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Summary

In Drosophila RotundRacGAP/RacGAP(84C) is critical to
retinal organisation and spermatogenesis. We show that
eye-directed expression of RacGAP(84C) or its GTPase
activating protein (GAP) domain induces a dominant
rough eye phenotype which we used as a starting point in
a gain-of-function screen to identify new partners of
RacGAP(84C). Proteins known to function in Ras, Rho and
Rac signalling were identified confirming the essential role
of RacGAP(84C) in crosstalk between GTPases. Other
potential RacGAP(84C) partners identified by the screen
are implicated in signal transduction, DNA remodelling,

Cofilin phosphorylation. Eye-directed expression ofcdi
strongly suppressed the phenotypes induced by either
RacGAP(84C) gain-of-function or by the dominant
negative form of Racl, RaclN17. These results are
consistent with Cdi being a specific downstream target of
Racl. We showed thaRacland cdi are both expressed in
Drosophila testis and that homozygousRacl mutants
exhibit poor fertility that is further reduced by introducing

a cdi loss-of-function mutation in trans. Thus, results from
a misexpression screen in the eye led us to a putative novel
Racl-Cdi-Cofilin pathway, regulated by RacGAP(84C),

cytoskeletal organisation, membrane trafficking and coordinating Drosophilaspermatogenesis.
spermatogenesis. This latter class includes the
serine/threonine kinase Center divider (Cdi), which is
homologous to the human LIM kinase, Testis specific

kinase 1 (TESK1), involved in cytoskeleton control through
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Introduction named RotundRacGAP (Agnel et al., 1992), that we now refer

In mammalian cell systems, the small GTPases of the RH® as RacGAP(84C) to distinguish it from thetund ()
family, including Rho, Rac and Cdc42, have been shown tanscript included in the same locus (St Pierre et al., 2002). In
control a variety of cellular functions through changes invitro, RacGAP(84C) enhanced the GTPase activity of Racl
cytoskeletal organisation and gene transcription (Hall, 1998nd Cdc42 but not that of Rho (Raymond et al., 2001). Tissue-
Ridley, 1996; Vojtek and Cooper, 1995). Like all GTPases o$pecific overexpression experiments demonstrated the same
the Ras superfamily, RhoGTPases act as molecular switchesiBy Vivo substrate specificity during eye development and
cycling between active, GTP-bound, and inactive, GDP-bound®mbryonic  dorsal closure (Raymond et al., 2001).
states (Nobes and Hall, 1994). GTPase activation requirdaCGAP(84C) has 60% similarity with the human male germ
guanine nucleotide exchange factors (GEFs) inducing theell RacGAP (MgcRacGAP) protein (Toure et al., 1998)
exchange of GDP to GTP, whereas GTPase-activating proteiaghough it lacks the N-terminal microtubule-binding domain
(GAPs) stimulate GTP hydrolysis, thus down-regulatingof MgcRacGAP (Hirose et al., 2001) that is present in the
GTPase-mediated signals (Lamarche and Hall, 1994; Nobé&®mologousDrosophila RacGAP protein, DRacGAP(50C)
and Hall, 1994). Several lines of evidence suggest that GEESotillos and Campuzano, 2000). LikengcRacGAP,
determine the specificity of GTPase upstream activatinlRacGAP(84C)s strongly expressed in the testes, specifically
signals (Schmidt and Hall, 2002) and that GAPs may serve @ primary spermatocytes. Analysis @frosophila mutants
effector molecules downstream of Ras-like GTPases (Jullierlemonstrated that RacGAP(84C) is necessary for membrane
Flores et al., 1995; Kozma et al., 1996).Drosophilg the  deposition during spermatid elongation. In its absence,
RhoGTPases are specifically required in many developmenttdsticular cyst growth is extremely limited, while flagellar
events involving actin-mediated cell shape changes and tlygowth continues independently of cyst elongation, leading to
establishment of cell polarity (Settleman, 2001). characteristic short testicular cysts with bulbous ends (Bergeret
TheDrosophila rotundocus at cytogenetic position 84C on et al., 2001).
the third chromosome encodes a RacGAP protein, previously We show that expression of RacGAP(84C) or of its GAP
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domain dominantly affects eye development. In order teecombination techniques. ThediR4’ mutation was followed
identify new molecular partners of RacGAP(84C), wegenetically (lethality oveediR4?); Raci!! was followed by the linked
performed a gain-of-function screen using the EP moduldharker FRT2A ([w]); and the deletiorRac? was detected by
misexpression system devised by P. Rorth, which employs %nemic PCR amplification using the primers described below.
transposable P-element (EP) containing 14 copies of the UAS

element linked to a basal promoter (Rorth et al., 1998). If the EP(3)3319 mobilisation

EP is inserted '5o an endogenous gene (the preferential sitgp excisions were performed by introducing the stable source of
for P insertion), directed transcription of that gene can b@ansposase in EP lines using standard procedures (Robertson et al.,
induced by crossing the EP line to a tissue-specific driver lin#988). Loss of EP sequences was detected by Southern analysis using
expressing the yeast transcription factor Gal4 that recognisé 32P-random-labelled P[UAS] vector as probe.

the UAS sequences (Brand and Perrimon, 1993). The results

of our screen strongly support an essential role fo
RacGAP(84C) in crosstalk between GTPase-depende
signals. EP insertions were identified in several genes encodin
regulators of these pathways, as well as in genes codi
protelns_putatlvely acting downstream of t.hese GTI_Dases. codylate buffer, pH 7.2, for 2 hours. After subsequent washing in
interest is the fact that this eye—d_lrecte_d mISexpression SCre‘a[;?codylate buffer, they were postfixed in 1% @&D 1 hour and then
uncovered a number of proteins with either proven, Ofenydrated and embedded in Epon. Thin sectiopsr(2stained with

potential, function in sperm differentiation. We have Toluidine Blue were examined by phase-contrast optical microscopy.
demonstrated thatenter divider(cdi), encoding a LIM kinase

homologous to the human testis specific protein kinase 1
(TESK1), is expressed iDrosophilatestes where it probably

functions as a downstream effector of Racl in spern§I
differentiation. :

rglfalmple preparation and microscopic observation
Optical microscopy

ads of wild-type and transgenic flies were cut in half in PBS saline
ffer and immediately fixed in 2.5% glutaraldehyde in 0.1 M

Scanning electron microscopy

ies were fixed in 4% glutaraldehyde in 0.1 M cacodylate buffer, pH
2 for 2 hours. After three 30 minutes washes in cacodylate buffer,
they were dehydrated in successive baths of 50%, 70%, 95% and
100% ethanol, for 30 minutes each. Samples were dried by the critical
. point method with liquid C@Q sputter-coated with gold and observed
Materials and Methods with a JEOL JSM 840-A scanning electron microscope.

Fly strains and crosses

All flies were maintained on standard medium. X-linked EP lines wer . .
obtained from the Bloomington stock center, and autosomal E%etectlon of transcripts _ _
insertions were ordered from Exelixis's Fly station (http:// Reverse transcription polymerase chain reactions (RT-PCR)
flystation.exelixis.com). Transgenic lines UAS-RacGAP(84C), UAS-Fifty testes were dissected from the indicated strains in RNAlater
Zn and UAS-GAP have been described previously (Raymond et alAmbion, Inc.), and total RNA was isolated with RNAwiz™ (Ambion,
2001). Inc.). Contaminating genomic DNA was removed using the DNA-
free™ kit (Ambion, Inc.). RT-PCR reactions were performed with 1
pg RNA and 1.25 Units Titanium™ Taq DNA polymerase (Clontech)
Screen and 2.5 units AMVRTase (Promega) for 30 cycles of amplification
A recombinant line GMRGal4,UAS-GAP17 (referred to as GG17)essentially as described previously (Huet et al., 1993) and following
inducing a moderate rough eye phenotype was used as the startingnufacturers’ instructions. Oligonucleotide primers were chosen
point for the screen. A GMRGal4; UAS-GAP35 line (referred to aso cover genomic regions containing intronic sequence to allow
GG35) inducing a stronger eye phenotype was used to confirm genetietection of contaminating DNARacGAP(84Cyprimers: sense
interaction of candidate EP lines. GG17/CyO virgin females wer& CTTGCCGTGATCTTCGCTC and antisense 'G&TGAGT-
mated to EP males at 20°C (Rorth et al., 1998). F1 progeny weARCTGCTAAGGTTGAC. Expected fragment sizes: 274 bp (cDNA)
observed with a dissecting microscope for modification of theand 394 bp (genomic DNA)cdi primers: sense 'GATTTTCG-
reference eye phenotype of control GG17/+ flies resulting fronGTCCTCGCATTTGTGAT and antisenséCAGTTAGACGGGCA-
crossing GG17 females with!118 males. Lines that modified the CGATTTGTTCA. Expected fragment sizes: 498 bp (cDNA) and 5950
original phenotype were retested at both 20°C and 25°C with GG1bp (genomic DNA).TMS1dprimers: sense'5GCGGCATCAACA-
GG35 and separately crossed with the GMRGal4 driver. The EP linesGTTCTTCATCTCC and antisense '"/@CCGTGCCCGCCTC-
presenting a strong eye phenotype with GMRGal4 were discardedGTGTCTG. Expected fragment sizes: 426 bp (cDNA) and 780 bp
whereas those presenting a moderate eye phenotype with GMRGa{denomic DNA).Raclprimers: sense’BGAAGCACCCCCGCAA-
and a strong enhancement or lethality with GG17, were crossed toT€ AGAAATC and antisense 'GGTTGGGTTGGGTTGGGGG-
GMRGal4;r29TM3,Sb strain. The deficienep? maps to 84C and AATC. Expected fragment size 856 bp (no intronic sequences in the
deletes the entirRacGAP(84C)ranscription unit and overlapping locus). As a control, amplification was also performed in the absence
genes includingoe andrn (Agnel et al., 1989; St Pierre et al., 2002). of reverse transcriptase to further ensure that the amplification
observed was not the consequence of contaminating DNA (shown for
Rac).
Other genetic tests
Coexpression with the negative forms of either Cdc42, Racl or
Ras, was achieved by crossing EP lines with GMRGal4,UAS- Northern blot
Cdc42N17/CyO or GMRGal4/CyO; UAS-Racl1N17/TM3,Sb or Total RNA was extracted from adult flies or dissected testes or ovaries
UAS-RasN17; or GMRGal4/CyO, respectively. Recombinantwith RNAwiz™. RNAs were resolved on a 1% agarose formaldehyde
chromosomes carrying both theiR47 amorphic mutation (Matthews gel, blotted onto a Hybond-N filter, and hybridised under stringent
and Crews, 1999) and eithBaci!! or Rac2 mutations (Hakeda- conditions (Yang et al., 1993). Probes were labelled by random
Suzuki et al., 2002; Ng et al., 2002) were obtained by classic meiotjoriming in the presence o¥3P]CTP. Thecdi probe was generated by
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PCR using the sense primerTEAGTTGCCCGCCACGTCTAT- RacGAP(84C) is not modified by either the deficiency H99
TCC and antisense primer@GACCGCCGCTGTTGCACCGCTACT  covering the three pro-apoptotic gerreaper, hid and grim
covering 853 bp otdi coding sequences (exon 6). The filter was (Grether et al., 1995; White et al., 1994), or by coexpression
dehybridised and rehybl’idised with an actin cDNA prObe as a%f the p35 proteln, a Suppressor Of Caspase 8/3_dependent

internal loading control. apoptosis (Hay et al., 1994; Riedl et al., 2001; Xu et al., 2001)
(not shown). Thus, vacuole formation and decreased cell
Detection of B-galactosidase activity in testes number observed following eye-directed expression of

Isolated testes were fixed in 1% glutaraldehyde in PBS for 15 minutd8aCGAP(84C) might result from other cell death mechanisms
at room temperature arfidgalactosidase activity was detected using (Christich et al., 2002; Srinivasula et al., 2002; Wing et al.,
standard procedures. 2002), or from non-apoptotic processes.
The phenotype induced by eye-directed expression of
RacGAP(84C) might result from the dominant inhibition of

ResuIFs _ Racl and Cdc42 signalling. Indeed, eye-directed expression of
Eye-directed expression of RacGAP(84C) affects eye the dominant negative forms RacIN17 and Cdc42N17
development interferes with normal eye patterning (Fanto et al., 2000) and

Transgenic rescue experiments in29 homozygous flies cdc42mutant clones in the eye fail to produce adult ommatidia
showed thatRacGAP(84C)function is crucial to internal (Genova et al.,, 2000). When compared to flies expressing
retinal differentiation and spermatogenesis (Bergeret et alRacGAP(84C), the external phenotype and internal
2001). In order to identify additional processes in whichorganisation was much less affected in flies expressing
RacGAP(84C) functions during eye development, weRaclN17 or Cdc42N17 (Luo et al., 1994) whether singly or in
investigated the effect of eye-directe®RacGAP(84C) combination (shown for Rac1N17, Fig. 1E,F). Cdc42 and Racl
expression on internal and external eye morphologydominant negative forms, working stochiometrically, might
Transgenic UAS-RacGAP(84C) flies were crossed with aot interfere as strongly as RacGAP(84C) which functions
GMRGal4 strain that drives the UAS target transgene in altatalytically on its substrates. Alternatively, RacGAP(84C)
cells posterior to the morphogenetic furrow in the developingxpression may interfere with pathways other than those
imaginal eye disc (Ellis et al., 1993). Ninety-five percent of theaffected by Rac1N17 or Cdc42N17 transgenes, a finding in
progeny die as black pupae. Lethality probably results fromaccord with previous results demonstrating genetic interaction
leaky expression of RacGAP(84C) in tissues other than the epé RacGAP(84C) with the two proteins Ras and downstream
disc. Survivor flies exhibit rough and reduced eyes with glossgeceptor kinase (Drk) from the MAP kinase cascade (Bergeret
surfaces and a black patch in the anterior-most part (Fig. 13t al., 2001; Yamamoto, 1994).

Compared to control flies (Fig. 1A,B), retinal thickness is

reduced and a decreased number of misshapen ommatidia are ) ) .

randomly dispersed in a vacuolated matrix (arrows, Fig. 1DJRough eye phenotype induced by directed expression of
Photoreceptor cells appear fused at the level of thefhe GAP domain of RacGAP(84C) provided the starting
rhabdomeres and mis-oriented (arrowheads, Fig. 1D). THeoint for a misexpression screen

external eye phenotype induced by directed expression dhe RacGAP(84C) protein contains two major domains: a

Fig. 1. Eye phenotypes caused b
misexpression of the
RacGAP(84C) protein or its GAP
domain. (A,C,E,G,H) External
aspects viewed with a dissecting
microscope. (B,D,F) Semi-thin
tangential histological sections.
(A,B) GMRGal4/UAS-lacZ contrc
flies. (A) Eyes exhibit a regular
array of about 800 repeated
ommatidia. (B) Normal ommatidi
architecture characterised by a
trapezoidal array of outer
photoreceptor cells R1-6 and
central R7 cell, surrounded by
accessory cells. (C,D)
GMRGal4/UAS-RacGAP(84C).
(C) Eye-directed expression of
RacGAP(84C) induces rough ey
with black patch in the anterior-
most part. (D) RacGAP(84C)-expressing retina shows a reduced number of randomly dispersed ommatidia and vacuolatedanaderial (ar
associated with abnormal numbers of photoreceptor cells and misshapen rhabdomeres (arrowheads). (E,F) GMRGal4/UAS-RagdN17. (E)
directed expression of Rac1N17 induces rough eyes. (F) Rac1N17-expressing retina shows loss of rhabdomeres (open anawisad), ab
photoreceptor cells (black arrowheads), vacuolated material (arrows), and polarity defects (bar). (G) GMRGal4/+; UAS-GAP17/+ ey
expressing the isolated GAP domain of RacGAP(84C) (weak strain). (H) Eye-directed expression of RasN17 induces redudedyssd roug
(RasN17/Y; GMRGal4/+).
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Table 1. Genetic partners of RacGAP(84C) ©
Genel/predicted gene EP line cytology GG17 Molecular and functional information Rac1N17 Cdc42N17 RasN17rn20 8-
A. Ras, Rac and Rho signalling proteins =
Misexpression of Ras(MESRJ EP(2)386 54C3-7 Su Suppressor of constitutive Ras-MAPK signalling No effect No effect No effect NT >
A kinase anchor protei(Akap 200 EP(2)2072 29C3-4 Enh Suppressor of constitutive Ras-MAPK signalling No effect No effect No effect NT &
(syn.MESRR EP(2)2254 Enh NT NT NT NT o,
Drosophila C3G(DC3-G) EP(1)1613* 6D1-2 Enh RasGEF, activation of Ras-MAPK NT NT NT No effectO
UAS-DC3G Enh Enh Enh No effect NT 10}
CG31012 EP(3)3700 100A6 Enh SH3 domain No effect No effect No effect NT =
pebble(pbl) EP(3)3415* 66A18 Lethal RhoGEF, functions in cytokinesis Lethal Enh (escapers) No effect Lethag)
GEF(64C) EP(3)3035 64B14 Enh RhoGEF, functions in axonal growth No effect No effect No effect NT o
EP(3)3322* Lethal Lethal Lethal No effect No effect =
grapes(grp) EP(2)587 36A10 Enh Ser/thr kinase, functions in DNA repair Enh (rough) Enh (rough) Enh (glossy) NT 8
CG7097 EP(2)2445 56C1-4 Enh Receptor signalling Ser/thr kinase No effect No effect No effect NT
SNF/AMP-activated protein S/T kinase EP(3)648 93C2-6 Enh AMP-activated Ser/thr kinase, functions as a metabolic ~ Enh (escapers) No effect No effect N‘IJ:
gamma subunit sensor in yeast ~
—
B. Cytoskeletal control and membrane trafficking B
Myo31DF EP(2)2491 31F3 Enh Myosin ATPase Enh No effect No effect NT —
BeachediBeach) EP(2)2299*  26Al Enh Endocytic pathway, neuronal growth Enh (escapers) Enh (escapers) Enh Enh
EP may drive a Nter truncated protein (see Table S1)
C. DNA remodelling factors
kismet(kis) EP(2)474 21B2-4 Enh DNA helicase No effect No effect NT
EP(2)563 Enh No effect No effect No effect
domino(dom) EP(2)2371 57D11 Enh DNA helicase No effect No effect No effect
Dodeca-satellite-binding protein(Dpl) EP(2)2422 55D4 Enh Single strand DNA binding, KH domain No effect No effect No effect
D. Spermatogenesis
purity of essencoe EP(2)349 28E1 Su Male sterile, abnormal sperm tail Su Su No effect
EP(2)737 Su Su Su No effect
Target of methylation-induced silencing EP(3)807 72E5-F1  Enh Caspase-mediated cell death No effect No effect No effect
(TMS1d
Centre divider(Cdi) EP(3)3319 91E4-F1  Su Ser/thr kinase TESK1 Su No effect No effect
E. Others
Traf2 EP(1)325 7D16 Enh TNF- signalling pathway No effect No effect No effect
wunen2 EP(2)652 45D Enh Phosphatidic acid phosphatase No effect No effect No effect
CG14959 EP(2)714 63C1 Enh Chitin binding domain NT NT NT
EP(2)3139
CG5261 EP(2)816 27F1-6 Enh Dihydrolipoamide-S-acetyl transferase Enh Enh No effect
CG3624 EP(2)827 58D7 Enh Immunoglobulin domain
rhomboid-6(rho-6) EP(2)2023 33D1 Enh EGF- MAP kinase signalling No effect No effect No effect
CG6701 EP(2)2054 50C22 lethal C2H2 Zn finger domain Enh No effect No effect
CG8740 EP(2)2233 44E3-4 Enh No putative conserved domain Enh Enh No effect
numb EP(2)2455 30B5 Su Phosphotyrosine interaction and PH domains Su Su No effect
couch potatdcpo) EP(3)3395 90C10 Enh RNA binding motifs Enh No effect No effect
EP(3)3608 Enh
CG2017 EP(3)3503 83C5-6 Su GTP-binding elongation factor No effect No effect No effect

Eye directed expression of EP-associated genes with: the GAP domain of RacGAP(84C) (GG17) (column 4), Rac1N17 (coluniig) (@derth 7), RasN17 (column 8); orrimt® hemizygous

context (last column, A,B).

*EP lines presenting a rough eye in combination with GMRGal4.

NT, not tested.
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diacylglycerol-binding, zinc finger domain in the N terminus,in the eye with the dominant negative forms of either Cdc42,
and a GAP domain homologous to that of RhoGAP proteinRacl or Ras (Table 1, column 6-8), which themselves induce
in the C terminus. Previous experiments showed thatduced and roughened eyes (shown for Rac1N17 and RasN17,
overexpression of the full-length protein or its GAP domain, irFig. 1E and H, respectively). When coexpression of EP lines
UAS-RacGAP or UAS-GAP embryos respectively, generateavith either Rac1N17 or Cdc42N17 induced eye phenotypes
similar dorsal closure phenotypes resulting from an inhibitiorsimilar to those induced by its coexpression with GG17
of Racl and Cdc42 signalling (Raymond et al., 2001). Amongalthough systematically milder with Cdc42N17), one can
12 UAS-GAP lines, eight behaved like the strains carrying theonclude that interaction with RacGAP(84C) was likely to
full-length protein when crossed with the GMRGal4 driver (notresult from dominant inhibition of Rac (and Cdc42) signalling.
shown) whereas the four remaining strains were viable (7@®nly two lines modify the eye phenotype induced by directed
100%) and had a less severe eye phenotype (Fig. 1G). Thepression of RasN17 (EP(2)587 and EP(2)2299) inducing
differences are presumably due to insertional positiomlefects quite different from those observed with GG17 (see
effects. Eye-directed expression of the N-terminal part obelow). This suggests that RacGAP(84C) is unlikely to affect
RacGAP(84C) (UAS-zZn strain) did not induce any eyeRas activity directly; but rather interacts with Ras regulators or
phenotype indicating that RacGAP(84C) affects eyeeffectors including those found in our screen.
development and viability through its GAP domain (not shown).
To identify novel signalling components that interact with N ] .
RacGAP(84C), we performed a gain-of-function screen usin%odnclers of RacGAP(84C) gain-of-function belong to
the viable recombinant strain GMRGal4,UAS-GAP17 (referredne Ras pathway
to as GG17). From a set of 1800 EP lines tested, six linekhree EP insertions identified in our screen are situdtéal 5
behaved as suppressors and 93 lines, as enhancers. In the lajggres encoding proteins affecting the Ras-MAPK pathway
class, 67 enhancer lines themselves induced abnormal eye shéfsble 1A). MESR4 and MESR2/DAKAP200 are two proteins
when crossed with GMRGal4; as such, enhancement of th@eviously identified as downstream dominant suppressors of
GG17 eye phenotype might result from either additive oconstitutive Ras activity (Huang and Rubin, 2000), while the
synergistic effects. Of these, four EP lines were retained sindRasGEF DC3G directly enhances Ras activity during fly
other data confirmed the existence of a genetic interaction withevelopment (Ishimaru et al., 1999).
RacGAP(84C) (see below and Materials and Methods, MESR4 acted as a suppressor, the expression of which
indicated with an asterisk in Table 1). The exact position of eaatestored the global appearance of the eye associated with
EP insertion relative to its target was determined from sequeno@rmal ommatidial size and packing in GG17/EP(2)386
data supplied from the Berkel&rosophila Genome Project flies (Fig. 2E,F) compared to GG17/+ flies (Fig. 2C,D). In
(http://flybase.bio.indiana.edu) so as to assess the likelihoawntrast, the expression of MESR2/DAKAP200 (EP(2)2072,
that it drives transcription of a downstream gene (Table SEP(2)2254) enhanced the GG17-induced eye phenotype
http://jcs.biologists.org/supplemental/). Insertions located jushducing strong posterior defects and ommatidia sunken below
upstream of the transcription start, in tABBR, or in the first the eye surface (Fig. 2I,J). As expected for downstream
non-coding intron of a contiguous gene initiate a sense mRNAntagonists of Ras signalling, neither MESR4 nor MESR2
starting from the EP target promoter which is produced only iexpression modified the phenotypes induced by eye-directed
the presence of Gal4 (Rorth, 1996). Accordingly, three enhancexpression of the dominant negative form RasN17. Their
EP lines inserted in the opposite orientation were discarded (i.expression also had little or no effect on the eye phenotype
EP(2)588 inkekkon EP(2)1195 intoutatisand EP(2)2004 in induced by expression of RaclN17 or Cdc42N17. This
CG7231). To assess the additional possibility that the observethservation would suggest that MESR interactions with GG17
phenotypes may be due to insertional loss-of-function mutatiomre independent of dominant inhibition of Rac or Cdc42
loss-of-function mutations or deficiencies of each of thesignalling.
candidate genes were systematically tested for their effect onThe EP(1)1613 insertion situatedtd the coding sequence
the GG17 eye phenotype (Table S1, http://jcs.biologists.orglf DC3G behaved as a strong enhancer of the GG17
supplemental/). No changes were observed except in one caphlenotype, itself inducing moderate rough eyes (Table 1A).
the deficiency coverin@MS1d,which dominantly enhanced This interaction was confirmed by using three existing UAS-
GG17 (see below). DC3G lines (Ishimaru et al., 1999). While two lines behaved
The final, selected 27 enhancers correspond to 23 loci atidle EP(1)1613, the third line induced no eye phenotype by
the original six selected suppressors, to five independent lodgiself and also strongly enhanced the GG17-induced defects.
These RacGAP(84C) partners were subdivided into five maifihe detailed phenotype is reminiscent of that induced by
classes according to their putative or proven functions (Tableoexpressing MESR2 and the GAP domain of RacGAP(84C),
1): (A) GTPase signalling molecules, (B) proteins implicatedwvith notably the appearance of sunken ommatidia although not
in cytoskeleton control or membrane trafficking, (C) DNA of posterior defects (not shown). As expected for a RasGEF,
remodelling factors, (D) spermatogenesis proteins and, (Expression of DC3G had no effect on the RasN17-induced eye
proteins of diverse or unknown function. defects. Indeed, RasN17 is blocked in a negative conformation
preventing any effective exchange from GDP to GTP. In
contrast, coexpression of DC3G with Rac1N17 or Cdc42N17

A certain number of GG17 modifiers act through resulted in phenotypic enhancement of the reduced and
dominant inhibition of signalling pathways dependent roughened eyes as with GG17, although ommatidia stayed
upon Rac or Cdc42, but not Ras round and did not appear depressed (not shown).

EP insertions modifying GG17 were subsequently coexpressedFinally, the same sunken ommatidial phenotype appeared
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when the GAP domain of RacGAP(84C) was coexpressecbmmon lethal phenotype when in combination with an excess
with the predicted gene CG11316 (misexpressed inf Pbl. Inversely, thebl® mutant (Prokopenko et al., 1999) did
EP(3)3700) that encodes a putative protein containing SH3ot modify the phenotype associated with GG17 when in trans.
domains (Table 1A, not shown). The common phenotyp&his indicates that RacGAP(84C) would be critical in Pbl-
obtained by coexpression of all three genes wittdependent processes whereas in RacGAP(84C)-dependent
RacGAP(84C) suggest that MESR2/AKAP200, DC3G, therocesses, Pbl lies upstream of RacGAP(84C) or its dosage is
CG11316-encoded protein, and RacGAP(84C) act in aot limiting.
common signalling pathway. Eye-directed expression dBEF(64C) in GMRGal4/+;
EP(3)3035/+ or in GMRGal4/UAS-GEF(64C) flies (Bashaw

) ) . et al., 2001) did not induce any rough eye phenotype
RacGAP(84C) interaction with RhoGEFs but enhanced the phenotypic defects of GG17. This
EP insertion in two genes encoding specific activators asuggests that GEF(64C) and RacGAP(84C) might act
Rho, the two RhoGEFs Pbl (EP(3)3415) and GEF}64Csynergistically in a common pathway. The introduction in
(EP(3)3322) induced rough eyes when expressed alone atrdns of either a deficiency of the 64C region (Df104(64C)),
pupal lethality in combination with either GG17, RacIN17 oror of two loss-of-function mutantsGEF(64CFMS! and
Cdc42N17 (Table 1A). Furthermore, reducing the dosage @EF(64CFMS9 (Bashaw et al., 2001) did not affect the
RacGAP(84C)n GMRGal4/+; EP3415n20 flies expressing GG17 eye phenotype. Thus, it appears that GEF(64C) may
Pbl also resulted in pupal lethality. Interestingly then, a gainlie upstream of RacGAP(84C) or its dosage is not limiting in
of-function of RacGAP(84C)or its diminution resulted in a this pathway.

Fig. 2. Modifiers of the reference
eye phenotype induced by the G,
domain of RacGAP(84C). Heads
from female flies raised at 25°C
(A-L) or 20°C (M-P) were viewed
by scanning electron microscopy
B,D,F,H,J,L,N,P are higher
magnifications of parts of
A,C.E,G,I,K,M,0O, respectively.
(A,B) GMRGal4/UAS-lacZ contrc
flies. (A) The eye surface is conv
and of characteristic size and
shape. (B) Each ommatidium is
uniform and round and there are
regular polarised inter-ommatidia
bristles. (C,D) GMRGal4,UAS-
GAP17/+ flies. (C) Reference
rough eye phenotype.

(D) Ommatidia are flattened, inte
ommatidial bristles are disoriente
of variable length, and occasione
absent. (E-H) Suppressor lines
showing a more wild-type eye in
size, shape, roundness and surfe
texture. Ommatidial architecture
basically restored, and inter-
ommatidial bristles are nearly
normal in number, length and
polarity. (E,F) GMRGal4,UAS-
GAP17/EP(2)386 flies
misexpressing MESRA4.

(G,H) GMRGal4,UAS-GAP17/+;
EP(3)3319/+ flies misexpressing
Cdi/TESK1. (I-P) Enhancer lines
(1,J) GMRGal4,UAS-
GAP17/EP(2)2072 flies
misexpressing AKAP200.

(I) Strong defects are apparent
posteriorly corresponding to a
black patch when viewed by optical microscopy. (J) Ommatidia are collapsed with distinct borders, except in rare casegkoiiusio
GMRGal4,UAS-GAP17/EP(2)587 flies misexpressing the kinase Grapes. (K) Reduced eye size. (L) Fusion of ommatidial unié$ and loss
bristles. (M,N) GMRGal4/EP(2)2299 flies misexpressing Beach at 20°C exhibit slightly rough eye surface and occasionabfiasiaticié.
(O,P) GMRGal4/EP(2)2299n29+ flies have strongly affected eyes with a rough surface, reduced size (O) and fused ommatidial units (P)
(whereasn29+ flies appear normal; not shown).




Four serine/threonine kinases, including the LIM
kinase Cdi, identify potential effectors of
RacGAP(84C)-dependent signalling pathways

GTPase activation either directly controls morphologica
changes or triggers a cascade of downstream serine/thr
kinases that ultimately activates a set of transcription fa
Four serine/threonine kinases were isolated in our scree
may correspond to novel effectors in GTPase-depe
signalling cascades.

The kinase Grapes (Grp) (Table 1A, EP(2)587) is invc
in DNA repair following exposure to radiation (Fogarty
al., 1997).grp expression strongly enhanced the eye de
when coexpressed with the GAP domain of RacGAP(
leading to extensively fused and depressed ommatidia
significant loss of inter-ommatidial hairs (Fig. 2K,L). (
induced similar defects when coexpressed with Rac
or Cdc42N17 (noted as ‘rough’ in Table 1A) and genel
other kinds of enhancement when coexpressed with Ra
leading to a glossy eye surface (not shown). This sucg
that Grp mediates multiple signalling pathways wi
activation synergises with the inhibition of either Rac, Ct
or Ras signalling.

EP(2)2445 (Table 1A) is insertedtb the predicted gel
CG7097 that encodes a putative receptor signalling s
threonine kinase of unknown specificity. CG7097-enci
protein is a good candidate for being a RhoGTPase tar
it contains a Citron-homology domain similar to that fo
in the protein kinase Citron, an effector of Rho-deper
signalling. Its expression did not significantly modify the
phenotype associated with either RaclN17, Cdc4.
or RasN17 expression suggesting that interaction
RacGAP(84C) is not due to dominant inhibition of tt
GTPases.

A third kinase selected in the screen is homologol
SNF4y (Yoshida et al., 1999), an AMP-activated ser
threonine kinase that induces derepression of
expression in response to glucose limitation in
(EP(3)648, Table 1A). Its expression enhanced the
defects induced by RaclN17 expression as observ
escaper flies, but not that of Cdc42N17 or RasN17, indic
that interaction with RacGAP(84C) gain of function m
specifically result from Rac inhibition. By analogy, th
results suggest the interesting possibility that Rac sign
may function in a stress response linked to the deregu
of glucose metabolism in the fly.

The last serine/threonine kinase isolated in this scre
encoded by the germenter divider(cdi) and was classifie
as a protein putatively involved in spermatoger
(EP(3)3319, Table 1D and see belowdi is the onl
case in which expression of a serine/threonine Ki
suppressed the eye defects induced by expressing thi
domain of RacGAP(84C) (Fig. 2G,H). Interestini
EP(3)3319 also behaved as a strong suppressor of tl
phenotype induced by RaclN17 (Fig. 3C,D), but ha
effect on the eye phenotype induced by expressing
Cdc42N17 (Table 1, not shown) or RasN17 (Fig. 3I,J
confirm that phenotypic suppression by EP(3)331
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Fig. 3. Specificity of Cdi and Beach towards Rac and Ras signalling.
Eyes of flies raised at 20°C viewed by scanning electron microscopy.
Coexpression of EP lines with Rac1N17 (A-F) or RasN17 (G-L).
(A,B) Control flies expressing only Rac1N17 (GMRGal4/+; UAS-
Rac1N17/+) show moderately rough eyes, occasional ommatidial
fusion and bristle polarity defects. (C,D) GMRGal4/+; UAS-
Racl1N17/EP(3)3319 flies. The LIM kinase Cdi is a strong suppressor
of the dominant inhibition of Rac1, restoring normal eye size and
ommatidial patterning. (E,F) GMRGal4/EP(2)2299; UAS-Rac1N17/+
flies. Beach is a strong enhancer of the dominant inhibition of Rac.
Eye size is further reduced and the ommatidial surface is totally fused
with a high density of randomly-oriented bristles. (G,H) UAS-
RasN17/Y; GMRGal4/+ control flies expressing RasN17 exhibit

rough eyes with frequent fusion between ommatidia. (1,J) UAS-
RasN17/Y; GMRGal4/+; EP3319/+ flies expressing Cdi do not

exhibit modification of the eye defects induced by RasN17.

(K,L) UAS-RasN17/Y; GMRGal4/EP(2)2299 flies expressing Beach
exhibit strong enhancement of RasN17, further reducing eye size and
leading to completely fused ommatidia and almost complete loss of
bristles.

attributable to the directed expressioncdi, we generated RaclN17 (not shown). Our results indicate that Cdi would be
P-excised lines that did not contain any P[UAS] sequence specific downstream effector of Racl, the expression of
as detected by Southern analysis. These P-excised lines dithich is able to rescue the dominant inhibition of Rac
not show any suppression effect toward either GG17 oactivity.
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Partners of RacGAP(84C) regulating cytoskeletal and Three partners of RacGAP(84C) are expressed in
membrane dynamics Drosophila testis
RhoGTPases define a major communications network in th&/e have isolated three genes having either proven or putative
regulation of the actin cytoskeleton directing specific celfunction in sperm differentiation, where RacGAP(84C) is
morphological changes during development. We isolate®inown to play an essential role (Table 1D). Theseoarity of
several EP insertions in genes encoding -cytoskeletoressencdgpoée for which loss-of-function mutations are male
associated proteins but only one, EP(2)249MyroD31DF sterile (Castrillon et al., 1993; Fabrizio et al., 1998Y|S1d
did not itself induce an eye phenotype with GMRGal4 (Tablexand cdi for which the respective human orthologugé®|S1
1B). MyoD31DFencodes a myosin ATPase, the expression ofTarget of methylation-induced silencing) afd&ESK1 are
which enhanced the eye phenotype of GG17 and to a lessetpressed in mammalian testes (Grossman et al., 2000;
extent that of Rac1N17 (not shown) but not that of Cdc42N1Toshima et al., 1995). Further we show by RT-PCR on isolated
or RasN17. This suggests that Rac, but not Cdc42 or Ras,testes thatdi and TMSldare also expressed Drosophila
required to modulate its function. testis as isRacGAP(84C)(Fig. 4A, lanes 1-4). Thus, the
Beach, identified by this screen as a functional partner aforresponding proteins represent probable partners of
RacGAP(84C) is of particular interest when considering itfRacGAP(84C) acting in sperm differentiation.
role in membrane trafficking-dependent processes, i.e. It has been reported that three alternatively spliced
endocytosis (Cornillon et al.,, 2002) and axonal growthranscripts of lengths 6.8, 6.0 and 5.7 kb are encoded by the
(Abdelilah-Seyfried et al., 2000; Kraut et al., 2001), twocdilocus (Matthews and Crews, 1999). We show by northern
processes requiring coordinated actin polymerisation andnalysis that there is considerable transcript-specific
membrane dynamics. While expression Beach alone expression ofdiin the germline; i.e. the 6.0 kb form is specific
induced a slightly rough eye phenotype when flies were raisdd the testis, and the 6.8 kb form, to the ovary (Fig. 4B). This
at 20°C (Fig. 2M,N), there was a dramatic enhancement whestrongly suggests a specific function of each Cdi isoform in
Beach was coexpressed with RacGAP(84C) in GG17 flies (nepermatogenesis and oogenesis, respectively. Taking advantage
shown) or when Beach was expressed in28+ background of the cdiP242 enhancer trap line containing theeZ reporter
inducing a similar strong eye phenotype (Fig. 20,P). Thigiene under the control ofli regulatory sequences (Matthews
indicates thatRacGAP(84C)dosage is critical in Beach- and Crews, 1999; Nambu et al., 1991), we assayefl-¢=
dependent processes. Misexpression of Beach also enhaneedvity in both imaginal eye discs @fli"242 larvae and in
the defects induced by expression of RacIN17, Cdc42N17 amestes ofcdiP242adult males. Staining was detectable in the
RasN17, inducing both common and specific phenotypes witlarval central nervous system and optic lobes but not in any
each corresponding transgene: as with the GAP domain @haginal structures (not shown). Therefore, the observed
RacGAP(84C), coexpression of Beach with RaclN17 ointeraction in the eye is either the indirect consequence of
Cdc42N17 leads to reduced eyes exhibiting abnormallgbnormal neuronal connections or the result of ectopic effects
abundant inter-ommatidial hairs and totally fused ommatidiaf Cdi on signalling cascades. In contrast, we detected specific
(Fig. 3E,F) whereas its coexpression with RasN17 induceexpression otdiin both extremities of the testis: in the apical
similarly reduced eyes and fused ommatidia but a total logsart where cells are actively dividing and in the distal part
of inter-ommatidial hairs (Fig. 3K,L). The major structural during terminal differentiation of the spermatids (Fig. 4C).
component of inter-ommatidial hairs is polymerised actin. Inthe case ofMS1d the enhancer line EP(3)807 is inserted
Presumably, these results reflect coordinate activity of Ra@4 bp upstream of the putative transcription start, and thus, it
Cdc42, Ras and Beach in coupling actin polymerisation andery probably produces Gal4-dependd@iMS1d transcripts.
membrane growth. However, sincéf(3L)st-edincluding TMS1dalso behaved as
a GG17 enhancer, we cannot exclude fhistS1d loss-of-
) _ function would also result in the aggravation of the GG17 eye
GTPase nuclear targets encoding DNA remodelling phenotype. In any event, both results indicate the existence of
factors a genetic interaction between the two genes. The EP(3)807
The GTPase-dependent activation of kinase cascadéssertion inTMS1ldhad no effect on the eye defects induced
ultimately leads to the phosphorylation and the consequebly the dominant negative forms of the three GTPases Racl,
activation of transcription factors that themselves activat€dc42 or Ras, suggesting that interaction with RacGAP(84C)
specific genes by direct binding to DNA. Several transcriptiomlepends upon other signalling cascades.
factors were isolated in the screen but none was conserved a&ye-directed expression of Poe, like that of Cdi, resulted in
their misexpression alone in the eye systematically induced egominant suppression of the eye phenotype induced by
defects. Changes in transcription levels also require proteirexpressing Rac1N17 or the GAP domain of RacGAP(84C).
involved in DNA remodelling that ensure accessibility of Additionally, expression of Poe but not of Cdi, suppressed the
transcription factors to DNA binding sites. The finding of EP-rough eye phenotype observed in flies expressing Cdc42N17
associated genes encoding helicases Ikiemet (kis) (Table 1). In contrast, the eye phenotype induced by RasN17
(EP(2)474 and EP(2)563) domino(dom) (EP(2)2371) (Table was not affected by coexpression of either Poe or Cdi. These
1C) supports the idea that GTPase-dependent signals indygleenotypic interactions suggest that Poe and Cdi act as
transcriptional enhancement of target genes through diredownstream antagonists of RacGAP(84C) or that they
signalling to DNA remodelling factors. Finally, another negatively modulate its function. Given that Cdi is a serine/
potential partner of RacGAP(84C) is the putative single-stranthreonine kinase, it is probably a specific downstream effector
DNA-binding protein encoded by Dodeca-satellite-bindingof Racl. We set about to test this hypothesis with respect to
protein 1 (Dpl) implicated in DNA replication (Table 1C).  spermatogenesis.
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Fig. 4. Partners of RacGAP(84C) encode testis-
specific genes. (A) Ethidium bromide-stained
agarose gel showing RT-PCR amplified
fragments after electrophoretic separation. Lane
1: cdi (498 bp); 2TMS1d(426 bp); 3:
RacGAP(84CJ274 bp); 4: Fragment size
marker (Gibco-BRL); 5: Fragment size marker
(Invitrogen); 6:Rac1(856 bp); 7RacGAP(84C)
(274bp); 8:Raclamplification without reverse
transcriptase (nhegative control). (B) Northern
analysis. Total RNA from: lane 1, 300 isolated
testes; lane 2, 200 adult flies and lane 3, 200
isolated ovaries. Detection ofli transcripts with
a32P-random-labeled probe shows that the 6.0
kb transcript is specific for testes and the 6.8 kb
transcript is specific for ovaries. The third form
of 5.7 kb described by Matthews and Crews
(Matthews and Crews, 1999) was detected only
in total adult RNA after longer exposure of
northern blot (not shown). (C) Detectionf®fal
activity in testis from the enhancer trap line
cdiP242 Staining is present in the apical part of
the germarium with dividing spermatogonia
(arrowhead), and in the distal part where the
final stages of differentiation occur (arrow).
(D-E) Dissection of testes and seminal vesicles
of 5-day-old males. (D) Contrei*18males

have transparent testes (arrow) and seminal
vesicles full of sperm (arrowhead). (&)

Racill FRT2A,cdf47Racill,FRT2Amales
exhibit an accumulation of dense material in the
distal region (arrow) and seminal vesicles full of
sperm (arrowhead). (F-G) Isolated testis of
Racill,FRT2A,cdr*7Racil!, FRT2Aseparated
from its seminal vesicle. (F) Before crushing, no
sperm are detectable (arrows). (G) After
crushing, in addition to uncharacterised material,
we observe motile sperm issuing from the distal
extremity of the testis (arrows).

Rac1-Cdi interaction is required during Drosophila Dissection ofw; Rac1!1,cdiR4/Rac1!! testes revealed an
spermatogenesis abnormal accumulation of dense material in the distal part
Homozygous amorphiRaci!! mutants are viable and show of the testis corresponding to the last stages of sperm
no abnormal external phenotype (Hakeda-Suzuki et al., 2003ifferentiation where we had previously detectexdli
However, we observed that 46%Rdci! homozygous males expression (Fig. 4C,E arrows). When crushing the isolated
are sterile in individual crosses with wild-type femalestestis, we observed motile sperm issuing from the distal
although the testes appear normal and the seminal vesicleeistremity (Fig. 4F,G). This indicates that sperm
full of motile sperm when viewed by optical microscopy (notindividualisation has been completed without accompanying
shown). We further show by RT-PCR on isolated testes thatassage into the seminal vesicle, thereby implying a
Raclis indeed expressed Drosophilatestes (Fig. 4A, lanes deregulation of the signals normally regulating their
5-8) consistent with Racl acting durin@rosophila  coordination. Our results thus strongly suggest the requirement
spermatogenesis. of a Rac1-Cdi pathway, putatively regulated by RacGAP(84C),
To assess the contribution of a putative Racl-Cdi pathwaguring the terminal stages Dirosophilaspermatogenesis.
in sperm differentiation, we constructed independent
Rac1'1,cdiR4ITM3,Skrecombinant lines wherliR47is a lethal . _
deletion into thecdi transcription unit (Matthews and Crews, Discussion
1999). Half the genic dosage adi further reduced fertility of We devised a gain-of-function screen to identify new genetic
Raci1!! homozygous males: 74% uof Racill,cdiR47Rac1!!  partners of RacGAP(84C). The quantity, diversity and apparent
are fully sterile in 100 individual crosses. By comparison, botthierarchy of action of the candidate proteins that emerged
Rac2 homozygous an®Rac?,cdiR47/Rac?2 males were fully strongly suggest that RacGAP(84C) may contribute to the
viable and fertile indicating that spermatogenesis specificallyegulation of multiple and distinct processes including GTPase
requires Racl function. crosstalk, cytoskeletal dynamics and gene transcription in a
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capacity exceedingly more complex than solely as a negativedc42 ensures cytoskeletal rearrangement within the cell. We
inhibitor of Rac and Cdc42. Moreover, we have shown that thiound that expression of the two RhoGEFs, Pbl and GEF(64C)
relative ease of a misexpression screen in the fly eye can beongly enhanced a gain-of-function of RacGAP(84C). We
used as a valid assay for targeting genes whose main functipreviously showed that RacGAP(84C) does not interact
may be in other tissues, in that we identified several genelrectly with Rho and that reducing the genic dosage of
potentially involved in sperm differentiation, where RacGAP(84Chad no effect on the eye defects induced by a
RacGAP(84C) function has been previously demonstrated. Ttgain-of-function of Rho, thus indicating that RacGAP(84C) is
finding of candidate proteins with known or putative functionunlikely to be a direct downstream effector of Rho (Raymond
in GTPase-dependent pathways and spermatogenesis validagéésal., 2001). Rather, RacGAP(84C) may mediate Rac/Rho
the specificity of the screen. crosstalk through direct or indirect interaction with these two
RhoGEFs. Both Pbl and GEF(64C) ensure essential functions
) during Drosophila development, in cytokinesis and axonal
RacGAP(84C) mediates crosstalk between GTPase growth, respectively, suggesting that crosstalk between Rho
regulatory proteins and RacGAP(84C) would occur during these morphogenetic
In response to an external stimulus, several signalling pathwapsocesses (Bashaw et al., 2001; Prokopenko et al., 1999).
are likely to be activated within the cell that would require
active crosstalk in order to ensure coordinated nuclear ]
responses and cell shape changes. RacGAP(84C) interfefRCGAP(84C) and its partners regulate cytoskeletal
with Racl and Cdc42 activity during fly development anddynamics and membrane trafficking in morphogenetic
interacts with the Ras-dependent pathway during retinal arfocesses requiring rapid and extensive cell elongation
sperm differentiation (Bergeret et al., 2001; Raymond et alThe absence of sperm elongation observed in RacGAP(84C)-
2001). Our screen identified candidate RacGAP(84C) partnedeficient males is a consequence of membrane deposition
that may ensure this crosstalk including three genes that enco@ddure attributed to defects in actin polymerisation during
specific regulators of Ras activity. the elongation process (Bergeret et al.,, 2001). Similarly,
MESR4 and MESR2 were first isolated as suppressors of@nmatidial elongation depends on RacGAP(84C) and also
gain-of function of the Ras-MAP kinase pathway (Huang andequires directed localisation of polymerised actin to guide the
Rubin, 2000). MESR2/AKAP200 encodes theosophila A precise positioning of new membrane. Mechanistically,
kinase anchor protein, AKAP200, with a molecular mass o#ttaining wild-type retinal depth presents a problem similar to
200 kDa. AKAP200 binds the cyclic AMP-dependent proteinthat encountered during sperm elongation: the polarised
kinase A (PKA) that has a non-uniform distribution in cells (Lideposition in a relatively short time of sufficient amounts
et al., 1999). We previously demonstrated that overexpressiai membrane into different cell types so that they may
of RacGAP(84C) perturbs the sub-cortical localisation oftoordinately span distances fronx1i® more than 100their
polymerised actin in embryonic cells (Guichard et al., 1997¢riginal respective lengths.
Raymond et al., 2001), which would presumably prevent the Our screen identifies potential partners of RacGAP(84C)
normal localisation of AKAP200 with respect to the implicated in morphogenetic processes requiring coordinated
cytoskeleton. Enhancement by MESR2/AKAP200 of the eyeytoskeletal reorganisation and membrane trafficking.
defects induced by RacGAP(84C) gain-of-function would thergpecifically, the myosin head ATPase, Myo31DF, is a
be explained in that excess AKAP cannot be correctly targetezindidate effector of Racl that might link actin polymerisation
to its intracellular position. dynamics to localised membrane contraction. In addition,
MESR4 acts as a suppressor of both a gain-of-function deach encodes a protein directly implicated in membrane
RacGAP(84C) and Ras (Huang and Rubin, 2000). This camafficking (Cornillon et al., 2002) and cell polarisation during
perhaps be explained if a gain-of-function of RacGAP(84C)notorneuron pathfinding (Abdelilah-Seyfried et al., 2000;
indirectly induces the activation of the Ras-MAPK pathwayKraut et al., 2001). Finally, the RhoGEF GEF(64C) is required
which is then inhibited by MESR4 misexpression. Thefor axonal growth during the formation of the embryonic
proposed Ras activation by RacGAP(84C) might depend uparentral nervous system (Bashaw et al., 2001). Similar
its synergistic interaction with the RasGEF DC3G and theonstraints may be operating during axonal guidance as during
putative scaffolding protein encoded by CG11316 that weperm elongation, requiring the polarized polymerisation of
uncovered in this screen. Indeed, coexpression with the GA#&tin.
domain of RacGAP(84C) of either DC3G or CG11316 induced
the same enhancement of ommatidial defects, i.e. a depressed ) .
central region in the ommatidium, although distinct borderdntegration of GTPase-dependent signals by DNA
remained. In that constitutive localisation of DC3G to the'emodelling factors
membrane is sufficient to trigger Ras-MAP-kinase activatiorActivation of GTPase-dependent nuclear pathways ultimately
(Ishimaru et al.,, 1999), the combined data suggest thaesults in changes in the transcriptional level of target genes.
CG11316 ensures the physical link between RacGAP(84C@)ne major class of determining factors in this process are DNA
and DC3G localising them to the membrane, thus initiating Ragmodelling factors such as helicases that remove certain DNA
activation. As the same phenotype is observed when the GA®nformational constraints thereby favouring accessibility of
domain of RacGAP(84C) is expressed in combination withthe designated region to transcription factors. We found two
MESR2, one possible target of this pathway may bdelicases, Kis and Dom, which acted as enhancers in this
AKAP200. misexpression screen for modifiers of RacGAP(84C)-
Coordinated activation of the RhoGTPases, Rho, Rac artkpendent signalling. It had been previously shown that a loss-
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of-function mutant ofkis behaved as a suppressor of theof the eye defects induced by a gain-of-function of
constitutive activation of the Ras pathway (Therrien et al.RacGAP(84C). Interestingly, high levels of Cdi also
2000). Taken together, these observations suggest a genesappressed the eye phenotype induced by Rac1N17, but had
mechanism of transcriptional control whereby transmission afio effect on that induced by Cdc42N17 or RasN17. This is
GTPase-related signals would be mediated by specific targednsistent with Cdi being a specific downstream effector of
factors such as Kis and Dom that constitute an integral part &acl, the expression of which then rescues the dominant
the nuclear machinery preparing DNA for transcription. Ouiinhibition of Rac activitycdi encodes a serine/threonine kinase
screen also identified a single-strand binding protein that miglpresenting homology with the LIM kinases, a family of kinases
facilitate DNA replication. Thus, GTPases may signal to DNA-particularly involved in the control of cytoskeleton dynamics
binding factors thereby functioning as part of a cell divisiontriggered by RhoGTPase activation (Arber et al., 1998;
checkpoint signalling apparatus. Maekawa et al., 1999; Yang et al., 1998). In particular, Cdi
shows strong sequence homology with the human gene TESK1
_ ) _ N expressed in testis (Toshima et al., 1995). Activation of Cdi
An eye screen allowed the isolation of testis-specific stimulates phosphorylation of Cofilin, thereby inhibiting its
genes filamentous actin-cutting function and stabilising actin
Three genes with proven, or putative, function instructures. In cell culture, the murine TESK1 is insensitive to
spermatogenesis were identified as genetic partners efther Rho kinase- or p21 kinase-dependent activation, but
RacGAP(84C);pog TMS1ldand cdi (discussed below)The rather is activated by direct binding to integrin (Toshima et al.,
genepoeencodes a calmodulin-binding protein, a ubiquitous2001a; Toshima et al., 2001b). We show here that Cdi is most
intracellular C8* receptor. Its misexpression in the eye rescuegrobably a downstream target of Racl. Recently, TESK1 has
the defects induced by expressing the GAP domain dfeen isolated in a two-hybrid screen as a direct partner of the
RacGAP(84C), thus raising the possibility that Poe provideSH3-containing protein human Sprouty 4 (hspry4) (Leeksma
a link from C&* signalling to GTPase-dependent pathwayset al., 2002). Hspry4 is homologous to sphila Sprouty
The poe gene product is specifically necessary in terminaprotein that behaves as a universal negative regulator of the
spermatid maturation for the individualisation of theRas/MAP kinase pathway. This raises the interesting
spermatids (Fabrizio et al., 1998). Spermatids develop aspmssibility that crosstalk between Ras- and Rac-dependent
syncitium connected by localised cytoplasmic bridgessignalling pathways that we previously showed to operate
individualisation is then accomplished by the head-to-taitluring spermatogenesis (Bergeret et al.,, 2001) may be
passage of an actin-based cytoskeletal-membrane complergdiated through the complex Sprouty-Cdi/TESK1.
investing each spermatid in its own plasma membrane and We show thaiRaclis expressed imrosophilatestes and
simultaneously extruding most of the syncitial cytoplasm fronmthat inRaclhomozygous mutant males fertility is low. oMl
between spermatids. When the individualisation complex (ICJoss-of-function mutant further increases sterility Rdcil1
reaches the tail end, it detaches and the mature sperm &@mozygous males and prevents the normal entry of
transferred to the seminal vesicle. The identification of Poe asdividualised sperm into the seminal vesicle. This phenotype
a partner of RacGAP(84) suggests that RacGAP(84C) may alsemonstrates that Rac1-Cdi interaction is specifically required
function late in spermatogenesis in addition to its requiremertduring late spermatogenesis and suggests evolutionary
in spermatid membrane elongation. conservation of testis-specific function of a Rac1-Cdi-Cofilin
TMS1has been identified in a human cell model system ipathway from the fly to man. This putative pathway, modulated
which aberrant CpG island methylation was induced by ectopisy RacGAP(84C), in which Rac1l signalling to the downstream
expression of DNA methyl transferasdMS1 was also effector Cdi inactivates Cofilin, would thereby regulate
aberrantly methylated and silenced in human breast cancére spatial and temporal coordination between sperm
cells. The human gene encodes a 22 kDa predicted protamdividualisation, coiling and entry into the seminal vesicle.
containing a COOH-caspase recruitment domain, a protein
motif found in apoptotic signalling molecules. Ectopic We thank Jean-Claude Elatel WhO contributed to !ZhiS work as a
expression of TMS1 induced apoptosis in human cultured cel[§tation student, Isabt_elle_ Plgnot-Palntr_and for help_wnh preparation
and inhibited the survival of human breast cancer cellLfsamples for transmission electron microscopy, Michelle Grasset at

. - : : . the UPMC Service de Microscopie Electronique de I'lFR de Biologie
suggesting that methylation medlate_d silencing of TMS]Intégrative, 7 Quai Saint Bernard 75252 Paris cedex 05 for help with
confers a survival advantage by allowing cells to escape frog}:anning electron microscopy; Michel Satre for his support as

apoptosis (Conway et al., 2000MSL1is highly expressed in |anoratory supervisor, other members of the lab for stimulating

mouse brain, thymus, kidney, liver and testes (Grossman et aliscussion, Marie-Claire Joseph for makiBgosophila food and
2000). The function of TMS1d is not knownDmosophila We  maintaining stocks. We thank Dr Luo, Dr Ishimaru, Dr Settleman, Dr

showed by RT-PCR th@iMS1ds expressed in fly testes where Bashaw, Dr Matthew, the EP exelexis fly station, the Szeged and the
it may interact with RacGAP(84C). Its putative interaction withBloomington Stock Centers for sending flies. This work was
an excess of GAP activity provides a molecular link betweegupported by grant 9392 from the Association pour la Recherche

GTPase-dependent signals and caspase-mediated cell deatRontre le Cancer and by a grant and an Allocation Doctorale de
Recherche to A.A.R. from the Région Rhbéne Alpes (Emergence

2002).
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