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Summary

Plexins are functional receptors for Semaphorin axon GTPases act similarly in ray 1 positioning. At low doses of
guidance cues. Previous studies have established that somewild-type mig-2 and ced-10Q the Semaphorin 1 proteins no
Plexins directly bind RACETP and RHO. Recent work in  longer act through PLX-1 to prevent anterior
C. elegansshowed thatsemaphorin 1 (smp-Jland smp-2) displacements of ray 1, but have the opposite effect, acting
and plexin 1 (plx-1) are required to prevent anterior  through PLX-1 to mediate anterior displacements of ray 1.
displacement of the ray 1 cells in the male tail (Fujii et al., These results suggest that Plexin 1 senses levels of distinct
2002; Ginzburg et al., 2002). We show genetically thatx- RHO and RAC GTPases. At normal levels of RHO and
lis part of the same functional pathway asmp-land smp- RAC, Semaphorin 1 proteins and PLX-1 prevent a forward

2 for male ray positioning. RAC GTPase genemig-2and  displacement of ray 1 cells, whereas at low levels of cycling
ced-10 probably function redundantly, whereas unc-73 RAC, Semaphorin 1 proteins and PLX-1 actively mediate
which encodes a GEF for both of these GTPases, is required their anterior displacement. Endogenously and ectopically
cell autonomously for preventing anterior displacement of expressed SMP-1 and SMP-2 suggest that the hook, a
ray 1 cells. RNAi analysis indicates thatrho-1-encoded major source of Semaphorin 1 proteins in the male tail,
RHO GTPase, pluslet-502 and KO8B12.5encoded RHO-  normally attracts PLX-1-expressing ray 1 cells.

kinases, are also required to prevent anterior displacement

of ray 1 cells, suggesting that different kinds of RHO-family  Key words: Plexins, Migration, RHO-GTPas€s,elegans

Introduction GTPase-activating proteins (GAPSs), respectively (Dickson,

The organization of the nervous system depends on tHP01). . o .
guidance of migrating cells and neuronal growth cones to their RHO-family GTPases have been implicated in axon
appropriate targets. Growth cones change their morphology Rathfinding and cell migration through the analysis of
response to repulsive or attractive extracellular guidance cugnstitutively active or dominant-negative forms of these
An attractive cue causes spreading and extension of the growRfPteins and their effectors in cultured migrating cells
cone leading edge towards the cue and a repulsive cue caufeigkholt et al., 1999; Jin and Strittmatter, 1997; Kuhn et al.,
growth cone stalling, deflection, or repulsion by mechanism$999). However, the involvement of RAC GTPases in
involving partial or total growth cone collapse. These celfegulating cell movements and morphogenesis in vivo has
shape changes and movements are clearly based on differenfBgen best demonstrated through genetic analyses of model
regulation of actin dynamics (da Silva and Dotti, 2002);0rganisms. For example, the three known RAC geneS.in
however, little is known about how extracellular guidanceelegans ced-1Q mig-2 and rac-2, have been thoroughly
cues signal to the guidance receptors to regulate act@xamined for their effects on CAN cell, gonadal leader cell
polymerization and depolymerization in order to changde.g. distal tip cells of the hermaphrodite gonad), P cell and
growth cone morphology. axon growth cone migrations, plus apoptotic cell phagocytosis
Good candidates for downstream effectors of guidance cuéwhich involves aspects of cell migration), using both genetic
and their receptors are the small GTPases of the RHO familgnd RNAi-induced loss-of-function approaches, as well as
RAC, RHO and CDC-42. These GTPases regulate actigenetic gain-of-function approaches (Kishore and Sundaram,
cytoskeleton dynamics in neurons (Luo, 2000) and in non2002; Lundquist et al., 2001; Spencer et al., 2001; Zipkin et
neuronal cells (Hall, 1998), and they act as molecular switches., 1997).C. elegansRAC GTPases clearly have shared
cycling between a GTP-bound ‘on’ state and a GDP-boun¢tedundant or same pathway) and distinct (parallel pathways)
‘off’ state (Hall, 1998). Positive and negative regulators offunctions, sometimes dependent on cell type and in other cases
RHO GTPases include guanine exchange factors (GEFs) addpendent on the aspect of migration being examined in a
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particular cell type. For exampbed-10 mig-2andrac-2have  that in mutants lackingemaphorin lgenes (i.esmp-land
largely redundant functions in CAN and GABAergic axonsmp-2)or plexin 1 (i.e. plx-1), ray 1 cells are positioned
guidance, and in CAN cell migration, baotig-2 and ced-10  anterior to their normal positiorsmp-1and smp-2 were
have distinct functions in determining the direction of the thirdsshown previously to be required redundantly to prevent this
phase of DTC migration (Lundquist et al., 2001), with doubleanterior displacement of the ray 1 cells (Fujii et al., 2002;
mutant analysis suggesting that these two genes act in the sa@iazburg et al., 2002). We now show tlsatp-land smp-2
pathway to regulate this migration. TGe elegandRAC GEF largely requireplx-1 for this function. We further show that
activity of UNC-73, previously shown to be involved in axonprevention of the anterior displacement of the ray 1 cells also
guidance and cell migration (Steven et al., 1998), behavetlepends on RAC and RHO GTPases independesinpfl
genetically as though it activates CED-10, MIG-2 and RAC-Zmp-2and plx-1; however, the relative levels of active RAC
in vivo (Lundquist et al.,, 2001), and is therefore anotheare deciphered when Semaphorin 1 activates Plexin 1
important component of axon guidance and cell migratiosignaling. Lowered doses of specific wild-type RAC-
signaling mechanisms. TheDrosophila and vertebrate encoding genes can cause a polarity switch in the Plexin 1-
homologs ofC. elegandJNC-73 appear to have evolutionarily dependent positioning of ray 1 cells.
conserved functions in related signaling pathways (Awasaki et Based on expression patterns fix-1, smp-land smp-2
al., 2000; Bateman et al., 2000; Liebl et al., 2000; Newsomand on the genetic analysis of mutants in these gen€s in
et al., 2000). elegans we propose that at normal cycling RF® and

In the literature it is unclear whether specific RHO-familyRACCTP levels, PLX-1 induces an apparent attraction to
GTPases have the same function in different cell types or isources of SMP-1 and SMP-2, by using the known cell
different situations. Several studies have shown that attractispreading and adhesion functions of RHO-family GTPases. By
guidance cues activate RAC or CDC-42 to promote cell ocontrast, at low RAETP levels, PLX-1 induces an apparent
growth cone advance (Luo, 2000; Mueller, 1999; Suter ancepulsion from the same sources of SMP-1 and SMP-2. The
Forscher, 1998), whereas repulsive cues activate RHO tmterior displacement of ray 1 cells causeglhxyl mutations
inhibit cell or growth cone advance, or to induce retractions suppressed by mutations imnc-33CRMP, a known
(Dickson, 2001; Jalink et al., 1994; Luo, 2000; Yuan et al.mediator of semaphorin-induced axon growth cone collapse in
2003). However, the axon guidance receptor most directlgther animals (Goshima et al., 1995). The spatiotemporal
implicated in regulating RHO and RAC activities for its outputexpression patterns oplx-1, smp-1 and smp-2 reporters
is the Semaphorin receptor Plexin. B@msophilaand C.  suggest a cell-based model for the control of anterior ray 1
elegandack the other major class of semaphorin receptors, thdisplacements, which we have further examined by cell
neuropilins, butDrosophila Sema-1a binds Plexin A ard.  ablation and ectopic expression studies.
elegansSMP-1 (Ce-sema-1a) binds Plexin-1 (PLX-1) (Fujii
et al.,, 2002; Winberg et al., 1998prosophila PlexB and
mammalian PlexB1 directly bind the activated GTP-boundViaterials and methods
form of RAC but not its inactive GDP-bound form (Driessensyomatode culture

et al,, 2001; Hu et al., 2001; Vikis et al., 200Dyosophila General procedures used for the culture, maintenance and storage of

PlexB also binds GDP and GTP forms of RhoA (Rhol “nematodes can be found in Wood (Wood, 1988). Mutant strains used

FlyBase) and has been proposed to stimulate RhoA (Hu et ah, this study were as follows.
2001). o ) Linkage Group X (LGX):mig-2(mu28)(Zipkin et al., 1997) and

In Drosophila it has been proposed that semaphorinmig-2(gm103gf{Forrester and Garriga, 1997).
activated Plexin B (PlexB) sequesters FAE and thereby LGI: smp-1(ev715§Ginzburg et al., 2002)jnc-73(ev509]Steven
downregulates its downstream serine/threonine kinase effectetral., 1998)unc-73(e936)Desai et al., 1988)nc-73(rh40)Steven
PAK while stimulating the RHO pathway (Hu et al., 2001;et al., 1998)smp-2(ev709{Ginzburg et al., 2002) antdab-20(bx61)
Vikis et al., 2002). According to this view, inactivation of the (Bi‘g(f\/etu""r']-c’ ég?;%-%llu et al., 1062)ced-10(n1993{Elis et a
RACCTP-dependent growth cone spreading mechanism is - unc- . 1 ) : 1
pre-requisit% step f(?r RHO-induceE)j collagse stimulated by lin-1(e1275)(Kimble et al., 1979)plx-1(ev724)(this study)

. g . .—andplx-1(nc37)(Fujii et al., 2002).

Plexin B (_Hu et aI.,. 2001; V|I§|s et aI._, 2002). This model is™ | =\, him-5(e1490)Hodgkin et al., 1979).
based on in vivo gain-of-function studies and has not yet beengirains not isolated in our laboratory were obtained fromChe
validated by loss-of-function studies. Nonetheless, thesgegansGenetics Center, care of T. Stiernagle (The University of
Drosophilastudies indicate that semaphorin signaling througtMinnesota), or from G. Garriga (U. C. Berkeley).
plexins is an excellent starting point for understanding how the .
activation of particular guidance receptors affect signalindreverse genetics
through RHO family GTPases to influence cell movements an#l frozen reverse genetics library, which represents 1.7 million
morphogenesis. mutagenized haploid genomes, was screened for deletions@ethe

We examine genetically the function of. elegans plexin-1gene using nested PCR methods (Roy et al., 2000; Zwaal et
Semaphorin 1 proteins and Plexin 1 in the positioning of""' 1993). Once a deletion sample was identified, sib selections were

: : performed to isolate the homozygous deletion strain NW18¢1
sensory ray 1.Ce”5 during male tail developméhtelegans 1(ev724) AmpliTag GOLDTM (Perkin-Elmer) was used in all PCR
has wo plexin-related genesplx-1 and pl_x-2, encoding | eactions. The isolated deletion allglkx-1(ev724)was outcrossed
Plexin 1 (most closely related tOrosophila and human \ith N2 Bristol strain at least five times before further analysis.
Plexin A) and Plexin 2, respectively. eleganslso has three pefining the first nucleotide of the initiation codon as the first
semaphorin genesmp-1 smp-2andsmp-3 encoding Sema nucleotide in a DNA sequence, tpie-1(ev724)pllele was deleted for
1A, Sema 1B and Sema 2A/MAB-20, respectively. We finchucleotide pairs 16135 to 18134.
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Molecular biology evEx170 [pVGSla:GFP;
Standard molecular biology methods (Sambrook et al., 1989) weré€porter). ) o
used unless otherwise noted. THBAPII (Stratagene) cDNA clone  Transgenic strains were generated by co-microinjection of the DNA

yk535flwas provided by Y. Kohara and excised in vivo mix into the distal gonad arms of N2lim-5(e1490hermaphrodites
(Mello and Fire, 1995). DNA mixes consisted of a test construct at a

Gene specific cDNA analysis and genotyping concentration of 50 mpl or 30 mg/ml and a co-injection marker to

Total RNA was isolated using the standard Trizol (GIBCO-BRL)Create a final DNA concentration of 100 mig/Transgenic extra-

protocol. A standard reverse transcription (RT) protocol (Moon anghromosomal arrays were integrated using a UV irradiation-based

Krause, 1991) was used to amp“fy gene Specific products either usiﬁ@?thod (Mltanl, 1995) Int_egrated alleles were backcrossed five times

oligo dT or random primers to identify all RNA populations. RT-PCRbefore phenotypic analysis.

products comprising wild-type or mutant cDNAs were cloned into )

pBSK+or pGEMT-easy vectors and sequenced to confirm the ORFSRNA interference

Ce-plx-1specific primers flanking the genomic DNA deletiorpbd- RNAi constructs were made by sub-cloning a PCR fragment

1(ev724)were used to follow the mutation during outcrossing andrepresenting a unique sequence from the targeted gene into the

multiple mutant strain constructions. Primer sequences are availabteultiple cloning site of L4440 (Timmons et al., 2001). The targeted

upon request. genes included &. eleganshomolog of RHO Y51H4A.3, two C.
eleganshomologs of RHO-kinase€@0H11.9/let-502ndK08B12.5

Transgene constructs and exon 8 ofinc-33(Y37E11C.1). Plasmids were transfected into

A plx-1 transcriptionalgfp reporter was constructed by cloning the bacterial strain HT115. Bacteria were induced with IPTG using a

2621 bp sequence immediately t6 the initiation codon into the variation of Protocol Number 2 from Kamath (Kamath et al., 2001).

multiple cloning site of pPD95 77 to generate plasmidAfter induction, bacteria were immediately used to seed NGM growth

pPD95_77cplx. Aplx-1(+) rescuing construct was assembled from plates.

multiple PCR fragments encompassing the entire coding sequence of

Ce-PLX-1. The 3portion of the construct comes from the cDNA Cos 7 transfection and sub-cellular localization

yk535fland contains 739 bp of théWR. This pix-1(+) cDNA A DNA construct encoding full-lengt. elegans plx-MYC-tagged
minigene was cloned downstream of the promoter sequence of t@NA under the control of the CMV promoter (Fuiii et al., 2002) was
pPDY5_77cplx transcriptional reporter to obtain the plasmid pZH12%ransfected into Cos7 cells using lipofectamine following the
The gfp coding sequence is out of frame in pZH127. The construcianucfacturer's protocol (Gibco). Cells were grown at 37°C in 5%
contains the full-lengtipix-1(+) minigene with 2621 bp of sequence CQO, for 24 hours post-transfection in RPMI media supplemented with
immediately 5to the initiation codon and 739 bp of th&J3R 109 fetal bovine serum. Prior to immnunostaining, cells were fixed
sequence. ) ) ) ) in 4% paraformaldehyde for 10 minutes, then permeabilized with PBS
The GFP-encoding portion of pZH127 was put in frame with thecontaining 0.2% Triton X-100. Cells were immunostained using a
PLX-1(+) sequence by fusing it after tRenll site located four amino  mouse monoclonal anti-MYC antibody (9E10, Santa Cruz) and an
acids before the stop codon. For thisSpH-Kpnl fragment was  Alexa 488-conjugated anti-mouse secondary antibody. Cells were co-
deleted from pZH127, cut witRmll and re-ligated in combination stained with rhodamine-conjugated phalloidin (Molecular Probes).

with a linker sequence into ti&pH-Kpnl cut pZH127 to obtain the  Cell morphology was observed using DIC optics of a DMRA2 Leica
new plx-1 translational reporter plasmid pZH157. microscope.

An unc-73(+)gene driven by thplx-15' regulatory sequence was
constructed by sub-cloning a 6340 lpd-Sma cDNA fragment of Microscopy

PZHES3 (Steven et al,, 1998), encoding the full-length UNC-73, into Hale tail anterior ray 1 displacement and ray fusion events were

modified version of pPD95_77cplx transcriptional reporter construct, . . . o
For this sub-cloning, th@si site in the multiple cloning site of scored by mounting 1 mM levamisole-treated animals on 2% agarose

. : ds for observation using DIC optics. Tdjm-1::GFP translational
PD95_77cplx was mutated to generateNaal site. The resultin pa . h h - . .
Blasmid_(prH163) encodes a fulﬁlenglhc-73(+)under the contrc?l reporter (Simske and Hardin, 2001) was visualized with an Applied
of the plx-1 promoter Precision Deconvolution microscope or a Leica DMRXA microscope

. : ... to assess epidermal cell morphologies.
A smp-1ltranslational GFP reporter gene was obtained by ligating .
a GFP cassette, PCR amplified from pPD95_77, into the uhide Standard errors for percentages of the anterior ray 1 phenotypes

site (exon 12) of the pvGSia plasmid containing a 10Xkl were calculated assuming a binomial distribution with the observed

4 } . percentage value and the actual sample size. Statistical tests were
genomic fragme_nt from themp Llocus (Ginzburg et aI._, 2002). The crarried out using a standard (two-tailed) comparison of two
resulting plasmid (pVGSla:GFP) encodes the entire extracellul . M d M be. 1 Rilval h
domain, the transmembrane domain and an intra-cellular GF oportions (Moore an cCabe, 1998). Rivalues represent the

o . o robability that the measured penetrance of the phenotype is
reporter. The original plasmid pVGS1la has the ability to completel prova . ;
rescue the phenotypes sfp-1mutant animals (Ginzburg et al., %lgnlflcantly different between two strains.FAvalue less than 0.05

2002) was considered significant. All comparisons described as significant

in the Results were based on this criterion.
Generation and analysis of transgenic strains

Transgenic strains were as follows:
evIs140[pPD95_77cplx  plix-1::gfp;

rol-6(sul006){smp-1 translational

Laser ablations

rol-6(su1006)] (pIx-1 Laser cell ablations were performed using a Leica DMLFS confocal

transcriptional reporter);

evEx162 [pZH127 plx-1(+); rol-6(sul006JEDNA rescuelx-1
mutant);

evls162 [pZH127 plx-1(+); rol-6(sul006)cDNA rescueslix-1
mutant);

evEx168 [pZH163 plx-1::unc-73(+);
expressed bylx-1 promoter);

evEx169 [pZH157 plx-1(+)::GFP;
translational reporter); and

rol-6(su1006){unc-73

rol-6(su1006)] (pIx-1

microscope. Briefly,him-5(e1490)third larval stage males were
anaesthetized using 10 mM sodium azide in M9 solution and mounted
on 2% agarose pads. Developing hook cells were located using the
ajm-1::GFP reporter and ablations were assisted with the Leica
confocal software (version 11.04). Worms were recovered after the
ablations and allowed to grow 24 hours before scoring the male tail
phenotype. Using this same protocol, two control ablations of L3 stage
ray 3 cells were both successful at specifically eliminating ray 3 in
the adult.
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Results syncitium in the tail called the SET cell. For all nine ray
; : i lineages, the Rn.a cell divides to produce four cells, one of
Cloning of the plexin encoding gene Ix-1 ; ' '
g P 99 P which undergoes a programmed cell death, and the other three,
te ray cell cluster, ultimately form a ray sensillum containing

Center C. elegans consortium, revealed thelx-1 gene .
Y55F3AL.1 which encodes a Plexin 1 homolog (see also Fuji%%lnegﬂ?gin(zrr‘]g 32?v§: Bl)ge;r;c)j a support cell (Baird et al.,

et al., 2002). A full-length cDNA of 5.8 kb was constructed by ; G ;
RT-PCR-amplification of RNA using predicted gene-specific Using theajm-1::GFP tagged protein reporter to observe

primers and verified by sequencing (Materials and methodiOlherens junctions in vivo (Simske and Hardin, 2001), we

. ) . ; ound that in wild-type animals, after the initial sorting of ray
The ORF encodes a 1978 amino acid protein (Plexin 1 or PL ell clusters, the ray 1 cell cluster remains at a relatively fixed

1), which comprises an N-terminal hydrophobic Sigr]aldistance from other landmarks such as other rays and the male

sequence for secretion, followed by a semaphorin domain, thr«;iaok (Figs 2, 5). However, iplx-1(ev724)mutant males, the
PSI domains (homology to Plexins, Semaphorins and Integr|n§ y 1 cell cluster is frequently displaced anterior to its normal

and four immunoglobulin-like folds (three IPT and one TIG) a% " ; . ; ;

; . . osition (Fig. 2E,F; Table 1)This phenotype is completely
revealed by SMART analysis (F'.g' 1B) (Letunic et al., ZQOZT cessive and is identical to the one previously described for
Schultz et al., 1998). The predicted cytoplasmic domain o mp-1(ev715andsmp-2(ev7093ingle mutants, and famp-
sPLé(c_ .1e SSh;i_Le; g‘fxt‘ighcefé r?g?n?lgggom;hnpl:%xr:?;rgog (S)teheefl(ev715); smp-2(ev708puble mutants (Table 1) (Ginzburg et

PEcies. ytop : ! ! M 5\., 2002). Theplx-1(nc37)allele has been reported to share

amino acid sequence that is almost identical to the RAC—bindin[g]- .
. X ; . . is phenotype (Fujii et al., 2002), which has two separable
domain (NTLAHYG) described fobrosophilaPlexin B (Fig. degrees of severity: a class 1 severe phenotype in which ray 1

1C) (Hu et al.,, 2001). A multiple alignment of the C termini Ofis positioned anterior to the fan area; and a class 2 mild

Plexins from many species shows divergence between t : . . L .
RhoA-binding region defined f@rosophilaPlexinB (Hu et al., Ib%enotype in which ray 1 is shorter and is displaced anteriorly,

S . . but is still within the fan area (Fig. 2C,D). For the severe class
2001) and other Plexins, including Ce-PLX-1 (Fig. 1B,C). 1 phenotype, ray 1 is often positioned dorsal to its normal

. . . ventral lateral position and close to the adherens junction that
The isolation and molecular analysis ofa  pix-1 connects the SET to the lateral epidermis (Fig. 2D,G,H).
deletion mutgnt ) ] ) The abnormal anterior positioning of ray 1 cells in the third
pix-1(ev724)isolated as described in Materials and methodsjarval stage is the earliest defect observed irpthel (ev724)
is deleted for 1200 bp of the wild-typéx-1genomic sequence, male tail, and becomes apparent as R1.p changes shape, as it
which removes exon 19. Splicing of exon 18 to exon 20, agoes in the wild type, by extending toward the anterior (Fig.
confirmed by sequencing of RT-PCR products, creates a stQi). The other Rn.p cells also change their morphology and
codon at position 3502 of the corresponding cDNA (Figfuse normally with each other pix-1 mutants.
1A,B). Thus, this deletion is predicted to produce a truncated |n contrast to the wild typglx-1 mutant ray 1 cells often
receptor lacking both its transmembrane and cytoplasmigil to detach from the SET during the late fourth larval stage
domains. The mutant protein is predicted to be unable tgrig. 2H, compare with Fig. 2G). This occurs almost invariably
anchor itself in the cell membrane and to have no intracellulafith the severe class 1 phenotype, but the milder class 2
signaling activity. The mutant allele is totally recessive to thyhenotype is occasionally observed without this persistent

wild-type allele in an otherwise wild-type genetic backgroundadhesion of ray 1 to the SET (data not shown).
suggesting that it does not have a dominant-negative effect on

gene function. Thelx-1(nc37)allele from Fujii et al. (Fujii et  pix-1 normally works in the same genetic pathway

al., 2002), is deleted for the amino-terminal part of PLX-1, buas smp-1 and smp-2

has the same penetrance of ray 1 positioning defects (Tabledingle mutants fosmp-1(ev715and smp-2(ev709have an

also see below). It is likely therefore that both alleles are nullsncompletely penetrant anterior ray 1 defect. However, the
smp-1(ev715); smp-2(ev708puble mutant is synergistically

Plexin 1 and the Semaphorin 1 proteins function enhanced for this phenotype (Ginzburg et al., 2002). The
together to prevent anterior displacement of male severity of the ray 1 phenotype was re-examinesirip-1and
ray 1 cells smp-2mutants according to criteria defined above (anterior

The adult male tail possesses nine bilaterally symmetridisplaced ray 1 classes 1 and 2), and compared with the ray 1
sensory rays protruding within a spade-shaped fan made phenotype observed inplx-1(ev724) Interestingly, the
cuticle (Fig. 2B). Baird et al. (Baird et al., 1991) visualized cellphenotype is temperature-sensitive &mp-1(ev715); smp-
position and shape changes during male tail morphogenesis BPev709) double mutants and for thplx-1(ev724)single
staining an adherens junction epitope encodedjimyl1 with mutant (Table 1), suggesting the existence of an unknown
the mAb MH27 (Baird et al., 1991; Francis and Waterstontemperature-sensitive process involved in preventing anterior
1985). In males, starting as early as the third larval stage, tliisplacement of ray 1 that is revealed when Sema-1/PLX-1
posterior seam cells (V5, V6 and T) undergo additional roundsignaling is absent. At the restrictive temperature (25°C), the
of division, producing nine bilaterally symmetric ray/SET penetrance of the anterior class 1 and class 2 ray 1 phenotypes
precursor cells [R{ cells, wheren=1-9]. V5 generates the combined is slightly but significantly highe?<0.005) in the
most anterior cells, ray 1, whereas V6 and T generate the othak-1(ev724) single mutant compared with in themp-

rays. Each ray precursor divides to produce an anterior (Rn.afev715); smp-2(ev709ouble mutant (Table 1) (e.g. 32%
and a posterior cell (Rn.p). For ray lineages 1-5, the Rn.p cel@rsus 29%, and 50% versus 35%, for class 1 and 2 defects,
ultimately fuse to one another to form the lateral epidermalespectively). This suggests that PLX-1 has some minor
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A C . . 2160 . . .2170 . . .2180 . . .Z190 . . .Z200
Da-Plz-A 1595 :PPEDDLDLEVETGATGRYILTDE. DYTSETE . SEVELLNTLOBYNYEDGA : 1642
Ha-P1x-A3 1523 PEAEDHDLEVROGRNTRIILODE . DYTTEIE . COVERLNSLARYOVTDGS | 1570
ev724 Ce-Plz-1 1589 PAPGDUELEWETGHNGEDALQDI. D55SRYEGGNFERLNTLABRTNYFNNRA (1637
12 1 25 Da-Plx-B 1684 :PSYHELDLEVRBGRGGHLTLODE DLTTETVNG. VERLNTLABTGVEESA 1731
8..... Ha-Plz-B1 1798 :PDPRTLDVEVRSGYAGHLILSDE. DYTSEV(. GLVRELNTLOBYEVEDGA 1845
1 23 4 5 6 789 10 111314 151617 120 21 22 23 24 Ce-Plz-Z 1459 PRITQFELETECPERGDVELTDYLPIETLSOIKLPYELFTLADYGISDGC : 1508

H | 1 Ha-P1lz-C1 1262:. . LEEIGLELOBGTROEELL. . PIDSSSVILEDGITELNTIGHTEISNGS : 1298
~ —_—
' " lv v px . . .2240 . . .2220 . _ _2230 . . .2240 . . _225K0
b w e e ¥ Dm-Plz-A 1643 GLSLYPEQSSIYNFSILSDENMEE. .. _ SHEYETLRISEYTS. ... ... . :1679
) Ha-Plx-A3 1671 LYALVPEOVSATHHANSFTFTRS LSRYESL. .

-LRTA 1604
Ce-Plx-1 1638: ILTLTSESHSLYNLVRFSSTSHETASILSDRSEESSYSHETPGVGSPEPY (1687
176

Dm-Plx-B 1732:VHSLIARONDNYBI. .  PYSENQONSAPYHNFYFINRSO. .. ... .. .: 1766

Ha-Plx-Bl 1046 BVARNE. . . . ... ... ..o CLTEBYLRERQD : 1863

Ce-Plx-2 1609:TLEHSPAVITAESYRNSLADSGOSSVSSLDRCSPIYTSS. . .. ... ... .. 1646

B Ha-Plx-C1 1299:TIEVFEE. .  TANFTSDVEYSDDBC. _ ... . .. .. .. ..._._...:1320
. . 2260 . . .2270 . . _2280 . . _2290 - 2300

eV724(TAA) Dm-Plx-A 1680:55PTFSRAGSPLENDHHENGL. . RYVEALVYE. .. BH. ... ... ______:1709

Ha-Plx-A3 1606:5SPDSLESRAPHITPDOETGT. . ELWHLVE. . .

Ce-Plz-1 1688 GAPPSVIADHASSSADTDNGE _ _ELYBLVEPT. EH. . 1719

Da-Plx-B 1766-. .. ..... SHIITHNDIESGLOOPRYYHLYEPNIPDEYHNIENSYLSGGS - 1808

Hn-Plx-Bi 1864 TVEG. . ERTPHLEDVDEGGI. _RPVALYEPSDEPEPPRPRRGSLEGG. -1906

GRS " AR o o St i e e SEYYBUTWES. . ............ 5G 1568

. . S o e G R  E E a BLILEDSE ... ...........:1328

G semaphoritomain
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Fig. 1. The isolation of a deletion allele within te elegans plexin [bcus. (A) A deletion allele ofe-plx-1was isolated from a mutagenized

C. elegandN2 strain frozen library screened using a PCR based method (see Materials and methods). The genomic DNA deletion removes all
of exon 19 (red dotted rectangle), which encodes the transmembrane domain. §B&} Tgenomic DNA sequence was used to design

primers to PCR amplify multiple cDNAs that were sequenced and assembled into a full-length clone. The cDdb& E{env24)was

sequenced and revealed abnormal splicing between exons 18 and 20 resulting in a frame-shift mutation. (C) The intraiosllafad.por
elegansPLX-1 is highly conserved with human abDdsophilaplexins. In particular, the seven residue region (black underline) responsible for
RACETP binding inDrosophilaPlexin B is well conserved iDrosophilaPlexin A, C. elegan®LX-1 and PLX-2, and human plexins A3, B1

and C1. The RHO-binding region defined BrosphilaPlexin B (red underline) is less well conserved, as a large portion of it is missing in
plexins from other species. However, the amino acids bordering this region are well aligned in plextisdiegansDrosophilaand human.

The alignment includes Hm-PLX-A3 (X87852), Hm-PLX-B1 (X87904), Hm-PLX-C1 (AF030339), Dm-PLX-A (T13937), Dm-PLX-B
(T13164), Ce-PLX-1 (NP_500018) and Ce-PLX-2 (NP_497001).

function in ray 1 positioning that is independent of Semaphorin Table 1. Ray 1 anterior phenotype in wild-typeplexin 1

1 signaling. and semaphorin Imutant strains

To determine whetheplx-1(+), smp-1(+) and smp-2(+) Rayl Rayl
work in the same genetic pathway, a triple mutant was class1  class 2
constructed. At 25°C, the class 1 and class 2 ray 1 defecgsnotypd (%)" (%) nf
combined were slightly but significantly suppressedwild type 16°C 0 0 124
(P<0.0005) in theplx-1(ev724); smp-1(ev715); smp-2(ev709)Wild type 20°C 0 0 120
triple when compared tplx-1(ev724)(Table 1). Despite the Wild type 25°C 0 0 110
minor differences in penetrance and expressivity between tlﬁgjggggog RSE R
mutants, these results strongly suggest fibatl and smp-1  pix-1(evr24psect 3044 50+4 157
andsmp-2function largely in the same pathway (see also Figpix-1(nc37)25°C 334 505 120
6 and Discussion). smp-1(ev715); smp-2(ev70B§°C 4x2 7x2 115

smp-1(ev715); smp-2(ev702)°C 4+1 25+3 226

smp-1(ev715); smp-2(ev70@y°C 29+3 35+4 190

px-1 is expressed in the male ray 1 cells and is smp-1(ev715); smp-2(ev709); plx-1(ev728)C:  21¥2  46+3 309

associated with actin filaments in membrane ruffles
of Cos7 cells *All strains have thejm-1::gfpreporter gene in theim-5(e1490)
To determine wherelx-1 is expressed, we constructed GFpbackground. Animals were grown at the indicated temperature.

s - The frequency of the severe (class 1) and mild (class 2) anterior ray 1
transcriptional ‘and translational reporters fpix-1 (see henotype was determined as described in Materials and mathods.

Materials and methods). Expression of both reportergpresents the number of animals scored. Standard deviations were calculated
is observed in all body wall muscles, male sex specifi@ssuming a binomial distribution with the observed percentage value and the
muscles and in the lateral epidermis during post-embryonigctual sample size. For all comparisons described as significant in the Results,

; eP value was <0.05.
development (data not shown). At the third larval stage, mal® “Statistical comparisons betweph-1(ev72425°C andsmp-1(ev715)

tail hypodermal expression beg_ms in all dividing Rn.z?\ and R”-E’mp-2(ev70925°c (P<0.005),plx-1(ev724P5°C andsmp-1(ev715); smp-

cells although predominantly in R1.a and R1.p (Fig. 3A,B)2(ev709); pix-1(ev7285°C P<0.0005), andmp-1(ev715); smp-2(ev709)

The strongest expression of the transcriptional reporters B°C andsmp-1(ev715); smp-2(ev709); plx-1(ev728jC (P>0.5) take into
observed in the ray 1 cells. Expression of the transcriptionﬁgcm‘,m the sum of the ray 1 class 1 and 2 phenotypes; other comparisons
reporters in other rays is weak and eventually disappears. scribed in the Results were based on the ray 1 class 1 phenotype.

similar effect is observed for the translational reporter, which

expresses first and most highly on the ray 1 and ray 2 celleelative to the earlier expression in precursors to rays 1 and 2
Although the translational reporter is found on all rays at latefFig. 3B-D). These results suggest that, during male tail ray
stages of male tail development, this expression is weatevelopmentplx-1is predominantly expressed in the cells that
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Fig. 2.Ray 1 cells and the adult ray 1 are displaced
anteriorly inplx-1(ev724) The position of ray 1
cells was determined by fluorescence microscopy
using theajm-1::GFPreporter in L3 males (Baird et
al., 1991; Koppen et al., 2001). For all panels,
anterior is left and ventral is bottom. (A) Male rays
develop from two bilaterally symmetric ray/SET
precursor cells (Rcells, wheren=1-9). In the third
larval stage (L3), ray 1-4 cell clusters (pink arrow) | =
lie ventral to their corresponding R1-4.p sister cells. f‘f
The developing hook (A; white arrow) is located
ventral to the ray 1-2 cells. (B-D) The position of
adult male rays was determined by DIC microscopy.
Ray 1 is observed at an abnormal anterior position i
plx-1(ev724)dult males (C,D) when compared with
wild-type males (B). In wild-type males, ray 1 (B;
white arrow) is observed in close opposition to ray 2
(B; black arrow). A mild ray 1 anterior phenotype
(ray 1 class 2) is scored when ray 1 (C; white arrow)
is observed just anterior to it normal position

(C; black arrow), but is still within the fan structure.
A severe ray 1 anterior displacement phenotype (ra
1 class 1) is defined as a ray 1 located outside the
fan area (D; white arrow) even further anterior to ray
2 (D; black arrow)A ray 1 that is shorter than in
wild-type males is also characteristic of both types
of anterior ray 1 displacement (B-D). Ray 1 cells
(white arrow) are displaced anteriorghx-1(ev724)
L3 males (F) when compared with wild-type
animals (E) of the same stage. Other ray cells,
including ray 2 cells (E,F; pink arrow), are not
affected inplx-1(ev724).3 males. (G) A
detachment of all rays [ray 1 (R1) shown by large
arrow] from the male tail syncitium (SET) is always
observed in adult wild-type males. (H) Anterior ray . “ ¥
1 (large arrow) displacements in adpilt-1(ev724) ,
males is usually accompanied by a persistent e
adhesion to the SET. Scale bar; 2. pix-1(ev724)

comprise rays 1 and 2 at the stage when the defect (anter@th Semaphorin 1 family members SMP-1 and
displacement of the R1.a derived ray precursors) first manifestVIP-2 are expressed in the male tail hook and are
in mutants oflx-1, unc-73 mig-2 ced-1Q smp-landsmp-2  suspected attractants to the ray 1 cells

The plx-1 transcriptional reporter fills cells that express it,We found that the male hook strongly expresses both-
whereas the translational reporter appears localized to the céltgfp andsmp-2::gfptranscriptional reportersihp-2::gfpin
periphery, as expected for a transmembrane protein. Teig. 5C,D; smp-1::gfpis not shown). For themp-2::gfp
determine whether PLX-1 co-localizes with cellular structuregranscriptional reporter, we also observed expression in rays 7,
associated with migration, we decided to express it i8 and 9 (Fig. 5C,F). To confirm these results obtained with the
mammalian cells grown in culture. Cos7 cells were transfectetanscriptional reporters, a GFP translational reportesrfgy-
with a Myc-taggedlx-1(+) gene driven by a CMV promoter 1 was produced (sesmp-1::GFPreporter in Materials and
and immunostained with anti-Myc antibodies (see Materialsnethods). Expression was observed at the cell membrane of
and methods). Actin filaments were visualized with phalloidinthe developing male hook precursors (Fig. 5A,B), the adult
rhodamine, and membrane ruffles were observed by D.l.Gwook (Fig. 5E), in rays 7, 8 and 9, and in the bursa of the male
optics. As shown in Fig. 4C. elegansPLX-1 clearly co- tail (Fig. 5G). No expression was observed in ray 1-6 lineages.
localizes with actin filaments in membrane ruffles of Cos7 Of possible relevance, the developing hook is located close
cells. to the ray 1 cell cluster during the third larval stage at the time
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Fig. 3. Transcriptional and translational reportersgtaxin lare
GFR - expressed in developing ray cells. For all panels anterior is left and

plexin-1p

ventral is bottom. The expression pattern of GFP reporte@xdr
(see Materials and methods, schematics show constructs used) was
plx-1p::gfo determined in transgenic males using fluorescence microscopy. A

2t similar expression pattern was observed in transgenic animals with
an extra-chromosomal translational reporter area£x168 or an
integrated transcriptional reporter arrayl§14(. (A) Expression of
evls140s observed in the dividing Rn.a and Rn.p cells, but
predominantly in R1.a and R1.p cells (white arrows) in L3 males.
(B) Expression oevEx168ncoding the entirplx-1(+) coding
sequence (minus four C-terminal amino acids, see Material and
methods) fused to a GFP reporter. Expression is observed at the cell
membrane of developing ray cells, predominantly in the 3-cell
clusters for rays 1 and 2 during the early L3 stage (white arrows).
(C,D) Low expression is detected in all ray precursor clusters at the
late L3 stage (white arrows). No expression is detected in adult rays
for either the transcriptional or the translational reporter (data not
shown). Scale bars: A, 18n; B-D, 25um.

_r:'br-l(ﬂ ¢cDNA < GFP =

plexin-1p mutant males is observed lin-1(e1275)mutant males. The
penetrance of anterior ray 1 defects is 3% at both 16°C and
pix-1::GFP 25°C for the less severe class 2 phenotype, but 14% and 28%
at 16°C and 25°C, respectively, for the more severe class 1
phenotype ri=150). In thosdin-1(e1275)mutant animals that
have a nearly normal looking ectopic hook, we find that ray 1
is often positioned much closer to this ectopic hook than to the
normal hook throughout larval development (Fig. 5I-L).
plx-1::GFP The anterior displacement of ray 1 observelinti(el275)
mutant males is considerably suppressed whemp-1(+)
function is taken away. For example, Bmp-1(ev715);
lin-1(e1275) double mutants, the severe ray 1 anterior
displacement (class 1) caused by an ectopic hook i$558)
compared with 28%nE150) for lin-1(el275)alone. These
results further support the hypothesis tls&maphorin 1
S plx-1::GFP expression from the hook attracts ray 1 cells.
/ ‘/ / To confirm the possible involvement of Semaphorin 1
¥ proteins expressed from the male hook in normally attracting
/' ray 1 cells to the posterior side, we laser ablated hook precursor
/’/' cells in L3 stage males (see Materials and methods). In hook-
ablated animals, anterior displacement of ray 1 cells was
observed for four out of seven sides examined. However, the
ray 1 cells did not differentiate into a fully developed ray,
suggesting that factors expressed by the hook are also required
we first observe abnormal anterior ray 1 positioninglial  for ray 1 cell differentiation.
andsemaphorin Inutants (Fig. 2A,E,F, and above results). As i
we observed positioning of the ray 1 cell cluster anterior to th81g-2, ced-10 and unc-73 also prevent the anterior
hook inplx-1, smp-landsmp-2single mutants, and ismp-1; ~ displacement of male ray 1 cells
smp-2double mutants, it is possible that SMP-1 and SMP-JZo determine whether RAC GTPases are involved in ray 1
expression from the hook may normally attract the PLX-1positioning, we made use of mutations in two existing RAC
expressing ray 1 cells to keep them in their normal, mor&TPase genes i@. elegansmig-2andced-10 Cell migration
posterior position (i.e. closer to the ray 2 cells). To furtheend phagocytosis of apoptotic cells are affected by mutations
examine this possibility, we characterized ray 1 cell positioningn these genes, although no male tail defects were reported
in lin-1 mutants males. Ihn-1 mutant males, additional hooks previously (Kishore and Sundaram, 2002; Lundquist et al.,
are present anterior to their normal position because of 2001; Zipkin et al., 1997).
ventral epidermal cell lineage defect (Sulston and Horvitz, mig-2(mu28)andced-10(n1993%ingle mutants exhibit very
1981) (Fig. 5H-L), which we have found does not affect thdow penetrance anterior ray 1 displacement defects (Table 2). To
ray lineages. Thesmp-2:.gfp transcriptional reporter is test for possible redundancy between the two RAC-encoding
expressed in the normally positioned hook and in the anterigenes for ray 1 positioning, we attempted to construniga
hooks inlin-1(e1275)animals (Fig. 5H). An anterior ray 1 2(mu28); ced-10(n1993fouble mutant. However, double-
phenotype essentially identical to the onepix-1(ev724) mutant animals are sterile, and die as embryos and early larvae

e %
///',/w'
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Alexa 488 Phalloidin-rhodamine DIC

Fig. 4. Localization ofC. elegan$?LX-
1in Cos7 cells. Cos7 cells were
transfected (see Materials and methu
with a DNA construct encoding th&
elegansPLX-1 fused to a MYC epitog
(Fujii et al., 2002). Cells were fixed ir
4% paraformaldehyde and stained w
a mouse monoclonal anti-MYC
antibody (9E10) and an Alexa 488-
conjugated anti-mouse antibody. Act
microfilaments were revealed using
phalloidin-rhodamine. Cell
morphology was observed using DIC
filters on a Leica DMRA2 microscope. Arrows indicate co-localization of PLX-1 with actin microfilaments in membrane rufftebaSical
A: 20 um for A-C.

as reported previously (Kishore and Sundaram, 2002; Lundquist Table 2. Ray 1 anterior phenotype in Rac GTPase and

et al., 2001). Nonethelessjg-2(mu28); ced10(n1993)males unc-73mutant strains
survive and exhibit a severe anterior ray 1 displacement defect Ray 1 Ray 1
compared with respective single mutants (Table 2). This suggests class 1 class 2
thatmig-2andced-10normally function redundantly or in series Genotype* (%) (%) nf
(see Discussion) to prevent anterior displacement of ray 1 cellssd-10(n19931f) 3+1 8+2 297
We have not examined the effects ac-2 on ray 1 cell  mig-2(mu28lf) 2+1 2+1 185
positioning, although it also may act redundantly or in serieged-10(n19930/+; mig-2(mu28) 86+3 12+2 174
with mig-2 andced-10in this process. m:g:gggmggggﬁ g%fg . 1;’3?
To examine further the importance of RAC activation forync.73(evs09) 2144 1744 110
ray 1 positioning we characterized an allelic series o0finc-73(e936) 6145 15+3 119
mutations inunc-73 which encodes a Trio homolog (Awasaki unc-73(rh40) 84+4 1243 106
et al., 2000; Bateman et al., 2000; Liebl et al., 2000; Newsontt¢-73(e936); eVEx168[pix-1::unc-73(+)] 1+1 6+2 146

et al., 2000) known to function in the activation of MIG-2 and  «j; strains have thejm-1::gfpreporter gene in theim-5(e1490)
CED-10 for cell movements and shape changes (Kishore amdckground except for strains marked %, which are heterozygohisrfor
Sundaram, 2002; Lundquist et al., 2001; Spencer et al., 2008(p1490)

Steven et al., 1998)nc-73 (ev509)unc-73(e936)nd unc- TThe frequency of the severe (class 1) and mild (class 2) ray 1 anterior

. : henotype was evaluated as in Table tepresents the number of animals
73(rh40) animals have mild, moderate and SeVer':'!gcored. All animals were grown at 20°C. Standard deviations were calculated

uncoordinated (Unc) phenotypes, respectively (R. SteveRgsuming a binomial distribution with the observed percentage value and the
personal communication). We find that all alleles have anactual sample size. For comparisons described in the ResRits#e <0.05

anterior ray 1 positioning defect that varies in penetrance ins considered significant. ,

manner correlated with the severity of the Unc phenotype “Heterozygous genotype generated by crossing.

(Table 2). Notably, the strongest mutatigrh40) has a

penetrance equal to the penetrance mfg-2(mu28);

ced10(n1993)/+mutant animals, or to theig-2(gm103gf) Although unc-73 ced-10and mig-2 prevent the anterior

gain-of-function mutant animals (Table 2). Hook positioningdisplacement of ray 1 cells, it is not clear whether they do so

is normal in mutants otinc-73 and in mig-2(mu28); ced- by acting in the ray cells, in the hook or, perhaps, even in a

10(n1993)/+mutant strains. third cell type. Ifunc-73affects ray cell migrations by acting
Like the mig-2(mu28); ced-10(n1993jouble mutant, the in the hook or in a cell type other than the ray cells, then we

unc-73null allele is lethal (Steven et al., 1998), preventing usnight expect a deficit imnc-73function to cause abnormal

from determining the ray 1 anterior phenotype in this contextegulation of smp-1 expression. However,smp-1::GFP

However, this analysis clearly demonstrates that UNC-73 igxpression was totally normalimc-73(e936)suggesting that

necessary for preventing anterior displacement of ray 1 cellauinc-73is unlikely to affect ray cell movements by acting in the

hook or a cell type other than the ray precursors.

unc-73, and by implication  ced-10 and mig-2, actin To examine this question more directly, we also expressed
pix-1-expressing cells to prevent anterior unc-73(+) under the control of theplx-1 promoter. This
displacement of ray 1 cells promoter was previously shown to drive expression gfpa

Biochemical analyses have shown that UNC-73 activates RA€&porter primarily in the ray 1 cells of the male tail and not in
GTPases, and genetic analyses showuhet73requiresced-  the hook. Ifunc-73andplx-1act in the same set of cellsplx-

10 andmig-2, which encode RAC GTPases, for its activity in 1::unc-73(+) transgene should rescumc-73 mutant ray 1

cell migrations and axon guidance (Kishore and Sundarampositioning defects, but it should not rescue thepixfl and

2002; Lundquist et al., 2001; Spencer et al., 2001; Steven ehc-73act in different cell types. As shown in Table 2, this
al.,, 1998). A simple explanation is that UNC-73 is a GEFRescue was nearly complete (1% class 1 and 6% class 2 defects,
activator for both CED-10 and MIG-2 involved in cell n=146), showing that UNC-73, and by implication its effectors
migrations. CED-10 and MIG-2, probably function in the ray 1 cell (or its



Fig. 5. GFP reporter expressior
(schematics show constructs
used) forsmp-landsmp-2
relative to ray 1 cells in wild-tyf
andlin-1(e1275)animals. For all
panels, anterior is left. (A-E,H)
Ventral views; (F,G,I-L) lateral
views. (A-E) Reporter genes fo
smp-landsmp-2are expressed
in the male tail hook. The
translational reporter gersenp-
1::GFP is expressed at the cell
membrane of the developing
hook (A, L3 stage malesinp-
1::GFP); B, DIC, arrowheads)
and in adult hook cells (Emp-
1::GFP, arrowhead) in wild-typt
males. Thesmp-2p::gfp
transcriptional reporter is also
expressed in the hook (€mp-
2p::gfp; D, smp-2p::gfpDIC
overlay; arrowhead) in close
proximity to ray 1 (D, arrows
show ray 1) in wild-type adult
males. No expression is detect
in rays 1-6 for any reporters
analyzed §mp-1p::gfp, smp-
2p::gfpandsmp-1::GFB.

(F,G) Bothsmp-2p::gfpandsmp-
1::GFP express in rays 7, 8 ant
9 (arrows). (H) Expression of
smp-2p::gfpis observed in both
the normal and ectopic hook
(arrowheads) din-1 (e1275)
mutant males, and inray 7, 8 a
9 (arrows) and in the ray tail
bursa (above arrows in G).
(I-L) The ajm-1::GFPreporter
was used to determine the
position of both the ectopic hoc
and ray 1 ifin-1(e1275)adult
males [the hook focal plane (re
and the ray focal plane (green)
are shown in overlays I-L]. In
developindin-1(e1275)males,
the ectopic hook (arrowhead) i
located anterior to the developi
ray 1 cells (I, early L3 stage; J,
late L3 stage; K, L4 stage). Ra
lineages are normal im-
1(e1275)males [l, all ray cells
are present (green), ray 1 cells

shown by arrows]. By the late Lo
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e smp-2p::gfp

smp-2p
_I_s:lp-l (+) genomic < GFP = smp-1::GFP
smp-1p

smp-1.:GFP smp-1::GFP

smp-2p..gfp

A
ectopic A
hook normal
hook
(e

ajm-1::GFP

ectopic hook

lin-1(e1275)

stage, ray 1 cells are already found anterior to their normal position (J, arrow) and by the L4 stage, ray 1 is stititéuith€iKaarrow). In
adultlin-1(el275)males, ray 1 is frequently observed anterior (arrow, class | phenotype) to its normal position relative to other rays (L,
numbering), and in closer proximity to the ectopic hook position (L, arrowhead). Scale hams: [28r in B applies to A-G, bar in K applies

to H-L.

descendants) to prevent displacement of ray 1 to an abnornpadsitioning independent of PLX-1 signaling. Mutations in each

anterior position.

of these genes are also enhanced byptkel(ev724)null,
which on its own has an incompletely penetrant ray 1 defect

unc-73, mig-10 and ced-2 can position ray 1 cells even though it is predicted to be totally non-functional (Table

without plx-1 activity

3). The mild ray displacement phenotype causedmiy-

Each of the RAC signaling genes described abawg-2 ced- 2(mu28)is enhanced by reducimgx-1(+) function (Table 3),
10 andunc-73 is at least partially required for normal ray 1 the greater the reduction iplx-1(+) dose, the greater the
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Table 3.plx-1 and mig-2 and ced-10function in parallel enhancementAn even stronger enhancement phenotype is
pathways for preventing ray 1 displacement observed in pix-1(ev724) ced-10(n1993) double-mutant
Rayl Rayl animals (Table 3). Thus when there is a loss of omiy-2
Genotype* class1  class 2 function, or of onlyced-10function, pIx-1(+) is still required
mig-2 ced-10  unc-73  pix-1 (%) (%)t nf to prevent anterior displacement of ray 1 cells.
- e+ ++ ++ 241 241 18% The finding that reducing thplx-1(+) dosage in amig-
++ ++ ++ /- 1042 39+3 359 2(mu28)null-mutant background results in an enhancement of
-~ ++ ++ +- 35+3 32+3 249 the anterior ray 1 phenotype suggests iatl functions in a
—I- ++ ++ —I- 5443 2943 312 ; s e lieAtian i
ot o ot ot 341 842 297 pathway that acts in parallel withig-2 (and by |mpl|<_:at|0n in
H+ e H - 7044 2444 128 parallel with unc-73 and ced-1Q to prevent anterior ray 1
++ ++ - ++ 6145 15+3 119 displacement (Fig. 6 and Discussion). These data also indicate
++ ++ —I- == 97+2 2+1 127 that in the absence of PLX-1 signalingc-73 mig-2andced-

. 10can still at least partially function to position ray 1 cells. By

*Alleles used werenig-2(mu28), ced-10(n1993), unc-73(e9863 plx- .
1(ev724)All strains have thajm-1::gfpreporter gene in thieim-5(e1490) contrast, a_n almost cqmpletely penetrant anterior ray 1
background except for some genotypes that are heterozygous lighfor phenotype is observed jix-1(ev724); unc-73(e93&Jouble
5(e1490) mutants (Table 3). This suggests that the MIG-2 and CED-10

TThe frequency of the severe (class 1) and mild (class 2) anterior ray 1 fynction that is PLX-1 independent is likely to require activation
phenotype was evaluated as in Table fepresents the number of animals UNC-73. Furthermore. the PLX-1-independent function
scored. All animals were grown at 20°C. Standard deviations were calculate(?y ) . ! . p .
assuming a binomial distribution with the observed percentage value and thf these RHO family GTPases, together with PLX-1 function,
actual sample size. For comparisons described in the Redig/@e <0.05 can, in principle, account entirely for preventing anterior
was considered significant. _ displacement of ray 1 cells @ elegansThe synergistic effects

“Heterozygous genotype generated by crossing. of the double mutant on class 1 defects suggestitita?3and

SFor comparison purposes, these numbers come from Table 1. . -
For comparison purposes, these numbers come from Table 2. p|X-1 functions are also part|ally redundant.

RAC family genes switch the ‘polarity’ of
Semaphorin 1 signaling that occurs through Plexin 1

The results reported above demonstrate that threshold levels of
A MIG-2 and CED-10, and activation of PLX-1 by SMP-1 and
_ SMP-2, are required to prevent anterior displacement of ray 1
Wild type Mutant cells in the male tail (see above). To determine whether the
High (normal) RACGTPase Low RAC GTPase

[SMP-1, SMP-2] [SMP-1, SMP-2] Fig. 6.Model of Semaphorin 1 and Plexin 1 signaling in male ray 1
positioning. (A) In a wild-type genetic background, we find that
+ . + MIG-2 and CED-10 (RAC GTPAses) are probably redundant in
UNC-73 PLX-1 ConverS|on' PLX-1 2 preventing anterior displacement of ray 1 cells (however, see
5 i Discussion). There is a requirement for UNC-73 (RAC GEF) in
\ - /‘ : / MIG-2 and CED-10 function. Some UNC-73 functions are required
v v in parallel with PLX-1 for preventing this phenotype. RHO-1
[MIG-2, CED-10] RHO-1 UNC-33/CRMP GTPases, and the RHO-kinases LET-502 and KO8B12.5, appear to
be required in parallel with the PLX-1 and UNC-73/MIG-2/CED-10
+ 7 pathways to prevent anterior ray 1 displacement, but the analyses do
Y s not rule out a possible direct feed-forward from PLX-1 signaling to
RHO-kinases ) RHO-family GTPase signaling (dashed arrow on left). Debilitation of
K / UNC-73, MIG-2 and CED-10 displaces ray 1 anterior to normal,
3 whereas debilitation of UNC-33 prevents anterior ray 1
ray 1 ray 1 displacement. At high (normal) levels of MIG-2 and CED-10, SMP-1
posterior anterior and SMP-2 signaling through PLX-1 helps to prevent anterior
. . displacements of ray 1 (pathway in blue). However, a conversion of
(attraction) (repulsion) PLX-1 function occurs at low levels of both MIG-2 and CED-10
[genotypemig-2(mu28); ced-10(n1993)[#as a stimulation of the
B ray 1 anterior positioning function occurs (pathway in red). This
implies that high (normal) levels of RAC GTPases (MIG-2 and CED-
10) prevent the switch in the polarity of PLX-1 output. Ray anterior
displacements require CRMP/UNC-33, which could act as an
effector of PLX-1 at low RAC levels (dashed arrow on right), or
could act independently. (B) A cell migration model for positioning
of ray 1 cells during male development. In a wild-type background
[normalmig-2(+) andced-10(+)(rac) levels], expression of
Semaphorin 1 proteins from the hook primordium (green) attracts
PLX-1-expressing ray 1 cells (purple) toward the posterior side. At
High (normal)rac(+) : attraction low mig-2(+) andced-10(+)(rac) levels [genotypenig-2(mu28);
) ced-10(n1993)/} ray 1 cells are repulsed away from sources of
Low rac(+) : repulsion Semaphorin 1 proteins.
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Table 4. Requirement for Plexin 1 signaling in anterior CRMP/UNC-33 functions in anterior ray 1 positioning
displacement of ray 1 occurring at low doses of wild-type = and opposes posterior ray 1 positioning
rac genesmig-2 and ced-10 mechanisms that function independently of PLX-1
. Rayl Rayl The rayl anterior displacement phenotype of a strong RAC
Genotype class1 class 2 loss-of-function  fig-2(mu28); ced-10(n1993)/+double
mig-2 ced-10 smp-1 smp-2  pix-1 (%) (%) n' mutant] depends to some extent on PLX-1 and its putative
—- +/— ++ ++ ++ 86+3  12+2 174 ligands SMP-1 and SMP-2. As it is possible that anterior ray
—]{/—f ://: ://: ://: ://; 95133+i§ 215;—’14 113%8 1 displacement results in part from a Semaphorin 1-induced
gf R it it Th o 92e3 o ~es  repulsion of PLX-1 expressing ray 1 cells (see Discussion), we
of H+ H+ H+ e 70+4  15+3 164 decided to examine the effects of mutationsiriic-33,which
of ++ +— +— ++ 61£5  15%x4 104 encodes proteins related to mammalian CRMP proteins known
of ++ —- ++ ++ 80+4  13+3 113 to be required for axon growth cone repulsions induced by

. . Semaphorins (Goshima et al., 1995). The anterior ray 1 defect
*Alleles used werenig-2(mu?28If), mig-2(gm103gf), ced-10(n1993), smp- . .
1(ev715), smp-2(ev70Yndplx-1(ev724)All strains have thejm-1::gfp IS rarely_ observed |m|r_1c-33(e1261)nutant m_ales (Table 5)
reporter gene in theim-5(e1490packground except for some genotypes that Suggesting thatinc-33is not absolutely required for normal

are heterozygous (%) fbim-5(e1490)All animals were grown at 20°C. posterior positioning of ray 1. Howeveync-33(el261)
The frequency of the seve‘re (class 1) and mild (class 2) ray 1 anterior suppresses Signiﬁcanﬂy the severe (dass 1) anterior ray 1
phenotype was evaluated as in Table tepresents the number of animals henotype of plx-1(ev724) mutants (Table 5).unc-33(+)

scored. Standard deviations were calculated assuming a binomial distributi

with the observed percentage value and the actual sample size. For unction is therefore at least partially required for the anterior

comparisons described in the ResultB\alue <0.05 was considered ray 1 displacement phenotype observeglial(ev724).
significant. . .
THeterozygous genotype generated by crossing. A plx-1(+) multi-copy array partially rescues the  plx-
SFor comparison purposes, these numbers come from Table 2. 1(ev724) phenotype and induces an apparent loss-
gfindicates gain-of-function allele. of-function phenotype

A pIx-1(+) cDNA minigene was placed directly under the

control of the 2621 bp sequence upstream of the initiation
severe anterior ray 1 defect caused by a strong reduction éGodon (see Material and methods). As an integrated array
RAC function is dependant guix-1(+), the dose oplx-1(+) (evls162 this transgene induced anterior ray 1 defects in a
was reduced in a strain in which RAC was already stronglyvild-type genetic background (Table 5). In principle, this
compromised (as judged by the penetrance of anterior raycbuld be the result of a co-suppression effect or of a
defects). Unexpectedly, imig-2(mu28If); ced-10(n1993)/+ dominant interfering effect [e.g. sequestration of a PLX-1-
males carrying only one copy dflx-1(+), a significant interacting component by the putative higher-than-normal
suppression rather than enhancement of the severe ray anteaarounts of PLX-1(+) protein]. However, we used a non-
phenotype occurs (Table 4). This result demonstrates that iategrated ¢vEx162 and an integratecyls162 array of the
low levels of RAC activityplx-1(+) is required for the anterior plx-1(+) cDNA minigene to attempt transgenic rescue of the
displacement of ray 1 cells, i.e. the opposite of the function cdnterior ray 1 phenotype observed ix-1(ev724)males.
plx-1(+) at normal levels of RAC, which is to prevent anteriorThe class 1 and class 2 ray 1 phenotypeplofl(ev724)
displacement of ray 1 cells. were both significantly rescued at 20°C by fhl&-1(+)

As the mig-2(gm103gf)anterior ray 1 phenotype also minigene (Table 5). As an extra-chromosomal array

behaves like a strong RAC reduction of function (Table 4)(evEx162 and an integrated transgerevi§163, only the
we tried to determine whether similar suppression would belass 1 severe ray 1 phenotypepdf-1(ev724)males was
observed by reducinglx-1(+) dosage in this background, significantly rescued at 25°C (Table 5). These results
as it does in a severe RAC loss-of-function backgroundndicate that both integrated and non-integrapde-1(+)
[mig-2(mu28); ced-10(n1993)]+In mig-2(gm103gfmales transgene arrays produce functional wild-type PLX-1
containing only one copy gilx-1(+), a partial suppression protein. Any rescue would be unlikely if the array caused a
of the severe anterior ray 1 phenotype is observed (Table 4o-suppression or a dominant interfering effect.
A similar partial suppression is observedniig-2(gm103gf) Some hints about the mechanism used to regulate the
males containing only one copy eachsaip-1(+)andsmp- reversal in the ray 1 positioning function of PLX-1 at low
2(+) (Table 4), but no significant suppression occurs wheRAC levels may also be gleaned from theEx-1(+)
only smp-1(+) function is missing (Table 4). By inference, overexpressing arrays. For example, the anterior ray 1
the anterior ray 1 displacement phenotype that occurs at lophenotype induced by tlevIs162 [plx-1(+)]transgene array
doses ofac(+), whether it be caused by constitutively GTP-is also enhanced bgnig-2(mu28)(Table 5), but does not
loaded MIG-2 or by simultaneous lossrofg-2(+) andced-  rescue the severe ray 1 displacemenmaf-2(mu28); ced-
10(+) function [mig-2(mu28); ced-10(n1993)];+depends to  10(n1993)/+(80% class 1 and 9% class 2 defects]110).
some extent on both PLX-1 and Semaphorin 1 function. W®ne interpretation of this result is that the PLX-1(+) function
could not generate thmig-2(gm103gf); plx-1(ev724jouble, provided byevisl62can mimic the enhancement ofig-
themig-2(mu28); ced-10(n1993); pIx-1(ev72dple, nor the 2(mu28) by ced-10(n1993)/+ possibly because PLX-1(+)
mig-2(gm103gf); smp-1(ev715); smp-2(ev70Rle mutants overexpression from the array causes a reversal in the
as they died from a vulva rupturing phenotype similar to thgositioning function of PLX-1, just amig-2(mu28); ced-
one observed inmig-2(mu28); ced-10(n1993)double  10(n1993)/+does. This could happen if, for example, the
mutants. higher ratio of functional PLX-1 to functional RAC is what
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Table 5.plx-1 and unc-33function in ray 1 anterior Table 6. Effect of RNAIi ofrho-1 and RHO-kinase genes on
displacements male ray 1 precursor cluster position
Rayl Rayl Ray 1 Ray 1
Genotype* class1 class 2 Genotype* class 1 class 2
pix-1 Transgene mig-2 unc-33 (%) (%) nf Allele RNAI (%)* (%)t nt
—/-20°C None +/+ +/+ 102  39+3 389  unc-73(e93620°C - 61+5 15+3 119
—/—20°C  evEX162[plx-1(+)]  +/+ ++ 242 16x4 95 rho-1 79+4 1043 113
—/—25°C None +/+ +/+ 32+4 50+4 187 let-502 84+4 144 96
—/-25°C evEx162[pIx-1(+)] +/+ +/+ 4+2 5846 72 rho-kinase 96+2 4+2 177
—/—25°C evIs162 [pIx-1(+)] +/+ +/+ 5+2 46x4 174
+/+ 25°C  None +/+ —/- 1+1 4+2 139 plx-1(ev724p0°C - 10+2 39+3 359
—/—25°C None +/+ —/— 132  54+3 226 rho-1 405 405 119
+/+ 25°C evIsl62 [pIx-1(+)het +/+ +/+ 8+2 19+3 161
+/+ 20°C evlIs162 [plx-1(+)] +/+ +/+ 52 23+4 135 plx-1(ev724p5°C - 32+4 50+4 157
+/+20°C evls162 [plx-1(+)]  —/— ++  20%3 37+4 184 let-502 4545 4845 85
+/+25°C  evls162 [plx-1(+)] +/+ +/+ 1743 394 180 rho-kinase 385 58+5 89
+/+25°C evIs162 [pIx-1(+)]  ++  RNAI 0 1845 50
Wild type 25°C - 0 0 119
*The plx-1(+) extra-chromosomal array is designagetx162and the rho-1 5+3 7+3 62
integrated transgene is designatets162 All strains have thejm-1::gfp let-502 4+2 1543 119
reporter gene in thieim-5(e1490packground except for some genotypes that rho-kinase 2+1 4+2 119
are heterozygous () fbim-5(e1490)Alleles used werplx-1(ev724), mig-
2(mu28)andunc-33(e1261). *plx-1(ev724)unc-73(e936and wild-type L1 larvae were grown on

TThe frequency of the severe (class 1) and mild (class 2) ray 1 anterior ~ HT115 bacterial lawn transfected with RNAi constructs targe@inglegans
phenotype was evaluated as for Table fepresents the number of animals ~ homologs ofho-1 (Y51H4A.3, and two predicted RHO-kinase genes,
scored. All animals were grown at 25°C unless otherwise noted. Standard C10H11.9(let-502 andK08B12.5 The three RNAI constructs affect ray 1
deviations were calculated assuming a binomial distribution with the observaabsition as indicated in the table Ibbib-1 RNAI also resulted in roughly 50%
percentage value and the actual sample size. For comparisons described in #ienales displaying a severe disorganization of Rn.a and Rn.p cells. All

Results, @ value <0.05 was considered significant. animals were grown at the indicated temperature.
*Heterozygous genotype generated by crossing. The frequency of the severe (class 1) and mild (class 2) anterior ray 1
SFor comparison purposes, these numbers come from Table 1. phenotype was evaluated as in Table fepresents the number of animals

scored. Forho-1RNAI, numbers in the table come from males that could be
scored. Standard deviations were calculated assuming a binomial distribution
with the observed percentage value and the actual sample size. For
determines the reversal in the ray positioning function ofomparisons described in the ResultB value <0.05 was considered
PLX-1(+)' Si%rlligfigtrﬁ arison purposes, these numbers come from Table 1
We have shown that the ray 1 defects Obs_erve_pbm SFor comgarison F;;urEoses: these numbers come from Table 2.

1(ev724)mutants can be suppressed by a mutatiam:33
demonstrating a requirement for UNC-33/CRMP in anterior
ray 1 displacement that is independent pif-1 function.
Consistent with this, the ray 1 anterior displacement observeaf rho-1 on plx-1(ev724)animals also significantly enhanced
at 25°C in evIsl62[plx-1(+)] (which we argue above is the class 1 defect (Table 6). RNAI dfo-1 at 25°C did not
probably caused by overexpression of wild-type PLX-lenhanceplx-1(ev724)for unknown reasons (not shown);
protein) is significantly suppressed by performing RNAi onhowever, RNAi of RHO-kinase encoding genes marginally
unc-33(Table 5; 17% versus 0% for the ray 1 class 1 and 39%nhanced these defectsin-1(ev724)Table 6). These results
versus 18% for the ray 1 class 2 defects). suggest that. eleganfRHO GTPases, like the. elegan®RAC

_ ) GTPases MIG-2 and CED-10, are also involved in preventing
RNA interference with  rho-1-encoded GTPase, or let-  the anterior displacement of ray 1 cells in developing males.
502- or K08B12.5-encoded RHO-kinases, enhances
anterior displacement defects ofa  plx-1 null and an . .
unc-73 hypomorph Discussion
Recent studies have reported that vertebrate Plexins aftfly 1 positioning and adhesion functions of  plexin 1
DrosophilaPlexin B bind the active GTP-bound RAC GTPaseWe and others (Fujii et al., 2002) have used a genetic approach
(RACCETP), and both RHBPP and RH(PTP (Driessens et al., to characterize two molecular mechanisms that effect the
2001; Hu et al., 2001; Rohm et al., 2000; Vikis et al., 2000)normal (posterior) positioning of ray 1 and ray 1 cells during
To examine the possibility that RHO GTPases might belevelopment of the male tail 6. elegans One of these
involved in preventing the anterior displacement of ray 1 cellsmechanisms appears to involve Semapohorin 1 signaling
RNAi experiments were performed on the RHO GTPas¢hrough Plexin 1, as loss-of-function mutations sema-1
encoded byho-1, and on the putative RHO-kinase effectors(smp-1 and smp-3 and plx-1 each cause anterior ray 1
encoded bylet-502 and KO8B12.5 All RNAi experiments  displacement defects, and tlenp-1; smp-2; plx-triple
involved feeding larvae with bacteria designed to producenutant is not enhanced for the penetrance of these defects
specific ds-RNAs (see Materials and methods). RNAelative to the semaphorin 1 double-null mutant strain
interference with each of these three genes produced mild{inzburg et al., 2002). These data show that Semaphorin 1
penetrant ray 1 anterior displacement phenotypes (Table Gjroteins and PLX-1 act largely in the same pathway to prevent
Each of them also significantly enhanced the anterior ray day 1 anterior displacements, and are most consistent with the
displacement defects ahc-73(e936animals (Table 6). RNAi idea that both SMP-1 and SMP-2 prevent ray 1 displacement
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by acting through the PLX-1 receptor to which SMP-1 has The fact thatinc-73 mig-2or ced-10mutations enhance the
been shown to bind in vitro (Fujii et al., 2002). However, theplx-1 null for anterior ray 1 defects, demonstrates that RAC
genetic results suggest that PLX-1 may have some function @TPases and UNC-73 function in parallel to Semaphorin 1
ray 1 positioning that is independent of the Semaphorin fprotein signaling through PLX-1. At the very least, the
proteins. synergistic effects ofunc-73 and pIx-1 mutations on the

A second mechanism for ray 1 positioning involves the RAGenetrance of anterior ray 1 defects indicate that PLX-1
sub-types of the RHO family of GTPases, MIG-2, CED-10 andunction is partially redundant with the RHO family GTPases.
their putative activator UNC-73 (a RAC GEF). Loss-of- However, it is important to note that these genetic analyses do
function mutations imig-10or ced-10alone cause few, if any, not rule out the possibility that the RHO family GTPases also
effects on ray 1 positioning; however, concomitant reductionact in the same pathway as PLX-1 and may be intracellular
in the dosage of wild-typeig-2 andced-10genes [i.emig-  effectors of the PLX-1 signal transduction machinery.
2(mu28); ced-10(n1993)J+causes significant anterior ray 1 o _ )
displacements. This suggests that the RAC GTPase sub-typswitch in PLX-1 function caused by an alteration
of the RHO family of GTPases normally act redundantly tdn the relative levels of RAC reverses the polarity of
prevent anterior ray 1 displacement; however, becanige  ray 1 cell positioning
2(mu28)might not be a null allele, we cannot rule out theWhether or not the RHO family of GTPases acts as PLX-1
possibility that these RAC GTPase sub-types act in series. &ffectors, one thing that appears fairly certain is that the RHO
either case, these results are consistent with the finding thaimily GTPases can affect PLX-1 signal transduction in a
even partial loss-of-function mutations ionc-73 have  profound way. This is demonstrated by our finding that at high
significant ray 1 defects, asc-73 has been shown to be (normal) doses of wild-type RAC gengsx-1 acts to prevent
required for MIG-2, CED-10 and RAE functions in other anterior displacements of ray 1, but at low doses of wild-type
types of cell migrations (Kishore and Sundaram, 2002RAC genes, PLX-1 signaling is switched in the polarity of the
Lundquist et al., 2001). In the future, it should prove interestingesponse that is elicited by Semaphorin 1 proteins — instead of
to examine the effects of simultaneously reducing all RAGeing required to prevent anterior displacements of ray 1, it is
gene functions on ray 1 cell positioning, including therequired to cause them.
remaining knownrac-2 C. eleganggene (Lundquist et al., MIG-2 GTPase cycling may be also required to prevent
2001). anterior ray 1 cell displacement as evidenced by the finding of

As RAC and RHO GTPases are traditionally thought to acanterior ray 1 positioning defects mig-2(gm2103gf) which
antagonistically in guiding migrating axon growth cones (anc&encodes a mutant form of the RAC-like MIG-2 that is
by implication in cell positioning), we examined the effects ofconstitutively stuck in a GTP-bound active state by being
reducing the function of the single knovth elegansRHO  unable to exchange GDP for GTP (Zipkin et al., 1997).
GTPase geneho-1. Although RNAI ofrho-1in controlhim-  Although mig-2(gm103gflappears to be a gain-of-function
5 animals did not dramatically affect ray 1 cell positioning, itmutation (Zipkin et al., 1997), it mimics a loss of function for
did dramatically enhance the anterior displacement of ray RAC activity both phenotypically (i.e. it causes significant
cells of unc-73(e936)and plx-1(ev724) mutant animals. anterior displacement defects), and with respect to its genetic
Similar results were obtained by RNAi of RHO-kinase geneinteractions with mutations in genes encoding other
let-502andK08B12.5 These results suggest that RHO-1 andcomponents of the ray 1 positioning mechanism. Of most
putative RHO effectors act in the same sense as RAC GTPasetvancemig-2(gm103gfanterior ray 1 defects are partially
and their putative activator UNC-73, which is to prevent thesuppressed by loss gix-1(+) dosage just amig-2(mu28);
anterior displacement of ray 1 cells. This is contrary to theed-10(n1993% anterior ray 1 defects are. This is consistent
reported antagonistic roles for RHO and RAC functions inwith the proposed switch in PLX-1 activity observed when
axon growth cone migration (Dickson, 2001; Jalink et al. RAC GTPase levels are low. Thatg-2(gm103gfimimics the
1994; Luo, 2000; Mueller, 1999; Suter and Forscher, 199&ffect of low RAC activity on PLX-1 function allows an
Yuan et al., 2003), but is certainly not the only exception texamination of the role that Semaphorin 1 proteins might play
this view to be found in the literature (Dickson et al., 2001jn a situation that mimics low RAC activity. In this situation,
Driessens et al., 2001). it appears that the Semaphorin 1 proteins are also required for

The nearly complete penetrance wfc-73; plx-1double  manifestation of the proposed switch in PLX-1 function. The
mutants further suggests that UNC-73 and PLX-1 functioningpparent defect in preventing anterior displacement of ray 1 in
together could account for all of the normal posteriormig-2(gm103gf)could result partly from a requirement for
positioning of ray 1. In principle, they could do this by actingGTPase cycling, from low levels of R&EP, or from the
in the same or in different cell types. For example, PLX-1 coulghroposed ability of constitutively GTP-loaded MIG-2 to bind
act in the ray 1 cells, whereas UNC-73 and the RAC GTPasesid inactivate RAC GEFs [for possible functions of the
could act in some nearby tissue (e.g. the nearby hook, sge1103gfallele see Lundquist et al. (Lundquist et al., 2001)].
below). We examined this possibility by using tp&x-1  The ability ofmig-2(gm103gfjo switch the polarity of ray cell
promoter to drive expression ohc-73(+)in plx-1-expressing  positioning caused by Semaphorin 1 signaling distinguishes it
cells. The fact that we obtained nearly complete rescue dfom unc-73mutations. The latter presumably have increased
unc-73(e936)(1% class 1 and 6% class 2 defects) by ardevels of RACPP, which in principle could account for the
extrachromosomal transgene array carnyhgl::unc-73(+)  difference.
strongly indicates that UNC-73, and by implication the RAC An intriguing corollary to the molecular mechanisms that
GTPases it putatively activates, MIG-2 and CED-10, normallynderlie attraction versus repulsion is that the intracellular
function cell-autonomously to position the ray 1 cells. levels of small molecules such as cGMP and cAMP can
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determine whether an axon guidance receptor mediates harboring an ectopic anterior hook, we find anterior ray 1
attraction to its ligand or a repulsion away from it (Song et al.¢ells in close proximity to themp-1-and smp-2expressing
1998). The molecular mechanisms by which cGMP and cAMRctopic hook (Fig. 5H-L). Semaphorin 1 downregulation in a
switch the polarity of receptor-mediated responses are beirdig-1 mutant background [i.esmp-1(ev715);lin-1(e127p)
elucidated but are still incompletely understood (Song et alsignificantly suppresses the severe ray 1 anterior displacement
1998). If switches in guidance receptor activity occur intoward the anterior ectopic hook. This strongly suggests that
response to levels of RHO family GTPases, the study dhe ectopic anterior hook iim-1 mutants attracts ray 1 cells
semaphorin/plexin signal transduction mechanisms would bi@ a Semaphorin 1-dependant manner. These findings are also
an excellent system with which to reveal the detailed moleculanost consistent with a role for these molecules in the active
mechanisms underlying these switches, because pleximsigration of ray 1 cells.

interact with both RAC and RHO, and the activation of RHO Ablation of the hook precursors caused anterior
is reportedly dependent on plexin receptor stimulation by itslisplacements of ray 1 in four out of seven ray 1s that could be

semaphorin ligand(s) (Hu et al., 2001). examined, therefore the anterior displacement defects are not
) o ) ) fully penetrant in hook-ablated animals. This could mean that

Is active migration involved in anterior ray 1 hook-independent mechanisms exist for keeping ray 1 in its

displacement? normal posterior position and is consistent with the finding that

It is distinctly possible that the switch in response toevenplx-1null mutations are not fully penetrant for this defect.
Semaphorin 1/PLX-1 signaling we have observed represents a o
switch from attraction to repulsion, similar to the switch fromMolecular model for ray 1 positioning
repulsion to attraction of growth cones caused by cGMP dmplicit in our results, which clearly show that one function of
cAMP (Song et al., 1998). Anterior ray 1 displacements coulthe RHO family members (MIG-2, CED-10 and RHO-1),
be caused by a reversal in the orientation of migration of théne putative RHO effectors (RHO-kinases LET-502 and
ray 1 cells, or it could simply represent a passive movememt08B12.5), the two Semaphorin 1 family members (SMP-1
that results from an abnormal adherence of the ray 1 cell clustend SMP-2) and their putative receptor (PLX-1 inelegans
to the lineally related elongating SET cell that it contactsis to prevent the anterior displacement of ray 1 cells in the male
There are reasons to imagine a purely adhesive function feail, is the understanding that there must exist an anterior
PLX-1 signaling inC. elegangGinzburg et al., 2002), but we positioning mechanism for ray 1 that counteracts or
favor the migration model for several reasons. First, we findntagonizes normal Semaphorin 1, PLX-1 and RHO family
normally positioned ray 1s that sometimes exhibit anGTPase functions (Fig. 6). In situations where anterior ray 1
abnormally persistent SET contact, suggesting that there is miisplacement occurs, such as whar-1(+) levels are low
causal connection between the persistent adhesion per LX-1 signaling assumed to be low) or whpix-1(+) is
and anterior displacement of ray 1 in the mutants. Mor@utatively overexpressed (lBvls162, anterior displacement
enlightening is the discovery by Fitch and Emmons (Fitch andppears to require UNC-33/CRMP. This is consistent with the
Emmons, 1995) who found striking similarities of early larvalidea thatunc-33is required in a mechanism that normally
ray lineages and cell-cell contacts in the developing male tadpposes Semaphorin 1/Plexin 1- and/or RHO-family GTPase-
of several species of the Rhabditidae family of nematodesyediated attractive signaling.
which includes C. elegans (Fitch and Emmons, 1995) How might UNC-33/CRMP mediate what appears to be a
However, in spite of the developmentally early similaritiesrepulsion of the ray 1 cells from the hook (see Fig. 6)? UNC-
significant differences in adult ray position were observe®3 could oppose PLX-1 signaling by antagonizing some
betweerC. elegansnd other Rhabditidae (Fitch and Emmons,component of the PLX-1 signaling pathway, or it may simply
1995). Furthermore, species-specific ray position changdse part of a mechanism providing force to counteract the force
occur that are not in any obvious way correlated with a chang#f PLX-1 signaling used to determine ray 1 positioning. One
in shape of an associated SET cell. When considered togethmrssible molecular mode of UNC-33 activity is suggested by
with our results foC. elegansnale ray 1 cells, the Semaphorin the finding that CRMP-1 binds and inhibits mammalian RHO-
1 and Plexin 1 guidance system is involved in what appears kinase (Leung et al., 2002), a probable RHO effector. Therefore
be a migration of the ray 1 cell cluster on the anteroposteridd NC-33/CRMP could cause anterior displacement of ray 1
axis while they contact their clonally related R1.p cell. cells by simply antagonizing RHO GTPase-mediated
The finding that the male hook expresses transcriptional amdechanisms that prevent anterior displacement (Fig. 6).
translational reporters famp-landsmp-2at the same time in  Another possibility is that UNC-33 could be part of an
development, and that ray 1 cells exppssl reporters, suggests independent, parallel acting pathway that causes repulsion. This
a straightforward model for how ray 1 positioning iswould be the classical view of UNC-33/CRMP activity because
accomplished (see Fig. 6). At normal RAC levels, theats function appears to be directly required for growth cone
Semaphorin 1 proteins in the hook act as attractants to the PL¥ollapse and repulsion in several systems (Goshima et al., 1995;
1-expressing ray 1 cells, helping to keep them in a posteridgtall et al., 2001). Evidence for a direct requirement of UNC-
position near the ray 2 cells. At low RAC activity or in the 33/CRMP in growth cone repulsion comes from the finding that
presence of non-cycling RACP [i.e. in mig-2(gm103gf)the  the Fes/Fps tyrosine kinases upon binding of Sema3A to PIxA1,
semaphorins can no longer act as attractants, but instead are recruited to phosphorylate the cytoplasmic portion of
actually actively involved with PLX-1 as repellants to the ray 1PlexAl and an associated complex of the proteins CRAM and
cells, effectively pushing them to the anterior. CRMP-2 (the latter is a splice variant of UNC-33/CRMP)
Consistent with the idea that semaphorins emitted by th@itsui et al., 2002). Sema3A-induced growth cone collapse of
hook attract the ray 1 cells is that, lin-1 mutant males dorsal root ganglion neurons is suppressed in Fes kinase
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negative mutants (Mitsui et al., 2002), which shows theCaenorhabditis Genetics Center (which is funded by NIH Center for
requirement of the kinase for collapse and indicates a possibResearch Resources) and G. Garriga (U. C. Berkeley) for providing
involvement of Fes/Fps-mediated phosphorylation of CRMP istrains, A. Fire for providing the GFP reporter vectors, and the
the plexin collapsing pathway. laboratory of Dr Shin Takagi for providing the CMV-driveuix-

A non-exclusive possibility is that UNC-33/CRMP, by 1::GFE c‘:’e:tg and éh@'x'll(’}cﬁna':ﬁ'e- Tré';SDwork d""as S”pporjeg c

. : o ! y a F.C.A.R. postdoctoral fellowship to G.D. and grants to J.G.C.
prpmotl_ng tubulin h(_atero dimer assembly (Fuka.ta etal., 2002 rom the Canadian Institutes of Health Research (MT-9990 and
might disturb the microtubule network and in this way cause g3
: . 207) and the NIH (NS41397).

localized collapse. Recent evidence suggests that growth cone
attraction and repulsion can be completely blocked by
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