopodia produced by a single cell type, with different subsets 
of protrusions driven by different combinations of actin regulators. 
Although neither our filopodial profiles nor our binning of the 
lengths and lifetimes of filopodia revealed clearly discrete popula-
tions of filopodia within a given cell type, our previous analysis in 
cultured cells suggested that individual filopodia can have Ena, Dia, 
or both at their tips (Bilancia et al., 2014). Further, whereas Dia loss 
in the AS reduced the mean lifetime of all filopodia, it had its most 
striking effect on the longest-lived filopodia, consistent with the 
possibility that it may differentially regulate a filopodial subset. As 
we move forward, we may develop tools that allow us to distinguish 
these different populations in the intact animal.

Different elongation factors play predominant roles 
in shaping filopodia in different tissues
Dorsal closure is driven by two cell types that differ dramatically in 
many ways: the migratory LE cells and the apically constricting but 
nonmigratory AS cells. The protrusive behavior of LE cells serves as a 
model for understanding the role of filopodia in collective cell migra-
tion (Woolner et  al., 2005; Gates et  al., 2007; Millard and Martin, 
2008; Homem and Peifer, 2009), but the nature and role of cell protru-
sions of AS cells remained mysterious. Our quantitative comparison 
revealed that the two cell types differ in protrusive behavior in specific 
ways: 1) AS cells produce significantly fewer filopodia and substan-
tially less lamellipodia, and 2) AS filopodia had significantly longer 
lifetimes. Extending this analysis beyond simply comparing mean val-
ues of individual parameters further revealed that the relationship 
between length and lifetime of individual filopodia—the protrusive 
profile—highlighted differences in filopodial dynamics between these 
two tissues. The differences in dynamics of LE and AS filopodia led us 
to hypothesize that the longer-lived AS filopodia were governed by 
Dia, whereas the more dynamic LE filopodia were governed by Ena.

Our combination of gain- and loss-of-function approaches 
allowed us to test this hypothesis. Elevating Ena levels promoted 
dynamic, shorter-lived filopodia in both cell types, with protrusive 
profile slopes matching those of wild-type LE cells, whereas active 
Dia induced longer-lived filopodia at all locations we examined, 
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MATERIALS AND METHODS
Fly stocks
All experiments were performed at 25°C. Mutations are described 
at http://flybase.org. Wild type was y w for fixed imaging and sqh 
promoter-driven moesin actin-binding domain fused to GFP (Moe-
GFP), UAS-driven Moe-GFP, or UAS-driven actin-GFP for live imag-
ing. Zygotic mutants were selected using the Cy twiGFP balancer. A 
full-length Ena transgene was cloned into a derivative of pUASp 
modified for Gateway cloning by T. Murphy in order to add an N-
terminal mRFP tag. Males carrying UAS-transgenes were crossed to 
females with a GAL4 driver. See Table 1 for additional fly stock 
information.

Image acquisition and analysis
The following fixations were used. For Dia and neurotactin, heat-
methanol treatment (Müller and Wieschaus, 1996; Laplante and Nil-
son, 2006), held in methanol for at least 48 h at 4°C before antibody 
application. All other immunohistochemistry used a 4% formalde-
hyde fix for 1 h. Phalloidin staining required hand-devitellinized em-
bryos. All fixed embryos were incubated in primary antibodies over-
night with agitation at 4°C and in secondary antibodies (Alexa; 
Molecular Probes, Eugene, OR) for 2 h at room temperature, then 
mounted in Aquapolymount (Polysciences, Warrington, PA) and im-
aged with a Zeiss 710 Confocal (Zeiss, Thornwood, NY). Antibodies 
and concentrations used are in Table 1.

For live imaging, embryos were bleach-dechorionated in 50% 
bleach and mounted in halocarbon oil (series 700; Halocarbon Prod-
ucts, River Edge, NJ) between a coverslip and a permeable mem-
brane (petriPERM [Sartorius, Edgewood, NJ] or Lumox [Sarstedt, 
Nümbrecht, Germany]). For high-resolution movies, single-plane 
images or 0.5-μm z-stacks were acquired every 5 s using a 100×/1.4 
numerical aperture (NA) Plan Apo VC Nikon objective on an inverted 
TE2000-E microscope (Nikon, Melville, NY) with a VTHawk confocal 
system (VisiTech, Sunderland, United Kingdom) and an Orca R2 
(Hamamatsu Photonics, Hamamatsu, Japan) charge-coupled device 
camera. Retrograde flow data were acquired as described but with 
1-s intervals. ImageJ (National Institutes of Health, Bethesda, MD) 
was used to quantitate filopodial lifetime and maximum length. 
Movies with z-stacks were compiled as maximum intensity projec-
tions for quantification. Filopodia were manually tracked and de-
fined as any thin protrusion (width, <1.25 μm; length, >1.15 μm) 
extending beyond the lamellipodium or leading edge. Lamellipodia 
were defined as protrusions >1.25 μm in width. For leading-edge 
cells, quantitation was performed on one or more pairs of contralat-
eral engrailed-expressing stripes (as the leading edge moved from 
30 to 15 μm apart) per embryo. For amnioserosal cells, quantitation 
was performed on one to two bleached cells per embryo during the 
mid stage of closure. In both tissues, n is the number of embryos 
analyzed per genotype. For low-magnification movies, single-plane 
images were acquired every 15 s using a 40×/1.3NA Plan Fluor 
Nikon objective on a Wallac Ultraview System (PerkinElmer, Nor-
walk, CT). Direct comparison of top 20% of filopodia lifetimes used 
a random number generator function in Matlab (MathWorks, Natick, 
MA) to reduce the n of AS cells by 12 in a nonbiased manner 
to match that of LE cells in Figure 1K. Statistical significance for 
averaged, normally distributed data sets were determined using an 
unpaired Student’s t test or analysis of variance (ANOVA) when com-
paring more than two samples, and a Mann–Whitney U test was 
used for the nonnormal distribution data set associated with the top 
20% lifetime data using Prism for Windows, version 5.00 (GraphPad 
Software, San Diego, CA). When producing and analyzing the pro-
trusive profile, analysis of covariance for linear regression (ANCOVA) 

The question of why nonmigratory AS cells have filopodia is in-
triguing. The dynamic LE filopodia are important for neighbor sens-
ing and alignment as the epithelial sheets meet at the midline 
(Millard and Martin, 2008). One possible role for the long-lived 
filopodia in the nonmigratory AS cells is in cell–cell signaling over 
the course of the closure process. Cytonemes, long, basally associ-
ated filopodia-like structures present in the nonmigratory but shape-
changing Drosophila wing disk cells, play a role in Dpp signaling, 
and Dia is required for proper cytoneme elongation (Roy et  al., 
2014). JNK and Dpp signaling regulate dorsal closure (Reed et al., 
2001; Fernández et al., 2007), and thus it will be of interest to look 
at the relationship between AS cell filopodia and signaling. Alterna-
tively, filopodia might play an entirely different function in the AS: 
because AS cells rapidly reduce their apical area in each pulse of 
apical constriction, these long-lived protrusions may simply function 
as external membrane storage to allow time for the endocytic ma-
chinery to catch up. Assessing coordination of constriction with pro-
trusive behavior will be of interest in the future.

Integrating Ena, Dia, and other actin regulators
Cells rely on arrays of actin regulators to accomplish complex 
tasks. Even the seemingly simple process of antagonizing actin 
capping and promoting filament elongation involves Ena and Dia 
working together in complex ways, based in part on their direct 
physical interaction (Homem and Peifer, 2009; Bilancia et al., 2014). 
In vitro and cultured cell assays revealed that Ena can negatively 
regulate Dia activity, and, consistent with this, active Dia induces 
long-lived filopodia at lateral borders of epidermal cells, where 
Ena levels are low, and more dynamic filopodia at tricellular junc-
tions, where Ena levels are high (Bilancia et al., 2014). However, 
Dia can also influence Ena localization and perhaps activity. 
Dia∆DAD expression induced fan-like protrusions along the LE; 
these structures are never seen in wild type but are also induced 
upon Ena overexpression. One possible mechanism by which ac-
tive Dia could mimic Ena activation is suggested by the fact that 
active Dia triggers Ena localization from LE “dots” to the protru-
sive front (Homem and Peifer, 2009). We observed a similar rela-
tionship at tricellular junctions in the lateral epidermis: both over-
expressing Ena and expressing active Dia induce similar ectopic 
protrusions. However, paradoxically, zygotic dia2 mutants also ex-
hibit ectopic protrusions at tricellular junctions in the lateral epi-
dermis and also produce more AS filopodia. Both effects closely 
resemble Ena overexpression, suggesting that Dia may also nega-
tively regulate Ena at those locations. Perhaps reduced Dia levels 
release Ena from Ena:Dia complexes, allowing it to interact with 
other partners and stimulate protrusive behavior. Thus, although 
Ena and Dia are both important in each tissue, their relationship is 
not a simple one. This complex relationship between Ena and Dia, 
including both competition for barbed ends and profilin-actin and 
direct interactions, will have to be taken into account when defin-
ing mechanisms in vivo. Finally, filament elongation does not exist 
in a vacuum; instead, diverse actin regulators work in competition 
and synergy with each other, making the network plastic. Ena and 
Dia are likely to be heavily influenced by other actin regulators, 
and vice versa. For example, competition for actin monomers with 
the Arp2/3 complex and the roles of filament bundling and sever-
ing are likely to be critical. One potential indication of this sort of 
competition is the increase in AS lamellipodial area in embryos in 
which we used FP4-mito to sequester Ena and Dia. It will be of in-
terest to probe integration of multiple players using quantitative 
tools to assess the dynamics of protrusions induced by different 
combinations of actin regulators.
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