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Rhomboid 3 orchestrates Slit-independent repulsion of tracheal
branches at the CNS midline
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Summary

EGF-receptor ligands act as chemoattractants for Egfr or Ras in the leading cell of the ganglionic branch can
migrating epithelial cells during organogenesis and wound induce premature turns away from the midline. This
healing. We present evidence that Rhomboid 3/EGF suggests that the level of Egfr intracellular signalling,
signalling, which originates from the midline of the rather than the asymmetric activation of the receptor on
Drosophila ventral nerve cord, repels tracheal ganglionic the cell surface, is an important determinant in ganglionic
branches and prevents them from crossing itrho3 acts  branch repulsion. We propose that Egfr activation provides
independently from the main midline repellent Slit, and a necessary switch for the interpretation of a yet unknown
originates from a different sub-population of midline cells:  repellent function of the midline.

the VUM neurons. Expression of dominant-negative Egfr

or Ras induces midline crosses, whereas activation of the Key words:Drosophila ru, Egfr, Epithelial migration, VNC midline

Introduction cytoskeletal organisation of the migrating cells (Rorth, 2002;
Cell migration is an essential process in epitheliaIMO”te"' 2003). We describe an unexpected role for the

morphogenesis. During organogenesis, epithelial cells adhef¥osophila Egfrin mediating repulsion of epithelial cells of

to specific substrates and move along distinct tracks to give riéa€ tracheal system.. _ ,
to the characteristic form and shape of tissues. Cell-cell 1he morphogenesis of the embryonic tracheal (respiratory)

signalling and interactions with the extracellular matrix controf€twork depends on the charted migration of ~2000 epithelial
several different steps in the migration process: the polarisatii¢!lS deriving from 20 epidermal invaginations. These cells
and extension of cellular protrusions, the generation oendergo three successive rounds of branching to generate a
propelling force, and the selective adhesion to neighbourinfybular network that extends along stereotyped paths towards
cells and the extracellular matrix (Ridley et al., 2003)Specific target tissues. The last branching event produces thin,
Epidermal Growth Factor receptors (Egfrs) regulate celunicellular Fermmal branches that.assomate with distinct organs
migration in a variety of systems (Blay and Brown, 1985; CheftSamakovlis et al., 1996a; Manning and Krasnow, 1993). The
etal., 1994; Li et al., 1999; Tokumaru et al., 2000; Caric et alyentral nerve cord (VNC) is invaded by 20 ganglionic branches
2001; Duchek and Rorth, 2001). For example, they mediaté>Bs), which sprout from the lateral trunk of the trachea. GB
chemotactic migration in the mouse telencephalon (Caric et amigration towards and inside the CNS is highly stereotyped
2001), help attract keratinocytes to the sites of wound healirghd has been described in detail elsewhere (Englund et al,
(Tokumaru et al., 2000) and mediate attraction for a variety 0k999). Each GB initially tracks along the inter-segmental nerve
cultured cells (Wells, 2000). In isolated cells, ligand-bouncand towards the CNS. GB1, the leading cell of the ganglionic
Egfr can be directly visualised at the source side of a celiranch, enters the nerve cord and changes substrate to track
exposed to a gradient of EGF, while the cell is moving towardalong the segmental nerve, proceeding ventrally on top of the
the source of ligand (Bailly et al., 2000). The single Drosophildongitudinal fascicles and towards the CNS midline. Finally,
Egfr is required for the attraction of a group of specialisedfter reaching the midline, GB1 takes a sharp turn and migrates
follicle cells, the border cells, towards the oocyte (Duchek andorsally through the dorsoventral channel and then turns
Rorth, 2001; Duchek et al., 2001). Egfr activation in bordeposteriorly on the dorsal side of the VNC. At the end of
cells leads to the extension of long, actin-rich processesmbryogenesis, GB1 will have trailed a remarkablep&0
towards the source of the Gurken ligand coming from thénside the CNS. Genetic analysis has uncovered a number of
oocyte, and to the subsequent movement of the cells towartictors that are necessary for this fixed migratory path: the FGF
the oocyte (Duchek and Rorth, 2001; Fulga and Rorth, 2002homolog Branchless is required to guide the GBs towards the
Thus, Egfr mediates chemoattraction in a large variety oENS and to induce them to enter it (Sutherland et al., 1996),
systems where it acts by direct modulation of the dynamim part by inducing the expression of the nuclear protein Adrift
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(Englund et al., 1999). Once inside the CNS, Slit (Rothberg eflolecular identification of the  inga locus

al., 1988), the main repulsive cue for axons at the midlinefheinga P-element line contains a single P-element, as analysed by
becomes a key guiding cue for the migrating GBs. Slit controlSouthern blot. Genomic DNA flanking the P-element was obtained by
several, distinct aspects of ganglionic branch pathfinding intplasmid rescue ifE. coli after cleavage of the genomic DNA with
the CNS: it is first required to attract GBs towards the CNSECORI or BanHI. This DNA was sequenced and used to search the
an effect mediated by its receptor Robo2, and then to prevegﬁitabases. The search identified also a cDNA clone that was obtained

; i ; il drom Research Genetics: LP02893. Tihga P-element was inserted
ﬁg;i;gg}b(;,rcl);s&g(tEhneglrSrl]%hztaaolnczeoégiy reach it, which Iéat position 137648 of the Celera contig AE003741 and 345 bp

To identify additional signals that steer GB1 migration, WeUpStream of the first exon of the cDNA LP02893.

screened a collection of P-element insertions for GBAntibodies, embryo staining and whole—mount in situ

pathfinding phenotypes. One of the strains recovered show&gbridisation

a specific GB1 midline-cross phenotype reminiscenblod or Embryo fixation, antibody staining, light and confocal fluorescence
slit mutants, but unlike mutants in tisit pathway, had no microscopy were performed as described previously (Samakovlis et
defects in axonal pathfinding. The mutation was found to affe@-, 1996b). Primary antisera were gbalactosidase (diluted
roughoid/rhomboid 3(ru — FlyBase) an intramembrane 1:1500, Cappel), mAb1D4 against Fasciclin 2 [1:10 (Van Vactor et

- . ., 1993)], mAb BP102 that labels all CNS axons (1:50), mAb2A12
protease that activates Egir ligands (Wasserman et al., 200 jainst tracheal lumen (1:5), mAb22C10 labelling a subset of CNS

Qur a_naIyS|s indicates that thmb0|d 3 defl_ngs a NeYhd PNS axons [1:20 (Zipursky et al., 1984)], anti-Repo (1:5), mouse
signalling centre for tracheal repulsion from the midline. Rho3nj \wrapper [1:10 (Noordermeer et al., 1998)], mouse anti-Robo
is expressed by the VUM midline neurons, where it activate8:10 (kidd et al., 1998)] and mouse anti-Slit [1:10 (Rothberg et al.,
an Egfr ligand.Egfr and Ras but notRaf yan or mbg are  1990)], each obtained from the Developmental Studies Hybridoma
required in GB1 for its turn away from the midline. The Bank at The University of lowa. Secondary antibodies included biotin
analysis of loss-of-function and overactivation phenotype$l:300), Cy2 (1:200), Cy3 (1:300) and Cy5 (1:200) conjugates
suggests that EGF itself is not a chemorepellent for GBg$Jackson Laboratories), and Alexa Fluor-594 (1:400) and -488 (1:200)
instead it appears to provide a necessary activation switch fépniugates (Molecular Probes). When necessary, the signal was

the interpretation of a yet unknown, Slit-independent repeller‘ée"eIOpeOI using Vectastain Elite ABC Kit (Vector Laboratories).
function of the midline ' ’ mbryos were visualised with a Zeiss Axioplan2 microscope under

Nomarski optics or a Zeiss confocal microscope. Confocal stacks
were processed using the Volocity software (Improvision) to obtain

; three dimensional reconstructions. Whole-mount in situ hybridisation
Materlals and methOds was performed using random-primed, digoxigenin-labelled
Fly strains and genetics roughoid/rho3 cDNA (LP02893, Research Genetics) as a probe;

The inga P-element insertion line is from the third chromosomeembryo staging was according to (Campos-Ortega and Hartenstein,
collection from the Department of Genetics (University of Szeged]985).

Hungary) (Deak et al., 1997). Ganglionic branch phenotypes identical

to those seen iringa were also observed imga/Df(3L)Ar14-8

(breakpoints 61C5-8, 62A8), in the hypomorphic all@eghoid  Results

(Lindsley and Zimm, 1985) and irho3?, a molecularly defined roughoid/rhomboid 3 is required for repulsion of

deletion that removes the entite3 locus (Wasserman et al., 2000). &?nglionic branches from the VNC midline

The phenotypic analysis and all genetic experiments were perform . . .
Onrhggpllb_ gﬁler straiyns used indgdﬂneAzo, ; protein-nulblit aﬁe|e A collection of 2640 P-element insertions (Deak et al., 1997)

(Battye et al., 2001)0bc®A285 [also known agobo! (Kidd et al., ~Was screened for mutants affecting the pathfinding of the
1998)]; andP{LacW}spf3547 mb!2, mb&l, sP andsk (all described ~ ganglionic branch (GB) into the CNS. One of the recovered
in FlyBase). Genetic interaction experiments were performed bynutants, which we nameéhga (from ingen atervandp

balancing the relevant alleles to CyOlzZ and crossing these strains meaning ‘no turning back’ in Swedish) was characterised by
to rho3'® or to wild type (Oregon-R). Antibody staining agaifist g specific midline-cross phenotype: at stage 16.3-4, upon
Gal allowed the identification of genotypes in embryos. The followinggnproaching the CNS midline, a significant numbeingh

GAL4 and UAS strains were used: SRF-Gal4 (Jarecki et al., 1999¢;55 failed to turn posteriorly and dorsally at the midline and

sim-Gal4 (Menne et al., 1997); slit-Gal4 (Battye et al., 1999); elav- - . : : :
Gald (Luo et al., 1994). UAS-NLS:lacZ and UAS-EgfrDN (Freeman’crossed to the other side, or remained lingering on it. We could

1996); UAS-RasN17 (Lee et al., 1996); UAS-RasV12 (Halfar et al MOt detect any other defect in the tracheal systermgd
2001); UAS-RafDN (de Celis, 1997); UAS-YanAct (Rebay and Rubin,embryos. Sequqnce analysis of the genomic region surrounding
1995); UAS-Rho1 (Bier et al., 1990b); UAS-Rho3 (Wasserman et alth€ transposon imga mutants showed that the P-element was
2000); UASA top 4.2 and UAS top 4.4, two independent insertions inserted in the previously describedughoidrho3 locus

of the same transgene, in which the Egfr extracellular domain if/asserman et al., 2000) (see Materials and methods), and all
substituted by th@-repressor dimerisation domain) (Queenan et al.available ru/rho3 alleles as well asinga/Df(3L)Ar14-8
1997); UAStor#%21, a constitutively active form of the Egfr (Lai etal., embryos (a chromosomal deficiency removing the 61-62
1995), UASAp60, a deletion variant of the adaptor proteln p60 Wh|Cn-eg|on)’ Showed the same tracheal phenotype ”'m

has dominant negative effect on P13-K activity (Weinkove et al., 1999}i'herefore we concluded thatga is an allele ofrho3 and

and UAS-Ricin (Hidalgo et al., 1995). All Gal-4/UAS experiments . : :
where performed at 29°C to optimise Gal4 activity. Typically, embryosfocill‘lsend Iour ﬁugjebqlﬁm analysis Otn al prez\(/)lggslyh%ha‘l:;fﬁgterlsed
were collected for 8 hours at room temperature and then staged for hy' alleie, rho (Wasserman et al, )- o

hours at 29°C. Embryos were scored by classifying each ganglion@MbPryos, penetrance of the midline cross phenotype was close
branch in one of the following classes: migrating normally, not entering® complete, so that 45 of the 48 embryos analysed had at least
the CNS, arrested inside the CNS, arrested at the midline, misroutése midline cross. On average, two midline crosses where
and crossing the midline. observed per embryo, in total 10% of the GBs failed to turn at
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Fig. 1.rho3 affects CNS midline repulsion of tracheal x
ganglionic branches (GBs). (A-F) Three dimensional O
confocal reconstructions of late stagel16 embryos double-
stained to reveal the tracheal lumen (by mAb2A12, A-F

in red) and longitudinal fascicles (by mAb1D4, B, E in
green) or CNS glia (with the exception of midline glia,

by anti-Repo C, F in green). All panels show ventral
views, anterior towards the left. In wild-type embryos,
GBs (A, red) and longitudinal fascicles (B, green) nevers
cross the midline. Irho3, an average of two GBs per ¢
embryo cross the midline (D-F, arrows). In the same 2
embryos the longitudinal fascicles appear unaffected =
(green in E and compare with B), as does the pattern of
glial cells (F, compare with C). Scale bar:|2@.

D

the midline (=960, Fig. 1). No midline crosses were everof the ganglionic branches cross the midline, the rest of the
found in wild type (Oregon Rn=837). Additionally, 3% of GBs either stalled outside (11%) or appeared misrouted inside
GB1s stalled upon reaching the midline in the mutant. Arthe VNC (Fig. 2). Irslit; rho3 double mutants, the number of
important function of midline cells is to provide repellentbranches crossing the midline was significantly increased
signals for the migration of the axons of the longitudinal(66%, n=260) but the proportion of branches arrested outside
connectives. Imho3"® we did not detect any midline crossesthe VNC did not change (12%, Fig. 2). Thus, the GB1
of the longitudinal axons, stained for Fasciclin 2 (Fig. 1E). The@henotypes afho3andslit were additive, arguing that the EGF
route of GB1 inside the VNC is demarcated by extensivand Slit signalling pathways act independently on GB
contacts with different groups of glial cells (Englund et al.repulsion.
2002), and we therefore determined the position and integrity =~ o
of these landmark cells with two different markersrtio3 7103 is expressed by VUM midline neurons
mutants. The transcription factor Repo is expressed in most @b investigate the role eho3in midline repulsion of GBs, we
the glial cells (including exit, longitudinal and subperineuralanalysed its site of expression in relation to GB migration
glia) (Halter et al., 1995). Midline glia, however, selectivelyinside the VNCrho3expression has been previously described
express the cell surface protein Wrapper (Noordermeer et abnly in larval eye-antennal imaginal disc (Wasserman et al.,
1998). Repo and Wrapper stainingrbd3?''® mutant embryos 2000). We analysed the expressionrieb3 in embryos by
were analysed by confocal microscopy and three-dimensionalhole-mount in situ hybridisation with @03 cDNA probe
reconstruction and did not reveal any alterations in théLP02893).rho3 was dynamically expressed in embryos, in a
expression patterns of Repo and Wrapper (Fig. 1 and data rmtbset of cells of the peripheral nervous system (not shown)
shown). We conclude that rho3 is specifically required for thand, more weakly, in the CNS. The expression in the VNC
pathfinding of the ganglionic branches at the VNC midline. became detectable from stage 13 in a segmental pattern at the
) ) o midline (not shown). Until the end of stage 15, weak but
rho3 and slit, act in parallel to prevent ganglionic reproducible expression could be seen in group of a few
branches from crossing the midline midline cells positioned ventrally in each segment of the VNC
Rhomboid 3 is an intramembrane protease required for th&ig. 3B, arrow). By stage 16, the CNS expression appeared
activation of the Spitz Egfr ligand during eye developmentmore diffuse (not shown). To define the cell type expressing
(Wasserman et al., 2000). It is unclear if Rhomboid typeho3, and its spatial relationship to the source of Slit, we made
proteases are restricted to Egfr signalling in flies or if they mayse of the enhancer trap insertito3"92, which harbours the
be able to process other targets, and the traafmedr!b B-galactosidase reporter. The enhancer trap essentially
phenotype is similar to the GB1 midline crosseslibindrobo  confirmed the pattern observed by in sfiegal was detected
mutants (Englund et al., 2002). For this reason, we set out toainly in the lateral chordotonal organs of the peripheral
determine whethetho3 andslit may act in the same pathway nervous system (not shown) and in the CNS. Within the nerve
during GB guidance. We first asked whether the amount arhord, B-gal expression was detected in a distinct cluster of
localisation of Slit protein might be affected at the VNCmidline cells in each segment, positioned ventrally to the
midline of rho3 mutants. Wild-type andho3 embryos were commissures and, more weakly, in the tip cell of each
stained with an antibody against Slit (Rothberg et al., 1988Janglionic branch (Fig. 3A, Fig. 5, arrowheads). Three-
and analysed by confocal microscopy. We did not detect argimensional reconstructions of confocal stacks derived from
changes in the staining pattern of Slit itho3 mutants, staining with cell type-specific markers revealed the identity of
suggesting thaho3is not required for Slit expression (Fig. 2). the rho3-expressing cells as the ventral unpaired group of
In order to establish ifho3 may be part of Slit signalling or midline neurons (VUM). VUMs cells bodies are identifiable
act in parallel to Slit in GB repulsion, we made a double mutartty the expression of the cytoskeletal protein Futsch, recognised
of rho3 and aslit null allele (slitcA20 and quantified the by 22C10 (Fig. 3). VUMs cell bodies are placed ventral and
ganglionic branch migration phenotypesslit mutants, 46%  slightly posterior to midline glia (visualised with Wrapper in
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Fig. 2.rho3 acts independently alit. (A-D) Slit protein levels are

not changed inho3 mutants. An anti-Slit antibody (in green; red is
the tracheal lumen, mAb2A12) detects similar levels of Slit in early
(C) and late (Dyho3 stage 16 embryos when compared with wild
type (A,B), even in the vicinity of branches that cross the midline in
the mutant (D, arrows). A-D are ventral views, anterior towards the
left. Scale bar in B: 20m. (E-G) A ventral view of late stage 16
embryos stained for the tracheal lumen (by mAb2A12) reveals GB
pathfinding defects islit mutants (F) andlit, rho3double mutants
(G) when compared with wild type (E, anterior is towards the left).
(H) Quantification of the midline cross phenotype shows that the
effect of the two mutations is additive.

-
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Fig. 3.rho3is expressed by the ventral unpaired group of midline
neurons (VUM). (A) Ventral view of late stage ib§a heterozygote
embryo triple stained to reveal the tracheal lumen (mAb2A12 in
blue), a subset of PNS and CNS axons (mAb22C10 in green), and
the expression @-Gal in therho3"92 enhancer trap (anfi-gal in

red). The panel shows a 3D reconstructions deriving from a confocal
stack, anterior is towards the left. Strdhgal expression is detected

in each segment in ventral clusters of cells at the midline. (B) A
similar expression pattern is detected by in situ hybridisation with a
specificrho3 cDNA probe at stage 15, in clusters of cells at the VNC
ventral midline (B, arrow; B-E are lateral views of the VNC, anterior
towards the left, ventral downwards; B is a stage 15 embryo, C-E are
late stage 16). (C-E) 3D confocal reconstruction allows the
identification of theho3-expressing cells (in red, stained by dti-

gal) as the VUM neurons. VUM cell bodies are readily stained by
mAb22C10 (C, in green), which also allows identification of the
characteristic VUM axonal tract (C, arrowhead). Slit staining (E, in
green) and Wrapper staining (D, in green) of midline glia, shows
little overlap withB-gal expression irho3n92 (D,E, in red). Scale

bars: 2Qum.

development of the CNS, including the specification and
survival of the midline glia (Klambt et al., 1991), which then
provide a source of signals that guide neuronal and tracheal
migration inside the VNC. The early functions of EGF

Fig. 3), which are the source of Slit within the midline (Fig. 3)signalling make the analysis of mutations in components of the
(Rothberg et al., 1988). Frequently, one or two midline glia alspathway difficult to interpret in the context of the migration of

seemed to express variable levelfajal (Fig. 3).
The site of expression dfio3defines the source of a midline
repellent signal for GB1. Given the known rolerbb3 as an

Egfr ligand activator in vivo and in vitro (Wasserman et al.

GB1 at late stage 16. As an example, a hypomorphic mutation
in the main Egfr ligandspitz (Rutledge et al., 1992) resulted
in severe GB midline crossing defects (Fig. 4A), but also

caused major defects in axonal migration (Fig. 4C), as Spitz is

2000; Campbell, 2002; Urban et al., 2002), we were prompteeissential for both midline glia differentiation and survival
to investigate whether this repulsive signal may be one of thKlambt et al., 1991). To overcome the problem of secondary

DrosophilaEgfr ligands.

Egfr signalling is required in GBs for midline
repulsion

effects, we made use of a Gal4 strain that exclusively activates
gene expression in the terminal cells of all tracheal branches
(SRF>Gal4) (Jarecki et al., 1999) (Fig. 4E), to express a series
of dominant-negative and activated constructs of Egfr pathway

Egfr signalling is known to be required at several steps in theomponents. Expression of SRryned blistered (Affolter
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Fig. 4. The Egfr mediates midline repulsion of GB1.
(A,B) A ventral view of late stage 16 embryos stained for the
tracheal lumen (by mAb2A12). Many GB midline crosses
are observed igpimutants (A). (C,Dypi mutants also lack

a functional midline. (C) hspi, longitudinal fascicles el (Y

collapse on the midline (stained by mAb1D4; compare with FUIE s € A
D, wild type; all panels show ventral views, anterior towardsS!,;,!.:b.,:.GF.r DN

the left). (B,E) SRF-Gal4 drives gene expression specifically [ D
5 M - PQ E

in tracheal tip cells. (E) A single GB is shown that expresses
» e ol “Jr
.( r _@ &# Qﬁ B

UAS-NLSlacZin the GB1 nucleus (arrow) under the

control of SRF-Gal4 (mAb2A12 stains the tracheal lumen in
red, antiB-gal is green). (B) A ventral view of a late stage 16
embryo expressing dominant-negative Egfr, showing
misroutings and midline crosses.

et al., 1994; Guillemin et al., 1996) is activated at stage 14 arxignalling occurs from GBs to CNS cell populations, it appears
is a marker for GB1 terminal differentiation; therefore, theunnecessary for the patterning of the latter. Moreover, the few
expression of transgenes under the control of its promoté&B1s that escaped ablation, presumably owing to mosaic Gal4
should not interfere with earlier cell specification events irexpression, migrated normally (Fig. 5, arrows), implying that
GB1. GBs are unlikely to signal to each other during their migration
SRF>Gal4 driven expression of a dominant negative form dh the CNS.
the EGF receptor (Freeman, 1996) had a profound effect on theTo address the potential tissue-specific requiremeriad
migratory behaviour of GBs. Forty-two percent of the GBsduring GB migration, we expressed the close relative Rhol in
were affected =240), including 9% of stalled and 25% of different populations of CNS cells and in GB1s, and assayed
misrouted branches. Importantly, 5% of GBs crossed ththe extent of rescue of th#o3 tracheal phenotype. SRF-
midline (Fig. 6E) and an additional 3% arrested upon reachindirected expression of Rhol was not sufficient to significantly
it (not shown). The range of phenotypes observed uporescue the midline cross phenotype mfo3 ganglionic
expression of the dominant-negative receptor suggested thHatanches (Fig. 5E). By contrast, the same transgene expressed
Egfr signalling might have an additional, earlier, role in GBunder the control of three CNS-specific Gal4 strains provided
guidance towards the midline that is independent froa3. a significant rescue of the GB phenotypes (Fig. Skigle
The midline crossing phenotype induced by the terminamindedGal4 is initially expressed by all midline cell
cell-specific expression of the dominant-negative construgirecursors, but becomes later restricted to midline glia (Scholz
suggested thaho3 expression VUMs activates an Egfr ligand, et al., 1997)slit-Gal4 is limited to midline glia (Scholz et al.,
which guides GBs away from the midline through thel997). Bothsim- and slit-Gal4 directed expression of Rhol

activation of the EGF receptor. approximately halved the occurrence of GB midline crosses in
] ] therho3 mutant (Fig. 5E)elav-Gal4 is expressed in all post-
A potential cell-autonomous role for ~ rho3 in GB1 mitotic neurons but not in midline glia (Lin and Goodman,

Egfr signalling in GB1 determines the turning response of th&994). Strikingly, elav-Gal4 directed expression of Rhol
tracheal cells at the midline. A number of observationsuppressed théno3 GB midline cross phenotype to 1% (Fig.
prompted us to test the potential role of the migrating GBs &sE). We conclude that Rhomboid signalling is required in the
signalling source. Thénga enhancer trap imho3 showed a CNS, rather than in the GB1 itself, to prevent ganglionic
weak but reproducible expressionlatZ in GB1 from stage branch midline crossing. The weahko3 expression in GB1
15 (Fig. 5A). In addition, the overexpression of Rhol in thenight be part of a positive feedback loop, a common feature
terminal cells produced a strong phenotype in trachealf Egfr signalling in flies.
migration (see below), implying that GB1 is endowed with all ) )
the components required for the secretion of an active EGIRas, but not Raf or Yan, mediate GB repulsion from
signal. the midline
To explore whether part of thho3 mutant phenotypes are Egfr signalling is mediated by a number of downstream
due to its expression in the tracheal cells, we attempted &ffectors in different cell types. In order to determine which
ablate the GB1s by the expression of Ricin A. If signallingone is used in GB1 pathfinding, we analysed a panel of mutants
deriving from GB1s was important for their own migrationand dominant-negative constructs of known downstream
then the ablation of some or most GB1s might result ireffectors for their effect on GB migratiomyoblast citymbqg
misrouting of the few remaining ones that escape ablatiorfRushton et al., 1995) is a conserved adaptor necessary for
However, if GB1 signals were important for the VNC cells,the chemo-attractant function of Gurken during border cell
then the ablation of GB1 might cause abnormalities in thenigration in the ovary (Duchek et al., 200f)bcalleles had
pattern and migration of the glia and neurons. no defects in GB pathfinding (data not shown).msc has
Embryos expressing UAS-RicinA (Hidalgo et al., 1995)negligible maternal contribution and is not readily detected in
under the control of SRF-Gal4 showed a normal appearantecheal tissues (Erickson et al., 1997), we conclude that it is
of glial populations and axonal tracts (as detected by Repanlikely to have a role in Egfr-mediated GB repulsion from the
Wrapper and Fasciclin 2, respectively Fig. 5). Thus, if anynidline. We also tested two additional effectors that have been
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elav=Rho-1; rho-3

Fig. 5.Rhomboid is required in the CNS to
prevent GB midline crossing. (A) Tlirega
enhancer trap showed weak, but reproducib
reporter gene expression in GB1. Ventral vie
of aninga/+ embryo, double stained f@rgal

and the tracheal lumen (mAb2A12, both in
brown). GB1 expression is shown (arrowhee
in A). (B-D) RicinA ablation of most of all

GB1 cells (in a SRF>RicinA embryo) did not
affect longitudinal fascicles (stained by anti-
Fas2 in green, B) and glial populations (gree¢
in C,D; stained by anti-Repo and anti-Wrapy
respectively, all panels show ventral views).
Scale bar in D: 2(um. In addition, isolated
surviving GBs migrate correctly (B-D arrows
(E) Rhomboid expression by CNS cells, but
by GB1, rescues th#o3 GB midline cross
phenotype. The table represents the frequel.cy
of midline crosses for the different genotypes. Expression of Rhol in midline gB&t{®al4) or in midline cells (bgimGal4) halved the
frequency of GB midline crossesrimo3, whereas expression in all CNS neuronsdlay-Gal4) substantially rescued tHeo3 midline cross
phenotype. Expression of the same transgene in GB1 (by SRF-Gal4), did not produce convincing rescue.

10% ]

slit>=Rho-1; rho-3

sim>Rho-1:
| SRE>Rho-1; rho-3

0% e
(837)(960)  (280)(280)(280)  (440)

implicated in Egfr-elicited migratory responses in othermigration of 45% of the GBs, and misrouted an additional 7%
systems, PL€ and PI3K (reviewed by Schlessinger, 2000).(n=300), but not a single midline cross was observed.
The fly PLG/ is encoded by thesmall wing (sl) locus In summary, activation of Ras appears to be required for
(Thackeray et al., 1998)small wing embryos had extra repulsion of GB1 from the midline, whereas the remaining
terminal sprouts emanating from the primary tracheal branche®mponents of the pathway are required for tracheal cell
but showed no specific defects in GB migration inside the VN@xtension inside the VNC but not for the decision to cross the
(data not shown)Ap60 is a deletion variant of the adaptor p60,midline barrier.
which has dominant-negative effects on PI3K activity in vivo
and in vitro (Rodriguez-Viciana et al., 1997; Kodaki et al.,Rho3 midline crosses are due to decreased Egft/Ras
1994; Weinkove et al., 1999). SRF-Gal4 driven expression dfignalling in GB1, rather than to the lack of a
Ap60 resulted in a stalling phenotype of 19% of the GBélirectional cue from the midline
(n=280) but not midline crosses (Fig. 6D). This may reflect &An important issue for cell migration in complex landscapes is
requirement of PI3-K in the early extension of the GBs towardthe discrimination between signals that directly provide spatial
the midline, which was also impaired by the expression of thmformation and others that facilitate the interpretation of
dominant-negative form of Egfr in GB1 (Fig. 4B). different instructions. To find out whether the expression of
The activation of Ras is a necessary step in many of thHeho3 generates a spatial cue for the migrating GB1, we first
cellular responses induced by of Egfr signalling in Drosophilancreased the amount of Egfr ligand secreted from the midline
(Rommel and Hafen, 1998). It leads to the activation of Ralby expressing the closely related protease Rhol (Bier et al.,
(Li et al., 1998), and culminates with activation of the Ets-1990a; Urban et al., 2001) in midline cells, with the sim-GAL4
transcription factor Pointed and the nuclear export of Yandriver (Scholz et al., 1997). Rhomboid 1 is a functionally
another Ets protein, which antagonises Pnt in the activation eédundant partner of Rho3 during eye and leg development
target genes (O'Neill et al., 1994; Tootle et al., 2003). SRF{Wasserman et al., 2000; Campbell, 2002) and has been shown
Gal4-directed expression of a dominant-negative form of Ra® have similar biochemical specificity to Rho3 (Urban et al.,
(Lee et al., 1996) resulted in stalled branches inside or outsi@®02). In these embryos, 18% of the GB1s turned posteriorly
the VNC (52%,n=240). Importantly, a significant number of prematurely, before reaching their characteristic positions close
GBs was grossly misrouted (8%) or crossed the midline (4%o the midline. Thus, an increase in the amount of ligand from
Fig. 6A, arrow) suggesting that Ras is required in the GB1celie midline can repel GB1s from its source. If the Egfr ligands
for their turn away from the midline. The large proportion ofprovided a spatial guiding signal, overactivation of Egfr
arrests in cell migration observed in these experiments migksignalling in the GB1 either by the expression of activated forms
reflect a broader requirement for these common effectors wf the receptor, Ras or the Rhol activator, should disturb the
tracheal cell migration and sprouting. asymmetric response to it, and might cause a random misrouting
To analyse whether Egfr mediated repulsion of GB1 from thehenotypes, crossings of the midline or a prominent early arrest
midline requires Raf or downstream pathway components, wef its migration. We expressed two different forms of activated
expressed a dominant-negative form of Raf (de Celis, 1997) afh)fr (Queenan et al., 1997; Lai et al., 1995) (see Materials and
an activated form of Yan (Rebay and Rubin, 1995) under theethods), Rhomboid 1 (Bier et al., 1990a), Rhomboid 3
control of SRF-Gal4 (Fig. 6). These constructs caused many ¢fVasserman et al., 2000) and activated Ras in the terminal cells,
the branches to stall or misroute but in neither case could vand analysed the pathfinding phenotypes in GB1. In all cases,
find any branches that crossed the VNC midlim200). As an  overactivation of Egfr signalling in GB1 resulted in misroutings
example, expression of the activated Yan construct stalled theit no significant midline crossing. Notably, the overexpression
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: F E R ZZ their discovery.rhomboid spitz and pointed mutants were
' . E ' 5 S E s g originally identified for their effect on the ventral ectodermal
: / :l/ » %‘“ 3 region (Mayer and Nusslein-Volhard, 1988). Egfr signalling
2 . 10% mi-E was also found to play a central role in the development of the
. ;"‘ /- g s 9 VNC midline, where it is first required for cell differentiation
i 'é\ ( » and positioning of midline glia and later for their survival
‘_‘\_ -Ll during the late stages of embryogenesis (Klambt et al., 1991;
= Stemerdink and Jacobs, 1997; Hidalgo et al., 2001; Bergmann
SRF>Yan *°T mps ( 5% et al., 2002). ’ ’
) L » ‘\’ » The expression afho3 in VUMs and its function in GB1
. - A . \ guidance away from the midline identifies a new role of Egfr
= & ‘_("_ =~ signalling in the VNC. Unlikerhol, rho3 mutants have a
4 N 118 > S ( normal VNC pattern in which longitudinal connectives and
’ 4 | nD/
“?‘-\ Y D4

Y glial populations appear normal, suggesting tha3 is
(837)(960)(240)(240) o . . .
specifically required for GB1 guidance. Expression of
Fig. 6. Dominant-negative Ras, but not Raf or activated Yan, can  dominant-negative forms of the EGF receptor or Ras in GB1
cause GB1 midline crosses. (A-D) SRF driven expression of phenocopied therho3 guidance phenotype. In addition,
dominant-negative Egfr and Ras, but not dominant-negative Raf, overactivation of Egfr signalling in the trachea was sufficient
PI3K or activated Yan produced midline crosses. Ventral views of  to redirect GB1 and induce early turn phenotypes. Firmaibg
embryos expressing dominant-negative constructs stained by is required in parallel tglit, the main repulsive cue deriving
MAD2A12. Dominant-negative Ras (A), Raf (B) and PI&REO, from midline glia (Kidd et al., 1999). Taken together, these
see Materials and methods, C) or activated YanA¥&rD) had results suggest thaho3 mutant GB1s are misrouted because

similar effects on GB migration, causing many GBs to fail to enter - R
the VNG, or to arrest (arrowheads in A-D) or meander inside the of reduced levels of Egfr/Ras signalling in GB1 cells, rather

VNC (white arrowheads in A,B,D). Only dominant-negative Ras than tp 'nd'reCtj S_Ubtle defects Of, midline patterning or
caused midline crosses (arrow in A). In all panels, anterior is toward§ignalling capacity inho3 mutants. This leads us to propose
the left. Scale bars: 3@m. (E) Quantification of the frequency of & simple model in which Rho3 activates one or more Egfr
midline crosses for the different genotypes. ligands secreted by the midline cells. Reception of this signal
by migrating GBs is mediated by Egfr and Ras, and promotes
turning away from the midline.
of all constructs in the terminal cells induced GBs to turn ThreeDrosophilaEgfr ligands are activated by Rhomboid
prematurely before reaching the midline (‘early turns’; Fig. 7)proteases: Gurken, which is only present in oocytes, Spitz and
This phenotype was generated both by the overexpression [géren (Ghiglione et al., 2002; Reich and Shilo, 2002; Urban
activated Egfr, activated Ras and Rhomboid 3 (Fig. 7), angt al., 2002), the latter expressed in embryos below the
became more prominent in embryos overexpressing Rhol tetection level of in situ hybridisation or antibody staining
their terminal cells, probably owing to higher levels of activity (Reich and Shilo, 2002; Urban et al., 2002). Thus, the ligand
provided by this transgene. In Rhol-overexpressing embryosctivated by Rho3 to guide GB1 migration is very likely Spitz,
60% of the affected branches (26% of the tataB00) were  as it is expressed and is functional at the midline (Golembo et

turning posteriorly before reaching the midline (Fig. 7). Theal., 1996) (data not shown), but we cannot formally exclude a
GB1 expression of non-cell autonomous Egfr activators, such @gntribution by Keren.

Rhomboid, runs the risk of affecting the surrounding neurons
and glia, as well as the migrating GB. Nevertheless, thélow does Rho3 guide ganglionic branch migration?

longitudinal fascicles of the CNS appeared unaffected in thesene mammalian EGF receptors regulate migration in a variety
Rhol-overexpressing embryos (Fig. 7), suggesting that thsf contexts, but in all known examples they appear to promote
overexpression of Rhol in the terminal cells did not substantiallyesponses to chemoattractants. They do so by directly affecting
influence the patterning and migrations of neurons and glia. Th§toskeletal organisation, mainly through the PI3K, PKC or
premature turning phenotypes generated either by increasing theC pathways. The proper activation of the fly Egfr is also
amounts of active Egfr ligand deriving from the midline, or bynecessary for the migration of border cells towards the source
raising the levels of Egfr signalling in GB1 are similar. Theseyf Gurken in the dorsal part of the oocyte (Duchek and Rorth,
results, coupled with the analysis of dominant-negative001). During this migration Egfr activation is coordinated
constructs in the trachea (see above), suggest that the midliggh the activation of the fly PDGF/VEGF receptor homologue
crossing phenotype iho3 mutants is due to decreased levelsand requires the conserved adaptor protein Mbc (Dock
of Egfr signalling in GB1, rather than to the lack of spatiall80/CED-5) (Duchek et al., 2001). Mbc provides a link to
information. Instead, the high level of Egfr activation, which isactivated Rac and actin re-arrangements, which lead to the
normally reached at the midline, appears important for thetereotyped attraction of the border cells towards the oocyte

interpretation of a yet unidentified directional signal. (Duchek and Rorth, 2001; Duchek et al., 2001). It is, however,
unclear whether Egfr provides the necessary spatial
Discussion information for border cells during their pathfinding, or if it is
i o required for the interpretation of positional cues provided by
The multiple roles of Egfr at the VNC midline Pdgf/Vegfr or other receptors (Montell, 2003).

The essential components of the Egfr signalling pathway have There are substantial differences in the ways by which Egfr
been associated with ventral nerve cord development soon afeantrols migration in GB1 and in border cells. Our analysis
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indicates that Egfr signalling is not a chemotactic cue foEphrins (reviewed by Dickson, 2002). Netrins are involved
tracheal pathfinding, it rather reveals a surprising role inn the repulsion of motor axons in both vertebrates and
mediating repulsion from the signalling source. In additionjnvertebrates (Harris et al., 1996; Mitchell et al., 1996;
mbc mutants did not show any midline crossing phenotype&eleman and Dickson, 2001) and b@tosophilaNetrins are
that would resemble the phenotypes rbb3 or the ones expressed at the CNS midline, where they mediate attraction
generated by inactivation of the receptor. Furthermore, thef commissural axons (Mitchell et al., 1996). Semaphorins and
increase of signalling levels in GB1, either by the expressiokphrins are also capable of repelling axons and non-neural
of Rhol, activated receptor or activated Ras, resulted in @ells in different contexts (Dickson, 2002; Van Vactor and
significant phenotype opposite of that of t®3 mutants: Lorenz, 1999; Mellitzer et al., 2000), and they therefore
induced GBs to turn early before reaching the midline. Thisepresent possible guiding cues for GBs. Intriguingly, each
suggests that at the appropriate distance from the midline, Egamily uses receptor tyrosine kinases as receptors (in the case
activation becomes a switch to initiate the turn of GB1 awaypf Ephrin) or co-receptors (in the case of Semaphorins). Most
from it. Hence, an experimental increase of signalling levelsf these signals are bi-functional, they can elicit both attractive
can shift the crucial switch further away from the midline,and repulsive responses on the receiving cells depending on
while decreased signalling causes midline crosses. In essencentext. Egfr activation in GB1 may lead to the post-
migrating GBs use Egfr activation to efficiently compute theirtranslational modifications that activate a repellent receptor or
relative distance from the midline, fine-tuning their response timactivate an attractant one and may represent a general
the repulsive and attractive cues originating from it. ‘switch’ mechanism for changing the orientation of cell
migration depending on the strength of RTK signalling.
Rho3 signalling in GB1 may provide a switch that
changes attraction to repulsion We thank M. Freeman and T. Schupbach for fly strains. The work
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