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SUMMARY

The plexin family transmembrane proteins are putative similar to that of plx-1 mutants, whereas mutants for the
receptors for semaphorins, which are implicated in the Ce-Sema-2a/mab-2@ene, which encodes a secreted-type
morphogenesis of animal embryos, including axonal semaphorin, exhibited phenotypes distinct from those of
guidance. We have generated and characterized putative plx-1 mutants. A heterologous expression system showed
null mutants of the C. elegansplexinA gene,plx-1. plx-1  that Ce-Sema-1a, but not Ce-Sema-2a, physically bound to
mutants exhibited morphological defects: displacement of PLX-1. Our results indicate that PLX-1 functions as a
ray 1 and discontinuous alae. The epidermal precursors for receptor for transmembrane-type semaphorins, and,
the affected organs were aberrantly arranged in the though Ce-Sema-2a and PLX-1 both play roles in the
mutants, and aplx-1::gfp transgene was expressed in these regulation of cellular morphology during epidermal
epidermal precursor cells as they underwent dynamic morphogenesis, they function rather independently.
morphological changes. Suppression ofC. elegans

transmembrane semaphorins, Ce-Sema-1a and Ce-Sema- Key words:C. elegansPlexin, Semaphorin, Epidermis, Cell

1b, by RNA interference caused a displacement of ray 1 arrangements

INTRODUCTION growing axons (Wong et al., 1997; Wong et al., 1999; Bagnard
et al., 1998; de Castro et al., 1999). It has also been revealed
Morphogenesis in animals involves specific changes in cethat some semaphorins mediate biological functions outside of
shape and position. Several external signals have beéme nervous system (Hall et al., 1996), though their roles are
identified to modulate the morphology and motility of cells byless understood.
regulating various cellular properties such as adhesion andRecently, receptors for semaphorins have been identified
cytoskeletal organization. Members of the semaphorin proteifNakamura et al., 2000). Transmembrane protein neuropilins
family have been implicated as extrinsic guidance cues duringere shown to bind to class 3 secreted-type semaphorins and
the development of the nervous systems (Raper, 2000). to be necessary for mediating growth cone collapse (Chen et
The semaphorin family comprises a large number o&l., 1997; He and Tessier-Lavigne, 1997; Kolodkin et al., 1997;
secreted and transmembrane proteins classified into sevEitsukawa et al., 1997; Fujisawa and Kitsukawa, 1998). The
classes; class 1 and 2 in invertebrates and class 3 to 7iitracellular region of neuropilins, however, was shown to be
vertebrates, all characterized by the signature sema domainwinecessary for semaphorin signaling (Nakamura et al., 1998;
500 amino acid residues (The Semaphorin Nomenclatur@iger et al., 1998). Moreover, some invertebrate species, such
Committee, 1999). Vertebrate sema3A/collapsin, a foundings DrosophilaandC. eleganshave no neuropilin gene in the
member of the semaphorin family, was first identified as genome, indicating that other receptors or intracellular
potent chemorepellant for growing axons in vitro (Luo et al.proteins, which may interact with neuropilins, must be
1993). Sema3A collapses growth cones of a subset of neuroimsolved in semaphorin signaling. Quite recently, the plexins,
by reorganizing their cytoskeleton (Fan et al., 1993; Fan ana family of transmembrane proteins (Ohta et al., 1992; Ohta et
Raper, 1995). Analyses Drosophila(Kolodkin et al., 1992; al., 1995; Kameyama et al., 1996a; Kameyama et al., 1996b;
Kolodkin et al., 1993; Mattes et al., 1995; Yu et al., 1998) andlaestrini et al., 1996; Fujisawa et al., 1997), were found to
vertebrates (Taniguchi et al., 1997; Shoji et al., 1998) havserve as receptors for semaphorins. A viral semaphorin,
proved that members of the semaphorin family play importaritaccinia A39R, was found to bind to Plexin C in the vertebrate
roles in the formation of neural circuits in vivo. While manyimmune system (Comeau et al., 1998), and biochemical and
members of the semaphorins are know to have repulsivgenetic interactions between class 1 semaphorins and plexinA
activity, some are suggested to function as attractive cues farere shown in Drosophila (Winberg et al., 1998). In
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vertebrates, several transmembrane-type semaphorins weegion for PLX-1;yk88a4and yk450a4containing the entire coding
shown to bind to plexins directly (Tamagnone et al., 1999), angkgion forCe-sema-1land Ce-sema-2arespectively. The'send of
plexins were shown to form a functional receptor complex wittihe plx-1 cDNA was generated by BACE. A full-length cDNA for
neuropilins for class 3 semaphorins in cultured cells (Takahasfg-Séma-lbwas synthesized by RT-PCR. DNA sequences were
et al., 1999: Tamagnone et al., 1999; Rohm et al., 200@etermined for both strands.

Takahashi and Strittmatter, 2001). More recently, CD72, &cR of the pix-1 genomic fragment

member of the C-type lectin superfamily was shown to be or transformation rescue gfix-1 mutants, two PCR fragments
receptor for CD100/Sema4D (Kumanogoh et al., 2000). corresponding to thelx-1genomic DNA fragments, Y55F3AL.3065-
The C. elegansgenome contains three semaphorin genesig37ant and Y55F3AL. 17542nt- Y55F3AM.4730nt, were generated
two for the transmembrane semaphorin 1a and semaphorin fiiakaRa LA PCR Kit). The two PCR products (0.05 mg/ml each)
(Ce-sema-laand 1b), and one for the class 2 secretedwere mixed with pRF4 (0.2 mg/ml) containimgl-6(su100§ and
semaphorin 2anfab-20/Ce-sema-24Roy et al., 2000). The injected into the gonad @ix-1(nc37); him-5(e149Mermaphrodites
C. eleganggenome also contains two plexin genag;1and  (Mello and Fire, 1995). fprogeny exhibiting the dominant rolling
semaphorins and at least nine plexins are present (Artigiani ?{Sestabllsh a transgenic linglx-1(nc37); ncEx[pix-1(+), rol-

> e . u1006)]
al., 1999), this simplicity makes. elegansn attractive system To examine expression of thelx-1 gene, a PCR fragment

for th_e stu_dy of the semaphorin/plexin signaling S_‘yStemcorresponding to thplx-1 genomic DNA, Y55F3AL.3065-18373nt,
Mutations in the genemab-20Ce-sema-2acause various yas cloned intoKpnl-BanHI-digested pFXneEGFP (S. Mitani,
defects including embryonic lethality and abnormal bodypersonal communication), which resulted in translational fusion of the
shape (Roy et al., 2000). These defects are the consequensagrminal half of PLX-1 with EGFP (Living Colors Fluorescent
of aberrant epidermal cell migration and ectopic cell contactBroteins, Clontech).

that affect the morphogenetic movement known as ventral _ _ _

enclosure. The arrangement of epidermal cellsniab-20 Isolation of insertion and dgletlon aIIeI_es for. plx-1

larvae is also altered, which leads to the fusion of sensorlf generate loss-of-function mutations in tip&x-1 gene, we
processes in the male tail called rays (Baird et al., 1991ferformed T.ClMtTrg’B%OSO“'"&?d'ated d9|et'°”| é“”tagsngs's ”.S'”% a
ntrestingy, despite the prevaling notion that semaphorinfUyacr Sl MTSL0 sccordng t a prooco descibed previously
play important roles in neural developmemiab-20animals v ' '
exhibited relatively minor defects in the morphology of themicroscopic observation

nervous system (Roy et al., 2000). For examination of GFP expression, worms were mounted on 4%
Except formab-20Q much of the semaphorin/plexin signaling agarose containing 1 mM levamisol and were examined with a Zeiss

system inC. eleganshas remained unexplored. Whether Axioplan microscope using Zeiss filter set #10. Images were recorded

plexins are functional receptors for semaphorins has yet to lvéth a CCD camera (PXL camera system, Photometrix).

confirmed inC. elegans and the specificity of interactions _ The boundary of epidermal cells was visualized by observing

between three semaphorins and the two plexins has not be@hP expression using an insertion allgtés1fjam-1:gfp]. The

established. What roles the two transmembrane SemaphoriWQnOdonal antibody MH27 recognizes an antigen at the adherens

. . junctions (Francis and Waterston, 1991; Priess and Hirsh, 1986; Baird
as We't'. asl two p'tix'tns Pl?ﬁl in the de"e'Optme”COb'ega”f bt al., 1991; Podbilewicz and White, 1994). Télel allele contains
In particuiar in- that o € nervous system, remain 10 bey ynown sequences required to target MH27 to the cellular junction,

elucidated. We have adopted a reverse genetic approach pRF4 and F35D&nc-29+DNA) in an N2 background (Mohler et al.,
analyze the function of one of tii eleganglexins, PLX-1. 1998). Most observations of mutant phenotypes were madgcigith

We now report thaplx-1 mutants exhibit defects in epidermal pix-1(nc37); him-5(e1490\mnimals. We have observed thaix-
morphogenesis, which cannot be explained simply by th&(nc37); him-5(e149®nimals exhibited similar epidermal defects by
repulsive action of semaphorin. We also present genetic amgmunostaining with MH27, confirming that the defects are caused
biochemical evidence that PLX-1 interacts with Ce-Sema-18Y plx-1(nc37)by itself.

and Ce-Sema-1b, but not with Ce-Sema-2a/MAB-20. RNA interference

A Ce-sema-1a&DNA fragment (nucleotides 1-566) andCa-sema-

1b cDNA fragment (nucleotides 1289-1951) subcloned into
MATERIALS AND METHODS pBluescript SK (Stratagene) were amplified by PCR with primers

CMo24 and CMo422 (Craig Mello, personal communication), and
C. elegansstrains, N2, DR46&im-5(e1490) EM67 mab-20(bx24);  were used as templates for RNA synthesis with T7 RNA polymerase
him-5(e1490pnd PS3352sf/1s5Q were obtained from th€. elegans  (Boehringer). Double-stranded RNAs (1Q@/ml) purified with an
Genetic Stock Center, care of T. Stiernagle (The University oRNeasy kit (Qiagen) and mixed with FITC dextran, were injected into
Minnesota). NW1074mab-20(ev574)was provided by J. Culotti. the gonad of adulhim-5 hermaphrodites, and F1 progeny were
SU93 (clsl) was provided by J. Simske. Basic methods for wormexamined.
culture and genetics were performed as described by Brenner )
(Brenner, 1974) and compiled by Wood (Wood, 1988). Standar8inding analysis
techniques of molecular biology described by Sambrook et allo produce the Ce-Sema-1la ectodomain fused to the Fc fragment of
(Sambrook et al., 1989) were employed. Primer sequences and theman IgG heavy chain (Fc) and the human alkaline phosphatase

conditions for PCR are available on request. (AP) (Ce-Sema-14C-Fc-AP), a cDNA fragment corresponding to
) ) amino acids 20-578 of Ce-Sema-1a was inserted into pCEP-SYFcAP
Cloning and sequencing of cDNAs (a gift from Dr Mizuno) whosélindll-Bglll fragment corresponding

The following cDNA clones were isolated by Y. Kohara's group asto the ratSema6ADNA was removed. To produce Ce-Sema-2a fused
part of the Kohara cDNA projecyk535flencoding the C terminal to Fc (Ce-Sema-2a-Fc), a cDNA fragment corresponding to amino
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acids 20-658 of Ce-Sema-2a of was inserted into pEF-Fc (Nishimutaansgene. A PCR fragment, spanning from —6kb upstream of
et al.,, 1987; Mizushima and Nagata, 1990). Phel cDNA was  the putative translation site to the eighth exon optkel gene,
inserted into pCAGGS (Niwa et al., 1991). In all the expressioiwas fused in-frame to EGFP cDNA (Fig. 1C), and a transgenic
constructs qsed in the binding assay, a native s_lgnal_s_equence qm:b' him-5; ncEx[plx-1::egfp, rol-6(su1006)jvas generated.
sequences immediately upstream of the translation initiation COd?GFP expression was first observed at the lima bean stage in

for C. elegangroteins were replaced with that of the mouse Sema3 : - .
(amino a?:ids$)1-25) (Puschelpet al, 1995) and a vertebrate Koz I(and V epidermal cells and intestinal cells (data not shown).

consensus sequence (CCACC), respectively (Kozak, 1992). PLX! larvae, EGFP was expressed intensely in motoneurons in the

was tagged with a Myc-specific sequence (GEQKLISEEDL) at the NYe€Ntral nerve cord and several neurons in the nerve ring and in
terminus (Evan et al., 1985). the tail. The seam cells showed moderate EGFP expression

HEK293T cells were transfected with thplx-1-expression throughout development (Fig. 2E). In hermaphrodites, vulval
constructs, or with Ce-Sema-la- or Ce-sema-2a-expressigrecursor cells and their descendants expressed EGFP
constructs, using Trans Fast Transfection Reagent (Promega) and theéensely throughout development. In the male tail, R(n) cells
calcium phosphate co-precipitation technique, respectively. Two daygig. 2A) and their descendants (Fig. 2C) all expressed EGFP
after transfection, culture medium containing Ce-SemAQ#C-AP  jntensely. Another transgenic line independently established
or Ce-Sema-2a-Fc was collected, concentrated by ultrafiltratiofity the same construct also showed the similar patterns of
(Ultrafree-15 centrifugal Filter Device, Millipore) and added tOdEGFP expression. The expression patterns of EGFP correlated

transfectants expressing PLX-1. After incubation at 37°C for 6 . .
minutes, the cultures were washed with fresh culture medium, fixe! ell with the epidermal phenotype pi-1 mutants. Whether

with 4% paraformaldehyde overnight at 4°C, and rinsed with TBSTNe €xpression of the reporter gene faithfully represents the
[10 mM Tris-CI (pH 7.4), 150 mM NaCl, 1% Tween 20]. Then the @ctual expression of thelx-1 gene, however, should be
cultures were reacted with goat anti-human Ig-Fc conjugated with ABONnfirmed by other means, such as antibody staining or in situ
(20 g/ml, Cappel) in TBST containing skim milk (50 mg/ml) at room hybridization, in future analyses.
temperature for 1 hour. After a wash with TBST, the cultures were
stained in NBT/BCIP solution (Boehringer) at room temperature forThe isolation and molecular characterization of plx-1
5 to 30 minutes. mutants

For quantitative binding assays, cells were incubated with C ; :
Sema-1aAC-Fc-AP and lysed with 250m of 10 mM Tris-HCI (pH ?fn:;gseog_egggﬁgddeﬁg; er?]létsailgonls: igt:%h;'ngllansv :Sy
8.0) containing 1% Triton X-100. The cell lysates were subjected t@olated in which a transposon, Tcl, was inserted at 7659—7660

a colorimetric analysis to measure the AP activity (Flanagan an . . .
Leder, 1990). Y v ( 9 of Y55F3AL, which is —1.5kb upstream to the putative

For immunoblot analysis, protein blots were reacted either witiranslation initiation site (9132) of thelx-1 gene (Fig. 1C).
goat anti-human Fc conjugated with AP (Cappel), or with anti-MycAnimals homozygous fornc38::Tcl had apparently no
antibody, 9E10 (Evan et al., 1985), and then with goat anti-mousghenotype. Then, two deletion alleles;36 and nc37, were
IgG/M conjugated with AP (Boehringer), and immunoreactivity wasisolated.nc36 deleted 5443-9668 including the entire exonl,
detected with the NBT/BCIP system (Boehringer). which contained the sequences corresponding to 53 amino acid
residues at the N terminusc37deleted 6963-14576 including
exon 1l-exon 4, which contained the sequences corresponding

RESULTS to 235 amino acid residues at the N-terminus. We have not been
able to examine the genetic nature of the mutations by using
Structure of the pix-1 gene and the pix-1 cDNA chromosomal deficiencies deleting the relevant region of

A BLAST search (Altschul et al., 1994) 6f elegangenome LGIV, as such deficiencies are currently not available.
sequences provided by tle elegansSequencing Consortium However, lacking the predicted initiator methionine, the signal
uncovered 2 genes, Y55F3AL.1 and K04B12.1, with highsequence as well as most of the sema dorpairl(nc37)is
homology to the mouse PlexinA2 cDNA (Kameyama et al.Jikely to be null molecularly and was mainly used in the
1996a). We and our colleague (J. Culotti) propose to name tlseibsequent phenotypic analysis.
geneplx-landplx-2, respectively. Thelx-1gene on the YAC Animals homozygous for both deletion mutations are
clone Y55F3 was mapped to the left arm of LGIV, andhealthy and viable. They are fertile, but their brood size is
consisted of 25 exons including a splicing leader SL1 (Fig. 1C}xlightly reduced [N2: 338%8plx-1 (nc36) 270+19; pIx-1

We reconstructed a full-lengftix-1 cDNA by combining a (nc37) 244+11 (=10)]. We have not detected gross
cDNA cloneyk535flencoding the C terminal region of PLX- morphological defects in the nervous system. Instead, close
1 with the 5 RACE products. Thelx-1 cDNA has a splicing examination revealed that the mutants have defects in
leader sequence 1, SL1, and contains an open reading framespfdermal morphogenesis, including the formation of rays,
5853 bp encoding a polypeptide of 1951 amino acid residueseam cells and vulvae. In this paper, we will focus on the
which conserves the authentic features of Plexin A (Fig. 1A,B)efects of rays and seam cells.
PLX-1 has a sema domain (27-555), three MET-related o )
sequence (MRS) repeats (503-555, 651-709, 830-881), thr&ay 1 is displaced in  plx-1 mutants
glycine-proline-rich (G-P) repeats (884-911, 980-1007, 1062The adult male tail is a specialized structure used for
1089) and an intracellular domain, which is also wellcopulation, and contains a set of nine male-specific genital
conserved (about 50% identical to mouse PlexA2) (Fig. 1B).sensilla (simple sense organ) known as rays embedded within

] ) ) a cuticular spade-shaped fan. In agist1 males, the anterior-

plx-1::gfp is expressed in a subset of epidermal most ray was displaced anteriorly with high penetrance (Fig.
cells and neurons 3B,D; Table 1). The displaced ray was thin and had an opening
First, we examined the expressionpik-1 using a reporter on the dorsal surface of a fan, which are morphological
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Fig. 1. The structure of thplx-1gene and its product. (A) The primary structure of PLX-1 aligned witBtbsophilaPlexA and the mouse
plexin-A2 sequences. (B) The similarity (%) between each region of PLX-1 and tiatsophilaPlexA and mouse plexin-A2. (C) A scheme
showing the structure of thEx-1 gene, deletions, the constrptt-1::egfpused in the expression analysis and the PCR products used for
rescue experiments. DDBJ Accession Number foptked cDNA is AB080022.

characteristics of normal ray 1, indicating that it is a displacedssociated with neighboring ray 2 (class Il defect) (Fig. 3B).
ray 1. Often, ray 1 was located outside of a fan, and the tip dfhe other rays appeared normal. The phenotypic traits were
the ray was located laterally, rather than ventrally, on the bodgscued by aplx-1(+) transgene (Table 1). Animals
wall (class | defect) (Fig. 3B). The displaced ray was usualljeterozygous foplx-1(nc37)showed weak ray 1 displacement
short and a small fan-like structure formed around it (Fig. 2)defects, indicating thailx-1 may be haplo-insufficient.

In some cases, ray 1 remained in a fan, but was no longerAs the positions of adult rays are determined by the site of
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Fig. 2. Expression oplx-1::egfpin him-5;
ncEx[plx-1::egfp, rol-6(su1006)[The
animals are shown with anterior towards
the left. (A) A lateral view of the left side
of a third larval-stage male tail at about 30
hours after hatching. GFP expression is
observed in R(n) cells (arrows). (C) An
early to mid-L4 stage male at about 35
hours after hatching. The ray precursor
clusters (arrows) express GFP. (B,D) The
corresponding DIC images shown in A,C,
respectively. (E) A lateral view of seam
cells at L4 stage. Both parental seam cells
(arrows) and a daughter cell (arrowhead)
express GFP. (F) A ventral view at early L3
stage. GFP expression is observed in
ventral cord motoneurons (small arrows)
and seam cells (an arrowhead). All vulval
precursor cells (some are indicated with
arrows) aligned along the ventral midline
also express GFP. Scale barsp2d.

Table 1. Ray 1 displacement iplx-1, Ce-sema-1a(RNAj) ~ Which later differentiate into two neurons and one support cell
and Ce-sema-1b(RNAixnimals of a mature ray. Each ray precursor cell also produces Rn.p,

which fuses later with other Rn.ps to form a multi-nucleated
cell called the tail seam. During these processes, cells change

Ray 1 displacement

Animal Class | (%) Class Il (%) n their shape and position dynamically, suggesting that they are
Control 0 0 313 arranged actively through specific ray cell-epidermal cell
p:x-i(ncgg) 231 gg igg interactions (Baird et al., 1991; Emmons and Sternberg, 1997).
B|§:1§2g37;/+ A = 137 When the positions of cells during morphogenesis for the
pix-1(nc37); Ex[plx-1, rol-6(su1006)] 11 8 100 male tail were examined by visualizing the adherence junctions
mab-20(ev574) 0 0 100  of epidermis with gam-1::gfptransgenej¢lsl), the processes
mab-20(bx24) 0 0 100 of ray precursor cluster 1 were often found to be located
ng:ggésxgzg‘_)b&'ﬁ(léggz ) - o 199 anteriorly inplx-1 animals, sometimes just posterior to the
Ce-sema-1a(RNAi)* 1 77 614 junction of the body seam and the tail seam, at the middle L4
Ce-sema-1b(RNAi)* 0.4 5.4 1057  or later stages when R1.p and R2.p had already fused (Fig. 4D).
Ce-sema-1a(RNAI); Ce-sema-1b(RNA)* 1.4 27.1 280  Before the fusion of Rn.ps, the processes of a ray precursor
Ce-sema-1a(RNA); Ce-sema-1b(RNAi) 15 36 53 cluster are localized to the site associated with the junction of

The percentage of sides of male tails with a displaced ray 1 is shown. Thethree or more epidermal cells, R”-PS and hyp_7, which surr_ound
defects are divided into class I (strong) and class Il (mild), according to the the ray precursor cluster as deS(_?rlbed by BaII'C_i et al. (Baird et
extent of displacement (see text for detail). All strains contdimaeb al., 1991) (Fig. 4A). As this raises the possibility that the
(e1490) position of the junctional site between R1.p, R2.p and hyp?7

*All the progeny laid later than 1 day after RNA injection were scored. ; e ;
TOnly progeny that were fluorescent with FITC-dextran at the L1 stage mlght be affected Ip|X 1mutants, we examined the precursors

were collected and scored later. We observed many fluorescent embryos thatt the stage when R1.p and R2.p had yet to fuse or were just

failed to hatch. Similar defects were observed when using other RNAs, in the process of fusing. We found that R1.p was abnormally
indicating the nonspecific toxicity caused by a large amount of exogenous  small, and the boundary between R1.p and R2.p shifted
RNA. anteriorly inplx-1 mutants plx-1(nc37): 88%,n=104, N2: 0%.

n=100] (Fig. 4B). Thus, at least in some cases, an abnormality
in R1.p shape may lead to the aberrant positioning of ray
attachment of ray precursor clusters to the surface in larvaeecursor cluster 1. We failed to detect any abnormality in the
(Baird et al., 1991), we next examined ray precursor cells iposition and morphology of ray 1 precursors when the
plx-1 mutants. The epidermal development of the male tail hagrocesses of ray precursors were still thick.
been studied extensively by Sulston et al. (Sulston et al., 1980) )
and Emmons and his colleagues (reviewed by Emmons arfgfam cells are separated by gaps in  plx-1 mutants
Sternberg, 1997), and will be briefly summarized here. Nindnother phenotype gilx-1 mutants is missing seam cells. We
ray precursor cells, R(n) cells, are generated by specializédund that the alae, cuticular structures running longitudinally
epidermal cells (seam cells) on each side of the posterior bodyong the lateral surface of the body wall, are often
of larval males. Each ray precursor cell, after several divisionsliscontinuous irplx-1 mutant adults (Fig. 5C). As seam cells
gives rise to a ray precursor cluster comprising three cellsinderlying the cuticle secrete the alae (White, 1988), we
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Fig. 4. Displacement of ray precursorspix-1 mutants. Cell
boundaries of ray precursor clusters were visualized in wild-type
(A,C) andplx-1(nc37)(B,D) animals witham-1::GFP. All animals
containhim-5. (B) At the early L4 stage, ray 1 precursor cluster,
processes are localized to the junction site between R1.p, R2.p and
the surrounding hypodermal syncytium (hyp7). (A,B) R1.p pika
1(nc37)animal is abnormally small (B) compared with that of the
control animal (A). In the@lx-1 mutant at the mid L4 stage (D), the
position of the ray 1 precursor cluster (1) is shifted anteriodorsally
from the ray 2 precursor cluster (2) to the body seam cell (s), while it
is towards the left. Arrows is associated with the ray 2 precursor cluster in the wild-type animal
indicate ray 1 and arrowheads (C). For reference, each ray precursor cluster, R1.p, R2.p, the seam
indicate ray 2. (A,B) DIC cell (s) and the hypodermal syncythium (hyp7) are labeled. Scale
iy bars: 2Qum.

Fig. 3. Male tail defects oplx-1
mutant,mab-20mutant andCe-
sema-1 (RNAignimals. All

animals contaitim-5. Anterior

photomicrographs of ventral
views of (A) a control and (B) plx-1(nc37)mutant adult tail. In B,
ray 1 on both sides show displacement defects but to different  gjyision at the beginning of each larval stage. While the non-
extents; the right ray 1 (arrow) is located outside of a fan (class | (ztem daughters fuse with the surrounding hyp7 syncytium, the

defect) and the left ray 1 remains in a fan (class Il defect). (C-G) DI —_— -
photomicrographs of lateral views of a control (-1(nc37)D), eam stem cells elongate longitudinally to reach both anterior

mab-20(bx24JE), Ce-sema-1a, Ce-sema-1b (RNA) andmab- and posterior cells, and regenerate a continuous row of seam
20(bx24); plx-1(nc37yG) animal In themab-20(bx24pnimal (), ~ Cells (Austin and Kenyon, 1994; Podbilewicz and White,
ray 1 fused to ray 2, and rays 3-5 fused togetherCEsema-1a, 1994). Visualization with thgam-1::gfp transgene revealed
Ce-sema-1b (RNA8nimal (F) shows displacement of ray 1 similar that larval seam cells formed a continuous chain of cells
to theplx-1(nc37)animal (D). In themab-20(bx24); plx-1(nc37) arranged anteroposteriorly along the body wall in wild-type
animal (G), ray 1 is displaced anteriorly and ray 3 fuses to ray 4. animals (Fig. 5G). However, pix-1 mutants, the arrangement
Scale bars: 2Qm. of seam cells was often disrupted (Fig. 5H). Cells sometimes

formed dorsoventral contacts with neighboring cells. While
this led to extended contact areas on one side of the cell, in
examined seam cells by visualizing their boundaries witlsome cases, cells concomitantly failed to make contact with
surrounding hypodermal cells in thelsl background. The neighbors on the other side, resulting in a gap in a continuous
boundaries, which formed continuous parallel lines in wildrow of cells; 80% of sides @ix-1(nc37) jcls1; him-§n=100)
type animals (Fig. 5B), had a gappix-1 mutants (Fig. 5D) had gaps while 5% of those jots1; him-5(n=100) had gaps
where the alae were missing, indicating that seam cells wees the late L2 stage. Similar defects were detected by using
missing in that region. Some 18%~=(00) of the sides of the strains withsyls5Q which expresses GFP in seam cells under
plx-1(nc37); him-5adult males had a gap in the seam celthe promoter of thedh-3 gene and visualizes the entire profile
queue, compared with 09%100) of controlhim-5 adult  of the cells (Pettitt et al., 1996). The frequency of sides with
males. We also have observed an extra cell boundary withingaps in a row of the seam cells at the L4 stage was #4?26)
seam cell (Fig. 5F), where the alae made an abnormal syls50; plx-1 (nc37)19% (=104) in syls50 and 16%
bifurcation (Fig. 5E). (n=100) in syls50; plx-1 (nc37); ncEXx[plx-1(+), rol-
Next, we examined larval seam cells, which are precurso(sul006)].
of adult seam cells and produce epidermis forming the lateral o
body wall of larvae (Sulston and Horvitz, 1977; White, 1988)p/x-1 and mab-20 mutants have distinct phenotypes
Seam cells lose contact with each other as they go through cBllevious studies showed that mutations inrfab-20gene,
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Fig. 5.Seam cell defects @ix-1(nc37)hermaphrodites. Lateral
views with anterior towards the left. All animals contgis1;
him-5 (A,C,E) DIC images of adult alae (arrowheads) in a
control (A) andplx-1 mutant (C,E) hermaphrodites. pix-1
animals, alae were discontinuous (arrows, C) or bifurcated (E).
(B,D,F) Fluorescent images of tjaan-1::gfptransgene
expression in a control animal (B) aplet-1 mutant animals

(D,F) shown in A,C,E. (D) In plx-1animal, the seam cell
boundaries closed midway (arrows). The position of the gap
without seam cells corresponds with that of the gap of the alae.
(F) In aplx-1animal, extra cell boundaries formed within a
seam cell where the alae made bifurcations. (G,H) Fluorescent
images of thgam-1::gfptransgene expression in a control (G)
and aplx-1L4 (H) hermaphrodite. In thglx-1animal, the
arrangement of seam cells is disrupt@dowheads). Some seam
cells were separated by gaps (asterisks). Scale bgim.10

ray-fusion phenotype ofmab-20 mutants is not
dependent on the presence of the wild-tppel gene.
Exceptions were ray 6, and rays 7 and 9, which showed
enhancement and reduction of fusion, respectively.
Although we did not detect any abnormality in these rays
in plx-1 mutants, we observed the expressionpb¢
1::egfpin all the ray precursors, and it may be that the
positions of these precursors are subtly affectquixfl
which encodes a secreted semaphorin, semaphorin 2a, aleatants.
affect several epidermal morphogenetic processes, includin ) )
the spatial arrangement of male tail rays (Baird et al., 19913_NA| of transmembrane-type semaphorins causes
Roy et al., 2000). However, phenotypespbé-1 andmab-20  displacement of ray 1
mutants are distinctnab-20mutants have ventral enclosure C. eleganshas three semaphorin genesab-20 Ce-sema-
defects, which result in a low fecundity, wherpbslembryos laandCe-semalb. As mab-20andplx-1 mutants exhibited
hatch normally (data not shown). Ray 1mé&b-20mutants  distinct phenotypes, the candidate ligands for PLX-1 are two
often fused with posterior rays (Fig. 3E; Table 2), but was nevdransmembrane semaphorins, Ce-Sema-1a and Ce-Sema-1b.
located anteriorly (Roy et al., 2000) (Table 1), whemgasl We examined the functions of these genes in the
mutants seldom exhibited ray-fusion. Non-overlappingmorphogenesis of the male tail by RNA interference (RNAI)
phenotypes suggest that thix-1 gene and thenab-20gene  experiments. A displacement of rayl similar to thapli1
function independently. mutants was observed among the progeny of worms that
To examine genetic relationships between the two genaesere subjected to injection of double-stranded RNAs
further, we constructechab-20; plx-1double mutantsplx-  corresponding to either thee-sema-lar Ce-sema-1llgene
1(nc37)was combined with either a putative null allele of (Fig. 3F).
mab-2Q ev574(Roy et al., 200Q)or a hypomorphic allele, RNAI for Ce-sema-1dad a relatively stronger effect than
bx24 and both combinations showed an essentially similar raghat for Ce-sema-1bWhereas injection of single RNA species
phenotype. Although some animals showed ray fusioneesulted in a very mild phenotype, simultaneous suppression of
involving ray 1 similar to those afmab-20mutants, some both genes by injection of mixed RNAs affected nearly 40%
exhibited a ray 1 displacement defect in addition to the fusionf animals, and some exhibited displacement comparable with
of other rays (Fig. 3G, Table 1). The frequency of fusiorthat of severely affectguix-1 mutants. The results suggest that
among the other rays in the double mutants was altered litt@e-Sema-1a and Ce-Sema-1b function redundantly as ligands
from that in themab-20mutants (Table 2), indicating that the for PLX-1 in the morphogenesis of the male tail (Table 1).

Table 2. Ray fusion inplx-1 and mab-20animals
Ray fusion (%)

Animal R1 R2 R3 R4 R5 R6 R7 R8 R9 >2R n
Control 0 0 0 0 0 0 0 0 0 0 313
plx-1(nc37) 0 0 0 0 0 0 0 0 0 0 100
mab-20(ev574) 90 98 100 100 3 65 95 3 95 90 100
mab-20(bx24) 73 77 98 98 4 37 58 0 58 43 100
mab-20(ev574); plx-1(nc37) 68 92 96 100 7 82 58 2 58 83 100
mab-20(bx24); plx-1(nc37) 27 28 74 81 5 71 21 1 21 62 105

The table gives the percentage of ray fusion to a neighbor within one side of a male tail. >2R refers to the percentdgi siflemthat had more than two
rays within a single fusion. All strains contairt@th-5 (€1490).
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Fig. 6.Binding of C. elegansemaphorins to 16 = .o G
PLX-1 expressed in the cultured cells. (A) A — 3
western blot of PLX-1 expressed in HEK293T £ oo
cells. An immunoreactive band the size of 220 116 i
kDa was detected for Myc-PLX-1 with anti-Myc 002
antibody. The predicted size of the peptide is 210 e
kDa. (B) A western blot of. elegans 0
semaphorins secreted in the culture medium of 0 100 200 300 400 500 600 700
HEK293T cells. An immunoreactive band the size [) : IEung Ce- Semua aipiy
of 143 kDa (lane 1) and 110 kDa (lane 2) for Ce- anti-myc Ce-Sema-1a Ce-Sema-2a
Sema-1aAC-Fc-AP and Ce-Sema-2a-Fc was . . aes
detected, respectively, with anti-Fc antibody. The C | I 1} !

predicted size of each peptide is 139 kDa and 94 "
kDa, respectively. (C) Scatchard analysis of the

binding of Ce-Sema-1AC-Fc-AP to PLX-1. The N

inset shows the binding curves of Ce-Sema-1la- = SR
AC-Fc-AP to PLX-1 expressed on HEK293T cells T r

(the upper line) and to HEK293T cells transfected

with pCAGGS as a control (the lower broken r o’ e ) ' B e ATd w 3
line). (D) Binding of Ce-Sema-1AC-Fc-AP to p' \F‘( ’sﬂ% I ¥ ’P- {'*: . Vi
> ﬁ : ‘

PLX-1. (i,ii,iii) Untransfected HEK293T cells. et VA ; a ¥

(iv,v,vi) HEK293T cells expressing PLX-1. (i,iv) L. e, ‘1@ 5 L™ ’
Cells were reacted with the anti-Myc antibody. ¥ Vool * e » Baf o .
(ii,v) Cells were reacted with Ce-SemaA@-Fc- e 1V < E » - = . .

AP. (iii,vi) Cells were reacted with Ce-Sema-2a- 1 % Ny - 4. PPN R ol
Fc. Scale bar: 10am. W L8N AT B e :

While the defects caused by the RNAI experiments wer®ISCUSSION
much milder than those gflx-1 mutants and many worms
showed no abnormalities, this appears to reflect a lowhe plexins constitute an evolutionarily conserved family of
efficiency of suppression of genes at late larval stages with th®oteins in the animal kingdom and have been presumed to
RNAI procedure employed, rather than low expressivity of theplay important roles in the development of the nervous system.
phenotype caused by suppression of their functions. When v& eleganshas been shown to possess plexin genes (Winberg
scored selectively the progeny retaining co-injected dye, whicét al., 1998), but none had been characterized. In this study we
we presume to retain injected RNAs abundantly, the frequenayenerated mutations for one of theeleganglexin genesplx-
of the defects increased significantly and many wormd, and analyzed its function in vivo. We revealed thiztl is

exhibited class | defects (Table 1). crucial for epidermal development i@. elegans We also
o confirmed that plexin is a binding partner for semaphorins
A transmembrane-type semaphorin binds to PLX-1 in C. elegans and determined the specificity of interactions

To confirm further that transmembrane-type semaphorins atetween members of the. eleganssemaphorin family (Ce-
ligands for PLX-1, we examined the physical interactions o6ema-1a, Ce-Sema-1b, Ce-Sema-2a) and PLX-1.

C. eleganssemaphorins with PLX-1 in vitro using cultured

mammalian cells. The ectodomain of Ce-Sema-1a tagged wiff-X-1 interacts with Ce-Sema-1a, b but not with Ce-

an Fc region of human IgG and an alkaline phosphatase (Céema-2a

Sema-1aAC-Fc-AP) or Ce-Sema-2a tagged with an Fc regiorwe have shown that suppressiorCa-sema-1andCe-sema-

of human IgG (Ce-Sema-2a-Fc) were expressed in HEK293Ib causes defects in the male tail similar to those caused
cells in culture, and culture supernatants were added to ks plx-1 mutations. We have also shown that Ce-Sema-la
culture of HEK293T cells transfected with the pIx-1 cDNA. binds to PLX-1. Although binding partners for Ce-Sema-1b
Ce-Sema-1#C-Fc-AP bound to HEK293T cells expressing remained to be determined biochemically, the present results
PLX-1 (Fig. 6C, part v). However, Ce-Sema-2a-Fc failed tdndicate that PLX-1 is the receptor for the transmembrane-type
bind to PLX-1 expressed on HEK293T cell membrane (Figsemaphorins, Ce-Sema-la and Ce-sema-1iC.irelegans

6C, part vi). The dissociation constar€pj value for the PLX-1is a Type A plexin, and iBrosophilg a Type A plexin,
interaction of Ce-Sema-1&C-Fc-AP with PLX-1 estimated DPlexA, has been also shown to be a receptor for semaphorin
by Scatchard analysis was 5.7+0.3 nM (Fig. 6D), which i3 (Winberg et al., 1998). It would be interesting to see whether
comparable with that ddrosophilasemaphorin | with DplexA  the class-specific interaction of plexinA and semaphorin |
(Winberg et al., 1999). applies to other invertebrate species.
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We have shown thaix-1 andmab-20Ce-sema-2anutants  genes would be to suppress signals mediated by the other. Our
display distinct defectgplx-1 mutants do not exhibit ventral analysis of animals doubly mutant for the genes, however, did
enclosure defects or Vab phenotypes. Although they bothot reveal clear genetic interactions between them. Therefore,
exhibit defects in the male tail, their phenotypes do not overlapwo semaphorin-mediated signals appear to function rather
Our preliminary analysis shows thpix-1 mutants exhibit independently in ray morphogenesis. An interesting
vulval defects, whereas the vulvae méb-20(bx24)mutants  precedence has been shown in the grasshopper limb bud where
are relatively normal (S. T., unpublished). Together with ouSemal and Sema2a provide functionally distinct guidance
finding that Ce-Sema-2a does not bind to PLX-1, the resulisformation to the same growth cones (Isbister et al., 1999).
indicate that, in principle,plx-1 and mab-20 function
independently. This raises the possibility that the receptor fopeam cells
Ce-Sema-2a is PLX-2, which we are currently examiningMe have revealed thptx-1 mutations affect the arrangements

genetically and biochemically. of seam cells. During larval development, the seam cells
_ ) undergo cycles of loss and reformation of cell-cell contacts.
PLX-1 regulates epidermal morphogenesis Previous studies have shown that the formation of cell contacts

We have shown thaplx-1 mutants have defects in the between seam cells is a highly active process. Seam cells can
formation of one ray and seam cells. Three common propertiextend a cell process laterally to form new cell contacts even
can be pointed out for their epidermal precursors. First, thafter ablation of its normal neighbors, although there appears
cells undergo dynamic changes in shape and positiom, limit to the extent of cell extension (Austin and Kenyon,
sometimes associated with cell fusion. Second, cells usually©94). The gaps in a row @ix-1 seam cells appear to be
form clusters or make contact with each other, and theitaused by failures to reconstitute cell-cell contacts, suggesting
relationships with neighboring cells changed duringthat extension of cell processes is affected in the mutants. Seam
morphogenetic movements. Thirgglx-1 appears to be cells usually make contact with neighboring seam cells on the
expressed in the cells that are affected in the mutantanterior and posterior sides, and it was suggested that the
Therefore,plx-1 is likely to function cell autonomously to formation of cell contacts generates a signal that results in a
regulate either cell shape, cell position or cell contact whepessation of extension of cellular processes (Austin and
epidermal cells undergo dynamic morphological changes. Kenyon, 1994). Aberrant contacts along the dorsoventral sides
of plx-1 seam cells indicate that the cells failed to cease lateral

Rays growth after making the initial contact with neighboring cells,
We have revealed an anterior displacement of raydix#l  suggesting that the presumed ‘stop’ signal is also affected in
mutants andCe-sema-1a, b (RNA@nimals. The phenotype is the plx-1 mutants
rather subtle and distinct from those of previously isolated A previous study has shown thatab-20 embryos have
mutations affecting the ray morphology, which results in fusedefects in P cells and V cells, which are embryonic seam cells
rays or missing rays. Many of the previous mutations aréRoy et al., 2000). The altered arrangemeipiofl larval seam
presumed to alter the identity or affect the differentiation otells revealed in this study is reminiscent of ectopic cell
rays (Chow et al., 1994; Chow et al., 1995; Ferreira et al., 1998pntacts betweemab-20V cells (Roy et al., 2000), and
Sutherlin and Emmons, 1994; Zhang and Emmons, 1995; Linsiggests that these two genes regulate similar cellular events.
and Emmons, 1999In mab-20mutants, however, it has been It has been noted, however, tipat-1 mutants apparently have
shown that the identities of the rays are not altered. Similar too defects in embryonic hypodermal cells, suggesting that
this, although we have not examined the identity of rays usinthese two genes function independently with different temporal
specific molecular markers, the displaced ray 1pikl  patterns.
mutants retains the morphological characteristics of a normal
ray 1, indicating that its identity is not altered. How does PLX-1 regulate cell behavior during

Our analysis usingjam-1::gfptransgene has shown that the epidermal development?
displacement of adult ray 1 is a consequence of th®ur finding that transmembrane semaphorins are ligands for
mispositioning of the ray 1 precursor clustemir-1 larvae. PLX-1 indicates that PLX-1 is involved in cell contact-
The mechanisms underlying the allocation of ray precursamediated regulation of cell behavior. Although the effects of
clusters are little understood, but our finding that the shape sEmaphorins on cell migration have been documented
R1.p is sometimes distortedpix-1 mutants indicates thatx-  (Eickholt et al., 1999), ray precursor cluster cells and seam
1is involved through the regulation of cell morphology. cells, which are affected hyix-1 mutations, do not seem to

The present study and a previous report (Roy et al., 200@igrate. Our preliminary analysis shows that the short-range
showed that bottplx-1 and mab-20 mutations affect ray migration of vulval primordial cells is affected iplx-1
positions, and PLX-1 and Ce-Sema-2a/MAB-20 are expressedutants. We have, however, noted that arrangements of vulval
in the same ray precursor clusters. These observations migrimordial cells are also sometimes affected before the onset
imply that Ce-Sema-1s/PLX-1 and Ce-Sema-2a act onof cell migration (S. T., unpublished). It seems that a major
identical cells simultaneously and suggest possible crosstaliunction of the Ce-Sema-1s/PLX-1 signal in t@e elegans
between the two signaling systems. The effectplofl and  epidermal system is the regulation of cell arrangements.
mab-20 mutations on the position of ray 1 are apparently An attractive as well as repulsive action on growth cones has
opposite: themab-20ray 1 precursor cluster makes ectopicbeen reported for insect semaphorin 1 proteins (Wong et al.,
contact with the ray 2 precursor cluster, whilephelray 1  1997; Wong et al., 1999; Yu et al., 1998; Winberg et al., 1998).
precursor cluster is apparently repelled by the ray 2 precurstvhile our finding thaplx-1 seam cells fail to reconstitute cell-
cluster. One possibility is that a normal function of one of theell contacts may be explained by an attractive action of Ce-
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Sema-1s/PLX-1, the displacement of ray 1 does not appear teripheral sense organs in the C. elegans maléeaitlopment 13 515-
be explained simply by mutual attraction or repulsion between 526.

; har, O., Golden, J. A., Mashimo, H., Schoen, F. J. and Fishman, M. C.
ray clusters. It may be that the action of Ce-Sema-1s/PLX-1 E‘e(1996). Semaphorin 1l is needed for normal patterning and growth of
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as a local modulator of cell morphology by mediating arsrenner, S.(1974). The genetics of Caenorhabditis eleg@@netics77, 71-
attractive force in some parts of a cell and/or a repulsive force 94. _ _
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underlie changes in epidermal cell morphology. In order t how, K. L., Hall. D. H. and Emmons. S. W(1995). The mab-21 gene of

understand the mechanisms by which Ce-Sema-1s/PLX-1caenorhabditis elegans encodes a novel protein required for choice of
regulates the behavior of epidermal cells, the distribution of alternate cell fateDevelopment 21, 3615-3626.

Ce-Sema-1s and PLX-1, as well as co-factors or downstreafigmeau, M. R., Johnson, R., DuBose, R. F., Petersen, M., Gearing, P.,
signaling components should be examined at the subcellularYa"denBos, T., Park, L., Farrah, T., Buller, R. M., Cohen, J. 1. et al.
. . (1998). A poxvirus-encoded semaphorin induces cytokine production from
level in future studies. . ) monocytes and hinds to a novel cellular semaphorin receptor, VESPR.
We failed to detect gross morphological defects in the immunitys, 473-482.
nervous system oplx-1 mutants. Recently identified non- de Castro, ., Hu, L., Drabkin, H., Sotelo, C. and Chedotal, A(1999).

neuronal semaphorins indicate that the semaphorin/plexin Chemoattraction and chemorepulsion of olfactory bulb axons by different
secreted semaphorink. Neuroscil9, 4428-4436.

signaling system has roles other than in the regulation (Hickholt, B. J., Mackenzie, S. L., Graham, A., Walsh, F. S. and Doherty,
neuronal or cellular migrations. In vertebrates, semaphorin is p. (1999). Evidence for collapsin-1 functioning in the control of neural crest
likely to be involved in cartridge formation, immunogenic migration in both trunk and hindbrain regiori@evelopmentL26, 2181-
modulation and vascular morphogenesis (Behar et al., 1996;2189.

. VT Emmons, S. W. and. Sternberg, P. W(1997). In C. eleganH (ed. D. L.
Hall et al.,, 1996; Comeau et al., 1998; Miao et al., 1999)" ciy " 1" gjimenthal, B. J. Mayer and J. R. Priess). pp. 295-334. Cold

Together With a _prEViOUS study mab—ZO(qu et aI_., ZQOO), ~ Spring Harbor, NY: Cold Spring Harbor Laboratory Press.
our results indicate that the semaphorin/plexin signalin@van, G. I, Lewis, G. K., Ramsay, G. and Bishop, J. M1985). Isolation
system plays important roles in epidermal morphogene€is in  of monoclonal antibodies specific for human c-myc proto-oncogene product.

; ; iannMol. Cell. Biol.5, 3610-3616.
elegans Some vertebrate plexms are expressed in mammali an, J., Mansfield, S. G., Redmond, T., Gordon-Weeks, P. R. and Raper,

eplth_ehal cells (H' F., unpu_b“Shed)’ and _the prese_nt results may; a. (1993). The organization of F-actin and microtubules in growth cones
provide a clue as to their roles. Plexins are likely to have exposed to a brain-derived collapsing facioiCell Biol.121, 867-878.
diverse developmental and physiological roles in animals. Fan, J. and Raper, J. A(1995). Localized collapsing cues can steer growth
cones without inducing their full collapsdeuron14, 263-274.
We thank Joel Glover for critically reading the manuscript. We alsdeeira, H. B., Zhang, Y., Zhao, C. and Emmons, S. W1999). Patterning
thank Joe Culotti for communicating unpublished observations prior ﬁf Caenorhabditis elegans posterior structures by the Abdominal-B
L o . - homolog, egl-5Dev. Biol.207, 215-228.
to_pul:_)llcatlon and for N\W1074; YUJ'_ Kohara for CDNA clones; Shohe'FIanagan, J. G. and Leder, P(1990). The kit ligand: a cell surface molecule
Mitani fc_)r pPFXneEGFP; Andrew Fire for pPD95.75 and other GFP  jtered in steel mutant fibroblaséell 63, 185-194.
expression vectors; Jeff Simske for SU93; Bob Waterston for MH27rancis, R. and Waterston, R. H.(1991). Muscle cell attachment in
Dr Mizuno at Tohoku University for pCEP-SYFCAP; Masayuki Caenorhabditis elegan. Cell Biol.114, 465-479.
Shimizu for assistance in binding assays; and past and presénfjisawa, H., Ohta, K., Kameyama, T. and Murakami, Y.(1997). Function
members of our laboratory for discussion and advice throughout this of a cell adhesion molecule, plexin, in neuron network formafe.
work. Some strains were provided by the Caenorhabditis Genetic Neurosci.19, 101-105. _
Center, which is funded by the National Institute for Health National:uéi;v;;ho:h Sgt?r? O};'itrsl”m"’ufébigi 8%%%8%'92%09“06 for - collapsin/
Center for _R_esearch Reso_urces. _Thls work was supported by gra ]sger’ R. J., Urquhart, E. R., Gillespie, S. K., Levengood, D. V., Ginty, D.
from the Ministry of Education, Science and Culture, Japan (H. F and p_ and Kolodkin, A. L. (1998). Neuropilin-2 is a receptor for semaphorin
S. T) and a grant from CREST (Core Research for Evolutional |v: insight into the structural basis of receptor function and specificity.
Science and Technology) of the Japan Science and TechnologyNeuron21, 1079-1092.
Corporation (JST) (H. F.). Hall, K. T., Boumsell, L., Schultze, J. L., Boussiotis, V. A., Dorfman, D.
M., Cardoso, A. A., Bensussan, A., Nadler, L. M. and Freeman, G. J.
(1996). Human CD100, a novel leukocyte semaphorin that promotes B-cell

aggregation and differentiatiofProc. Natl. Acad. Sci. USA3, 11780-
REFERENCES v

He, Z. and Tessier-Lavigne, M(1997). Neuropilin is a receptor for the axonal
Altschul, S. F,, Boguski, M. S., Gish, W. and Wootton, J. G1994). Issues chemorepellent Semaphorin ITell 90, 739-751.

in searching molecular sequence databdsas.Genets, 119-129. Isbister, C. M., Tsai, A., Wong, S. T., Kolodkin, A. L. and O’Connor, T. P.
Artigiani, S., Comoglio, P. M. and Tamagnone, L.(1999). Plexins, (1999). Discrete roles for secreted and transmembrane semaphorins in

semaphorins, and scatter factor receptors: a common root for cell guidanceneuronal growth cone guidance in viievelopmeni26, 2007-2019.

signals?lUBMB Life 48, 477-482. Kameyama, T., Murakami, Y., Suto, F., Kawakami, A., Takagi, S., Hirata,
Austin, J. and Kenyon, C.(1994). Cell contact regulates neuroblast formation  T. and Fujisawa, H.(1996a). Identification of plexin family molecules in

in the Caenorhabditis elegans lateral epiderBeselopmen120, 313-323. mice. Biochem. Biophys. Res. CommAa6, 396-402.

Bagnard, D., Lohrum, M., Uziel, D., Puschel, A. W. and Bolz, J1998). Kameyama, T., Murakami, Y., Suto, F., Kawakami, A., Takagi, S., Hirata,
Semaphorins act as attractive and repulsive guidance signals during theT. and Fujisawa, H. (1996b). Identification of a neuronal cell surface
development of cortical projectionr®evelopmeni25 5043-5053. molecule, plexin, in miceBiochem. Biophys. Res. CommBR86, 524-529.

Baird, S. E., Fitch, D. H., Kassem, I. A. and Emmons, S. W1991). Pattern  Kitsukawa, T., Shimizu, M., Sanbo, M., Hirata, T., Taniguchi, M., Bekku,
formation in the nematode epidermis: determination of the arrangement of Y., Yagi, T. and Fujisawa, H. (1997). Neuropilin-semaphorin [1/D-



plexinA mutants of C. elegans 2063

mediated chemorepulsive signals play a crucial role in peripheral nervriess, J. R. and Hirsh, D. 1(1986). Caenorhabditis elegans morphogenesis:
projection in miceNeuron19, 995-1005. the role of the cytoskeleton in elongation of the emhbgy. Biol.117, 156-
Kolodkin, A. L., Matthes, D. J., O'Connor, T. P., Patel, N. H., Admon, A., 173.
Bentley, D. and Goodman, C. S.(1992). Fasciclin IV: sequence, Puschel, A. W., Adams, R. H. and Betz, H(1995). Murine semaphorin
expression, and function during growth cone guidance in the grasshopperD/collapsin is a member of a diverse gene family and creates domains
embryo.Neuron9, 831-845. inhibitory for axonal extensioeuron14, 941-948.
Kolodkin, A. L., Matthes, D. J. and Goodman, C. S(1993). The semaphorin  Raper, J. A. (2000). Semaphorins and their receptors in vertebrates and
genes encode a family of transmembrane and secreted growth cone guidancevertebratesCurr. Opin. Neurobiol 10, 88-94.

moleculesCell 75, 1389-1399. Rohm, B., Ottemeyer, A., Lohrum, M. and Puschel, A. W.(2000).
Kolodkin, A. L., Levengood, D. V., Rowe, E. G., Tai, Y. T., Giger, R. J. and Plexin/neuropilin complexes mediate repulsion by the axonal guidance

Ginty, D. D. (1997). Neuropilin is a semaphorin Il recepi©ell 90, 753- signal semaphorin 3AVech. Dev93, 95-104.

762. Roy, P. J., Zheng, H., Warren, C. E. and Culotti, J. G(2000). mab-20
Kozak, M. (1992). Regulation of translation in eukaryotic systehmnu. Rev. encodes Semaphorin-2a and is required to prevent ectopic cell contacts

Cell Biol. 8, 197-225. during epidermal morphogenesis in Caenorhabditis ele@@ngelopment
Kumanogoh, A., Watanabe, C., Lee, |, Wang, X., Shi, W., Araki, H., 127, 755-767.

Hirata, H., lwahori, K., Uchida, J., Yasui, T. et al. 000). Identification =~ Sambrook, J., Fritsch, E. F. and Maniatis, T(1989).Molecular Cloning: A
of CD72 as a lymphocyte receptor for the class IV semaphorin CD100: a Laboratory Manual Cold Spring Harbor, NY: Cold Spring Harbor
novel mechanism for regulating B cell signalit@munity13, 621-631. Laboratory Press.

Lints, R. and Emmons, S. W. (1999). Patterning of dopaminergic Shibata, Y., Fujii, T., Dent, J. A., Fujisawa, H. and Takagi, S(2000). EAT-
neurotransmitter identity among Caenorhabditis elegans ray sensory 20, a novel transmembrane protein with EGF motifs, is required for efficient
neurons by a TGFbeta family signaling pathway and a Hox gene. feeding in Caenorhabditis elega@eneticsl54, 635-646.

Development26 5819-5831. Shoji, W., Yee, C. S. and Kuwada, J. Y(1998). Zebrafish semaphorin Z1la
Luo, Y., Raible, D. and Raper, J. A(1993). Collapsin: a protein in brain that collapses specific growth cones and alters their pathway in vivo.

induces the collapse and paralysis of neuronal growth cGeds’s, 217- Developmenil25 1275-1283.

227. Sulston, J. E. and Horvitz, H. R.(1977). Post-embryonic cell lineages of the
Maestrini, E., Tamagnone, L., Longati, P., Cremona, O., Gulisano, M., nematode, Caenorhabditis elegabeyv. Biol.56, 110-156.

Bione, S., Tamanini, F., Neel, B. G., Toniolo, D. and Comoglio, P. M. Sulston, J. E., Albertson, D. G. and Thomson, J. N(1980). The
(1996). A family of transmembrane proteins with homology to the MET- Caenorhabditis elegans male: postembryonic development of nongonadal
hepatocyte growth factor receptBroc. Natl. Acad. Sci. US83, 674-678. structuresDev. Biol.78, 542-576.

Matthes, D. J., Sink, H., Kolodkin, A. L. and Goodman, C. S(1995). Sutherlin, M. E. and Emmons, S. W(1994). Selective lineage specification
Semaphorin Il can function as a selective inhibitor of specific synaptic by mab-19 during Caenorhabditis elegans male peripheral sense organ

arborizationsCell 81, 631-639. developmentGeneticsl38 675-688.
Mello, C. and Fire, A. (1995). DNA transformationMethods Cell Biol48, Takahashi, T., Fournier, A., Nakamura, F., Wang, L. H., Murakami, Y.,
451-482. Kalb, R. G., Fujisawa, H. and Strittmatter, S. M.(1999). Plexin-neuropilin-

Miao, H. Q., Soker, S., Feiner, L., Alonso, J. L., Raper, J. A. and 1 complexes form functional semaphorin-3A recept©edl 99, 59-69.
Klagsbrun, M. (1999). Neuropilin-1 mediates collapsin-1/semaphorin Il Takahashi, T. and Strittmatter, S. M. (2001). Plexinal autoinhibition by the
inhibition of endothelial cell motility: functional competition of collapsin-  plexin sema domairNeuron29, 429-439.

1 and vascular endothelial growth factor-185Cell Biol.146, 233-242. Tamagnone, L., Artigiani, S., Chen, H., He, Z., Ming, G. I., Song, H.,
Mizushima, S. and Nagata, S(1990). pEF-BOS, a powerful mammalian  Chedotal, A., Winberg, M. L., Goodman, C. S., Poo, M. et al1099).
expression vectoNucleic Acids Redl8, 5322. Plexins are a large family of receptors for transmembrane, secreted, and

Mohler, W. A., Simske, J. S., Williams-Masson, E. M., Hardin, J. D. and GPl-anchored semaphorins in vertebra€edl 99, 71-80.
White, J. G. (1998). Dynamics and ultrastructure of developmental cellTaniguchi, M., Yuasa, S., Fujisawa, H., Naruse, |., Saga, S., Mishina, M.

fusions in the Caenorhabditis elegans hypodei@is:. Biol. 8, 1087-1090. and Yagi, T. (1997). Disruption of semaphorin IlI/D gene causes severe
Nakamura, F., Tanaka, M., Takahashi, T., Kalb, R. G. and Strittmatter, abnormality in peripheral nerve projectidveuronl19, 519-530.

S. M.(1998). Neuropilin-1 extracellular domains mediate semaphorin D/IlI-The Semaphorin Nomenclature Committeg1999). Unified nomenclature

induced growth cone collapsdeuron21, 1093-1100. for the semaphorins/collapsir@ell 97, 551-552.
Nakamura, F., Kalb, R. G. and Strittmatter, S. M. (2000). Molecular basis  White, J. (1988). The nematode Caenorhabditis elegansCdtd Spring

of semaphorin-mediated axon guidanteNeurobiol.44, 219-229. Harbor Monograph Series; 1{d. E. B. Wood and the community of C.
Nishimura, Y., Yokoyama, M., Araki, K., Ueda, R., Kudo, A. and elegans researchers), pp. 81-122. Cold Spring Harbor, NY: Cold Spring

Watanabe, T.(1987). Recombinant human-mouse chimeric monoclonal Harbor Laboratory Press.
antibody specific for common acute lymphocytic leukemia anti@ancer Winberg, M. L., Noordermeer, J. N., Tamagnone, L., Comoglio, P. M.,

Res.47, 999-1005. Spriggs, M. K., Tessier-Lavigne, M. and Goodman, C. §1998). Plexin
Niwa, H., Yamamura, K. and Miyazaki, J. (1991). Efficient selection for A is a neuronal semaphorin receptor that controls axon guid@eded5,

high-expression transfectants with a novel eukaryotic vegarel08 193- 903-916.

199. Wong, J. T, Yu, W. T. and O’Connor, T. P.(1997). Transmembrane
Ohta, K., Takagi, S., Asou, H. and Fujisawa, H(1992). Involvement of grasshopper Semaphorin | promotes axon outgrowth in Biggelopment

neuronal cell surface molecule B2 in the formation of retinal plexiform 124 3597-3607.

layers.Neuron9, 151-161. Wong, J. T., Wong, S. T. and O’Connor, T. P(1999). Ectopic semaphorin-
Ohta, K., Mizutani, A., Kawakami, A., Murakami, Y., Kasuya, Y., Takagi, 1a functions as an attractive guidance cue for developing peripheral neurons.

S., Tanaka, H. and Fujisawa, H.(1995). Plexin: a novel neuronal cell Nat. Neurosci2, 798-803.

surface molecule that mediates cell adhesion via a homophilic bindingvood, W. B. (1988). The NematodeéCaenorhabditis elegans. Cold Spring

mechanism in the presence of calcium idwesuron14, 1189-1199. Harbor, NY: Cold Spring Harbor Laboratory Press.

Pettitt, J., Wood, W. B. and Plasterk, R. H(1996). cdh-3, a gene encoding Yu, H. H., Araj, H. H., Ralls, S. A. and Kolodkin, A. L. (1998). The
a member of the cadherin superfamily, functions in epithelial cell transmembrane Semaphorin Sema | is required in Drosophila for embryonic
morphogenesis in Caenorhabditis eleg@&reelopmeni22 4149-4157. motor and CNS axon guidandgeuron20, 207-220.

Podbilewicz, B. and White, J. G.(1994). Cell fusions in the developing Zhang, Y. and Emmons, S. W(1995). Specification of sense-organ identity
epithelial of C. elegan®ev. Biol.161, 408-424. by a Caenorhabditis elegans Pax-6 homoloiature 377, 55-59.



