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ABSTRACT

During Drosophila oogenesis, basally localized F-actin bundles in the follicle cells covering the egg
chamber drive its elongation along the anterior—posterior axis. The basal F-actin of the follicle cell is an
attractive system for the genetic analysis of the regulation of the actin cytoskeleton, and results obtained in
this system are likely to be broadly applicable in understanding tissue remodeling. Mutations in a number
of genes, including that encoding the p2l-activated kinase Pak, have been shown to disrupt organization
of the basal F-actin and in turn affect egg chamber elongation. pak mutant egg chambers have disorganized
F-actin distribution and remain spherical due to a failure to elongate. In a genetic screen to identify
modifiers of the pak rounded egg chamber phenotype several second chromosome deficiencies were
identified as suppressors. One suppressing deficiency removes the 140l locus, and we determined using
several rhol alleles that removal of a single copy of kol can suppress the pak phenotype. Reduction of any
component of the Rhol-activated actomyosin contractility pathway suppresses pak oogenesis defects,
suggesting that Pak counteracts Rhol signaling. There is ectopic myosin light chain phosphorylation in pak
mutant follicle cell clones in elongating egg chambers, probably due at least in part to mislocalization of
RhoGEF2, an activator of the Rhol pathway. In early egg chambers, pak mutant follicle cells have reduced
levels of myosin phosphorylation and we conclude that Pak both promotes and restricts myosin light chain

phosphorylation in a temporally distinct manner during oogenesis.

PITHELIAL morphogenesis relies heavily on the
dynamic nature of the actin cytoskeleton to fa-
cilitate changes in cell shape. These changes occur in
response to a variety of signaling cues, including those
activating members of the Rho family of small GTPases,
which includes Rho, Rac, and Cdc42 (VAN AELsT and
Symons 2002). These proteins participate in a variety of
cellular processes, many of which depend on the ability
of the Rho GTPases to regulate and reorganize the
actin and microtubule cytoskeletons (Brismopr and HALL
2000). Crosstalk occurs between the Rho, Rac, and
Cdc42 signaling pathways and, in particular, numerous
groups have reported antagonism between Rac/Cdc42
signaling and Rho signaling in cell culture (KozMmA et al.
1997; vAN LEEUWEN et al. 1997, 1999; SANDER et al. 1999;
SANDERS ¢t al. 1999; WAHL et al. 2000; ZONDAG et al.
2000; Tsujt et al. 2002; NIMNUAL et al. 2003; SUGIMOTO
et al. 2003; WANG et al. 2003; XU et al. 2003; SEASHOLTZ
et al. 2004; SALHIA ef al. 2005; ROSENFELDT et al. 2006;
WILDENBERG et al. 2006; BusTos et al. 2008; WU et al.
2009). This antagonism is conserved in Drosophila,
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where Rac and Rho have opposing roles in organizing
the somatic support cells in the testes germ cell
microenvironment and Cdc42 antagonizes Rho at
adherens junctions in epithelial cells of the pupal eye
(SARKAR e al. 2007; WARNER and LoNGMORE 2009).
The crosstalk between the Rho family pathways involves
upstream regulators of the small GTPases as well as
downstream effectors. The group I Pak proteins are
some of the best characterized effectors for Rac and
Cdc42 and are activated by small GTPase binding to a
Cdc42/Rac-binding (CRIB) domain overlapping an
autoinhibitory domain (AID) (BoxkocH 2003).

We previously showed that Pak, a group I Pak protein,
participates in development of the follicular epithelium
(FE) surrounding the Drosophila egg chamber through
regulation of the actin cytoskeleton and apicobasal
polarity (CONDER et al. 2007; BAHRI et al. 2010). In
middle-stage egg chambers, the F-actin network polar-
izes to the basal end of the follicle cells where it forms
bundles of filaments aligned perpendicularly to the
anterior—posterior (A-P) axis of the egg chamber
(Gutzert 1990, 1991; GurzErT and HAAS-ASSENBAUM
1991). The role of the F-actin bundles during egg
chamber elongation in middle-staged egg chambers
has been characterized through analysis of mutants
affecting these bundles and has led to a model in which
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stage:1 2 3 4

paké/pak™

the polarized actin bundles act as a “molecular corset”
to promote elongation of the egg chambers along the
A-P axis through actomyosin contractility along the
basal surface of the FE (GUTzEIT et al. 1991; DUFFY et al.
1998; BATEMAN ef al. 2001; FRYDMAN and SPRADLING
2001; DENG et al. 2003; CONDER et al. 2007; MIROUSE et al.
2009; VIKTORINOVA et al. 2009). The egg chambers
continue to elongate as they age through stage 14 and
develop into mature eggs (Figure 1B).

Transheterozygous pak individuals can survive to
adulthood but are female sterile and exhibit a number
of defects in oogenesis (HING et al. 1999; CONDER et al.
2007). pak mutant egg chambers are spherical as they
fail to elongate along the A-P axis and they do not
develop past stage 10 and therefore never produce
mature eggs (Figure 1C). The inability of pak mutant
egg chambers to elongate is likely due to disruptions of
the basal F-actin, which is less dense, disorganized, and
no longer polarized perpendicularly to the A-P axis
(CONDER et al. 2007). The F-actin architecture in pak
mutant egg chambers does not have a distinct orienta-
tion as seen in wild-type egg chambers and is highly
disrupted.

It has been noted that the basal F-actin bundles in the
FE are similar to the stress fibers of mammalian cultured
cells, and the FE provides an attractive system for the
genetic analysis of the signaling events regulating the
formation of parallel actin bundles (BATEMAN el al
2001; BAumM and PErRrIMON 2001). Stress fibers consist of
10-30 bundled actin filaments, the formation of which
is regulated by the Rho family small GTPase RhoA
through the Rock-Rok-Rho kinase family of serine/
threonine kinases (hereafter referred to as Rok) and the
Diaphanous-related formin, mDial (CHRZANOWSKA-
WobNICKA and BURRIDGE 1996; LEUNG et al. 1996;
WATANABE et al. 1997; 1999; PELLEGRIN and MELLOR
2007). Rok promotes stress fiber formation and actomy-
osin contractility by directly phosphorylating myosin
light chain (MLC) and phosphorylating the regulatory
myosin binding subunit of MLC phosphatase, inhibiting
the phosphatase activity (AMANO et al. 1996; KIMURA et al.

FIGUrRE 1.—Summary of Drosophila oogenesis.
Drosophila oogenesis begins at the anterior-most
end of an ovariole in the germarium where two
germ-line stem cells divide asymmetrically to pro-
duce daughter cysts. These cysts undergo four
rounds of incomplete mitosis to produce a 16-cell
cyst that is then encapsulated by follicle cells arising
from 2 follicle stem cells. The follicle cells continue
to divide until stage 6. Prior to stage 6 egg chambers
remain spherical; beginning at stage 6, egg cham-
ber elongation occurs along the anterior—posterior
axis, giving rise to elongated mature eggs. (A) Sche-
matic diagram of a single ovariole. (B) Wild-type
ovariole stained with phalloidin revealing elonga-
tion of egg chambers as they age. (C) pak mutant
ovariole showing failure of egg chamber elongation
and degradation of oldest chamber. Bar: 50 pum.

1996; KawaANO et al. 1999; ToTsukawa et al. 2000). Rok
also phosphorylates LIM kinase, which in turn phosphor-
ylates cofilin, inactivating its actin-depolymerizing func-
tion (OnAsHI et al. 2000; Sumi et al. 2001). This signaling
network regulating actomyosin contractility is conserved
in Drosophila, where it has a number of roles in devel-
opment (reviewed in SETTLEMAN 2001).

In this study we investigated the involvement of Pak
during egg chamber elongation by screening for second
chromosome deficiencies uncovering loci that geneti-
cally interact with pak. Here we show that removal of one
copy of the rhol locus is sufficient to suppress the pak
rounded egg chamber phenotype and that reduction in
any component of the Rhol-activated actomyosin con-
tractility pathway suppresses the pak egg chamber elon-
gation defect. Furthermore, we show that in rescued egg
chambers the disorganized arrangement of the basal
F-actin is restored back to the characteristic polarized
F-actin arrangement. Pak does not appear to act at the
level of Rhol activation in its antagonistic interaction
with Rhol signaling as we have not been able to discern
a change in the levels of GTP-bound Rhol with loss of
Pak. However, Pak is required for localization of the
upstream activator of the Rhol pathway, RhoGEF2, and
pakmutant follicle cells in elongating egg chambers show
ectopic myosin phosphorylation, indicating that Pak may
regulate the Rhol pathway at the level of myosin con-
tractility. Interestingly, Pak is required for myosin light
chain phosphorylation in early egg chambers, indicating
that Pak’s role in the regulation of myosin contractility
varies during oogenesis.

MATERIALS AND METHODS

Fly stocks: pak’ and pak'’ flies were from H. Hing,
pak'FRTS2B flies from B. Dickson, rhol’ flies from S.
Parkhurst, trafficjam Gal4 flies from G. Tanentzapf and D.
Godt, and PKNG58AeGIP/TM3 flies from A. Jacinto. All other
stocks were obtained from the Bloomington Drosophila Stock
Center. A w'""® stock was used as a wild-type control in this
study. All stocks were crossed and maintained at 25° unless
otherwise noted. In the genetic screen, pak mutant flies were



Pak and Rhol Signaling in Oogenesis 503

unambiguously identified by their crumpled, droopy wings
and uncoordinated behavior.

Clonal analysis: pak somatic clones were induced using the
FLP/FRT method (Xu and RuBiN 1993). To induce pakloss-of-
function clones using As-FLP, third instar larvae from the
appropriate crosses were heat-shocked at 37° for 2 hr for
3 consecutive days. Female progeny of the genotype hsFLP;
pak’'FRTS82B/UbiGFP FRT82B were grown on media contain-
ing yeast for 2-3 days to allow for optimal development and
maturation of ovaries.

Immunostaining and fluorescence microscopy: Ovary dis-
section, fixation, and staining were performed as previously
described (VERHEYEN and CooLEY 1994). To visualize F-actin
the egg chambers were incubated with 1:1,000 FITC- or
TRITC-conjugated phalloidin (Sigma, St. Louis) for 30 min
with rotation. The antibodies used were mouse anti-GFP
(1:500) (Sigma), mouse anti-Rhol (1:50) (MAGIE et al. 2002),
rabbit anti-RhoGEF2 (1:100) (ROGERS et al. 2004), and mouse
anti-phospho-MLC (Ser19, corresponding to Ser21 in Drosoph-
ila) (1:20) (Cell Signaling). Ovaries were visualized and images
acquired using a Zeiss (Carl Zeiss, Thornwood, NY) LSM410
laser scanning confocal microscope, using Plan-Neofluar 25X
/0.80 or Plan-apochromat 63X /1.40 oil lenses. All images were
processed using Adobe Photoshop CS4.

Rho-GTP activity assay: We used a pull-down assay to
quantitate GTP-Rhol levels, using the Rho-binding domain
(RBD) of rhotekin or mDia (KiMURA et al. 2000). Ovaries were
dissected out from wild-type and pak mutant flies and flash
frozen using liquid nitrogen. Fifty microliters of ovarian tissues
was collected for each sample and homogenized in 500 wl of
IP Buffer I [475 mMm Tris HCI, pH 8.0, 0.5% Triton X-100,
1 complete protease inhibitor tablet per 50 ml (Roche)]. The
samples were then centrifuged for 10 min at 4°. The
supernatant was removed from the debris and 5% of this was
kept for the lysate lane on the gel. The rest of the lysate was
incubated with purified GST-mDia-RBD or GST-rhotekin-RBD
bound to Glutathione Sepharose 4B beads (GE Healthcare)
overnight at 4°. The beads were then centrifuged briefly,
supernatants removed, and beads washed three times with IP
Buffer I (50% 1 m NaCl, 505 IP Buffer I). These beads were
then resuspended in SDS-PAGE sample buffer, boiled for
10 min, run out on an SDS-PAGE gel together with the lysate
sample, and subjected to Western blot analysis using anti-Rhol
antibodies to determine the total amount of Rho and anti-GST
antibodies (Cell Signaling Technologies) to determine the
amount of GTP-bound Rho in the lysates. pGEX-mDia-RBD
and pGEX-rhotekin-RBD plasmids were gifts from S. Naru-
miya. The assay was repeated several times for each RBD, and
results were analyzed by performing densitometry using
Adobe Photoshop CS4 as described (http:/www.lukemiller.
org/journal / 2007/08/ quantifying-western-blots-without.html).
GTP-Rhol levels were normalized againstlevels of GST-RBD and
then compared to total Rhol levels.

Measuring egg chamber length: Egg chamber measure-
ments were acquired with Improvision OpenLab Version 5.5.0
software, using a QImaging Retiga EXi camera mounted on a
Zeiss Axioplan 2 microscope.

RESULTS

A deficiency screen to identify second-site modifiers
of pak mutant oogenesis defects: In an effort to
characterize the role of Pak during egg chamber elonga-
tion we carried out a genetic deficiency screen of the
second chromosome to identify modifiers of the pak
elongation phenotype. For this screen we used flies, which

we refer to as pak mutants, transheterozygous for the pak’
and pak' alleles, which both encode a truncated Pak
protein with no kinase domain (HING et al. 1999). We
tested 104 deficiencies spanning the second chromosome
by comparing egg chambers from females of the genotype
Df(2)/+; pak’/ pak’ [where Df(2) denotes any given de-
ficiency on the second chromosome] to egg chambers
from pak’/pak’ females, with a focus on looking for
elongation in the egg chambers of Df(2)bearing flies.

In the screen we generated flies that were heterozy-
gous for each individual deficiency in the pak mutant
background by crossing pak® females to males carrying
the second chromosome deficiency. The male progeny
of this cross were then crossed to females carrying the
pak'’ allele. As a control, in tandem we made pak mutant
flies heterozygous for the second chromosome bal-
ancers from each deficiency strain and found no effects
on the egg chamber elongation defect. We originally
intended to use pak allele stocks doubly balanced for
the second and third chromosomes in these experi-
ments so that we could follow all chromosomes, but this
was not possible due to the poor health of the stocks. In
any case, we could unambiguously identify pak mutant
females in our crosses by their characteristic crumpled,
droopy wings and uncoordinated behavior (HING et al.
1999) (none of the deficiencies we tested suppressed
these phenotypes). Half of the pak mutant females
would be heterozygous for a second chromosome defi-
ciency and might show suppression of oogenesis de-
fects. We aged pak females on yeasted media for several
days to allow for sufficient ovary development and then
dissected out their ovaries. In our dissections we looked
for pak females with ovaries larger than typical, as these
individuals likely contained suppressing deficiencies,
and assessed their ovarioles using phalloidin staining.
All putative suppressors were rechecked by repeating
the cross with the deficiency stock.

From our screen of the second chromosome we
identified 8 deficiencies of 104 that were able to partially
suppress the pak elongation defect when made hetero-
zygous in the pak mutant background (Table 1). Given
that previous studies in mammalian cell culture have
indicated that Pak can have an antagonistic affect on
RhoA signaling, and the central role of RhoA signaling
in stress fiber formation, we focused our attention on
one deficiency, Df(2R)JpS, that removes cytological re-
gion 52F5-53A1 and that fails to complement alleles of
the rhol locus, which encodes the Drosophila ortholog
of RhoA (SANDERS et al. 1999; HALSELL et al. 2000;
ROSENFELDT et al. 2006). pak mutant flies heterozygous
for Df(2R)Jp8 were healthier than flies that were solely
mutant for pak as they survived for a longer period of
time, living for 5-6 days compared to the 2- or 3-day
life span typical of pak mutant flies. The ovaries of
Df(2R)]pS/+ ; pak®/pak’ female flies were notably larger
than pak®/pak’’ mutant ovaries and contained elongated
egg chambers and egg chambers that were older than


http://www.lukemiller.org/journal/2007/08/quantifying-western-blots-without.html
http://www.lukemiller.org/journal/2007/08/quantifying-western-blots-without.html
http://www.lukemiller.org/journal/2007/08/quantifying-western-blots-without.html

504 S. Vlachos and N. Harden

TABLE 1

Second chromosome deficiencies that suppress the pak’/pak’ rounded egg chamber phenotype

Deficiency name

Region removed by deficiency

Suppressing gene(s) in deficiency

Df(2L)dpp[d14] 22E4-F2; 22F3-23A1
Df(2L)BSC28 23C5-D1; 23E2
Df(2L)BSCI11 928F5; 39B1
Df(2L)BSC32 32A1-2; 32C5-D1
Df(2R)Np5 44F10; 45D9-E1
Df(2R)BSC29 45D3-4; 45F2-6
Df(2R)Jp8 52F5-9; 52F10-53A1
Df(2R)14H10W-35 54E5-7; 55B5-7

dpp

mad

por

wun
wun; wun2
rhol

—, candidate genes have not yet been identified.

stage 10, including mature eggs (compare Figure 2C to
2B, and data not shown). We quantified the suppression
by comparing the lengths of stage 9 egg chambers from
the two genotypes and found that Df(2R)[p8/+; pak’/
pak'' individuals had significantly longer chambers than
the pak®/pak’’ females (Table 2).

Heterozygosity for components of Rhol signaling to
actomyosin contractility suppresses the pak rounded
egg chamber phenotype: Two hypomorphic 7401 alleles,
rhol™??° and rhol**?"°7*° and a null allele, rhol’%, were
tested using the same genetic cross described for the
deficiency screen (MAGIE et al. 1999; MAGIE and
PARKHURST 2005; SANNY et al. 2006). All three alleles
suppressed the pak mutant phenotype to a similar
extent as Df(2R)[pS, indicating that loss of Rhol in this
deficiency allows it to suppress and that Pak is a negative
regulator of the Rhol signaling pathway during oogen-
esis (Figure 2D, Tables 2 and 3, and data not shown).

As discussed above, RhoA signals to activate actomy-
osin contractility and stress fiber formation, and we

¢

3 .%\5

Df(2L)Jp8/+; paké/pak’

dpp®/+; pak®pak’ tkv'/+; pak®/pak™

Df(2L)BSC29/+; pak/pak’,

checked to see if reduction of various components of this
signaling cascade would similarly suppress pak mutant
oogenesis defects. We obtained alleles of components
acting at different points in the signaling network, ex-
tending from activation of Rhol through to myosin at the
end of the cascade. The guanine nucleotide exchange
factor RhoGEF2 has been shown to participate in actin
regulation in other tissues, likely as an activator specifi-
cally of Rhol (BARRETT et al. 1997, HackerR and
PeErRrRIMON 1998; HALSELL ef al. 2000; NIROLAIDOU and
BARRETT 2004; ROGERS ¢! al. 2004; DAWES-HOANG et al.
2005; GROSSHANS et al. 2005; PADASH BARMCHI et al. 2005;
SIMOES et al. 2006; Fox and Prrrer 2007; KOLSCH et al.
2007; CA0 et al. 2008; MULINARI et al. 2008). An allele of
RhoGEF2 was an effective suppressor, as were alleles
of rok, LIM kinase 1 (LIMKI), diaphanous (dia), spaghetti
squash (sqh) encoding the regulatory light chain of
nonmuscle myosin, and zipper, encoding nonmuscle
myosin heavy chain (YOUNG et al. 1993; CASTRILLON
and WASSERMAN 1994; EDWARDS and KiEHART 1996;

FIGURE 2.—Suppressors
of pak rounded egg cham-
ber phenotype. Stage 8 or
older egg chambers or eggs
stained with phalloidin are
shown. Genotypes are shown
at the bottom. (A) Wild-type
egg chamber elongated
along the A-P axis. (B)
Spherical pak mutant egg
chamber. (C-G) Heterozy-
gosity for various compo-
nents of the Rhol-activated
actomyosin contractility sig-
naling pathway suppresses
the pak rounded egg cham-
berphenotype. (H) Hetero-
zygosity for an allele of the
MLC phosphatase flw sup-
presses the pak elongation
defect, allowing develop-
ment of a mature egg. (I-L)

pvr'/+; pak®/pak’

Heterozygosity for candidate genes identified in a screen suppresses the pak rounded egg chamber phenotype. Note that panels
are not all to the same scale. Bars: 100 pm in A, D, E, I, and J; 50 wm in B, C, F, and L; and 150 pm in G, H, and K.
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TABLE 2

Quantification of stage 9 egg chamber length

TABLE 3

Quantitative production of mature eggs

Genotype EC length (um) SD n
pak’/pak’’ 150.758 19.8 20
w''s 218.527 33.9 21
rhoGEF2°"%"' /+ ; pak®/pak’ 209.975 28.6 25
Df(2R)Jp8/+; pak®/pak’ 207.072 30 19
rhol™/+; pak®/pak' 204.717 19.8 21
sqi’/X; pak®/pak'’ 187.292 20.1 20
dia’/~+; pak®/pak’’ 175.085 15.3 20

Egg chambers were measured from the anterior-most end
to the apex of the oocyte at the posterior end. In comparison
to pak’/pak'’, all other genotypes are significantly different
with Pwvalues <0.005. All heterozygous mutations in pak®/
pak'’ individuals are strong alleles with the exception of
dia’, which is a hypomorph.

BARRETT et al. 1997; WINTER el al. 2001; ANG et al. 2006)
(Figure 2, E-G, Tables 2 and 3, and data not shown).
Suppression of the pak mutant elongation phenotype by
removal of any single component of the Rhol-activated
actomyosin contractility pathway suggests that Pak regu-
lates this pathway during egg chamber elongation.
Evidence that RhoGEF2 is the major activator of
Rhol in regulation of the basal F-actin in the follicular
epithelium: Heterozygosity for RhoGEF2 was as effec-
tive as heterozygosity for alleles of Rhol signaling com-
ponents in suppressing pak mutant oogenesis defects,
and we checked to see if heterozygosity for RhoGEF2 was
suppressing the basal actin defects in pak mutant egg
chambers. We observed a clear suppression of the dis-
organized basal F-actin of the pak mutants. As in wild
type, the basal F-actin of RhoGEF2°""' /+ ; pak®/pak'’ egg
chambers was arranged in parallel bundles lying per-
pendicular to the A-P axis, which was significantly
different from the basal F-actin of pak mutants (Figure
3). Reduction of other components of the Rhol pathway
similarly rescued the F-actin disruption in pak mutant
females (data not shown). Heterozygosity for RhoGEF2
was notably more effective than other Rho pathway com-
ponents at extending the life span of pak mutant females,
with flies surviving =2 wk. In addition to RhoGEF2, two
other GEFs in Drosophila have been demonstrated to
be involved in activating Rhol signaling to the actin
cytoskeleton. Pebble activates Rhol during cytokinesis

Ovarioles

No. Total no. with eggs
Genotype ovarioles eggs (%)
w'''® nc nc 100
pak®/pak’ 55 0 0
rhol'®/~+; pak®/pak'’ 215 22 10.23
r0k’/X; pak®/pak’ 47 4 8.55
limk2/X; pake/pak’” 94 4 4.95
rhoGEF2°*! /+ ; pak’/pak'! 430 105 24.42
dia’ /+; pak®/pak’’ 86 2 2.32
Sl /X pak®/pak’ 139 6 4.32
Df(3L)Exel6102, pak®/pak" 100 0 0

nc, not counted as each ovariole in the wild-type sample al-
ways contained at least one egg. Df(3L)Exel6102 removes the
RhoGEF64Clocus. All heterozygous mutations in pak’/pak'’ in-
dividuals are strong alleles with the exception of dia’, which is
a hypomorph.

and RhoGEF64C is a Rhol activator participating in
formation of the spiracular chamber and in axon at-
traction (PROKOPENKO ¢f al. 1999; BAsHAW ef al. 2001;
SomERs and SAINT 2003; SIMOES et al. 2006). Further-
more, RhoGEF64C can promote stress fiber formation in
mammalian fibroblasts in a RhoA-dependent manner
(BasHAw et al. 2001). Reducing the levels of either of
these GEFs using deficiencies or loss-offunction muta-
tions had no effect on pak oogenesis defects (Table 3 and
data notshown). We conclude that RhoGEF2 is the major
or only GEF regulating Rhol activation in control of the
basal F-actin in the FE.

Pak does not appear to regulate the levels of
activated Rhol during oogenesis but is required for
RhoGEF2 localization: Mammalian Pakl is able to
interact with the DH-PH domain of the RGS-containing
pl15-RhoGEF, leading to a disruption in G-protein—
coupled receptor-dependent RhoA signaling, thereby
implicating Pak in the negative regulation of RhoA
signaling events (ROSENFELDT et al. 2006) . To determine
if such an interaction might be occurring in Drosophila
between RhoGEF2 and Pak, we created and used a
GST-Husion protein containing the DH-PH domain of
RhoGEF2 and attempted to pull down Pak from adult
flies, but were not successful (data not shown).

Ficure 3.—Comparison of the basal F-actin of
middle stage egg chambers stained with phalloi-
din. (A) Basal F-actin of wild-type egg chamber is
organized in parallel bundles that are oriented
perpendicularly to the A-P axis. (B) Basal F-actin
of pak’/pak’ egg chamber displaying disorga-
nized F-actin bundles that have no specific orien-
tation with respect to the A-P axis. (C) Basal
F-actin of rhoGEF2°""' /+; pak®/pak’" egg chamber
showing that suppressors of the pak rounded egg
chamber phenotype suppress the basal F-actin
disorganization. Bar: 25 wm.
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A Lysates GST-RBD
w1118 pa w1118 pak
anti-
e * Rho1
. i : anti-

. GST

F1GURE 4.—Pak does not appear to regulate the levels of ac-
tivated Rhol. (A) Rho activity assay. Using a fusion protein
composed of the Rho-binding domain (RBD) of the Rhol-
binding protein Rhotekin fused to GST in a GST pull-down
assay allowed for the detection of GTP-bound Rhol in wild-
type and pak mutant ovarian tissue lysates. Shown is a rep-
resentative SDS-PAGE gel Western blotted with anti-Rhol
antibody. The left side shows lanes containing equal volumes
of ovarian tissue lysates from wild-type and pak mutant flies.
The lanes on the right side show equal volumes of ovarian tis-
sue lysates that were passed through columns of GST-Rhotekin-
RBD Sepharose beads and precipitated beads run on a gel.
Incubation of these same lanes with anti-GST antibodies re-
vealed amounts of GST-Rhotekin-RBD in each lane. Intensity
of Rhol pull-down bands was normalized against intensity of
GST bands and compared to total Rhol input. (B-E) GFP-
based in vivo reporter to detect subcellular changes in acti-
vated Rhol levels. The follicle cell-specific driver -Gal4 was
used to express UAS-PKNG58AeGFP in a wild-type background
(B and C) or a pak mutant background (D and E). Anti-Rhol
antibody shows the level and distribution of total Rhol
whereas anti-GFP antibody shows the level and distribution
of activated Rhol. Bar: 50 pm.

Although we did not find a direct interaction between
Pak and RhoGEF2, we were still interested in determin-
ing whether Pak was regulating the activity of RhoGEF2
during oogenesis and consequently the activation of
Rhol. We assessed the levels of active, GTP-bound Rhol
in ovarian tissue lysates collected from wild-type flies
and pak mutant flies, using a pull-down assay (KIMURA
et al. 2000). GST fusions of the RBD of mDia or Rhotekin

were used to pull down GTP-Rhol from the lysates, and
levels of GTP-Rhol were compared to the total levels of
Rhol (Figure 4A and data notshown). We did not detect
a significant increase in GTP-Rhol levels in pak mutant
lysates.

If Pak were regulating Rhol activation only regionally
in the ovary, this might not be detectable using the pull-
down assay, and we visualized Rhol activation in situ in
the ovary using a transgenic GFP-based reporter,
PKNGb5H8AeGFP, that binds to GTP-Rhol and results in
an intense GFP localization wherever GTP-Rhol accu-
mulates (SIMOES et al. 2006). We expressed the reporter
in the follicular epithelium of wild-type and pak mutant
embryos using 198Y-GAL4, 185Y-GAL4, or traffic jam
(1))-GAL4 drivers (MANSEAU el al. 1997; HAYASHI el al.
2002; L1 et al. 2003; TANENTZAPF e¢f al. 2007) and
detected GTP-Rhol with anti-GFP antibody and total
Rhol levels with anti-Rhol antibody. As Pak becomes
localized basally when the basal F-actin begins to
polarize, it could be negatively regulating Rhol activa-
tion only at this end of the follicle cells. To see whether
this was the case we looked for an increase in GTP-
Rhol at the basal end of follicle cells in pak mutant egg
chambers but saw no obvious difference compared to
wild type (CONDER ¢t al. 2007) (Figure 4, B-E, and data
not shown).

To explore further the relationship between Pak and
RhoGEF2 we looked at RhoGEF2 distribution in wild-
type and pak mutant follicle cells. We used an available
FRT-recombined allele, pak'’ (NEWSOME et al. 2000),
which encodes a protein two amino acids shorter than
that encoded by pak’, to make follicle cell clones (FCC)
lacking pak (marked by the absence of GFP), and
assessed the distribution of RhoGEF2 using an anti-
RhoGEF2 antibody. In wild-type egg chambers Rho-
GEF2 was enriched throughout oogenesis to the basal
end of follicle cells, including at the basolateral domain
between follicle cells in stage 10B egg chambers, which
parts as follicle cells flatten to accommodate growth of
the oocyte (Figure 5, A'-D’) (SCHOTMAN et al. 2008).
During early oogenesis loss of Pak had little or no effect
on RhoGEF?2 (Figure 5A"), whereas pak'’ FCCs in stage
10A or older egg chambers showed delocalization of
RhoGEF2 such that it was no longer basally restricted or
highly enriched at the basolateral junction as seen in the
neighboring wild-type cells, but rather was distributed
throughout the cell (Figure 5, B"-D").

Pak regulates the phosphorylation of the nonmuscle
myosin regulatory light chain in follicle cells: A major
output of RhoA signaling is the phosphorylation of
the nonmuscle MLC. Mammalian Pakl phosphorylates
and inhibits the activity of myosin light chain kinase
(MLCK), leading to a reduction in phosphorylation of
MLC (SANDERS et al. 1999). To determine if loss of Pak
affected MLC phosphorylation we created pak'* FCC
and assessed the levels of phospho-MLC (pMLC). In
wild-type egg chambers pMLC is largely restricted to the
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GFP RhoGEF2

FiGUure 5.—RhoGEF2 is
basally localized in the fol-
licular epithelium and its
localization is regulated by
Pak. (A-D) Anti-GFP. (A'-
D’) Anti-RhoGEF2. (A"-D")
Merge. FCC are distin-
guished by a lack of GFP
staining. Arrowheads mark
some clone boundaries.
(A-A") pak' FCCin a stage
5 egg chamber showing
that the basal localization
of RhoGEF?2 is slightly re-
duced. (B-B") pak’ FCC
in columnar cells of a stage
10A egg chamber showing
that the localization of
RhoGEF2 is no longer re-
stricted to the basal end
of follicle cells in the ab-
sence of Pak. Yellow arrows
mark basal punctate localiza-
tion of RhoGEF2 in a wild-
type cell. (C-C") pak' FCC

GFP RhoGEF2

in a stage 10B egg chamber showing ectopic RhoGEF?2 distribution throughout cells. (D-D”) pak' FCC imaged at the basal surface
of a stage 10B egg chamber showing that RhoGEF2 accumulation at the points of basal membrane separation is lost in the absence of
Pak. White arrows mark obvious sites of basal membrane separation in wild-type tissue. Bar: 50 pm.

apical end of follicle cells from stages 3 to 6 but can also
be seen at the lateral membrane. During and following
stage 7 pMLC also accumulates at the basal end of
follicle cells around the time that the parallel actin
bundles emerge and can be detected with an antibody
against human pMLC (WANG and RiecHMANN 2007).
Staining with this anti-pMLC antibody revealed that
pak'* mutant cells in early egg chambers had a loss of

GFP pMLC

GFP pMLC

pMLC with respect to the neighboring wild-type cells
(Figure 6, A-A"). pak'’ FCCs in older, elongating egg
chambers showed an ectopic distribution of pMLC
throughout the cytoplasm of the follicle cells compared
to their wild-type neighbors (Figure 6, B-B"). However,
in follicle cells that had begun their cuboidal to columnar
transition and were positioned over the oocyte, pak'’
FCCs did not show ectopic pMLC (Figure 6, C-C").

FiGure 6.—Pak regulates phosphorylation of
MLC during development of follicular epithe-
lium. (A-C) Ant-GFP. (A'-C’) Anti-pMLC.
(A"—C") Merge. FCC are distinguished by a lack
of GFP staining. Arrowheads mark some clone
boundaries. (A-A") pak’ FCC in a stage 5 egg
chamber showing a loss of pMLC staining from
the apical and lateral membranes. (B-B”) pak'
FCCs in main-body follicle cells of stage 9 egg
chamber showing ectopic pMLC in the absence
of Pak. (C-C”) Stage 9 egg chamber in which
the pak’ mutant clone contains both main-body
follicle cells and follicle cells over the oocyte. The
arrow denotes the junction between these two
cell types. In mutant follicle cells that are over
the oocyte, pMLC levels are slightly reduced at
the apical membrane but are otherwise unaf-
fected. However, in the mutant main-body folli-
cle cells there is ectopic pMLC. Bar: 25 pum.
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FIGURE 7.—Rhol-mediated actomyosin contractility during
egg chamber elongation and model for Pak’s role. Pak func-
tions to both promote and restrict MLC phosphorylation. (A)
During early oogenesis Pak acts as a positive contributor to
MLC phosphorylation, probably functioning as an MLCK.
This function is inhibited by the MLC phosphatase Flw. (B)
During later stages of oogenesis, Pak restricts MLC phosphor-
ylation, counteracting the Rhol actomyosin contractility path-
way. Consistent with the literature on mammalian Pak, this
could be occurring through negative regulation of an MLCK
(1). Another possibility is that Pak negatively regulates Rok
(2). Pak likely also controls the distribution of MLC phos-
phorylation by regulating RhoGEF2 localization (3).

To determine if the ectopic pMLC in pak mutant
follicle cells was due to a failure to negatively regulate
MLCK, we tested to see if reducing MLCK function in pak
mutant flies would suppress the egg chamber elongation
defect. Three Drosophila loci have been identified
encoding members of the Titin/MLCK family, Stretchin-
MLCK, bent, and CG1776, although the products of these
genes have yet to be tested with regard to effects on MLC
(CHAMPAGNE et al. 2000). We saw no suppression of
oogenesis defects in pak mutants made heterozygous for
alleles of these genes (data not shown).

The loss of pMLC in pak mutant FCCs in early egg
chambers indicates that during oogenesis Pak positively
contributes to phosphorylation of MLC prior to its role
as a negative regulator. A role for Pak in driving MLC
phosphorylation is further supported by a genetic in-
teraction between pak and an allele of flapwing ( flw),
encoding the MLC phosphatase PP13 (VERESHCHAGINA
et al. 2004). Flw suppresses basolateral MLLC phosphory-
lation in the follicular epithelium and we therefore tested
for a genetic interaction with pak (VERESHCHAGINA et al.
2004; WaNG and RiecHMANN 2007). Heterozygosity for
flwsuppressed the egg chamber elongation defect of pak
mutant flies and allowed the development of mature eggs
(Figure 2H, Table 3).

Dpp pathway and other signaling components
identified as pak interactors in the suppressor screen:
In addition to identifying the Rhol pathway members as
Pak interactors, we have evidence that other signaling
proteins interact with Pak in regulating egg chamber

elongation. Given the recent demonstration of a link
between Decapentaplegic (Dpp) signaling and the Rhol
pathway, we were interested that two of the deficiencies
identified as suppressors in our screen deleted genes en-
coding components of the Dpp pathway (WIDMANN and
DanMaNN 2009). Df(2L)dpp[d14] removes dpp, and
Df(2L)BSC28 removes mothers against Dpp (mad), an
R-Smad mediating Dpp signaling to the nucleus (SEGAL
and GELBART 1985; PARrks et al. 2004) (Table 1). To
determine whether pak had an antagonistic relationship
with the Dpp pathway, we made pak mutants heterozy-
gous for alleles of dpp, mad, and thickveins (tkv), encoding
a type I Dpp receptor, and found that removing a sin-
gle copy of any of these Dpp signaling components was
sufficient to suppress the pak mutant elongation defect
(Figure 2, I and J, and data not shown).

We identified a pair of overlapping deficiencies,
Df(2R)Np5 and Df(2R)BSC29, in the screen that re-
moves wunen (wun), which encodes a phosphatidic acid
phosphatase involved in germ cell migration that also
interacts with Rhol signaling (ZHANG el al. 1996, 1997;
PARKS ¢t al. 2004; GREGORY et al. 2007) (Table 1, Figure
2K, and data not shown). Df(2R)BSC29 also removes
the related gene wun2, which works together with wun
in regulating germ cell migration (STARZ-GAIANO et al.
2001), and we found that heterozygosity for alleles of
either wun or wun2 suppressed pak elongation defects
(data not shown).

PDGIF- and VEGI=receptor velated (Puvr) is disrupted in
Df(2L)BSCI111 and encodes a receptor tyrosine kinase
guiding migration of the border cells, a subset of the
follicle cells (DucHEK et al. 2001) (Table 1). Given that
Pvr regulates the actin cytoskeleton in a Rac-dependent
manner, it is a suitable candidate for a Pak-interacting
protein and we determined that heterozygosity for a Pur
allele suppressed pak elongation defects (Figure 2L).

DISCUSSION

The follicular epithelium as a system for studying
stress fibers and actomyosin contractility: Our study
establishes the basal F-actin of the follicular epithelium
as an attractive system for the genetic analysis of the
signaling pathways regulating the formation of stress
fiber-like structures. The actin bundles in the follicle
cells appear to be similar to the ventral stress fibers of
nonmotile cultured cells, for which one model of stress
fiber formation is that it is driven by bundling of actin
filaments by actomyosin contractility (CHRZANOWSKA-
WobNICKA and BURRIDGE 1996; PELLEGRIN and MELLOR
2007). Consistent with this model, our results indicate
that the major cause of basal F-actin disruption in pak
mutant cells is misregulated actomyosin contractility
that can be suppressed by reduction of the Rhol
pathway. We found that Pak regulates pMLC distribu-
tion during oogenesis, at first being required for pMLC
and later restricting where it is present. Such conflicting
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roles for Pak have been reported in isolation in mam-
malian cell culture studies, but our results are the first to
show that they can be temporally separated during
development of an epithelial cell (see model in Figure
7). Paks from diverse species can function as MLCKs
(Ramos et al. 1997; CHEW et al. 1998; ZENG et al. 2000;
BissoN et al. 2003; ZHANG et al. 2005; Loo and
BALASUBRAMANIAN 2008; SZcZEPANOWSKA ef al. 2006),
and such an activity for Pak is indicated in early stage egg
chambers, where Pak’s MLCK function is opposed by
the Flw MLC phosphatase. Later in oogenesis, around
the time of egg chamber elongation, Pak restricts the
distribution of MLC phosphorylation and comes into
conflict with the Rhol/Rok pathway.

There are a number of ways that Pak could impinge
on the Rok pathway, with one being at the level of
RhoGEF?2 at the top of the pathway (Figure 7). Pak is
required for the basal localization of RhoGEF2, and the
mislocalized RhoGEF2 seen in pak mutant clones could
atleastin part be responsible for the ectopic pMLC seen
in older egg chambers. A protein similar to RhoGEF2
in mammals, P115-RhoGEF, appears to be negatively
regulated by Pak binding to its DH-PH domain but we
have been unable to find a similar physical interaction
between Pak and the RhoGEF2 DH-PH, nor have we
detected an effect of Pak on Rhol-GTP levels, although
itis possible that there could be an effect not detectable
by our assays (ROSENFELDT et al. 2006). A recent study
showed that the PDZ domain of RhoGEF2 is required
for its localization at the furrow canal during cellulari-
zation (WENzL et al. 2010). Furthermore, the novel
protein Slam, which complexes with the RhoGEF2 PDZ
domain, is required for RhoGEF2 localization during
cellularization, and it will be of interest to determine if
Pak regulation of RhoGEF2 localization in the follicular
epithelium involves the PDZ domain and/or Slam
(WENZL et al. 2010). Another possibility is that Pak
regulates RhoGEF2 through a trimeric G-protein in-
teraction. RhoGEF2 is a member of the RGS-containing
family of GEFs thatinteract with the activated G, subunits
of trimeric G proteins through their RGS domain
(reviewed in STERNWEIS ¢t al. 2007) and members of
the Pak family bind the Gg, subunit complex through a
motif conserved in Drosophila Pak (LEEUW et al. 1998;
LEBERER e¢f al. 2000).

Another route by which Pak could be restricting
pMLC distribution is through regulation of a MLCK
cooperating with Rok. Work on mammalian Pak has
demonstrated that Pak can negatively regulate the ac-
tivity of MLCK, thus reducing the level of MLC phos-
phorylation, and we considered three potential MLCKs
as candidate Pak targets (SANDERS et al. 1999). Alleles of
these genes did not suppress pak oogenesis defects,
suggesting either that they are not regulated by pak
during oogenesis or that more than one is being re-
gulated by Pak. Another possibility is that Pak is directly
regulating Rok in some manner to restrict the output of

this pathway. Interestingly, in the columnar epithelial
cells over the occyte in late egg chambers, Pak does not
regulate MLC phosphorylation and this may be to allow
the extensive actomyosin contractility likely to be re-
quired to shape these cells.

Finally, we have not eliminated the possibility that Pak
could be regulating pMLC levels simply by controlling
the overall amount of MLC, but this seems unlikely
given the considerable evidence that vertebrate Pak
regulates MLLC phosphorylation.

Confirmation of RhoGEF2 as the major activator of
Rhol in epithelia: Our finding that RhoGEF?2 is a basally
localized regulator of actomyosin contractility in the
follicular epithelium is consistent with numerous pre-
vious studies indicating that RhoGEF2 is the major
activator of Rhol during epithelial morphogenesis
(BARRETT et al. 1997; HACKER and PERRIMON 1998;
HALSELL et al. 2000; BAYER et al. 2003; NIKOLAIDOU and
BARRETT 2004; DAWES-HOANG et al. 2005; PAaDASH
BarmcHI et al. 2005; SIMOES et al. 2006; Fox and PEIFER
2007; KoLscH et al. 2007; MULINARI et al. 2008). As
mentioned above, two other RhoGEFs known to regulate
actin, Pebble and RhoGEF64C, did not affect the pak
mutant egg chamber phenotype. We tested deficiencies
and/or alleles disrupting 20 other predicted RhoGEFs
for the ability to suppress the dpak mutant egg chamber
phenotype and found that none were effective (S.
ViAcHOS, unpublished observations). Similarly, a recent
study tested predicted RhoGEFs as Rhol regulators in
driving epithelial morphogenesis during imaginal disc
morphogenesis and concluded that RhoGEF2 is a key
regulator (PATcH et al. 2009). Many of the RhoGEFs have
not been characterized functionally, although some have
been shown to be GEFs for GTPases other than Rhol and
to function in nonepithelial cells such as neurons.

RhoGEF?2 is enriched at the basal end of the follicle
cells throughout oogenesis including the points of basal
membrane separation between follicle cells that occurs
during follicle cell flattening in late stage egg chambers
(ScHOTMAN et al. 2008). Recently, it was shown that the
Rhol actomyosin contractility pathway is required for
this separation between follicle cells at the basal
membrane and presumably this signaling is activated
by RhoGEF2 (ScHOTMAN et al. 2009).

RhoGEF2 alleles are much more effective than alleles
of other Rhol pathway components at extending
the life span of pak mutant females, implying that
RhoGEF2 may have roles independent of the Rhol
actomyosin contractility pathway that could be regu-
lated by Pak. There is evidence that RhoGEFs have
functions distinct from small GTPase activation; for
example, Pebble has a Rhol-independent role in meso-
derm migration (SCHUMACHER et al. 2004; ROSSMAN
et al. 2005).

Candidate regulators of the Rho pathway identified
in a screen: In addition to the Rho pathway, we
uncovered an antagonistic relationship between Pak
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and the Dpp pathway in the regulation of egg chamber
elongation. A recent study of the Drosophila wing disc
demonstrated that Dpp signaling regulates the sub-
cellular distribution of Rhol activity and MLC phos-
phorylation in epithelial cells (WIDMANN and DAHMANN
2009). If this link between pathways also occurs in
the follicular epithelium, it may be that loss of Dpp
is suppressing the pak mutant phenotype through dis-
ruption of Rhol signaling. Another possibility is that
Dpp regulation of the actin filament cross-linking pro-
tein a-actinin in the follicular epithelium is relevant
(WAHLSTROM et al. 2006).

The ability of wun and wun?2 alleles to suppress the
pak egg chamber elongation defect might also be due
to downregulation of the Rhol pathway, as wun was
picked up in an overexpression screen for suppressors
of impaired Rhol signaling (GREGORY et al. 2007). Wun
and Wun2 belong to a family of lipid phosphate phos-
phatases that regulate the levels of lipids involved in
signaling including lysophosphatidic acid, which is an
important activator of the RhoA pathway (MOOLENAAR
et al. 2004; PYNE et al. 2004).
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Note added in proof: Another group recently demonstrated that the
Rhol-Rok pathway is required for actomyosin contractility in the
follicular epithelium (L. HE, X. WaNG, H. L. TANG and D. J. MONTELL,
2010 Tissue elongation requires oscillating contractions of a basal
actomyosin network. Nat. Cell Biol. 12: 1133-1142).
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