Drosophila Fascin is a novel downstream
target of prostaglandin signaling during
actin remodeling
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ABSTRACT Although prostaglandins (PGs)—lipid signals produced downstream of cyclooxy-
genase (COX) enzymes—regulate actin cytoskeletal dynamics, their mechanisms of action are
unknown. We previously established Drosophila oogenesis, in particular nurse cell dumping,
as a new model to determine how PGs regulate actin remodeling. PGs, and thus the Droso-
phila COX-like enzyme Pxt, are required for both the parallel actin filament bundle formation
and the cortical actin strengthening required for dumping. Here we provide the first link be-
tween Fascin (Drosophila Singed, Sn), an actin-bundling protein, and PGs. Loss of either pxt
or fascin results in similar actin defects. Fascin interacts, both pharmacologically and geneti-
cally, with PGs, as reduced Fascin levels enhance the effects of COX inhibition and synergize
with reduced Pxt levels to cause both parallel bundle and cortical actin defects. Conversely,
overexpression of Fascin in the germline suppresses the effects of COX inhibition and genetic
loss of Pxt. These data lead to the conclusion that PGs regulate Fascin to control actin remod-
eling. This novel interaction has implications beyond Drosophila, as both PGs and Fascin-1, in
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mammalian systems, contribute to cancer cell migration and invasion.

INTRODUCTION

Prostaglandins (PGs) are locally acting, transient lipid signaling mol-
ecules responsible for mediating a wide range of biological activi-
ties, including pain, inflammation, fertility, and cancer development
and progression (reviewed in Funk, 2001). PGs are synthesized from
the conversion of free arachidonic acid into the PG precursor PGH,
by the cyclooxygenase (COX) enzymes COX1 and COX2, which are
the targets of nonsteroidal anti-inflammatory drugs such as aspirin.
Biologically active prostaglandins, including PGE; and PGF5,, signal
through specific G protein-coupled receptors to mediate PG and
cell type-specific effects (Bos et al., 2004). One known target of PGs
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is the actin cytoskeleton, where PGs can promote filament forma-
tion and stability or depolymerization, depending on the cell type
and the specific PG (Peppelenbosch et al., 1993; Tamma et al.,
2003; Bulin et al., 2005). The mechanisms by which PGs regulate
actin cytoskeletal dynamics (Pierce et al., 1999; Dormond et al.,
2002; Birukova et al., 2007), however, are largely unknown.

To elucidate the mechanisms by which PGs regulate the actin
cytoskeleton, we use Drosophila oogenesis as a model system.
Drosophila oogenesis consists of 14 distinct morphological stages
through which egg chambers or follicles mature (Spradling, 1993).
During stages 10 and 11 (510 and S11), dynamic rearrangements of
the actin cytoskeleton occur in the nurse cells, facilitating a process
called nurse cell dumping. At stage 10B (S10B), parallel bundles of
actin filaments (hereafter referred to as bundles) extend from the
plasma membrane to form a cage-like structure around the nucleus,
and the ring of cortical actin is strengthened just inside the plasma
membrane (Guild et al., 1997). During S11, the cortical actin con-
tracts, squeezing the nurse cells in order to transfer their cytoplas-
mic contents into the growing oocyte; this is referred to as nurse cell
dumping (Wheatley et al., 1995). At the same time, bundles hold
the nurse cell nuclei in place to prevent the ring canals—the struc-
tures through which the cytoplasm is dumped—from being blocked

4567



(Cooley et al., 1992; Mahajan-Miklos and Cooley, 1994a,b). PG sig-
naling is required for this process to occur, as pharmacological (via
COX inhibitors) or genetic loss of Pxt, the Drosophila COX-like en-
zyme, results in impaired bundle formation and a failure of the nurse
cells to dump (Tootle and Spradling, 2008). Furthermore, pxt mutant
females are sterile. Numerous actin-binding proteins are also re-
quired for the process of nurse cell dumping (reviewed in Hudson
and Cooley, 2002b); however, no connection has been established
that links Pxt or PGs to specific actin-binding proteins.

To identify downstream targets of Pxt and PG signaling that me-
diate actin remodeling, we undertook a pharmacogenetic interac-
tion screen using a previously described in vitro follicle maturation
assay (Tootle and Spradling, 2008) to identify dominant modifiers
that enhance or suppress sensitivity to COX inhibition (Spracklen,
Meyer, and Tootle, unpublished data). We found that reduced levels
of Fascin (Drosophila Singed, Sn) enhance COX inhibition.

Fascin is an actin-bundling or cross-linking protein (reviewed in
Edwards and Bryan, 1995). In Drosophila, Fascin is encoded by
singed (sn) and mediates nurse cell dumping (Cant et al., 1994).
Specifically, Fascin is required in the nurse cells during S10B for the
extension of bundles toward the nucleus. Similar to pxt mutant flies,
fascin mutants fail to undergo nurse cell dumping, and strong alleles
result in female sterility. Of interest, it was recently suggested that
Drosophila Fascin exhibits both bundling and bundling-indepen-
dent roles in actin remodeling during nurse cell dumping (Zanet
et al., 2012). Fascin is also required for cell motility in both Droso-
phila (Zanet et al., 2009) and mammalian systems, as Fascin
1-dependent actin bundles are key to the formation of filopodia
(Vignjevic et al., 2006; Hashimoto et al., 2007) and invadopodia (Li
et al.,, 2010; Schoumacher et al., 2010). In addition, increased
Fascin-1 levels positively correlate with invasion, migration, and
metastasis of tumor cells in human cancer cell lines and mouse mod-
els (Hashimoto et al., 2005; Minn et al., 2005; Hwang et al., 2008;
Chen etal., 2010; Xing et al., 2011) and a poor prognosis in patients
(Hashimoto et al., 2004; Yoder et al., 2005; Lee et al., 2007; Okada
etal., 2007; Li et al., 2008; Chan et al., 2010). Although it is clear that
Fascin plays critical roles in cytoskeletal dynamics in diverse systems,
few upstream regulatory mechanisms controlling Fascin activity are
known.

Here we find that Drosophila Fascin interacts, genetically and
pharmacologically, with PG signaling. Fascin mutants are pheno-
typically similar to pxt mutants and enhance the sensitivity of follicles
to COX inhibitor treatment. Although a mild reduction in either Fas-
cin or Pxt has little effect on nurse cell dumping, reduction of both is
synergistic, resulting in actin-remodeling defects and a block in
nurse cell dumping. Overexpression of Fascin suppresses the de-
fects due to either COX inhibition or loss of Pxt. Taken together,
these data support the model that PGs regulate Fascin during Dros-
ophila nurse cell dumping to mediate rearrangement of the actin
cytoskeleton. Of importance, this is the first evidence linking PGs to
Fascin, a critical regulator of bundle formation in many systems.

RESULTS

Loss of fascin and pxt result in similar actin defects

Loss of Pxt results in actin-remodeling defects during Drosophila
nurse cell dumping (S10B/11). The most severe pxt-mutant pheno-
type, found most often in pxt?19% follicles (referred to as pxt'in the
figures), consists of little to no bundle formation in the nurse cells
(Figure 1, B-B” compared with A-A’). Of note, nurse cell nuclei do
not plug the ring canals in pxt mutants, indicating that contraction is
also defective. When bundles are present in pxt mutants (pxt©10%,
pxtEY03052 [referred to as pxttY in the figures], and pxt07000/pxEY03052),
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the bundles are variable in length and are abnormally distributed
along the membranes compared with wild-type follicles (unpub-
lished data). In addition, the bundles in the mutant follicles often
exhibit extreme bends not seen in wild-type bundles (unpublished
data). Together these actin-remodeling defects lead to a failure to
complete nurse cell dumping during S11, resulting in S12 follicles
where the nurse cells have failed to completely transfer their
cytoplasmic contents to the elongating oocyte (Figure 1, E-E” com-
pared with D-D). This is most obvious in pxt-mutant S14 follicles, as
they retain nurse cell remnants and are shorter in length than wild-
type (yw) follicles (Figure 1H compared with G). The diversity of
actin-remodeling defects observed in pxt mutants and the previ-
ously characterized role of Pxt in PG signaling (Tootle and Spradling,
2008) suggest that PGs regulate multiple aspects of actin remo-
deling, from filament/bundle formation and/or stability to bundle
structure.

Given that actin remodeling and nurse cell dumping are medi-
ated by a diverse array of actin-binding proteins, we hypothesized
that Pxt leads to the production of PG or PG-like signals that modu-
late the activity of specific actin-binding proteins, thereby regulating
cytoskeletal remodeling to promote nurse cell dumping. To test this
hypothesis, we performed a pharmaco-interaction screen to identify
the actin-binding proteins that act downstream of PG signaling dur-
ing nurse cell dumping (Spracklen, Meyer, and Tootle, unpublished
data). Briefly, the screen was performed using the previously devel-
oped in vitro follicle maturation assay in which S10B follicles are
matured in culture. Loss of PG synthesis via pharmacological COX
inhibition blocks nurse cell dumping in cultured S10B follicles in a
dose-dependent manner (Tootle and Spradling, 2008). Previously
we determined the ICsq, or concentration that blocks 50% of the
follicles from undergoing dumping, for numerous COX inhibitors.
We used the IC5q concentration for the COX inhibitor aspirin to gen-
erate a sensitized state to identify actin-binding proteins that may
mediate PG signaling during dumping. If an actin-binding protein is
required downstream of PG synthesis to promote cytoskeletal re-
modeling, then heterozygosity for a strong allele or homozygosity
for a weak allele of the actin-binding proteins is predicted to en-
hance the effect of COX inhibition, that is, increase the number of
follicles that fail to undergo nurse cell dumping. Specifically, S10B
follicles from flies heterozygous for mutations in actin-binding pro-
teins were incubated in control media versus media containing the
ICsp concentration of aspirin and compared with those from wild-
type controls. Any genotype exhibiting an effect greater than three
SDs away from the wild-type values was considered an interactor.
We found that reduced Fascin (Singed) levels (sn®¢?/+) enhance the
effects of aspirin.

Fascin is an actin-bundling protein (reviewed in Edwards and
Bryan, 1995). Loss of Fascin results in severe actin defects during
bristle formation and nurse cell dumping (Cant et al, 1994).
Transheterozygous fascin-mutant follicles (sn?/sn¢?, shown in the
figures; and sn3#¢/sn3a, data not shown) exhibit pxt mutant-like ac-
tin defects during nurse cell dumping. Specifically, loss of fascin re-
sults in reduced bundle formation in S10B nurse cells compared
with heterozygous fascin controls (sn®¢?/+; Figure 1, C-C’, and data
not shown). Like pxt mutants, these defects result in incomplete
nurse cell dumping at S11, resulting in S12 follicles in which the
nurse cells have failed to completely dump their cytoplasmic con-
tents (Figure 1, F-F" compared with D-D’) and the subsequent re-
tention of nurse cell remnants and a short egg phenotype at S14
(Figure 1, | compared with G).

In addition to bundle defects, loss of either Pxt or Fascin also
results in cortical actin abnormalities (Figure 2). Specifically, the
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The actin bundle defects during late-stage follicle development are similar in fascin and pxt mutants.
(A-F) Maximum projections of three confocal slices of S10B (A-C) and S$12 (D-F) follicles taken at 20x magnification.
(A’-F’) Maximum projections of four or five confocal slices of posterior nurse cells of the follicles in A-F acquired at 40x
magnification. (G-I) Maximum projections of six or seven confocal slices of $14 follicles acquired by tiling at 20x
maghnification. (A-I) Merged images: F-actin (phalloidin), white; DNA (DAPI), cyan. (A’-F’) F-actin (phalloidin), white.
(A-A’, D-D’, G) Wild-type (yw). (B-B’, E-E’, H) pxt. (C-C’, F-F’, 1) fascin®"?/fascin®"%*. Wild-type S10B follicles possess a
robust network of parallel actin filament bundles extending from the nurse cell membranes toward the nuclei in all of
the nurse cells (A, A’). At the completion of nurse cell dumping (S12), the nurse cells have completely transferred their
cytoplasmic contents to the elongating oocyte and the bundles have condensed (D, D). pxt-mutant S10B follicles
exhibit a spectrum of actin-remodeling defects, ranging from reduced bundle formation to a complete loss of bundles
(B, B). Similarly, fascin transheterozygotes show a substantial reduction in elongated bundles at S10B (C, C’). As a result,
the nurse cells in both mutants fail to complete dumping at S12 (E-E’ pxt; F-F’ fascin, earlier-stage follicle outlined by
dotted yellow line). Unlike in wild-type S14 follicles (G), this results in a short-egg phenotype and the persistence of
nurse cells at S14 in both pxt and fascin mutants (H-I, dorsal appendages outlined by dotted red line). Scale bars, 50 um.

cortical actin integrity is lost in mid-to-late oogenesis, resulting in
multinucleate nurse cells. Cortical actin breakdown is observed in
~88% of pxt mutant (Figure 2, B-B” compared with A-A” and D,
n = 42) and ~44-49% of fascin transheterozygous S10-11 follicles
(Figure 2, C-C" and D, n =45 for each allelic combination) from 4- to
5-d-old flies. To assess whether the nurse cell membranes are also
disrupted, we used an antibody to phosphotyrosine to mark the
membranes. We found that in both pxt and fascin mutants, when
the cortical actin is disrupted the membrane is also broken (Figure
2, B”-C” compared with A”, yellow arrows). Thus, on the basis of
the pharmaco-interaction screen results and the phenotypic similar-
ity between loss of Fascin and loss of Pxt, we hypothesize that Fas-
cin is a downstream target of PG signaling, regulating bundle forma-
tion and strengthening cortical actin, two events critical for
Drosophila nurse cell dumping and female fertility.
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Loss of Fascin enhances the effects of COX inhibitors

To test the foregoing hypothesis, we assessed whether reduced lev-
els of Fascin, using multiple alleles, enhance the effect on nurse cell
dumping of pharmacologically reducing PG signaling. We found
that a reduction in Fascin levels, by either heterozygosity for a strong
allele (sn%2/+) or homozygosity for weak alleles (sn®#/sn#¢ and
sn?/sn?), enhances the dumping defects due to two COX inhibitors,
aspirin and NS-398 (Figure 3A and Supplemental Figure S1). Wild-
type follicles were treated with either control media or media con-
taining the 1Csg concentration of the COX inhibitor, and the ratio of
the percentage of follicles completing dumping in the inhibitor
treated to the percentage of follicles completing dumping in control
media was determined. This ratio is reduced when Fascin levels
(sn3a/+, sn34e/sn3%, and sn?/sn?; paired t tests <0.05) are decreased
for both aspirin and NS-398 compared with wild-type follicles. It is
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Cortical actin and membrane integrity are lost in fascin and pxt mutants. (A-C”) Maximum projections of
three confocal slices of S10B follicles taken at 20x magpnification. (A-C) Merged images: F-actin (phalloidin), white;
membrane (anti-phosphotyrosine), magenta; DNA (DAPI), cyan. (A’-C’) F-actin (phalloidin), white. (A”-C”) Membrane
(anti-phosphotyrosine), white. (A-A”) Wild-type (yw). (B-B”) pxtf. (C-C") fascin®"?/fascin®"3¢2. (D) Chart quantifying the
cortical actin defects observed (n = 20 for wild type, n= 30 for fascin/+, n = 42 for pxt!, and n = 45 for each allelic
combination of fascin). Wild-type follicles display robust cortical actin underlying nurse cell membranes (A-A”, D)
whereas pxt and fascin mutants exhibit cortical actin and membrane breakdown (B-B” and C-C”, respectively, yellow
arrows; D). This results in multinucleate nurse cells (B and C, nuclei outlined by dotted yellow line). Scale bars, 50 pm.

important to note that follicles from the fascin-mutant backgrounds
used develop normally in control media (Supplemental Figure STA).
In addition, the ICsq for both of the COX inhibitors is lowered in
the fascin-mutant backgrounds. The ICsq of aspirin is reduced from
1.34 mM in wild type to 0.737 mM in fascin®®3%?/+ and 0.735 mM in
fascin®n34¢/fascin*"3¢ (Figure 3B and Supplemental Figure S1B-D);
similarly the ICsg of NS-398 is reduced from 122 pM in wild type to
70 uM in fascin®"3%3/+ and 84 uM in fascin®"34¢/fascins"3%¢ (Figure 3B
and Supplemental Figure S1, E-G). Thus reduced Fascin levels en-
hance the nurse cell dumping defects and thus actin abnormalities,
due to reduced PG synthesis and signaling.

PGF;, blocks the effects of reduced Fascin levels

on COX inhibition

Although our finding that reduced levels of Fascin enhance the
dumping defects of two COX inhibitors strongly suggests that this
interaction is due to reduced PG synthesis, it remains possible that
the interaction is due to off-target effects of these inhibitors. To ad-
dress this, we tested whether exogenous PGs can restore dumping
in the presence of both COX inhibition and decreased Fascin levels.
We previously showed that an exogenous PGF,, analogue, flupros-
tenol, restores nurse cell dumping in the presence of COX inhibition
(Tootle and Spradling, 2008). Therefore we wanted to determine
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whether Fascin enhances the effect of the loss of this specific PG.
We found that exogenous PGF,,, rescues the dumping defects due
to aspirin and heterozygosity for fascin (Figure 3C). Therefore the
interaction between reduced Fascin levels and inhibition of COX
enzymes is due to reduced PGF,,, signaling.

Fascin genetically interacts with Pxt

All of the data up to this point could support two models: 1) PGs
and Fascin act in parallel pathways to regulate bundle formation, or
2) PGs and Fascin act in a linear pathway to control bundle forma-
tion. To distinguish between these models, we next assessed the
genetic interactions between Fascin and Pxt, the Drosophila COX-
like enzyme. Follicles that have reduced levels of either Fascin
(fascin/+) or Pxt (pxt/+) alone dump normally in culture, whereas
follicles with reduced levels of both (fascin/+; pxt/+) exhibit a signifi-
cant decrease in their ability to dump in culture (Figure 3D). We
went on to quantitatively assess in vivo actin remodeling by phal-
loidin staining. Heterozygosity for either fascin or pxt alone has little
effect on actin remodeling during nurse cell dumping (Figure 4, A,
E, and F, and data not shown), whereas follicles from fascin/+; pxt/+
mutants exhibit a range of S10B actin phenotypes from wild-type
(Figure 4, B-B” compared with A-A") to abnormal bundles (Figure
4, C-C") to severely decreased bundle formation (Figure 4, D-D”).

Molecular Biology of the Cell
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FIGURE 3. Loss of Fascin enhances the effects of COX inhibition. (A-D) In vitro follicle
maturation assays. (A) ICs treatments of wild-type and fascin alleles with aspirin (1.5 mM) or
NS-398 (125 uM). Data are shown as the ratio of the percentage of follicles dumping in ICsq of
the COX inhibitor to the percentage of follicles (of the same genotype) dumping in control
media. (B) Table of ICs of aspirin and NS-398 for wild-type, fascin®"¥*, and fascinsn34e/sn34e
follicles. (C) Treatment of follicles with control media, ICsg aspirin, 10 nM fluprostenol (Flu, PGFy,,
analogue), or aspirin and fluprostenol. (D) Wild-type, fascin®"¥? heterozygote, pxt heterozygote,
or fascin/+;;pxt/+ double heterozygote follicle development in control media. (C, D) Data are
presented as the percentage of follicles that completed dumping. Heterozygosity for a strong
fascin allele (sn®?, p = 0.0038 for aspirin and p = 0.023 for NS-398) or homozygosity for a weak
allele (sn%&e, p = 0.00008 for aspirin and p = 0.031 for NS-398; or sn?, p = 0.089 for aspirin and

p =0.021 for NS-398) enhances sensitivity to COX inhibition compared with wild-type controls
(A, B). Meanwhile, treatment of follicles with fluprostenol shows that the exogenous PGF;,,
analogue suppresses sensitivity to COX inhibition in wild-type and fascin®"3¥* flies (C, p =
0.0047 compared with aspirin-only treatment). Follicles that are heterozygous for either a fascin
or pxt mutation alone undergo dumping normally in culture, whereas reduced levels of both
significantly inhibits dumping (D; p = 0.00005 for fascin/+; pxt/+and p = 0.002 for fascin/+;
pxtEY/+ compared with their respective pxt/+). All data represent a minimum of three
independent experiments. *p < 0.05 using a paired t test, unequal variance.

Abnormal bundles are defined by decreased length, irregular distri-  duced Fascin levels.

and fascin/+; pxttY/+, respectively. This in-
teraction is significantly higher than an addi-
tive effect (~8% with no bundles and 28%
with defective bundles); therefore these
data indicate that PGs and Fascin act in a
linear pathway. Furthermore, the percent-
age of S10B follicles that exhibit cortical ac-
tin breakdown (Figure 4, F and Q) is signifi-
cantly increased in fascin/+; pxt/+ (27 and
51%, depending on the pxt allele) com-
pared with either heterozygote alone (~3-
8%, depending on genotype). The preva-
lence of this defect is ~2.5- to 4.6-fold higher
than the additive effect, which would be
11%. It is important to note that this pheno-
type gets more severe with age in both pxt
and fascin mutants; this is reflected in the
higher level of cortical actin breakdown ob-
served in fascin/+ in Figure 2D. Taken to-
gether, these data support the model that
PGs and Fascin act in a linear pathway to
regulate actin remodeling and bundle
formation.

Villin, another actin-bundling protein,
does not interact with PG signaling
Villin (Quail) is an actin-bundling protein
that is also required for actin remodeling
during Drosophila nurse cell dumping. Loss
of Villin causes decreased bundle forma-
tion, which results in nurse cell nuclei plug-
ging the ring canals, thus blocking dumping
(Mahajan-Miklos and Cooley, 1994b). Be-
cause both Villin and Fascin are actin-bun-
dling proteins that are required for nurse
cell dumping and we found that Fascin en-
hances the effects of reduced PG synthesis
during dumping, we wanted to determine
whether PG signaling controls actin remod-
eling by regulating bundling in general or
acts more specifically through Fascin. To ad-
dress this, we examined Villin localization
and expression in pxt mutants and used our
in vitro follicle maturation assay to deter-
mine the effects of reduced Villin levels on
COX inhibition, reduced Pxt levels, and re-

bution (red arrowhead in Figure 4C”), and/or actin aggregates (red
arrows in Figure 4, C'-C”). These defects remain throughout the
later stages of follicle development (Supplemental Figure S2). Quan-
tification of these actin defects (Figure 4E) in S10B follicles was per-
formed using confocal microscopy (see Materials and Methods) and
revealed that follicles from 3- to 4-d-old fascin/+ exhibit actin de-
fects (combining both lack of bundles and abnormal actin bundles
into one category) in ~15% of the follicles (~5% with no bundles and
~10% with defective bundles, n=22), pxt//+ exhibit defects in ~10%
of the follicles (all with defective bundles, n=29), and pxtE"/+ exhibit
defects in ~21% of the follicles (~3% with no bundles and 18% with
defective bundles, n = 28). Reduced levels of both Fascin and Pxt
synergize to result in actin defects in ~76% (~31% with no bundles
and ~45% with defective bundles, n = 29) and ~67% (~22% with no
bundles and ~45% with defective bundles, n= 27) in fascin/+; pxt/+
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Villin localizes to both the cortical actin and the actin bundles
that are formed in the nurse cell cytoplasm preceding dumping
(Figure 5, A-A”). Although pxt mutants (both pxt’ and pxt™) exhibit
numerous actin-remodeling defects (see Figure 1), Villin localizes
normally to the bundles and cortical actin that are present in these
mutants (Figure 5, B-C”). Similarly, Villin protein levels are normal in
pxt mutants (Figure 5D). This indicates that PG signaling does not
regulate Villin expression level or localization.

We next wanted to determine whether a reduction in Villin level
alters the effects of COX inhibitor treatment or reduced Pxt levels.
Using our in vitro follicle maturation assay, we found that heterozy-
gosity for multiple villin mutant alleles (qua®3?¢/+, qua®'%2/+, and
quaF'3072/+) has no effect on the defects due to treatment with the
ICsp of aspirin or NS-398 (Figure 5E); similarly, double heterozygotes
for villin and pxt mutants dump normally in culture (Figure 5F).

4571

Drosophila Fascin: a novel target of prostaglandins |



g
z
‘©
(2]
S
+
=
x
o
g
T
k3]
(7]
N
E o F
2100 ‘_8
2 80 £ <80
) 33
5 60+ [ < §o0
o = ©
2 40 = 940
@ o
» @
© 20 [ S £20
O S 9
= ol m B L@ ) s
2 @ . ES °.
) Q O X ° QOQ
B . b'\% ,bQ)o Q X 3 Q+ . 6'\\;\\’0%
N \ X N
Q G_’é}Q C}Q\ Q@ e &
K ‘\Q’% © \'be
0= normal M= defective bundles
= no bundles

Reduced Fascin and PG levels synergize to cause actin-remodeling defects.
(A-D”, G) Maximum projections of three to five confocal slices of S10B follicles. (A-D, G)
Merged images: F-actin (phalloidin), white; DNA (DAPI), cyan. (A’-D’) F-actin (phalloidin),
white. (A”-D”) Zoomed-in image of posterior nurse cells, actin channel only. (E, F) Charts
quantifying the observed actin-remodeling defects. (A-A") fascin®"3%/+. (B-D”, G) fascin®"362/+;
pxt'/+or fascin®"362/+; pxtE¥/+ follicles. Immunofluorescence analyses reveal that fascin/+ follicles
undergo normal actin remodeling and dumping (A-A”, E, and F), whereas fascin/+; pxt/+
follicles exhibit a range of phenotypes, including wild-type/normal remodeling (B-B”); defective
bundles (C-C”), which include abnormal bundles/aggregates (red arrow) and altered bundle
length and/or density (red arrowhead); and complete inhibition of bundle formation (D-D”).
Quantification of these actin-remodeling defects reveals that the majority of fascin/+; pxt/+
follicles exhibit bundle defects (E; n = 20 for wild-type, n = 22 for fascin/+, n =29 for pxt//+, n=
28 for pxtEY/+, n = 29 for fascin®"362/+; pxt’/+, and n = 27 for fascin®3/+; pxtt/+). In addition,
such follicles also exhibit increased cortical actin breakdown (C-C’, F, and G, red arrow; n= 23
for wild type, n =34 for fascin/+, n = 39 for pxt’/+, n= 31 for pxtf¥/+, n = 39 for fascin®"3¢2/+;
pxt’/+, and n = 33 for fascin®"362/+; pxtt¥/+). Scale bar, 50 pm.
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Furthermore, a coreduction in Villin and
Fascin levels does not affect dumping in the
in vitro follicle maturation assay (Figure 5G).
These data suggest that Villin is not a down-
stream target of PG signaling during nurse
cell dumping.

Overexpression of Fascin suppresses
the dumping defects due to reduced
PG signaling
Our data indicate that PGs and Fascin act in
a linear pathway to regulate actin remodel-
ing, particularly bundle formation and corti-
cal actin integrity, during nurse cell dumping.
Given that PGs are signaling molecules and
Fascin physically mediates actin bundling,
we hypothesize that PGs act upstream of
Fascin during nurse cell dumping. If PGs
function by increasing either the level or ac-
tivity of Fascin, then overexpression of Fascin
should suppress the effects of COX inhibi-
tion. To test this, we used the UAS/Gal4 sys-
tem (Brand and Perrimon, 1993) to overex-
press Fascin specifically in the germline. It is
well established that because the UAS/GAL4
system was taken from yeast, it exhibits tem-
perature-dependent levels of expression
(i.e., there is more expression at higher tem-
peratures). Follicles from flies overexpressing
Fascin in the germline (UAS Fascin/+;
mataGal4 [second or third chromosome]/+)
were analyzed by the in vitro follicle matu-
ration assay, comparing development when
treated with control versus the |Csy con-
centration of aspirin. Compared to the con-
trols (UAS Fascin/+, mataGal4(2)/+, and
matoGal4(3)/+), flies overexpressing Fascin
at high levels (25 and 27.5°C) suppress the
defects due to COX inhibition (ICsq) during
nurse cell dumping (Figure 6A). Lower levels
of Fascin expression, achieved by maintain-
ing the flies at 21°C, fail to suppress COX
inhibition (Figure 6A); this suggests that the
level and/or activity of Fascin is tightly regu-
lated during nurse cell dumping. To further
assess the role of Fascin downstream of PGs,
we asked whether overexpression of Fascin
could suppress a high level of COX inhibition
(3 mM aspirin). We found that overexpres-
sion of Fascin weakly suppressed the effects
of a strong loss of PG synthesis (Figure 6B).
This suggests that although Fascin is a down-
stream effector of PGs, PG signaling is likely
regulating additional actin-binding proteins
to control actin remodeling during nurse cell
dumping. Indeed, our pharmaco-interaction
screen revealed several additional putative
targets of PGs (Spracklen, Meyer, and Tootle,
unpublished data).

The UAS/Gald system was also used
to overexpress Fascin in the germline in
a pxt-mutant background. Similar to the
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Control genotypes (UAS Fascin; pxt/+ or
UAS Fascin; mata.Gal4; pxt?/bal) exhibit few
actin-remodeling defects (Figure 7, A-A’, D,
and E), whereas pxt mutants (UAS Fascin;
pxt/pxt) exhibit severe defects, from abnor-
mal bundles to a substantial reduction in
bundle formation and cortical actin break-
down (Figure 7, B-B’, D, and E). Overex-
pression of Fascin in pxt mutants (UAS
Fascin; mata.Gal4; pxt'/pxt) partially rescues
these defects (Figure 7, C-C’, D, and E).
Quantification of these actin defects (Figure
7D) in S10B-S11 was performed using
confocal microscopy (see Materials and
Methods) and reveals that UAS Fascin;
pxt/+ exhibits actin defects in ~15% of the
follicles (all with defective bundles, n = 13)
and UAS Fascin; mata.Gald; pxt’/+ exhibits
defects in ~20% of the follicles (all with
defective bundles, n = 15), whereas UAS
Fascin; pxt/pxt’ exhibits defects in 100% of
the follicles (~28% with no bundles and 72%
with defective bundles, n = 18). It is impor-
tant to note that based on our extensive
characterization of pxt-mutant phenotypes,
the percentage of follicles with no bundles
appears reduced when UAS Fascin is in the
background; this suggests that low expres-
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FIGURE 5: Villin is not a downstream target of PG signaling. (A-C”) Maximum projections of
three to five confocal slices of S10B follicles. (A-A”) Wild type (yw). (B-B”) pxt. (C-C”) pxt'.
(A-C) Merged images: Villin, green; F-actin (phalloidin), red; DNA (DAPI), blue. (A"-C’) Villin,
white. (A”-C") F-actin (phalloidin), white. (D) Western blot. Vasa serves as the loading control.
(E-G) In vitro follicle maturation assays. Villin localizes to the membranes and the bundles within
the nurse cells (A-A’). Whereas pxt mutants exhibit numerous actin defects (B”, C”), Villin
localizes normally to the actin structures within the mutant nurse cells (B-C’), and Villin protein
levels are unchanged (D). Reduced Villin levels have no effect on COX inhibitor (aspirin and
NS-398) sensitivity (E) or reduced pxt levels (F) by the in vitro follicle maturation assay. Similarly,
coreduction of both Villin and Fascin does not affect nurse cell dumping (G). Scale bar, 50 pm.

pharmacological experiments, in the in vitro follicle maturation assay,
overexpression of Fascin suppresses the dumping defects due to
reduced Pxt levels (Figure 6C). This suppression could occur if loss of
PG signaling results in reduced Fascin expression. Previously mi-
croarray analysis revealed that fascin mRNA levels are not changed
in pxt mutants compared with wild-type follicles throughout the end
of oogenesis (Tootle et al., 2011). In addition, Western blot analysis
of either whole-ovary or S10B follicle lysates reveals that Fascin
levels are not reduced in pxt mutants (Figure 6D and data not
shown). Thus PGs do not regulate Fascin at the level of expression.

We next assessed the extent to which increased Fascin levels
rescue the in vivo actin defects in pxt-mutant follicles (S10B-S11).
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sion of Fascin may occur from this construct
in the absence of a Gal4 driver. The actin
defects due to loss of Pxt are suppressed by
overexpression of Fascin in the germline
(UAS Fascin; matoGal4; pxt/pxt), because
only ~42% of the follicles exhibit actin de-
fects (~11% with no bundles and ~31% with
defective bundles, n = 19). These data are
consistent with Fascin being a downstream
target of PGs during parallel bundle forma-
tion during nurse cell dumping. Further-
more, the percentage of S10B-11 follicles
that exhibit cortical actin breakdown (Figure
7, B-B’ and E) is significantly decreased in
UAS Fascin; mato.Gal4; pxt'/pxt’ (~13%, n =
23) compared with UAS Fascin; pxt/pxt’
(~77%, n = 22). Taken together, these data
support the model that PGs regulate Fascin
to control bundle formation and cortical ac-
tin integrity during late Drosophila follicle
development.

DISCUSSION
PGs regulate actin remodeling during Drosophila nurse cell dump-
ing (Tootle and Spradling, 2008). Dumping has been widely used to
identify and characterize the conserved functions of actin-binding
proteins (reviewed in Hudson and Cooley, 2002b), making it an ideal
system with which to determine the mechanisms by which PGs regu-
late actin dynamics. Here we provide the first evidence that Droso-
phila Fascin (Singed, Sn), an actin-bundling protein, is a downstream
target of PGs and is required for PG-dependent formation of parallel
actin filament bundles and maintenance of cortical actin integrity.
Mutations in fascin and pxt exhibit similar phenotypes, including
the lack of or a reduction in bundles, breakdown of cortical actin,

| 4573

Drosophila Fascin: a novel target of prostaglandins



1.0

A _ J21°C
9L g !/H 25° C ® ok
g5 "~ m275°C x5
e 06
=
£ 2
g-% 0.4
S| €
Q3 02
e
0
UAS Fascin  + - - + +
matoGal4(2) - + - + -
matoGal4(3) - - + - +
B C
o 0.3 - 1.0
<9 - 3=
= *g 5 € 0.8
Eo o2 g2
ol c o< 0.6
g o g2
o).E o=
£a €2 04
SlE 0.1 =S
= =] (m] a
== NS 0.2
Al oo
o\o o
0 0
UAS Fascin+ - - + + UASFascin + - +
matoGal4(2)- + - + ~ matoaGal4(2)- + +
matoGal4(3)- - + - +  pxt/+ + + +
D @
Sl N
. s
S F& T
ocVasa—————
aFascin

FIGURE 6: Overexpression of Fascin suppresses the effects of COX
inhibition. (A-C) In vitro follicle maturation assays. (A, C) ICsq aspirin
(1.5 mM) treatment of follicles from the indicated genotypes and
temperatures. Data are shown as the percentage of follicles dumping
in ICsq of the COX inhibitor divided by the percentage of follicles
dumping in control media. (B) Data are shown as the percentage of
follicles dumping in 3 mM aspirin divided by the percentage of
follicles dumping in control media; the flies were maintained at
27.5°C. (D) Western blot of whole-ovary lysates; Vasa serves as the
loading control. Overexpression of Fascin in the germline using the
UAS/Gal4 system suppresses the effects of COX inhibition in a
temperature-dependent manner (A, UAS Fascin/+; matoGal4(2)/+: p
=0.038 at 25°C and p = 0.022 at 27.5°C compared with driver, and p
=0.0009 at 25°C and p = 0.047 at 27.5°C compared with UAS. UAS
Fascin/+;; mato.Gal4(3)/+: p = 0.006 at 25°C and p = 0.001 at 27.5°C
compared with driver, and p = 0.0007 at 25°C and p = 0.0046 at
27.5°C compared with UAS). In addition, overexpression of Fascin at
27.5°C suppresses the effects of high-dose aspirin treatment (B, UAS
Fascin/+; mato.Gal4(2)/+: p = 0.0017 compared with driver and p =
0.0071 compared with UAS; UAS Fascin/+;; mato.Gal4(3)/+: p =
0.0023 compared with driver and p = 0.0074 compared with UAS).
Overexpression of Fascin (25°C) also suppresses the effects of
reduced Pxt levels (C, p=0.015 compared with driver and p =

0.032 compared with UAS). Each bar in A-C represents a minimum

of three independent experiments from at least two separate crosses.

*p < 0.05 compared with controls using a paired t test, unequal
variance. Fascin protein levels are not reduced in pxt-mutant
ovaries (D).
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FIGURE 7: Overexpression of Fascin suppresses the actin-remodeling
defects in pxt mutants. (A, C’) Maximum projections of three to five
confocal slices of S10B follicles. (A-C) Merged images: F-actin
(phalloidin), white; DNA (DAPI), cyan. (A’-C’) F-actin (phalloidin),
white. (D-E) Charts quantifying the observed actin-remodeling
defects. (A-A") UAS Fascin; pxt'/+. (B-B’) UAS Fascin; pxt/pxt'.

(C-C’) UAS Fascin; mato.-Gal4; pxtf/pxtf. Immunofluorescence analyses
reveal that UAS Fascin; pxt/pxt follicles exhibit pxt-like actin defects,
including reduced to no bundle formation, and cortical actin
breakdown (B-B” compared with A-A’; yellow arrow, actin aggregate
at site of cortical actin breakdown). Overexpression of Fascin in the
germline of pxt mutants (UAS Fascin; mato-Gal4; pxt/pxt)) suppresses
the actin defects in pxt mutants, partially restoring bundle formation
(C-C’). Quantification of these actin-remodeling defects reveals that
that whereas 100% of the UAS Fascin; pxt?/pxt' follicles exhibit bundle
defects, overexpression of Fascin in the germline rescues this, as 42%
of the UAS Fascin; mata-Gald; pxt/pxt follicles exhibit bundle defects
(D; n= 13 for UAS Fascin; pxt'/+, n =15 for UAS Fascin; mato-Gal4;
pxt/+, n=18 for UAS Fascin; pxt?/pxt’, and n= 19 for UAS Fascin;
mato-Gald; pxt?/pxt!). In addition, overexpression of Fascin suppresses
the cortical actin breakdown defects in pxt mutants (C-C’, E; n= 20
for UAS Fascin; pxt’/+, n= 17 for UAS Fascin; mato.-Gald; pxt/+, n=
23 for UAS Fascin; mata-Gald; pxt/pxt!, and n =22 for UAS Fascin;
pxt?/pxt!). Scale bar, 50 um.
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inhibition of dumping, and, ultimately, female sterility. Reduced
Fascin levels enhance the effects of COX inhibitor treatment and
synergize with reduced Pxt levels to cause actin-remodeling defects
and a block in dumping. This supports the model that Drosophila
Fascin is a downstream target of PGs. Additional evidence for this
model comes from overexpression experiments in which increased
Fascin levels suppress the defects due to the loss of PG synthesis.

Although there are many similarities in the actin defects in pxt
and fascin mutants, there are also differences. The bundles in pxt-
mutant follicles are variable in length and are not evenly distributed
along membranes, whereas those in fascin mutant follicles exhibit
uniform length and distribution but fail to elongate. We interpret
these differences as evidence that whereas Fascin is a downstream
target of PGs, PGs regulate additional factors to control actin re-
modeling. Indeed, we identified a number of other putative PG ef-
fectors in our pharmaco-interaction screen (Spracklen, Meyer, and
Tootle, unpublished data).

The integrity of the cortical actin in the nurse cells is not main-
tained in either pxt or fascin mutants. The breakdown of the cortical
actin occurs starting in S8 in pxt mutants (Tootle and Spradling,
2008). This breakdown is suppressed by overexpression of Fascin.
These data indicate that Fascin plays an important, and previously
undescribed, role in cortical actin. Supporting this idea, Fascin levels
appear enriched in the subcortical region (Cant et al., 1994) and
green fluorescent protein—Fascin localizes to the cortical actin (data
not shown and Zanet et al., 2009). At first glance, it seems surprising
that Fascin regulates the cortical actin, given that it is believed to be
a branched network of actin filaments. Supporting that this is indeed
the structure of the cortical actin in the nurse cells are the findings
that cortical actin integrity requires Arp2/3 subunits (Hudson and
Cooley, 2002a) and Wash (Liu et al., 2009), a regulator of Arp2/3
activity. Other factors regulating nurse cell cortical actin include Pro-
filin (Cooley et al., 1992), an actin monomer-binding protein, En-
abled (Gates et al., 2009), an actin filament elongation factor, and
Capping (Gates et al., 2009), a barbed end-binding protein and
antagonist of Enabled. All of these actin regulators are implicated in
the formation of branched actin networks. Fascin, however, has not
been widely implicated in the formation of such a network because
Fascin is generally found in parallel bundles (reviewed in Edwards
and Bryan, 1995). Of interest, a few mammalian cell culture studies
have revealed a role of Fascin-1 in lamellipodia, which are com-
posed of branched actin networks. Specifically, Rac and Cdc42 trig-
ger the localization of Fascin-1 to the lamellopodia, where it contrib-
utes to the formation of microspikes necessary for cell motility
(Adams, 1997; Adams et al., 1999; Adams and Schwartz, 2000). In
addition, in fish fibroblasts it has been shown that Fascin 1-depen-
dent bundles are folded into the lamella network (Nemethova et al.,
2008). These previous findings, along with our evidence that Fascin
regulates nurse cell cortical actin, suggest that Fascin may generate
microspikes or short filopodia that are required to strengthen the
likely branched network of this cortical actin. Furthermore, there is
evidence that, in vitro, Arp2/3 and Fascin-1 activity must be bal-
anced to regulate the type and extent of actin polymerization (Ideses
et al., 2008). Such an Arp2/3-dependent network can lead to
Fascin-1 recruitment and bundle formation (Vignjevic et al., 2003).
These data make it tempting to speculate that Arp2/3 and Fascin
activity must be balanced in order to generate properly structured
nurse cell cortical actin. If there is too much Arp2/3 or too little
Fascin activity, then the cortical actin structure is altered such that
integrity is lost. Thus, in pxt mutants, where Fascin activity is likely
reduced, cortical actin breaks downs; this is rescued by overexpres-
sion of Fascin. It will be interesting to determine whether reduced
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Arp2/3 activity also suppresses the cortical actin defects in pxt
mutants. Another possibility for the role of Fascin in cortical actin is
that bundle elongation is required to maintain the cortical actin.
Therefore the bundle defects in pxt and fascin mutants would cause
the breakdown of the cortical actin, and because overexpression of
Fascin in pxt mutants restores bundle formation/elongation, the
cortical actin defects are also suppressed. We think that this is un-
likely because cortical actin defects are apparent in S8 pxt-mutant
follicles, well before the onset of bundle formation (Tootle and
Spradling, 2008). Further characterization of the structure of the
nurse cell cortical actin and the interplay between the factors re-
quired for its integrity is required to determine the role of Fascin.

Although we showed that Fascin is a downstream target of PG
signaling during nurse cell dumping, Villin (Quail), another actin-
bundling protein required for nurse cell dumping, does not interact
with PGs. Previous work indicates that Villin mediates initial bundle
formation during nurse cell dumping (Mahajan-Miklos and Cooley,
1994b; Cant et al., 1998; Matova et al., 1999). Fascin then bundles
the filaments more tightly, increasing bundle strength. We find that
heterozygosity for villin fails to enhance the dumping defects due
to reduced PG synthesis. These results may seem surprising, given
that overexpression of Villin partially rescues fascin-mutant pheno-
types (Cant et al., 1998). However, such bundles are structurally
different, and overexpression may not completely reflect endoge-
nous function. Therefore we interpret our findings to mean that
Villin is not likely to be regulated by PGs. Supporting this model,
Villin expression and localization are grossly normal in pxt mutants.
An alternative interpretation is that Villin levels may not have been
reduced enough to detect an interaction by our assays.

Prostaglandins could regulate Fascin activity in a number of
ways. In human cells, protein kinase C (PKC) phosphorylates Fas-
cin-1, blocking filamentous actin (F-actin) binding (Ono et al., 1997,
Adams et al., 1999). In addition, human Fascin-1 competes with
caldesmon and tropomyosin for F-actin (Ishikawa et al., 1998). Calm-
odulin, and thus Ca?*/cAMP signaling, negatively regulates these
two proteins, promoting Fascin-1's bundling activity. Rac, a Rho-
type GTPase, also positively regulates human Fascin-1 (Adams and
Schwartz, 2000; Parsons and Adams, 2008; Hashimoto et al., 2007).
A recent study revealed that Fascin-1 is also regulated by Rho via
LIM kinase 1 (Jayo et al., 2012). Of note, PGs are known to signal
through all of these mechanisms. Given that Drosophila Fascin PKC-
site phosphomutants (S52A/E) restore nurse cell dumping in fascin
mutants (Zanet et al., 2009), it is unlikely that PGs regulate Fascin in
this manner during this process. However, an additional phosphory-
lation site (5289), associated with a bundling-independent function,
has recently been identified in Drosophila (Zanet et al., 2012);
perhaps this role of Fascin contributes to cortical actin integrity.
Because both cAMP (Lane and Kalderon, 1993; Schneider and
Spradling, 1997; Lannutti and Schneider, 2001; Fan and Schneider,
2003) and Rho GTPase (Murphy and Montell, 1996; Genova et al.,
2000) regulate nurse cell dumping, it will be important to determine
whether PGs signal via these pathways to regulate Fascin. It remains
possible that PGs regulate Fascin by a previously unidentified
means.

One alternative mechanism by which PGs could regulate Fascin
is through direct modification. 15-Deoxy-prostaglandin J,, pro-
duced by nonenzymatic processing of PGF,,, modifies (prostany-
lates) cysteine residues on proteins in mammalian cells. It is intrigu-
ing that actin and cytoskeletal regulatory proteins, including
tropomyosin, have been shown to be prostanylated (Stamatakis
et al., 2006; Yamamoto et al., 2011). Therefore PGs could directly
modify Fascin or a protein that regulates Fascin.
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This work is the first evidence linking PGs to Fascin. Of interest,
high levels of both PGs (Rolland et al., 1980; Chen et al., 2001,
Khuri et al., 2001; Gallo et al., 2002; Denkert et al., 2003) and
Fascin-1 (Hashimoto et al., 2004; Yoder et al., 2005; Lee et al.,
2007; Okada et al., 2007; Li et al., 2008; Chan et al., 2010) indepen-
dently correlate with highly aggressive cancers in patients. In addi-
tion, both are critical for cancer cell invasion in human cell culture
and mouse models (PGs; Tsujii et al., 1997; Chen et al., 2001; Lyons
et al., 2011). Specifically, Fascin-1 bundles actin filaments within
filopodia (Vignjevic et al., 2006; Hashimoto et al., 2007) and inva-
dopodia (Li et al., 2010; Schoumacher et al., 2010), structures re-
quired for cancer metastasis. These parallel actin bundles are nearly
structurally identical to those found in the nurse cells during dump-
ing (Guild et al., 1997). This leads us to speculate that PGs control
Fascin-1 within human cancer cells to tightly regulate the formation
of invasive cytoskeletal structures and thus cancer metastasis. It will
be critical to determine the detailed mechanisms and signaling cas-
cade by which PGs regulate Fascin and whether this regulation is
conserved from Drosophila follicle development to human cancer
progression.

MATERIALS AND METHODS

Fly strains

Fly stocks were maintained at 21, 25, or 27.5°C, as indicated, on
standard cornmeal-agar-yeast food. Flies were fed with wet yeast
paste daily for ovary analysis, including in vitro follicle maturation,
immunofluorescence, and Western blotting. yw was used as the
wild-type control in experiments except where indicated otherwise.
pxtEY03%52 (referred to as pxtf” in all the figures), sn3, sn?, sn3e,
mataGal4 (second and third chromosomes), and qua®3%, qua®1%¢?,
and qua®%%72 fly stocks were obtained from the Bloomington
Drosophila Stock Center (Bloomington, IN); pxt©%% (referred to as
pxt’ in all the figures) was obtained from Harvard Exelixis (Cam-
bridge, MA); and the UASp Fascin transgenic fly line was a generous
gift from Francois Payre (Zanet et al., 2009).

In vitro follicle maturation

This was performed as previously described (Tootle and Spradling,
2008). Aspirin, NS-398, and fluprostenol (PGF,,, analogue) were dis-
solved in either dimethyl sulfoxide or ethanol (Cayman Chemical
Company, Ann Arbor, MI). Experiments were performed a minimum
of three times, and standard errors are shown. Paired t tests were
performed using Excel (Microsoft, Redmond, WA).

Immunofluorescence

Whole-mount samples were fixed for 10 min at room temperature in
4% paraformaldehyde in Grace’s insect media (Lonza, Walkersville,
MD). Samples were processed using standard procedures (Cox and
Spradling, 2003) with the following exceptions: samples were
blocked by washing in antibody wash (1x phosphate-buffered saline
[PBS; 135 mM NaCl, 3.2 mM NayHPO,4, 1.3 mM KCI, 0.5 mM
KH,PQOy4, pH 7.4], 0.1% bovine serum albumin, 0.1% Triton X-100)
six times for 10 min each and mounted in 1 mg/ml phenylenedi-
amine in 50% glycerol, pH 9 (Platt and Michael, 1983).

In Figure 1, samples were subjected to a fixation protocol de-
signed to better preserve actin structures (modified from that de-
scribed by Frydman and Spradling, 2001). In short, samples are
fixed for 10 min at room temperature in 4% paraformaldehyde, 2%
Triton X-100, and 1 U/ml fluorophore-conjugated phalloidin in
Grace's insect media. This was followed by two rinses in Triton-anti-
body wash (PBS, 0.2% TX-100). Blocking was performed by washing
samples three times for 10 min each in antibody wash supplemented
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with 1 U/ml fluorophore-conjugated phalloidin, followed by wash-
ing three times for 10 min each in antibody wash alone. Staining and
mounting were carried out as indicated.

Mouse o-quail (6B9) (Cooley, L.) was obtained from the Develop-
mental Studies Hybridoma Bank (DSHB; developed under the aus-
pices of the National Institute of Child Health and Human Develop-
ment and maintained by the University of lowa, Department of
Biology, lowa City, IA). The mouse anti-phosphotyrosine antibody
(4G10), used 1:500, was from EMD Millipore (Billerica, MA). Addi-
tional stains used and their concentrations are as follows:
rhodamine::phalloidin, 1:500; Alexa Fluor (AF) 488:phalloidin,
1:500; 4’,6-diamidino-2-phenylindole (DAPI; 5 mg/ml), 1:10,000 (all
from Invitrogen, Grand Island, NY). The following secondary anti-
bodies were used at 1:1000 to 1:2000 as appropriate: AF488::goat
anti-mouse, AF568::goat anti-mouse, and AF633::goat anti-mouse
(Invitrogen).

Quantification of actin defects by confocal microscopy

The S10B-S11 follicles were examined by confocal microscopy to
score actin bundle defects and cortical actin breakdown. Either the
top and bottom of each S10B follicle was marked and a single 20x
image at the center of the follicle was acquired for both phalloidin
and DAPI or complete Z-stacks were acquired. The DAPI staining
was used to assess how far the centripetal follicle cells had migrated
over the oocyte; this was used to define the point during S10B that
each follicle was at, allowing its bundle formation to be compared
with similarly staged wild-type or control follicles. Phalloidin staining
was used to assess the bundle and cortical actin defects. Follicles
were scored as having either: 1) normal bundles, of the expected
length for the developmental point in S10B, straight, and uniformly
distributed along the nurse cell membranes; 2) defective bundles, of
variable lengths or the wrong length for the developmental point,
bent/aggregated, and/or not uniformly distributed along the mem-
branes; or 3) no bundles, the absence of elongated bundles. Folli-
cles were also scored for cortical actin breakdown, as observed by
incomplete cortical actin around the nurse cell and two or more
nuclei enclosed in one cortical actin loop.

Microscope image acquisition and processing

All microscopy images were acquired via Zen software on a Zeiss
700 LSM mounted on an Axio Observer.Z1 using a Plan-Apochro-
mat 20x/0.8 M27 or EC Plan-Neofluar 40x/1.30 DIC M27 objectives
(Carl Zeiss Microscopy, Thornwood, NY). Complete S14 follicles
(Figure 1) were imaged at 20x and acquired by tiling (10% overlap)
and stitching using the Zen software. Maximum projections, image
rotation, and cropping were performed in ImageJ (Abramoff et al.,
2004). To aid in visualization, all panels for Figure 1 were brightened
by 30% in all channels using Photoshop (Adobe, San Jose, CA).

Western blot

Standard Western blotting techniques were used. The following pri-
mary antibodies were obtained from the DSHB and were used at the
following concentrations: Fascin (mouse anti—sn 7C) 1:20 (Cooley, L.);
Villin (mouse anti-6B9, concentrated) 1:50 (Cooley, L.); and Vasa
(rat anti-Vasa) 1:100 (Spradling, A. C. and Williams, D.). Fascin and
Villin blots had 0.2% Tween 20, whereas all others had 0.1% Tween
20 added to the primary antibody. The following secondary anti-
bodies were used: Peroxidase-AffiniPure Goat Anti-Rat IgG (H+L)
(1:5000) or Peroxidase-AffiniPure Goat Anti-Mouse IgG (H+L)
(1:5000; Jackson ImmunoResearch Laboratories, West Grove, PA).
Blots were developed with SuperSignal West Pico Chemilumines-
cent Substrate (Thermo Scientific, Waltham, MA) and imaged using
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ChemiDoc-It Imaging System and VisionWorksLS software (UVP,
Upland, CA). Bands were quantified using the gel analyzer function
of ImageJ (Abramoff et al., 2004).
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