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SUMMARY

The migration of cells and growth cones is a process that is in a selected set of cells. Genetic mosaic analysis and tissue-
guided by extracellular cues and requires the controlled specific expression studies indicate thainc-71acts in a cell
remodeling of the extracellular matrix along the migratory  non-autonomous manner for both motor axon guidance
path. The ADAM proteins are important regulators of and sex myoblast migration. Finally, double mutant
cellular adhesion and recognition because they can analysis of unc-71 with other axon guidance signaling
combine regulated proteolysis with modulation of cell molecules suggests that UNC-71 probably functions in a
adhesion. We report that the C. elegansgene unc-71  combinatorial manner with integrins and UNC-6/netrin to
encodes a unique ADAM with an inactive metalloprotease provide distinct axon guidance cues at specific choice points
domain. Loss-of-function mutations in unc-71 cause for motoneurons.

distinct defects in motor axon guidance and sex myoblast

migration. Many unc-71 mutations affect the disintegrin

and the cysteine-rich domains, supporting a major function  Key words: ADAM, Axon guidance, Migratiol§;. elegansUNC-71,
of unc-71in cell adhesion. UNC-71 appears to be expressed ADM-1, Netrin, Integrin

INTRODUCTION Most biochemical studies have focused on two functional
modules of ADAM proteins: proteolysis of membrane
The migration of cells and growth cones requires dynamiceceptors by the metalloprotease domain, and interaction with
interactions between cells and the extracellular matrix aloniptegrins by the disintegrin domain. The metalloprotease
the migratory path. The ADAM (for a disintegrin and domain is composed of ~200 amino acids, and protease activity
metalloprotease) family of proteins has been implicated adepends on a conserved zinc-binding catalytic site sequence
important regulators of such interactions for their duaHExXGHxxGxxHD, in which the three histidines bind zinc and
activities: proteolysis and cell adhesion (Wolfsberg et al., 1993he glutamic acid is the catalytic residue. Proteolysis of
Primakoff and Myles, 2000; Seals and Courtneidge, 2003gxtracellular domains of transmembrane proteins by ADAMs,
This family includes a large number of transmembrane process also known as ectodomain shedding, has been shown
proteins that are present frons. pombeto human to be important for several signaling events (Black and White,
(www.gene.ucl.ac.uk/nomenclature/genefamily/metallo.html),1998). For example, thédrosophila Kuzbanian and its
and share a conserved multi-domain organization. All ADAMorthologs in other species (Kuz/ADAM10 family) process the
proteins have an N-terminal signal sequence followed by Botch receptor and its ligand Delta in a conserved manner
prodomain, a metalloprotease domain, a disintegrin domain,(®ooke et al., 1996; Pan and Rubin, 1997; Qi et al., 1999;
cysteine-rich region that usually contains an EGF repeat, laeber et al., 2002). Kuz also modulates axon repulsion by
transmembrane domain and a cytoplasmic tail (Schlondorfieleasing the ephrin ligand (Hattori et al., 2000), and axon
and Blobel, 1999; Primakoff and Myles, 2000; Seals an@xtension, possibly through shedding and releasing of the
Courtneidge, 2003). The functional importance of ADAM netrin receptor DCC (Fambrough et al., 1996; Galko and
proteins is highlighted by their involvement in the regulationTessier-Lavigne, 2000). However, nearly half of the known
of the Notch pathway, sperm and egg recognition, and asthrdAMs have amino acid substitutions within the catalytic site
hyper-responsiveness (Bigler et al., 1997; Lieber et al., 2008gquence, and are likely to be inactive metalloproteases (Black
van Eerdewegh et al., 2002). However, the physiological rolesnd White, 1998). It has been proposed that inactive ADAMs
for many ADAMSs have yet to be elucidated. may regulate the activity of an ADAM with active protease
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through protein complex formation (Pan and Rubin, 1997)segregatedSNP(lI)+17.4 and 28/28 Dpy nonUnc recombinants
For example, fertilin3/ADAM2, an inactive metalloprotease, segregate@NP(ll)+20.1 The deletion alleles were obtained from S.
forms a heterodimeric protein complex with fertilin Mitani (Japan) andC. elegansknockout consortium. The precise
a/ADAM1, an active ADAM, and functions in sperm-eg lesions are as followsadm-2(tm347)is a 1363 bp deletion that

fusion (Waters and White, 1997; Cho et al., 2000). HowevefeMoves the region from third intron to exon 8; amitt1(tm353)is
definitive evidence for thié hypot'hesis is stiII, lacking d 800 bp deletion that removes the last amino acid in exon 5 and most

| . . S of the intron 5 (S. Mitani, personal communicatiagm-4(ok265)s
The disintegrin domam: \_Nh'Ch, is named after the SOIUb,l 847 bp deletion with a extra C insertion. Other strains were
snake venom (SVMP) disintegrin (Gould et al., 1990), isjenerated by us or obtained from CGC. Double mutants were

composed of about 100 amino acids, within which is &onstructed following standard procedures, and were confirmed by
disintegrin  loop containing three invariant cysteinesphenotypic analysis and backcrossing. The presenadmf2 adm-
(CX5.6CXsC) (Wolfsberg et al., 1995). In a canonical 4 andinb-1 mutations in the double mutants was confirmed by PCR.
disintegrin domain in SVMPs, the disintegrin loop has the ,
integrin-binding RGD tripeptide and can inhibit integrin Molecular biology of - unc-71 _
functions in vitro. However, only one ADAM has the RGDéCO_S’“t'dS aSg)YADCNgO”QS 'Welret' obtained fromfthe %al;gl?f Centre
tripeptide, and the others have divergent sequences that usuaffy™*ton : manipulations - were periormed flofowing
contain a conserved Arg next to the first cysteine and ’%dard procedures (Sambrook et al., 1989). The 71/adm-1

|

d " id t to th d tei T nomic region was amplified using long range PCR kit (Roche,
conserved asparlic acid next 1o the seconad cysteine. ianapolis, IN). The DNA pool that rescuedc-71contained three

interaction between non-RGD containing ADAMs  With oyerjapping PCR products that covered the entire coding region with
integrins is not well understood. It has been shown that fertilig.6 kb 5 upstream and 0.7 kb’ @lownstream sequencesnc-71

B, ADAM9, ADAM12, ADAM23 and ADAM28 can bind minigene (pCZ418) was generated by placing into the cDNA yk344al
many integrins (reviewed by Evans, 2001), and that integrithe EcaRV genomic fragment (—47 to +1641) containing the first
0a9B1 can bind all ADAMs except ADAM10 and ADAM17 intron and theKpnl-Spé genomic fragment (+3132 to +7149)
(Eto et al., 2002). The functions of the cysteine-rich region angontaining the last intron, last exon and 1018 bgTR. To generate
other domains of ADAMs are much less studied, although fihe unc-71meta||oproteas¢ domain deletion clone (pCz423), a 441
has been suggested that the cysteine-rich domain may medidfeBSZ17!-Ssp fragment in pCZ418 was deleted. To generate the
cell fusion and adhesion, and that the prodomain may regulag ¢-71C-terminal truncation clone, a 3.3 lbd-Spé fragment in

g . Z418 was deleted. A secommhc-71 minigene (NH#1092) was
the protease activity (Primakoff and Myles, 2000). constructed by cloning th8glll-Mfel (-132 to +1795) genomic

The nematodeC. eleganshas four ADAM genesadm-1  fagment and’ thevifel(+236)-Apa (a site in the vector) cDNA
adm-2 adm-4andsup-17, and one secreted ADAM-like gene fragment from yk344al clone into thBamHI-Apa sites of
(mig-17) (TheC. eleganssenome Consortium, 1998). SUP-17 pBluescript Il KS(+). The two minigenes behaved very similarly in
is the Kuz/ADAM10 ortholog and regulates LIN-12/Notch transformation rescue assays. To generataitlee? 1transcriptional
signaling pathway in vulva formation (Wen et al., 1997). MIG-GFP construct pCZ411, the 1.7 kb upstream regulatory regiomcef
17 is required for the distal tip cell migration during 71 was amplified by PCR, and inserted into pPD95.79. For UNC-
gonadogenesis (Nishiwaki et al., 2000). We report thaitae ~ 71::GFP fusion, the GFP-coding sequence from pPD114.35 was
71 gene corresponds tadm-1 which has previously been inserted at th8cll site in pCZ418, which resulted in in-frame fusion

. o S _ of GFP in the cytoplasmic region of UNC-71.
identified through homology search (Podbilewicz, 1986§. Germline transformation was performed following standard

71was defined by a single allele in the original general screef} .o qures (Mello et al., 1991) using 10-20phgf unc-71DNAS
for C. elegansnutants (Brenner, 1974). Since then, a numb:g,d 50-100 ngl pRF4 co-injection marker. The uR.7GFP

of different screens have identified many additional alleles afxtrachromosomal arrays were obtained by co-injecting pCz411
unc-71 (Chen et al., 1997, Huang et al., 2002). Previousilong with the 6.6 kb promoter generated by PCR. One integrant
characterizations ofinc-71 mutants have revealed important (juls166 of Pinc-71GFP extrachromosomal arrays was obtained by a
functions of unc-71 in various aspects of axon guidance,Psoralen-UV induced mutagenesis, and backcrossed multiple times.
including axon fasciculation of the ventral and dorsal nerve To identify lesions inunc-71 alleles, unc-71 genomic DNA,
cords, and axonal morphogenesis of the HSNs and the phasriHigluding all exons and exon-intron junctions were amplified from

neurons (Siddiqui, 1990; Siddiqui and Culotti, 1991; McIntireléggr?;inrzgti”stmgg‘g Ia\{l\cl)itle?égpsri n?gri;nzlr?d tﬁgﬁl Sseeqqu“eennc‘;ﬁ; k\?t/ere
etal., 1992)unc-7lalso plays a role in one of the mechanisms, Promega, Madison, WI). All lesions were confirmed on both strands

known to help guide the migrations of t.he h_ermaphrodite S€%nd from DNAs prepared in independent PCRs.

myoblasts (Chen et al., 1997). The unification of the genetic 1 yerify the effect ojul56 mutation onunc-71mRNA, RT-PCR

and phenotypic characterizations wfc-71alleles with the  was performed on total RNA isolated framc-71(jul56)animals.

molecular identity of unc-71/adm-1has allowed us to Two transcripts were found, one is as predicted by the deletion; the

undertake a more detailed analysis of the role of this ADANMbther uses a new splice donor before the deletion. In both transcripts,

in these important processes. the reading frame is altered and translation would terminate prior to
the metalloprotease domain.

Tissue-specific expression of  unc-71

MATERIALS AND METHODS The Rinc-115 Aam-1, Punc-119 Punc-33 PF25B3.3 Punc-25
) ] Punc-30and RyIr-1 promoters (Jin et al., 1994; Hart et al., 1995;
Strains and genetics Maduro and Pilgrim, 1995; Lundquist et al., 1998; Jin et al., 1999;

C. elegansvere grown on NGM plates under standard conditions a#\ltun-Gultekin et al., 2001; Koppen et al., 2001) were inserted
described by Brenner (Brenner, 1974). For snip-SNP mapping afpstream of theinc-71mini-gene in pCZ418. Other tissue-specific

unc-71 recombinants were isolated fromdpy-18(e364) unc- promoters were obtained by PCR amplification to yield fragments that
71(e541)/CB4856heterozygotes. 21/28 Dpy nonUnc recombinantsspan the following genomic regulatory regions (the numbers indicate
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the basepair relative to the ATG)wist, from —1334 to —13; $ur-5 A unc-71/adm-1

from —=3711 to —1; Ryo-3 from —2383 to —1 (Okkema et al., 1993; dpy-18 | unc-25

Harfe et al.,, 1998; Yochem et al.,, 1998). Thel®?2 promoter = L T 1y m

contains a 234 bp fragment from tbgl-15 promoter region (from D3 M Rescue
—1530 to —1296) that was inserted upstream of the miniesi10 eDf2 Unc Egl Max
promoter of pPD97.78 (a gift from A. Fire) between ittiadlll and ~Y¥5288 + + D
Stu sites. Tissue-specific promoters were inserted into the multipl Y3708 + + nND

cloning sites upstream of thenc-71 minigene in NH#1092. 7 T
Pe1s2unc-71was generated by cloning the 5 Bipé/Apd unc-71 werant g 1T W —

minigene from NH#1092 into the eR5*2-containing construct

NH#1134. D + - o+

Transformation rescue of the SM defects _ﬂ/\-j/\lj +x % 4

The sem-5(n1779jnutant background was used to reveal the effect:

of unc-71 mutations on SM migration. In this background, B . Disintegrin  EGF-like o
. . . . Prodomain Metalloprotease Cysrich TM Cytoplasmic tail

compromisedunc-71 function causes the animal to have a high-

penetrance Egl phenotype and posteriorly displaced SMs. It als une- 102
significantly enhances the Unc phenotype (Chen et al., 1997). YA | '
germline transformation rescue was assayed based on the Unc and OSIGHLLGLEHD isintegrin 1o | Deletion
phenotypes ofunc-71(ay7); sem-5(n1779)ransgenic lines were HEXXHXXGXXHD CFSS‘SPC%VAEQC I Nonsense
obtained using the co-transformation mark6(su1006)n plasmid Zinc Binding I Missase

N Y
pRF4.unc-71animals attempt to, but cannot complete, the rolling ju160  jul59
motion. Lines were first scored for rescue of the Unc phenotype; nop- .
. / ig. 1. Cloning ofunc-71.(A) unc-71corresponds to
Unc lines were then scored for the penetrance of their Egl phenotyp@rg“’ﬂDSA_13‘513”1_1 ReSCL(Je)oﬂnc-?lpleiotrgpies: movement (Unc);

unc-71minigenes and constructs whergc-71was expressed from egg-laying (Egl); and axon morphology of the D neurons (Max). +,

tissue-specific promoters were assayed directly for rescue of thr scue: — no rescue; *, thec-71minigene NH#1092 was used for

posterior SM positioning defect ainc-71(u156); sem-5(n1779) these experiments. (B) UNC-71 domain structures. UNC-71 contains

animals. The failure of rescuing the _Egl phenotype of this strain b&q inactive metalloprotease domain. A consensus active zinc-binding
these constructs may be due to multiple egg-laying defects in sever.

- o ; c%talytic site sequence is shown for comparison. The underlined
cell types t_hat are not re_scued by tissue-specific express_lmtdfl residues are required for zinc binding. The conserved residues in the
or non-optimal expression cnfng-?lfrom these transgenic arrays. disintegrin loop are highlighted in red, and lesions of two-71
Most constructs were injected inomc-71(ay7); sem-.5(n1779) 50 mutations are shown above. The positions of aiher71lmutations
Hg/ml along with pJKL449.1 [Ryo-GFP] at 5 ngll; some were are indicated as color-coded bars
injected into unc-71(ay7); dpy-20(el282ts); sem-5(n1779jth )
pMHB86 [dpy-20(+) at 50 ngpl. The penetrance of the egg-laying
defect (%Eg|) is scored as the percentage of Egl animals 48 housABAergic motoneurons (Huang et al., 2002), and the other
after the L4 stagen$30). SMs are scored with respect to the nucleifgr mutations that enhance the SM migration defectein-5
of the ventral hypodermal Pn.p cells as described (Thomas et ahutants (Chen et al., 1997). Additional motor axon guidance
1990). phenotypes will be described later. All of our alleles are
GFP and motoneuron phenotype analysis recessiv_e mutations. All the mutants ex@ﬁs display an
All GFP markers andnc-71GFP transgenes were directly observed Uncoordinated phenotype (Unc) that is similae$d seen as
under a 68 objective on a Zeiss Axioskop fluorescence microscopé Strong kinker movement, especially when animals move
equipped with a HQ-FITC filter (Chroma, Brattleboro, VT). The typebackwards. ju255 is a weak allele and moves almost
D motoneuron defects were scored uging76 marker as follows. In  indistinguishably from wild-type animals.
wild-type L1 animal, the commissures of all six DDs reach the dorsal unc-71 was previously mapped to the right arm of
cord, and D@ commissure runs on the left side while the other fivechromosome IlI betweedpy-18andunc-25 and is covered by
on the right side. This pattern was scored as 0% commissUigeficiencytDf6, but notctDf3 (Stein et al., 2001). We further

outgrowth defect, 0% circumferential guidance defect and 16.7%)atedunc-71between SNR#I) +17.4 and £0.1using the
(1/6) of LR error. Inunc-71mutant L1 animals, the commissures that _ . = - - ) ’ .
failed to exit the ventral cord were scored as commissure outgrowf%mp SNP mapping strategy (Wicks et al., 2001) (see Materials

defects; the commissures that grew out, but did not reach the dorﬂ?d Methods). YAC .clones in this region were tested for
cord, were scored as circumferential guidance defects: and tf@ermiine transformation rescue of the severe Unc and egg-
commissures that run on the opposite sides compared with wild typaying defective (Egl) phenotypes owing to thiec-71(ay7)
were scored as LR error. In L2 to adult animals, the same categorigutation in a sensitizedem-5(n1779)mutant background
were scored for DRs and VDy 3-13 0% of commissures (0/17) run (Chen et al.,, 1997). Two overlapping YACs, Y37D8 and
on the left side in wild-type animals. Y52B8, were found to rescue both phenotypesnaf71(ay7);
sem-5(n1779fFig. 1A).
To circumvent the technical difficulty involved in DNA

RESULTS subcloning from YAC clones, we used long-range PCR to
) amplify DNAs covering each ORF within the region and
unc-71 is adm-1 assessed rescue of the uncoordinated movement and the type

unc-71was originally defined by one allele541 isolated by D motoneuron axon defects (Max) by germline transformation.
S. Brenner (Brenner, 1974). Twenty additional alleles wer©ne DNA pool that contains three overlapping DNA fragments
isolated in two independent genetic screens: one for mutantsvering the gene Y37D8A.13 fully rescued both defects
with abnormal axon morphology for the type D ventral cordof unc-71(e541) and unc-71(jul56) animals (Fig. 1A).
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Y37D8A.13 corresponds to the previously reporsatin-1 Table 1. Molecular lesions ofinc-71 mutants
gene (Podbilewicz, 1996). We then construaiad-71mini- Amino acid
genes that were expressed from a 1.7uki-71 promoter  pjele Nucleotide change change Domains
(nucleotides —1648 to +61, with the ATG bel_ng nucleotides +3 767 GGA_AGA G149R Prodomain
to +3) (see Materials and Methods, and Fig. 1A). When thgse 170 bp deletion G149 Prodomain
mini-genes were co-injected with an overlapping 6.6 kiny64 GAT - AAT D461N Disintegrin
upstream genomic fragment ohc-71(nucleotides —6585 to ay46, ays1 CIC-CCC L471P Disintegrin
+61), the transgenes rescustt-71mutants to the same extent &/17, 2048 TGT - TAT carry Disintegrin
L . ay49 CGA-TGA R4900pal Disintegrin
as the original DNA pool of PCR products (Fig. 1A). Thus, thg1¢0 GAC - AAC D504N Disintegrin
combination of these two pieces of DNA contains sufficienfu1s9 TGT-TAT C509Y Disintegrin
regulatory and functional sequencesunt-71 ay45, ay50 CAA - TAA Q533ochre Cys rich
ay52 TGG - TGA W5500pal Cys r[ch
unc-71 mutations predominantly affect the 21514?14 ggé*/{gé iggﬁpa‘ g;’ssrrl';:‘
disintegrin and _cy_stelnefnch qualns U157 GGA . GAA G594E Cys rich
ADM-1 was originally identified from a homology search ay7 CAA - TAA Q623ochre Cys rich
using conserved sequences of the ADAM family of proteingy47 TCG-TIG S628L Cys rich
(Podbilewicz, 1996). It has all the signature domains ofY44 IGT-AGT C687S EGF like
. . . . . ay48 CCA-CTA P902L Cytoplasmic
ADAM proteins with a relatively Ion_g <_:ytop|asm|cl ta|l..The CAA L TAA Q9480pal Cytoplasmic
metalloprotease domain of ADM-1 is likely to be inactive agu2ss AGA - AAA R990K Cytoplasmic

it has a glutamine in the first zinc-binding histidine position
and a serine in the catalytic residue glutamic acid position (Fi _jumutations were isolated in the screen for axon guidance mutants using

. . . . . IS76 [Punc-245FP] marker (Huang et al., 2002)y mutants were isolated in
1B)' The dlSII‘ltengn |00p of ADM-1 has a PCD trlpepnde sem-5background (Chen et al., 1997). The underlined letters correspond to

at the po_sition that may correlate to the RGD tripeptide ifhe nucleotide alterations. The standard single letter code for each amino acid
SVMP (Fig. 1B). Overall, UNC-71/ADM-1 is more closely is used.

related to themind-meldgene ofDrosophila than to other
ADAMSs, but defines a unique member called ADAM14
(www.gene.ucl.ac.uk/nomenclature/genefamily/metallo.html).the metalloprotease domain is required for UNC-71 function.
Throughout the paper, we refer to this generas71 It has been shown that GON-1 and MIG-17, both of which
To investigate the functional requirement of differentshare similar protein domain organizations as ADAMS,
domains in the UNC-71 protein, we first determined thdunction as secreted proteins (Blelloch and Kimble, 1999;
molecular lesions ininc-71alleles.jul56is a 170 bp deletion Nishiwaki et al., 2000). We next explored whether proper
within the second exon that results in a frameshift followed bynembrane localization is necessary for UNC-71 function. We
a premature stop before the metalloprotease domain (Table @eleted the transmembrane domain and the cytoplasmic tail of
Using RT-PCR on RNA isolated froomc-71(jul56mutants, UNC-71 (see Materials and Methods). When expressed in
we did not detect any transcripts that would produce functionainc-71(jul56)animals, this construct exhibited no rescuing
proteins. Thereforgu156is most probably a null allele ahc-  activity, nor did the transgenes enhance the motor axon defects
71 jul6lis a missense mutation changing a Gly to an Arg ir(see Table 4B). However, when expressed in wild-type animals,
the prodomain. Most of the lesions in otlmeic-71alleles are  this mutant UNC-71 caused a low level of commissure axon
clustered in the disintegrin and the cysteine-rich domainshoice and aberrant branching in the type D motoneurons,
(Table 1), providing strong evidence that these two domainghich is similar to, but weaker than, thoseuimc-71(jul56)
are required for UNC-71 function in vivo. More than half of mutant animals (Table 2; see later). When wild-type-71
the mutations are missense mutations that might affect specifi@s expressed at the similar or higher levels, we did not
interactions with binding partners, or protein conformation anadbserve such effects (see Table 4B; Table 2). These results
stability. Among the six mutations in the disintegrin domain,suggest that UNC-71 is required to be anchored in the
jul59 and jul60 affect two conserved residues in the membrane and that the truncated and likely soluble form of
disintegrin loop, changing Cys509 to Tyr509 and Asp504 t&JNC-71 may compete with wild-type protein, possibly by
Asn504, respectively (Fig. 1B), supporting a pivotal role of thignterfering with its interaction with extracellular matrix
loop in ADAM proteins. e54], jul57 and ay47 are three components.
missense mutations in the cysteine-rich domayd4 alters a Based on the identification of the molecular lesionsrio-
conserved Cys in the EGF repea55 a weak allele, and 71alleles and the transgene analyses, we conclude that each of
ay48 a strong allele, both have lesions in the cytoplasmithe predicted protein functional modules is necessary for UNC-
domain, withju255 changing Arg990 to Lys990 analy48 71 function. Moreover, the clustered distribution wfc-71
generating a stop codon that would delete the last 94 amimoutations in the disintegrin and cysteine-rich domains strongly
acids. supports a major function of UNC-71 in regulated cellular
As the metalloprotease domain of UNC-71 is predicted t@dhesion.
be inactive and none of our alleles affects this domain, we ) o
addressed the functional requirement of this domain byhe unc-71 promoter is active in a selected set of
generating an in-frame deletion construct that lacks most of tHells including the excretory cell and glands, some
domain (see Materials and Methods). We found that thigeuronal and epidermal cells
construct did not have anmync-71rescuing activity in the Antibodies raised against the cytoplasmic domain of ADM-1
germline transformation assay (see Table 4B), suggesting thdg¢tected protein expression in multiple tissues, including
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Table 2. Summary of motor axon guidance defects ianc-71 mutants and transgenes
Axon defects

Commissural defects

Longitudinal

defasciculation Outgrowth LR Guidance Vdi3
Genotype (penetrance/extent)*  faillire asymmetry defecks defects
julS76[Punc-245FP] <1 0 <1 0 0
unc-71(juls6); juls7gL1 larvae) NA 33 32 21 NA
unc-71(jul56); juls76 100/36.4 39 39 21 100
unc-71(ju255); juls76 25/10 6 30 4 70
juls14[Pacr-2GFP] 0 0 0 0 NA
unc-71(juls6); julsi4 30/ND 7.1 2.4 3 NA
juls76; JuEx[Rinc-114JNC-71(ECD)] 0 0 16 0 11
juls76; JUEX[Punc-114INC-71(+)] 0 0 0 0 0

Unless noted, data were collected from 50 young adult animals expriegsit&jPunc-245FP] or juls14[Pacr.2GFP].
All data were collected from four or more independent lines.

*% animals exhibiting defasciculation defects/% defasciculated VD neurons

% commissures that failed to exit the ventral cord in a single animal (divided by 17)

*Commissures on the left side in a single animal (divided by total number of commissures)

89% commissures that stopped prematurely in a single animal (divided by total number of commissures).
fThe total% of both stalling and U-shaped morphology in VD13.

epidermis, pharynx, vulva and sperm (Podbilewicz, 1996)promoter along with the 6.6 kb long promoter (see above, and
However, this expression pattern is largely unalterednict  Materials and Methods). GFP expression was first observed in
71(e541) and unc-71(jul56) animals, suggesting that the several posterior cells of comma stage embryos, then in the
antibodies may recognize an unrelated protein(s) in addition &xcretory cell and some head neurons in threefold stage
UNC-71 (B. Podbilewicz, personal communication). embryos (data not shown). In L1 to adult worms, continued

To determine the cell types in whieimc-71is expressed, expression of GFP was observed in several head neurons, the
we expressed GFP (Chalfie et al., 1994) under the control ekcretory cell and the excretory gland cells, as well as the
theunc-71promoter using the combination of the 1.7 kb shortsphincter muscles (Fig. 2A-E). We identified one of the head
neurons as the AVG neuron based on the cell position and
morphology (Fig. 2C). In addition, in L4 worms, GFP was seen
in a set of hypodermal cells surrounding the vulva, which
persisted in the hypodermal cells flanking the vulval opening
in adult worms (Fig. 2E). No GFP expression was detected in
the sensory neurons. Faint GFP expression was infrequently
detected in one to four neurons in the ventral cord. No
expression was observed in the sex myoblasts, nor was GFP
detected in the body wall muscles at any stages.

UNC-71 is predicted to be a transmembrane protein. To
explore the subcellular localization of UNC-71, we generated
a tagged UNC-71::GFP fusion construct by inserting GFP near
the end of the cytoplasmic tail (see Materials and Methods).
When this construct was expressed under time-115
promoter, it fully rescued the movement and motor axon
guidance defects innc-71mutants (see Table 4B; see later).
UNC-71::GFP was excluded from cell bodies, and was

Fig. 2.unc-71expression pattern. (A-C,E) Expression patterns of
Punc-7:GFP. GFP is seen in the excretory cell (arrow in A), the
excretory gland (arrow in B), in some neurons in the head
(arrowhead in B), one of which is AVG interneuron (arrow in C), and
in hypodermis (arrow in E) flanking the vulva in adult animals.
(D) Punc-71GFP is not expressed in the ventral cord motoneurons; the
GFP present is from the processes of the interneurons in the head
(arrow points to the ventral cord). (F,G) UNC-71::GFP may be
localized to the cell membrana,nR114JNC-71::GFP expression is
seen in the nerve ring (arrow in F) and along the nerve cords(arrow
A \ . . in G). (H,l) R15F2UNC-71::GFP expression in hypodermis is seen

. - near the nerve cords (arrow in H,l). Arrowhead in H indicates the
vulva hypodermis. *Likely GFP aggregates. Scale bargm2n
Pel§=2UNC-T1::GFP ' A,F-I; 50 um in B-E.
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detected in the areas near the nerve ring (Fig. 2F) and alopgomoter, which drives expression in the SMs (Harfe et al.,
the nerve cords (Fig. 2G). We also expressed this UNCE998). Ruistunc-71showed no rescuing activity, suggesting
71::GFP in hypodermis using theE5*2promoter (see later), that UNC-71 probably acts cell non-autonomously to regulate
and found that GFP was associated to areas near the nerve c8M migration (Table 3B). Supporting this conclusion,
(Fig. 2H,I). Thus, we deduce from the expression pattern of thexpression of UNC-71 by thaiRc-115promoter, which drives
functional UNC-71::GFP construct that UNC-71 is likely expression in neurons, the excretory cell and epidermal cells

associated with cell membranes. (Lundquist et al., 1998), could fully rescue the SM migration
defect in 50% of the transgenic lines (Table 3B). The relatively

unc-71 acts cell non-autonomously for sex myoblast broad expression pattern of UNC-71 under the control of the

migration Punc-115promoter is crucial for effective rescue, as promoters

The restricted expression pattern afnd7{GFP raises the driving more limited tissue-specific expression showed either
question where its function is required for sex myoblastery weak or no detectable rescue activity. While two fully
migration and motor axon guidance. We first addressed thiescued lines were obtained from hypodermal-specific
question by using a variety of tissue-specific promoters to driveromoters (Ram-1and R15*2), even these were obtained at
expression of theinc-71mini-gene and assaying its function a very low frequency. Thus, SM or hypodermal expression
in sex myoblast migration. alone is unlikely to be sufficient to provide UNC-71 activity
unc-71plays an important role in one of the mechanismgor SM migration. Interestingly, the overall pattern of
used to guide the migrations of a pair of hermaphrodite sgxromoters that can provide rescuing activity of UNC-71 in SM
myoblasts (SMs), the progenitors of the egg-laying musclesiigration is very similar to that for rescue of the axon
(Chen et al., 1997; Chen and Stern, 1998). The SMs migrateorphology defects (see below), suggesting that a crucial
anteriorly from the posterior body region to positions that flankUNC-71 expression domain is common to these two different
the precise center of the gonad (Sulston and Horvitz, 197 Aypes of cells.
The gonad attracts the SMs to their precise final positions o )
by means of a fibroblast growth factor chemoattractant, kurther examination of axon guidance of DD and VD
mechanism termed the gonad-dependent attraction (GDAWOtoneuronsin unc-71 mutants
(Burdine et al., 1998). In the absence of the gonad, the SM&everal neuronal defectsunc-71mutants have been reported
still migrate anteriorly and end up within a range of positiongpreviously (Siddiqui, 1990; Siddiqui and Culotti, 1991;
that spans the center of the animal. The mechanism responsiMelntire et al., 1992). To extend these studies, we examined
for this movement is known as the gonad-independerthe expression patterns of a panel of GFP markers that visualize
mechanism (GIM). Mutations inc-71, as well as in two other either the entire nervous systemi{f1145FP) or specifically
genesunc-73andunc-53 compromise the GIM (Chen et al., in subsets of neurons, including the touch neurons
1997). As long as the gonadal chemoattraction remaingPmec-GFP), the interneurons {R1GFP), the AWC sensory
mutations in these genes do not significantly alter the finaleurons (Br2GFP), the ventral cord cholinergic motoneurons
positions of the SMs. However, when the GDA is(Pacr-2GFP and the GABAergic motoneurons g 245FP).
compromised, mutations in these genes dramatically affect tiwe observed comparable defects in animals homozygous for
ability of the SMs to migrate anteriorly and cause the SMs tu156, ay7or e541.Overall, longitudinal nerve bundles are
remain in severely posteriorly displaced positions. Thereforemildly defasciculated (Fig. 31,J), many neurons exhibit low
to assess the ability afnc-71to function in the GIM, aem-  penetrance of premature axon stop and branching errors (10-
5 mutant background was used to eliminate the masking effec29% of axons for a given type of neuroms50 mutant animals
of the GDA chemoattractive mechanism (Chen et al., 1997).for each GFP marker). For example, 18% of the ASI sensory
Although the two YACs containingnc-71rescued both the neurons showed premature stop, and 4% showed axon wander
Egl and Unc phenotypes of thic-71; sem-Glouble mutant, (Fig. 3L). Some neuron cell bodies are occasionally
no smaller constructs were found to rescue the Egl phenotypeispositioned (data not shown). A striking differential effect
efficiently (Fig. 1A). Therefore, we determined the rescue of thef unc-71was observed on the different classes of the ventral
SM migration defect by directly analyzing the distribution of thecord motoneurons. The cholinergic motoneurons showed less
final positions of SMs in transgenic lines (see Materials anthan 10% axon guidance errors (Table 2; see Fig. 5L), whereas
Methods). SM distributions that resembled that of gken-5 the GABAergic type D motoneurons showed fully penetrant
single mutant were classified as fully rescued, while transgendaefects in several aspects of axon guidance, as described in
lines with distributions resembling thenc-71; sem-Souble  detail below.
mutant were scored as failing to rescue. Intermediate The type D motoneurons include six DD neurons, which are
distributions were classified as showing partial rescue. Examplésrn in the embryo, and 13 VD neurons, which are born at the
of these classes of rescue are shown in Table 3&r& full end of first larval stage (Sulston and Horvitz, 1977; Sulston et
rescue; Bnc-119 partial rescue; iAyo-3 no rescue). al., 1983). Each D neuron first extends a longitudinal process
We first tested whether UNC-71 function is permissive omnteriorly along the ventral cord, which then branches out a
instructive for the guidance of SM migration. For this purposegircumferential process (commissure) growing towards the
the Bur-5promoter was used to express UNC-71 in most cellglorsal cord (see Fig. 3A,C). Upon reaching the dorsal cord, the
(Yochem et al., 1998).sR.sunc-71was able to fully restore process bifurcates to elongate both anteriorly and posteriorly
the SM migration function afinc-71(Table 3), suggesting that (Fig. 3G). The longitudinal processes of each D neuron in both
UNC-71 acts permissively to help guide SM migration.ventral and dorsal nerve cords terminate upon contacting the
Second, to test whether UNC-71 acts within the SMs to guiderocesses from neighboring neurons of the same class.
their migration, unc-71 was expressed from th€etwist Therefore, a fully differentiated D neuron has a side-down H-
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Table 3. Rescue of the SM migration defects of unc-71using tissue-spedfic promoters

A
gonad SM
center
Genotype Transgene I I I * I I I I n % centeed SMs % Egl
sem-5 - 29 552 9.1
unc-71(julse) - a7 91.5 19.0
unc-71(julse6); sem-5 - e s ? 49 133 92.6
unc-71(juls6); sem-5 ayExL19 Psur-5::unc-71 v *~ " :':*" HIREN 40 52.8 70.7
unc-71(juls6); sem-5 ayEx120 Punc-119::unc-71 R 41 28.2 733
unc-71(juls6); sem-5 ayEx121 Pmyo-3::unc-71 HIRNTRETE S SEY 34 17.6 93.8
B
unc-71 rescuing activity Total number

Expresson pattern Transgenepromoter Full Partial None d lines

Most cells Psur-5 1 0 1 2

Hypodermal cells, neurons and excretay canals Punc-115 2 0 2 4

Hypodermal cells Pel5*2 1 0 9 10

Hypodermal cells Pjam-1 1 0 5 6

M-lineage Ptwist 0 0 13 13

Body wall muscle Pmyo-3 0 0 3 3

Neurons Punc-119 0 1 1 2

All assgs for transformation rescue of the SM migration defect were performed in an unc-71; sem-%n1779) background.

(A) Sample SM dstributions. The pasitions of individual SMs are shown by . Asterisks representthe final positions of non-vental SMs. Normal and precisely
positioned SMs lie within the shaded rectangle. The percent SMs that lie within this region (% centeed SMs) are shown for each strain. Although the SM
distributionin fully rescued lines can be restored to that of the sem-5single mutant, the penetance of the egg-laying defect (% Egl) isnot

(B) Summary of tissue-specific promoter rescue of the SM migration defect of unc-71; sem-5animals. Full rescue, SM dstributions similar to sem-%no
rescue, SM dstributions similar to unc-71; sem-5double mutants; partial rescue, intermediate SM distributions. Most of the analyses were performed using unc-
71(jul56) and the transformation marker myo-2:: GFP. The Pel5* 2 and the Ptwist experiments used unc-71(ay7); dpy-20(e1282ts); sem-%n1779) animals and
the transformation marker pMHB86[dpy-20(+)].

shape (illustrated in Fig. 3K) (White et al., 1986). Strikingly,neuron commissures did not exit the ventral cord (scoring six
the commissures from five DDs and 12 VDs exit the ventratommissures/animaln=31) (Fig. 3C,D). Of the remaining
cord on the right side of the body, and do not fasciculate (Figommissures (average four/animal), 32% run on the left side
3A,C,G). Those from Dband VLD exit on the left side and of the body (range from 0-3, average 1.3), and 21% stopped
often fasciculate (White et al., 1986). In the ventral and dorsgrematurely before reaching the dorsal cord and wandered in
nerve cords the VD processes fasciculate tightly with those dfie lateral regions of the body. In L2 to adult mutant animals,
the DDs (Fig. 3E). the ventral longitudinal nerve bundles of DD and VD neurons
We categorized the axon defects of the type D neuronsere defasciculated (36.4%, scoring 10 VD neurons/animal,
in unc-71 mutants into following classes (Table 2, also seen=14) (Fig. 3E,F). Thirty-nine percent of all commissures
Materials and Methods): (1) defasciculation of longitudinalfailed to exit the ventral cord (scoring 17 commissures/animal,
axons (Fig. 3F); (2) failure of commissural outgrowth (Fig.n=43). Of the remaining ones (average 10.6 commissures/
3D); (3) error in the sidedness of commissures (Fig. 3H); (4animal), 39% run on the left side of the body (range from 1-9,
premature stall and wander of commissures (Fig. 3B,H); anaverage 4.1), and 21% stopped prematurely and wandered. The
(5) abnormal trajectory of the VD13 neuron (Fig. 3K). Wefailure in commissural growth also left axonal gaps in the
collected most of the quantitated data franc-71(jul56)and  dorsal cord; on average, 2.6 axon gaps were seen at various
unc-71(ju255)xanimals, and also made qualitative observationgositions in the dorsal cord (Fig. 3G,H). The comparison of the
in other strong loss-of-functionnc-71mutants. In L1 larvae defects in adults with those for DD neurons in L1 larvae
of unc-71(jul56) the ventral longitudinal processes of DD indicates that the VD neurons are affected equally as the DDs
neurons grew to their normal lengths; however, 33% of the DIh unc-71mutants. Last, VD13, the most posterior VD neuron,
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Fig. 3. The type D motoneuron axon guidance defectsic

71 mutants. (A-J) Axonal morphology of the type D neurons
visualized byjuls76[Punc-245FP] marker. (A,B) Low
magnification of wild-type (A) andnc-71(B) animalsunc-

71 animals have axonal gaps in the dorsal cord (arrows).
(C,D) L1 larvae of wild type (C) angnc-71(D) animals.
Arrows show DD and DD commissures, which did not grow
out inunc-71animals. (E,F) Ventral views of wild-type (E)
andunc-71(F) animals. In wild-type animals, DD and VD
ventral processes form a tight bundle (arrow in Eyrio-71
animals, defasciculation is seen as two separated bundles
(arrow in F). (G,H) Dorsal views of wild-type (G) andc-71
(H) animals. (G) All commissures (arrowhead) reach the
dorsal cord (arrow) from the same side in wild-type animals.
(H) In unc-71animals, commissures (arrowheads) reach the
dorsal cord (arrow) from both sides (left side, narrow
arrowhead; right side, arrowhead) and some do not reach the
dorsal cord (asterisk). (1,J) Ventral view of wild-type amd-
71animals expressinguls25[Ry-1GFP] in the interneurons.
In wild-type animals, the ventral cord processes of these
interneurons form a tight bundle (arrow in I);unc-71they

are defasciculated (arrow in J). (K,L) Schematics ofi3/D
neuron morphology viewed usifgis76 marker (K) and

AWC neuron morphology viewed tkyls136[Rir.2GFP]

marker (L) in wild-type andinc-71animals. Numbers
represent the percentage of particular phenotypes. Scale bars:
20um in C,D; 50um in A,B,E-J.

unc-71 acts cell non-autonomously to regulate
w D motor neuron axon guidance

To address where UNC-71 function is required for
K _ D neuron axon guidance, we first performed
> :>> genetic mosaic analysis  with unc-71(jul56);
Juls76[Punc-245FP] animals that also carried an
Juls76 100 0 0

extrachromosomal array containing tln&c-71rescuing
unc-71Gul56); 0 62 38 DNA pool and SUR-5::GFP, a cell-autonomous nuclear
Juls76

GFP marker (Yochem et al., 1998). The AB lineage
produces all but one muscle (Sulston et al., 1983). We
L @q @ found eight mosaic animals that lost tive-71(+)array
0

generates neurons and hypodermis, and the P1 lineage
in the AB, but not the P1, lineage, and all eight animals
exhibited axon defects in the D neurons. By contrast, 10
animals that lost the array in the P1, but not the AB,
lineage showed wild-type axon morphology of the D
neurons. This analysis indicates that-71function is
required in the neuro-hypodermal lineage for motor axon
guidance. Consistently, wheanc-71 was expressed
showed distinct defects in that instead of sending a procefi®m the unc-115promoter (Lundquist et al., 1998), it fully
anteriorly, it always sent out a process posteriorly, which eitheescued the D neuron axon phenotypes (Table 4).
stalled and extended numerous branches in the tail (38%,In which cells of AB lineage doasic-71lact? We expressed
n=63), or grew dorsally to join the dorsal cord where it loopedinc-71pan-neurally using three promotersine-119(Maduro
back extending anteriorly and forming a left-side-down Uand Pilgrim, 1995), Bhc-33and PF25B3.3 (Altun-Gultekin et
shape (62%) (Fig. 3K). al., 2001) and observed a partial rescue of the D neuron axon
In the weak alleleinc-71(ju255xnimals, the major defects defects (Table 4A). We also expressed-71in all epidermal
were seen in VD13 trajectory and in the sidedness choice feells using the €15*2promoter, and observed similar rescuing
commissures (Table 2). Ninety-four percent of theactivity. By contrast, expression ofnc-71from the myo-3
commissures exited the ventral cord, 30% of which run on theuscle promoter (Okkema et al., 1993) did not show any
left side, and only 4% did not reach the dorsal coreBQ). rescuing activity. These data further support that-71
The phenotypes iju255 suggest that the decision of the function is required in both neurons and epidermis for motor
growth cones at the commissural exit choice is more sensitivexon guidance.

to unc-71lactivity than those for longitudinal axon fasciculation  In which neurons doesnc-71act? We expresseahc-71
and circumferential growth. specifically in the D neurons using thmmc-30 or unc-25

kyls136 100 0

unc-71(jul56); 78 18 4
kylsi36
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Table 4. UNC-71 functions cell non-autonomously in D neuron axon guidance

A
Rescuing activity of Max phenotypes*
Transgene +++ ++ + No rescue
Tissue and cell types promoter (0-10%)  (10-20%) (20-40%)  (>40%)
Hypodermal cells, neurons and excretory canal cells uncf15 3 0 0
Hypodermal cells e15*2 0 0 4 1
Neurons Rnc-119 0 0 3 2
Neurons Rnc-33 0 2 3 1
Neurons F25B3.3 0 1 2 2
Interneurons gir-1 0 0 2 6
D neurons Bnc-25 0 0 0 9
D neurons Bnc-30 0 0 0 3
Body wall muscles myo-3 0 0 0 5
B
Rescuing activity of Max phenotypes*
+++ ++ + No rescue
Constructs (0-10%) (10-20%) (20-40%) (>40%)
Punc-115UNC-71 3 0 2 0
Punc-115UNC-71::GFP 1 3 0 0
Pe1s+2UNC-71 0 0 4 1
Pe15+2>UNC-71::GFP 0 1 3 0
Punc-115UNC-71(M) 0 0 0 6
Punc-115UNC-71(ECDY 0 0 0 4
Punc-7tUNC-71f 5 2 2 10

(A) Rescue ofinc-71(jul56)D neuron axonal defects by tissue specific promoters drivingrtid Iminigene.

*Degree of rescue is represented by % axon dorsal guidance defects. The dorsal guidance defects of the D neuron aronisyjuisTdjzvere quantified
by counting the number of commissures fromzRBENd VD 3-13that did not reach the dorsal cord within a single animal, which was then divided by 17 to
convert to the percentage of defects.

unc-71(jul56rnimals display 48+8% axon guidance defects, scored as ‘no rescue’.

(B) Functional analysis of UNC-71. UNC-71¢M metalloprotease domain deletion construct; UNC-71(ECD), extracellular domains of UNC-71 only. Twenty
to 50 animals were scored for each transgenic line, and the average percentage was presented.

TDNAs were injected at 20 ng/and 100 ngil, and the results were similar. Only the results from the 20 BMA injection are presented.

promoter (Jin et al., 1994; Jin et al., 1999), and found thafonsortium, 1998). Except for UNC-71, the other three
neither transgenes rescued the axon defects (Table ADAMs (ADM-2, SUP-17 and ADM-4) all contain active
indicating thatunc-71may act in other neurons to control D catalytic site sequences in their metalloprotease domains (Wen
neuron axon guidance. Expressionusfc-71in cholinergic et al., 1997) (B. Podbilewicz, personal communication; this
ventral cord motoneurons using ther-2 promoter did not study). Ifunc-71acts as an inhibitor for these active ADAMs,
rescue the D neuron axon defects. By contrast, expressionwé would expect that some of the phenotypasic+71might
unc-71from the glr-1 promoter, which is active in several be due to hyperactive metalloprotease activities of the other
interneurons including the AVG neuron (Hart et al., 1995)ADAMSs, and therefore, could be suppressed by eliminating or
partially rescued the axon defects of the D neuronsy@a71  reducing the function of these active ADAMSs.

mutants to the same extent amcR19 UNC-71 (Table 4A). We first examined the D neuron morphology in the other
unc-71is expressed in AVG (Fig. 2C). We do not rule out thatADAM mutants. Animals homozygous fadm-2(tm347)r

the expression ofinc-71in other glr-1-expressing neurons adm-4(ok265) both of which are deletion mutations (see
contributes to guide the D neuron axons. Nonetheless, thebtaterials and Methods), are viable, fertile, have no obvious
data support the conclusion thatc-71 functions cell non- behavioral defects, and show no defects in D neuron
autonomously for motoneuron axon guidance, and suggest thabrphology (Fig. 4A).sup-17(n1258ts)s a temperature-
one possible neuronal source of UNC-71 is from the AVGsensitive mutation, and the animals are viable at 15-22.5°C, but

neuron. lethal at 25°C. Irsup-17(n1258tsanimals cultured at 22.5°C,

o _ _ we observed a very weak D neuron axon guidance defect such
Genetic interactions of UNC-71 with other ADAMs that about 4% of the commissures failed to reach the dorsal
indicate that UNC-71 does not act through other cord (Fig. 4A).
active ADAMs We then constructed double mutants betwere-71and

It has been suggested that an ADAM protein with an inactivenutations in the other ADM genes, and observed no
metalloprotease domain could function as an endogenowgsippression in any of the double mutants (Fig. 4A). Both
inhibitor to regulate the activity of an ADAM with an active 71(jul56); adm-2(tm347and unc-71(jul56); adm-4(ok265)
metalloprotease (Pan and Rubin, 1997). T®e elegans double mutants showed phenotypes indistinguishable from that
genome has four ADAMs (TheC. elegans Genome of theunc-71(jul56)single mutant (Fig. 4Akup-17(n1258ts);
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A migrating cells (Baum and Garriga, 1997). Tina-1-null
mutants are L1 lethal, and exhibit weak defasciculation and
commissural outgrowth defects in the D neurons (Baum and
60 o Garriga, 1997) (Fig. 4B)pat-2 and pat-3 are reported to be
) expressed predominantly in muscles and gonad, and may form
20 a complex (Williams and Waterston, 1994; Gettner et al.,
1995). Null mutants gbat-2 or pat-3are arrested as paralyzed
ERS DD PSS twofold stage embryos (Williams and Waterston, 1994),
S & &8 precluding us from determining the neuronal phenotypes
4 § ®§ in these animals. In partial loss-of-function mutatipat-
A 3(rh151)animals, we observed that the D neurons displayed a
N ﬁ low level of defasciculation and commissure outgrowth defects
§ & 0§ (Fig. 4B). Similar defects have also been reported by a study
using pat-3 RNAI (Poinat et al., 2002). INB-1 is a rather
divergent member of integrins. Theb-1(tm353)mutants, a
likely knockout mutation (see Materials and Methods), are
viable, fertile, have no obvious behavior defects and their D
neuron morphology is normal (Fig. 4B).

To investigate howunc-71interacts with theC. elegans
integrins, we made double mutants wfic-71 with viable
alleles of these integringb-1(tm353); unc-71(jul56jouble

= mutants showed similar axon defectsuas-71(jul56)alone
$ 5:‘5@@ §°§ & &7§ S & ®§§ (Fig. 4B), suggesting thatb-1 acts in a separate process from
> & 3 "76 g > unc-71 By contrast,unc-71showed synergistic interactions

§F&ss ““gf with ina-1 and pat-3 in longitudinal axon fasciculation. For

& example, in adult animals oha-1(gm144) 15% of the
f longitudinal processes of D neurons showed defasciculation
N (scoring 10 VD neurons/animah=15), about 16% of the
Fig. 4. Genetic interactions afnc-71with ADAMS, integrins,unc-6 commissures run on the left side, but. most COMMISSUres
and other signaling molecules. (Ajc-71acts independently of the ~ ré@ched the dorsal cord (98%, 17 commissures/animar)

5 8 8

% of dorsal guidance defects
N
o

% of fasciculation defects

(@]
5 8 8 8

% of dorsal guidance defects
N
(=]

other threeC. elegansADAMs. Percentages of dorsal guidance (Fig. 4B) (Baum and Garriga, 1997). Althougm144is a
defects were quantified as Table 4. (B) Axonal fasciculation defects partial loss-of-function mutation afia-1 (Baum and Garriga,
in unc-71were strongly enhanced by mutationsnia-1 andpat-3 1997), the axon defects of the DD neurons in L1 larvaraef
but notinb-1. The percentages of fasciculation defects were 1(gml44)were comparable with those @m86 (data not

quantified by counting the number of ventral cord processes from  shown), a null allele ofna-1, suggesting that the D neuron
VD3-12 that were Separated from the DD Ventl’a| Cord processes, phenotypes we Scored here reflect the nu” phenotyr:m_of
divided by 10. (C) Axonal defects in double mutantared-71with 1in these neurons. In thac-71(jul56); ina-1(gm144)ouble
mutants in theinc-6/netrinsignaling pathway. Percentages of dorsal utants. the ventral fascicle of the D neurons were severely

guidance defects were quantified as Table 4. Bars represent standar . . ) L
deviation. P<0.001, Student'stest, compared witbnc-71single isorganized (Fig. 5J): 90% of the longitudinal D axon bundles

mutant control. *P>0.05, Student’s t-test, compared witihc-71 were defasciculated (10 VD neurons/anima{l8), compared

Sing|e mutant control. W|th 37% and 15% fOlﬂﬂC—?l(Ju156)3.ndlna-1(gml44)i|0ne.
Likewise, 80% of the D neurons showed defasciculation in
unc-71(jul56); pat-3(rh1513nimals, compared with 37% and
6% for unc-71(jul56)and pat-3(rh151)alone. In addition,

unc-71(juls56double mutants raised at 22.5°C showed slightlygreater number of commissures failed to reach the dorsal cord

enhanced axon guidance defects: 64% of the commissurgsthese double mutants than each single mutant (Fig. 5D). The

failed to reach the dorsal cord compared with 48% anghenotypic similarities irunc-71; ina-land unc-71; pat-3

4% in unc-71(jul56)and sup-17(n1258tskingle mutants, double mutants lend further support for the hypothesis that

respectively (Fig. 4A). From these analyses, we conclude th&#tlA-1 and PAT-3 are functional partners in vivo. Moreover, the

unc-71is unlikely to act through the other three ADAMS. enhanced defects in the double mutantsraf-71with ina-1

. ) . o or pat-3 suggest thatinc-71is unlikely to act throughna-

unc-71 acts in parallel to  ina-1/pat-3 integrins in 1/pat-3integrins; rather, it acts redundantly, or in parallel to,

motor axon guidance ina-1/pat-3to control axon fasciculation.

It is generally thought that a major function of ADAM proteins ) _ o

is to regulate the extracellular matrix, and that the integri/nc-71 likely acts in parallel to netrin-induced axon

receptors are important targets of ADAM proteins (Wolfsberg€pulsion

et al., 1995; Evans, 2001). Ti& elegansgenome has two It has been shown that chemical inhibitors of metalloproteases

integrin-a subunits,ina-1 and pat-2, one integrinB subunit,  can potentiate netrin-mediated axon outgrowth and guidance,

pat-3 and one integrifs- subunit,inb-1 (Hutter et al., 2000). and the netrin receptor DCC appears to be a substrate for

INA-1 can form a protein complex with PAT-3, and is metalloprotease-dependent ectodomain shedding (Galko and

expressed and functions cell-autonomously in neurons arnessier-Lavigne, 2000). Drosophiaiz mutants exhibit axon
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Fig. 5. Axon guidance phenotypes in the double mutants.
(A-F) Lateral view ofuls76[Punc-245FP] in different genetic
backgrounds. In wild type (A) arida-1(gm144)C) animals
commissures (arrow) all reach the dorsal cordine-71,

fewer commissures (arrow) grow out and some stop short
(arrowhead in B). (D) lunc-71(jul56); ina-1(gm144)
animals, even fewer commissures (arrow) grow out. (E) In
unc-6(ev400animals, few commissures (arrow) grow out

but all are defective. (F) lanc-71(jul56); unc-6(ev400)
animals, no commissures grow out of the ventral cord. Arrow
indicates the lateral positions where commissures would be
found inunc-6mutants. (G-J) Ventral view @fils76in

different genetic backgrounds. (G) DD and VD ventral
processes are fasciculated forming a tight bundle (arrow) in
wild-type animals. (H,I) DD and VD ventral processes are
defasciculated imnc-71(jul56)andina-1(gml144animals as
two separated processes (arrow). (J) The ventral cord
(arrows) is largely disorganized umc-71(jul56); ina-
1(gml44)animals. (K-N) DA and DB motoneurons in
different genetic backgrounds viewedjbis14[Pacr-2GFP].

In wild type, all commissures reach the dorsal cord
(arrowhead in K); irunc-71(jul56pccasionally one
commissure does not reach the dorsal cord (arrowhead) but
instead runs laterally (arrow in L); imc-6(ev400hone of

the commissures reaches the dorsal cord (arrowhead in M)
and all run laterally (arrow in M); innc-71(ju1l56); unc-
6(ev400)double mutants none of the commissures reaches
the dorsal cord (arrowhead) and all run laterally (arrow in N),
which is similar taunc-6alone (M). Scale bars: in A, 50n

for A-J; in K, 50um for K-N.

of the ventral cord, of which 21% failed to reach the
dorsal nerve cord. In bothnc-71(jul56); unc-5(e53)
and unc-71(jul56); unc-6(ev40Qjouble mutants, no
commissures of the D neurons grew out of the ventral
cord (Fig. 5F). Moreover, this complete block of
commissural outgrowth in the double mutants is
specific to the type D neurons because the commissural
outgrowth and guidance of the DA and DB
motoneurons, which also dependsuwot-6 andunc-5
(Hedgecock et al., 1990), was comparable between the
unc-71; unc-6 double mutant animals andnc-5 or unc-6 single
mutants alone (Fig. 5M,N). These observations indicate
that unc-71 and unc-6 act in parallel to control
extension defects, the mechanism for which is not knoweommissural outgrowth.
(Fambrough et al., 1996). The circumferential guidance of D To examine howunc-71 interacts with theunc-6/netrin
neuron commissures is repelled by the UNC-6/netrin. UNC-8ignaling pathway in circumferential axon guidance, we used
acts upon the UNC-5 receptor and the UNC-5 and UNCpartial loss-of-function mutations ofhc-5andunc-6 In these
40/DCC co-receptor (Wadsworth, 2002). The signalanimals, all D neuron commissures exit the ventral nerve cord,
transduction pathway downstream of the receptors is in paaind only a fraction of them exhibited circumferential guidance
mediated byunc-34/Enaand max-1 (Colavita and Culotti, defects; for example, 21% and 15% fanc-5(ul81)and
1998; Huang et al., 2002). In mutants for each of these genes)c-6(jul52) respectively (Fig. 4C). lnunc-71(e541) unc-
the circumferential axon guidance of D neurons is disrupted t6(jul81) and unc-71(e541) unc-6(jul52) double mutants,
different extents (Hedgecock et al., 1990; Mclntire et al., 199Zhowever, the circumferential guidance defects were strongly
Colavita and Culotti, 1998; Huang et al., 2002). To exploreenhanced to 87% and 90%, respectively (Fig. 4C). Similar
potential interactions betweemnc-71 with unc-6hetrin  enhancement was also observed for double mutants between
signaling pathway, we conducted double mutant analysis asic-71with unc-4Q or unc-34 or max-1(Fig. 4C). We also
below. noticed that the final positions of the stalled growth cones in
In null mutants forunc6 or unc-5 about 35% or 26% of the double mutants resembled those in the netrin signaling
the D neuron commissures grew out of the ventral cordnutants more than those imc-71mutants. For example, in
respectively; but none reached the dorsal nerve cordndn  unc-71(jul56 or e541¥ingle mutants, most stalled growth
71(jul56)animals, 61% of the D neuron commissures grew outones were found within the dorsal half along the side of the
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worm, whereas inunc-5(jul81) and unc-5(jul81); unc- residue in the disintegrin loop of ADAMs for their interactions
71(jul56)double mutants, the growth cones were stalled awith integrins (Zhu et al., 2000). We find that thel60
various positions along the dorsoventral axis. Similarly, thenutation alters this Asp residue, and behaves as a null
stalled growth cones were often found at mid-lateral rangmutation. The observation that expression of the extracellular
along the dorsoventral axis faunc-40(el430)and unc-  region of UNC-71 in wild-type animals weakly phenocopies
40(e1430); unc-71(jul56Jouble mutants, and at ventral half the axon guidance defects seen with partial loss-of-function
in max-1(ju39) and max-1(ju39); unc-71(jul56)double  mutations ofunc-71lis also consistent with the notion that
mutants. Because the double mutants between71 with UNC-71 is involved in a regulated cellular adhesion process.
netrin signaling molecules all showed an overall additivity toBased on the lesions imc-71loss-of-function mutations, we
enhancement, we interpret these results to mearutttatl  believe that a crucial role of UNC-71 is in cell adhesion.
functions in parallel to netrin-mediated commissural outgrowth
and circumferential guidance. However, the observation thatnc-71 acts cell non-autonomously in D neuron
the final positions of the stalled growth cones in the doubl@xon guidance and sex myoblast migration
mutants resemble those of netrin signaling pathway mutan&ithough UNC-71 appears to be expressed as a membrane
alone may imply thainc-71modulates the cellular motility of protein and the membrane anchorage is necessary to control its
growth cones through events downstream of netrin receptorsctivity, we have substantial evidence to support the conclusion
that unc-71functions in a cell non-autonomous manner for
motoneuron axon guidance and SM migration. Fuetg-71
DISCUSSION shows restricted expression in a selected set of cells that do not
appear to include the motoneurons and sex myoblasts. Second,
Cell migration and growth cone navigation require constangéxpression of UNC-71 in the D neurons alone does not rescue
dialogue between migrating cells or growth cones and thethe axon guidance defects; nor does expression of UNC-71 in
environments. The ADAM proteins have been implicated irmuscles rescue the migration defects of sex myoblast. Third,
cell-cell adhesion or recognition in diverse cellular processesur tissue-specific expression and rescue study shows that the
including cell migration, cell fusion and organ formation motoneuron axon guidance and SM migration depend on the
(Bigler et al., 1997; Primakoff and Myles, 2000; Lieber et al.expression ofuinc-71in epidermis and neurons. A cell non-
2002; Seals and Courtneidge, 2003). We have demonstratadtonomous function is not unusual for membrane-anchored
that theC. elegandJNC-71 ADAM protein functions in a cell proteins. For example, Kuz has both cell-autonomous and cell-
non-autonomous manner to control distinct aspects dafon-autonomous roles in bristle development (Rooke et al.,
motoneuron axon guidance and sex myoblast migrafiba  1996). Ephrins are known to function cell non-autonomously
cell adhesion domains of UNC-71 are particularly crucial foin neuron for epidermal cell migration @©. elegangGeorge
its function. Genetic double mutant analysisuof-71with et al., 1998). In light of the cell non-autonomous requirement
other axon guidance signaling molecules suggests that UN@r unc-71 it is somewhat surprising to find thainc-71
71 probably functions in a combinatorial manner with integringnutations cause profound defects in the type D neurons
and UNC-6/netrin to provide distinct axon guidance cues awithout significant effects on the other types of the ventral cord

specific choice points for motoneurons. motoneurons, despite that these neurons are born within close
) _ o ) proximity and migrate along nearly identical paths. This
A crucial function of UNC-71 is in cell adhesion observation suggests that UNC-71 does not alter the

The ADAM proteins are composed of multiple proteinextracellular matrix in a global manner; rather, UNC-71
functional modules. Current studies of ADAMs have focusednteracts with a receptor(s), or alters the distribution of a
on the metalloprotease and the disintegrin domains. Oduigand(s) for a receptor(s) on the type D neurons.
analysis of the many alleles ahc-71and transgene studies  The molecular identification of UNC-71 as an ADAM
provides a comprehensive in vivo examination of the structurahetalloprotease and the possibility that it acts in a cell non-
and functional correlation of an ADAM protein. autonomous manner in SM migration is an important step
On the basis of the sequence comparison, UNC-71 i®rward in understanding the control of SM migration
unlikely to be an active metalloprotease (Fig. 1A)guidance by the gonad-independent mechanism (GIM). Little
(Podbilewicz, 1996). We find that none of the large number as known about the source of guidance information for this
existing unc-71 mutations has missense mutations in thismechanism. Three components of this mechanism have been
domain. However, deletion of this domain abolishes UNC-71dentified: UNC-53, UNC-73 and UNC-71 (Chen et al., 1997).
rescuing activity. It has been shown that the metalloproteag@ouble mutant combinations between any of the three genes
domain of MIG-17 is required for MIG-17 localization unc-71 unc-73 and unc-53 have SM distributions that are
(Nishiwaki et al., 2000). It is possible that the inactive proteasessentially wild type and similar to the single mutants (E.
domain of UNC-71 may be necessary for maintaining th&€hen and M.J.S., unpublished), consistent with these
structural integrity, or for facilitating post-translational components acting in a single pathway that mediates the GIM.
processing for proper targeting of the protein. Both UNC-53 and UNC-73 encode proteins containing
An important finding of our mutation analysis is that thestructural domains or activities that can modify the
majority of unc-71mutations are missense mutations alteringntracellular cytoskeleton, and they have cell-autonomous
conserved residues in the disintegrin and cysteine-ricfunction in other processes (Steven et al., 1998; Stringham et
domains, lending strong support to the hypothesis that thes¢, 2002). A cell non-autonomous role for UNC-71 in SM
domains are important functional modules. In particular, irmigration provides a link to the extracellular cues involved in
vitro studies have indicated the importance of an aspartic actie gonad-independent mechanism.
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UNC-71 provides dynamic and distinct guidance the glr-1 promoter. These data support the hypothesis that
cues for D motor axons UNC-71 expressed from the AVG neuron may facilitate a
Precise axon trajectory is achieved in a stepping stone mannkgalized guidance source at the D neuron branch points. AVG
and growth cones can detect specific guidance information atso expresses UNC-6 (Wadsworth et al., 1996), w6
specific choice points or guideposts (Tessier-Lavigne anphutants show commissural outgrowth failure and LR sidedness
Goodman, 1996). Th€. elegangype D neurons have at least errors (Hedgecock et al., 1990) (this study). We find that in
four guideposts during their axon trajectory: longitudinalunc-71; unc-6and unc-71; unc-5double null mutants the
fasciculation, branching of circumferential processescommissural outgrowth is completely blocked, indicating that
circumferential guidance and bifurcation in the dorsal cordUNC-71 acts in parallel to UNC-6 and UNCiba-1 mutants
Mutations in several genes have been shown to affect oslow LR sidedness errors (Baum and Garriga, 1997); however,
guidance aspect predominantly. For examia;1 regulates the commissural outgrowth defects umc-71; ina-1double
the longitudinal fasciculation (Baum and Garriga, 1997); thenutants are the same asuimc-71mutant alone. Conceivably,
UNC-6/netrin and its receptors UNC-5 and UNC-40 regulaté&JNC-71 may create a microdomain at the commissural exit
the dorsal-directed commissural growth (Wadsworth, 2002). Iguidepost to facilitate the combinatorial interactions between
unc-71lmutants, we find a range of axon guidance defects th#tese molecules.
are consistent with an interpretation that-71is required in The third guidepost for the D neurons is the dorsal-directed
three steps, with a major function in longitudinal fasciculatiormigration of the commissures. UNC-6 provides a long-range
and commissural branching, and a minor role in dorsal-directe@pulsive cue, and acts through its receptors UNC-5 and UNC-
guidance. 40 (Wadsworth, 2002). Both tluec-71mutant phenotypes and
Axon fasciculation requires cell-cell interactions and isthe double mutant analysis ohc-71with genes involved in
generally thought to be mediated by short-range or contacthis UNC-6 repulsion pathway indicate thetc-71modulates
mediated guidance mechanisms. A prominent defamt@f/1  this axon guidance process. Although ectodomain shedding of
mutants is defasciculation of the DD and VD longitudinalnetrin receptors and other transmembrane receptors by
processes. ADAM proteins are implicated in promotingADAMs have been implicated in growth cone movement
cellular adhesion mostly through the integrin receptors (Evangi-ambrough et al., 1996; Galko and Tessier-Lavigne, 2000), we
2001). Integrins function a3 heterodimer receptors (Miranti think that it is unlikely the mechanism for UNC-71 because of
and Brugge, 2002). I€. elegansPAT-3B-integrin can form the absence of an active protease site and the predominant
dimers with INA-1 or PAT-2a integrins (Baum and Garriga, association of mutations in the domains involved in cell
1997; Gettner et al.,, 1995). We could not address thadhesion. Different from the longitudinal elongation and
interaction ofunc-71with pat-2for the early lethality opat- commissural branching that depend on the interactions
2 null mutants and for the lack of viable allelefhe between the D neuron growth cones with epidermis and other
fasciculation defects ifna-1 and pat-3 mutants are much neurons, the commissures migrate through a solely epidermal
weaker than those ionc-71 and are strongly enhanced in substrate. We therefore propose that UNC-71 expressed from
ina-1; unc-71 and pat-3; unc-71 double mutants. These the epidermal cells modifies the extracellular matrix to provide
observations are consistent with a conclusion that UNC-7an independent, short-range, permissive guidance cue for the
does not act through these integrins; rather, it act® growth cones.
independently of, or in parallel tma-1/pat-3integrins in axon Our expression and functional studies show that UNC-71
fasciculation. appears to be produced globally from multiple sources. It is
The second guidepost for the D neurons is the branch choitieerefore surprising to find thatinc-71 has a striking
of the circumferential processes. In wild-type animals, the Diifferential effect on the axon guidance of neurons that
neurons extend side branches near the anterior end of thegrate along similar path. For example, the circumferential
ventral processes, and there is a striking asymmetry in that fniidance of DA and DB neurons uses similar guidance
out of the 19 commissures exit to the right side of the animalnformation provided by the UNC-6 repulsion pathway
In unc-71mutants, 39% of the branches fail to exit the ventra(Hedgecock et al., 1990), anda-1 modulates longitudinal
cord, and 39% of the remaining ones choose the left side. Thison fasciculation for all ventral cord neurons (Baum and
branching defect is an unlikely secondary consequence causedrriga, 1997) (X.H. and Y.J., unpublished). However, the DA
by the defasciculation defects of the ventral processes, becaws®l DB axon guidance is only marginally affectediie-71
unc-71(ju255) specifically disrupts the branch sidednesssingle mutants, and is not any worsaiirc-71; unc-édouble
decision without affecting fasciculation. Moreover, mutationsmutants thamunc-6alone. Two main differences between the
in unc-5 and unc-40 cause defasciculation of the ventral type D neurons and the DA and DB neurons, first noticed by
processes, but do not affect the asymmetrical preferences of tharbin (R. Durbin, PhD Thesis, University of Cambridge,
commissural branches (Hedgecock et al., 1990; Mclntire et all987), may account for the differential effect whc-71
1992) (this study). Thus, the activity of UNC-71 appears to b&irst, the type D neurons extend their longitudinal axons
more crucial for the branch choice than for longitudinalimmediately after the AVG neuron has extended its ventral
fasciculation. It has been shown that killing the AVG neuronprocess down the ventral midline, whereas the DA and DB
which projects a long process to pioneer the ventral cord amdotoneurons extend their longitudinal axons later. Second, the
fasciculates with the extending D processes, causes tliemmissures of the type D neurons branch out of the
branches of the D neurons to exit to the left side (R. Durbidpngitudinal axons, whereas the commissures of the DA and
PhD Thesis, University of Cambridge, 1987). We findtimet DB neurons grow out directly from the cell bodies. Our study
71 is expressed in AVG and that the axon defects of the Bupports a model in which UNC-71 produced by the epidermis
neurons can be partially rescued by expressing UNC-71 fromnd neurons act as a short-range permissive cue to modulate
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