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SUMMARY

The C. elegansgenome encodes a single Eph receptor
tyrosine kinase, VAB-1, which functions in neurons to
control epidermal morphogenesis. Four members of the
ephrin family of ligands for Eph receptors have been
identified in C. elegans Three ephrins (EFN-1/VAB-2,

EFN-2 and EFN-3) have been previously shown to function
in VAB-1 signaling. We show that mutations in the gene

may function independently of the VAB-1 Eph receptor
in morphogenesis. Mutations in the LAR-like receptor
tyrosine phosphatase PTP-3 and in the Semaphorin-2A
homolog MAB-20 disrupt embryonic neural
morphogenesis. efn-4 mutations synergize with ptp-3
mutations, but not with mab-20mutations, suggesting that
EFN-4 and Semaphorin signaling could function in a

mab-26 affect the fourth C. elegans ephrin, EFN-4.
We show that efn-4 also functions in embryonic
morphogenesis, and that it is expressed in the developing
nervous system. Interestingly, efn-4 mutations display
synergistic interactions with mutations in the VAB-1
receptor and in the EFN-1 ephrin, indicating that EFN-4

common pathway or in opposing pathways irC. elegans
embryogenesis.

Key words: Morphogenesi€,. elegansEphrin, Semaphorin, EFN-4,
VAB-1

INTRODUCTION function in epidermal enclosure (Chin-Sang et al., 1999;
George et al., 1998). During epidermal enclosure, VAB-1 and
The epidermis oC. eleganss a simple epithelium that forms EFN-1 are predominantly expressed and required in underlying
the skin of the animal. Morphogenesis of tBe elegans neurons but not in the epidermal cells. Time-lapse analysis of
epidermis provides a model for several aspects of epitheli@ab-1 and efn-1 mutant embryos revealed specific defects in
biology, including epithelial cell fate determination, cell the organization of neural precursors, manifested as a failure
polarity, cell motility and cell shape (Chin-Sang and Chisholmto close the ‘gastrulation cleft’, a depression in the ventral
2000; Michaux et al., 2001; Simske and Hardin, 2001)surface of the embryo left after ingression of endodermal and
Epidermal cells arise on the dorsal surface of the embryomnesodermal precursors. Because epidermal cells migrate over
where they form junctions to give rise to an epithelial sheethe descendants of these ventral neural precursors, a simple
The epidermal sheet then spreads laterally and ventrally model for the non-autonomous effects \ab-1 or ephrin
close up at the ventral midline, an example of epiboly referrethutants on epidermal enclosure is that they arise as a
to in C. elegansas epidermal enclosure (Williams-Masson etconsequence of an altered neural substrate. The defects in
al., 1997). Epidermal enclosure itself can be divided into twmeural cell organization i€. elegansEph signaling mutants
steps: in the first step, two bilateral pairs of epidermal cellmay resemble cell sorting defects observed in vertebrates when
extend actin-rich processes over a substrate of neural celBsph signaling is disrupted (Mellitzer et al., 1999; Xu et al.,
These processes meet their contralateral counterparts at 2@00).
ventral midline, leading to the rapid formation of junctions The relative simplicity of theC. elegansEph signaling
between the two pairs of cells (Raich et al., 1999). In th@etwork allows a systematic analysis of its roles in a single
second step, other epidermal cells enclose the posterior bodyprphogenetic process. A single Eph receptor (VAB-1) and
possibly by a supracellular actin purse-string mechanisrfour ephrins (EFN-1 through EFN-4) have been identified in
(Simske and Hardin, 2001). C. elegangWang et al., 1999efn-1 mutations, obtained from

We have previously shown that t@e elegan€Eph receptor forward genetic screens, cause phenotypes weaker than but
VAB-1 and its ephrin ligand EFN-1 (previously called VAB-2) otherwise indistinguishable from those w@hb-1 mutants;
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expression, binding and genetic data indicate that EFN-domain of VAB-1. Penetrance of lethality and morphogenetic defects

functions as a ligand for VAB-1 in embryonic morphogenesisvas quantitated as described previously (George et al., 1998); all
(Chin-Sang et al., 1999fn-2 and efn-3 mutants, obtained estimates of penetrance were obtained from counts of between 3 and
by reverse genetics, appear essentially normal durin§complete broods.

embryogenesis; EFN-2 is expressed embryonically in a pattef}, ;e mutant construction and analysis

similar to EFN-1. Thefn-1null phenotype is much weaker than -

that ofvab-1 and arefn-1 efn-Zpefn-B’inI)e mutant resembles a vab-1(0); efn-4double mutants were completely inviable and were
vab-1knockout, suggesting thefn 2angefn 3play subtle roles maintained as balanced strains. We initially udpg-9as a balancer
vab- 1S - - for efn-4 however, such strains were unstable, owing to
in embryogenesis that are partly redundant efth1(Wang et recombination betweetpy-9andefn-4 We subsequently constructed
al., 1999) (S. L. M. and A. D. C., unpublished) The similaritymore stable balanced strains of genotypb-1/minl mis14; efn-4

of theefn-1 efn-2 efn-8iple mutant phenotype to th@b-1null  vab-1 efn-4 double homozygotes were identified as non-GFP-
phenotype suggests that these three ephrins might acco@pressing progeny from such heterozygotes. Seaiel efn-4
for all signaling functions of the VAB-1 Eph receptor. doublg mutants constructed using Weak?-lalleles were supviab]g;
VAB-1/EFN-1 signaling also appears to function partlyfare viable and fertile non-GFP-expressing progeny were identified as
redundantly with a pathway involving the LAR-like recepmrsegregants froominl misl4balanced strains. Such homozygous
tyrosine phosphatase PTP-3 (Harrington et al., 2002). vab-1 efn-4double mutants could be propagated very slowly, and

. . displayed >99% lethality (see Fig. 5). Somab-1; efn-4double
We report our analysis of a fourth worm ephrin, EFN'4'mutants were maintained as homozygous lines balanced by an

focusing on its functions in embryonic morphogenesis. Weyirachromosomal arrayuEx3sQ carrying the wild-type copies of
show that EFN-4 is also required for movement of embryonigap-1andefn-4 juEx350was formed by co-injection of theb-1(+)
neural precursors and enclosure of the epidermis, but that #&smid M03A1 (1 ngll), the efn-4(+) cosmid F56A11 (1 ngl), the
role is distinct from those of VAB-1 or EFN-1. Unexpectedly, plasmid pRF4 (30 ngl), the SUR-5-GFP marker pTG96 (30 piy/
efn-4 mutations show strong synergistic interactions withand pBluescript (40 ngl). ptp-3 efn-4double mutants ansab-1
mutations invab-1 and efn-1, suggesting that EFN-4 may Ptp-3 efn-4triple mutants were analyzed from balanced strains of
function in a VAB-1l-independent pathwagfn-4 mutations ~ 9enotypeptp-3(or vab-1 ptp-y/minl mis14; efn-4 —

also synergize witlptp-3 mutations, suggesting that EFN-4 | T3 CoRCIe e Jr e e e onfiTmed. by
does not f“’?Ct'O” 50"?'3/ in the PTP-3 pathway. Throygh ultiple complementation tests. We used one-way ANOVA
comprehensive anal_yS|s véb-1 efndouble mu_tants we find (Statview) to compare differences in penetrance of phenotypes.
that only efn-4 mutations show strong synergism withb-1

receptor mutants. It had been suggested that the SemaphofNA interference of vab-1

2A homolog MAB-20 might function in the EFN-4 pathway For dsRNA-mediated interference ofib-1 a 1.9 kb Spé-Pst
(Roy et al., 2000). We find thafn-4 and mab-20mutations  fragment of thevab-1cDNA was subcloned into the RNAI vector
show either epistasis or weak mutual suppression, suggestibg440. RNAs were synthesized and annealed as described

that these genes could act in common or opposing pathways(iarrington et al., 2002), and injected at a concentration of ~7 ng/
embryonic morphogenesis. Injected hermaphrodites were allowed to recover for 12 hours; eggs
laid over the ensuing 24 hours were analyzed. RNAabf1resulted
in phenotypes approximately half as penetrant as the null mutant (data

hown).
MATERIALS AND METHODS not shown)

Molecular analysis of efn-4
Genetic analysis efn-4corresponds to the predicted gene F56A11.3. cDNAs from this
C. elegansstrains were cultured using standard methods, at 20°@ene had been isolated in a genome-wide cDNA sequencing project
unless stated (Brenner, 1974). Mutations used are described elsewh@vaeda et al., 2001). The longest cDNA, yk449e2, was sequenced
(Riddle et al., 1997), in papers indicated or in this paper. Mutationsompletely; this cDNA lacks the first 11 bases of the predicted coding

used were: sequence. The predicted EFN-4 preprotein consists of 348 amino acid
LGI, mab-20(ev574, €819, bx24) residues; an N-terminal signal sequence is predicted to be cleaved
LGII, vab-1(dx31, €118, ju8, e699, 856, el028p-3(opld7)  after residue A20, and a C-terminal GPI addition signal sequence is
(Harrington et al., 2002); predicted to be cleaved near S328. The lesions of the alleles were
LGIV, dpy-9(el2)efn-1(e96, jul, ju90jChin-Sang et al., 1999), determined by sequencing genomic DNA from the mutants, as
efn-2(ev658)and described (George et al., 1998). Sequences of primers are available
LGX, efn-3(ev696]Wang et al., 1999). on request. Using Southern blotting of genomic DNAs and
Rearrangements used wardnl mis14Edgley and Riddle, 2001); sequencing, we determined thax80 is a deletion of 1838 bp,
andmDp1(1V; f) encompassing exon 2 and parts of introns 1 and 2. The breakpoints

All efn-4mutations were EMS-induced, with the exceptiobx@0  of bx80are: 3 gttgttaacaacaadaf8Jaaacctaaatttt’'3
(diepoxybutane). S. Brenner isolated tf@-4 mutationse36 and )
e66Q J. Hodgkin isolatede1746 X. Huang isolatedjul34. All Transgenic rescue and reporter constructs
efn-4 alleles failed to complemenbx8Q efn-4(ju314) isolated To generate a genomic clone containéig-4 we subcloned a 16.1
independently frone1746 was found to cause similar phenotypes andHindlll-Eag genomic DNA fragment from cosmid F56A11 into
to result from the same molecular lesion. pSL1190, creating pCZ148. This clone contains 5.3 kb genomic
e819is an X-ray-induced mutation isolated by S. Brenner andsequence'30 the EFN-4 ATG. Transgenic lingsIEx150, jJuEx152,
assigned tanab-20by mapping and complementation tests (data nojuEx153 were made by co-injection of pCZ148 and the marker
shown).mab-20(e819¢auses embryonic and larval lethal phenotypesplasmid pRF4 (both at ~50 nd) in anefn-4(bx80)ackground and
similar in penetrance to those wfab-20(ev574)suggesting that it the penetrance of the posterior morphology (Vab) phenotypes
causes a strong loss of function. The westi-1allelee102%as been  quantitated in transgenic (Roller) animals. In a typical transgenic line
found to result from a mis-sense mutation (C212Y) in the extracellulathe penetrance of the Vab phenotype was 0.7% (2/300 Rollers were
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Vab), compared with 27% in control lines bearing pRF4 aloneonditions (8 M urea). Purified EFN-4-6HIS was dialyzed%RBS,

(n=175). To overexpress EFN-4 we also used the tranggEm850  lyophilized and injected into rabbits for antibody production (Animal

described above. Pharm). Anti-EFN-4-HIS6 antibodies were preabsorbed to total
An EFN-4::GFP reporter was constructed by insertion of the GFprotein acetone powders derived from, coli HEK 293T and

intron cassette from vector pPD121.89 into Bec |l site of the  efn-4(bx80)protein lysates. Affinity-purified anti-EFN-4 antibodies

rescuing genomic clone pCZ148, to create the EFN-4::GFP cloneere kept at a final concentration of 1-5 mg/ml.

pCZ147. This clone is predicted to encode EFN-4 with GFP inserted Fixation and staining of. elegansembryos were as described

in-frame close to the N terminus of the mature protein, after residu@inney and Ruvkun, 1990). Chicken anti-GFP antibodies

33. Three transgenic linesjuEx151, juEx205 juEx2Q6were  (Chemicon), affinity-purified anti-EFN-4, anti-EFN-1 (Chin-Sang et

established by injection of pCZ148 (40 miy/with the co-injection  al., 1999), anti-VAB-1 (S. E. G. and A. D. C., unpublished) and MH27

marker plasmid pRF4, and two lingaEx206, juEx21pformed by = monoclonals (Francis and Waterston, 1991) were used at 1:200 to

co-injection of pCZ147 and thin-15(+) plasmid pLin-15EK into  1:500 dilution. All fluorescently conjugated secondary antibodies

lin-15(n765) animals. All EFN-4::GFP transgenic lines yielded were used at 1:500 dilution in antibody buffer A. Data were collected

similar expression patterns. Chromosomal integrantguBk210  on a Leica TCS-NT confocal microscope.

(juls109andjuls110 were made by X-ray mutagenesis. The lethality )

of an efn-4(bx80)strain is suppressed from ~32% to ~5% by theAccession Number

juls109transgene. Staining with anti-EFN-4 antisera was performedhe GenBank Accession Number for #fa-4cDNA is AF410936.

on animals overexpressing EFN-4, either from the EFN-4-GFP array

(juls109) or from EFN-4-overexpressing animalfuEx35Q. To

examine co-expression of EFN-4-GFP and VAB-1, we established BESULTS

VAB-1-overexpressing arrayuEx445 by injection of thevab-1(+)

cosmid MO3AL1 (15 ngll) and pRF4 (30 ngd) into juls109carrying .

animals. Co-expression of EFN-1 and EFN-4 was examined bwab'26 mutations affect EFN-4

making animals transgenic fipis109and theefn-1transgenguis53 ~ EFN-4, encoded b¢. eleganggene F56A11.3, is a divergent

member of the ephrin family of ligands for Eph receptors (Fig.

Anti-EFN-4 antibody production

To express EFN-4 in bacterial cells, we cloned DNA encc

amino acid residues 26-325 (i.e. EFN-4 lacking secretiol A

GPl-addition signal sequences) into pET2la (Nova

creating the expression clone pICS531. The resulting f @&)&*

protein is tagged with 6xHis at the C terminus. EFN-4-¢

was induced with 0.1 mM IPTG in BL21 (DE3) bacteria

purified on Ni-NTA beads (Qiagen) under denatu

S
5 m.u. &

Fig. 1. Structure of thefn-4locus and sequence comparisons. foam _2kb ATG o P TR
(A) Genetic and physical maps of tefn-4region. L 5 [I
mab-26/efn-4s located at the left end of linkage group IV. efn-4

(B) Alignment of the conserved domain of EFN-4 (residues

25-170) with those of other ephrins, showing point mutations;

locations of predicted secondary structure elements are baseB €660 P54l e36 Y69°°hge

on structures of ephrin B2 (Toth et al., 2001; Himanen et al., EFn-4 TNSLES- NRCPIHEENRMERVVRF DN GR- - - NDGEY L [YAYE
2001). The ephrin with highest similarity to EFN-4 within the =~ EFN-1 | TN -- PLVERMAAIRCED T BIRV|el5F F D- - ELTISOS[I MR
conserved domain is EFN-1 (31% identity, 46% similarity). e ¥ NSENG L?EESLVL P._._ YD PRV AN ¥¥

_The EFN-4 conserved d_omain is appr_oximately equally similar jul34
in sequence to the ephrin A and ephrin B subclasses of T721 e1746 AT5V
vertebrate ephrins (25-20% identity; sequences shown are [

: : H EFN-4 FAMBDEAL EEHSREVI APEGTAEKVLRTQGL SGGRREDWKKQRVP
human ephrin A1 and ephrin B2). Alignments were made EFN1 ENEERRETA Ciph RO et At v
DKD:! TP§L A
E

using ClustalW; identities are in black and similarities in gray. psg2 SReTI KKEN K- - . S

Secondary structure elements are aligned according to HsAL QL [®OPFIDQVRVIENRIES- - - - - - - - - - - - - - - - - - - - ARHG
Himanen et al. (Himanen et al., 2001). The strong gll4/a84

affects a non-conserved threonine residue; the weaker allele  EFN-4 EKNVQSSSLS:Ea%é%QIHENY :EES
e660affects a conserved proline; and the weakest allele, ilion %Tl Q a F!KNLE DtEE SVSOTR
e1746 affects a non-conserved alanine residue. When aligned Hsa1 SEINEORETI&F TL[€KIZFKEEHSAARIRSKP- - - - - - - I HOHEDR{@L RL
according to Toth et al. (Toth et al., 20Q1)34affects an

exposed residue @ strand D, which may play a role in ephrin C 85 A2
dimerization;e660affects a residue at the endpsétrand C in 20% o3 A5

the tetramerization interface; aati746affects a buried - - 26 A4

residue betweefi-strand D andt-helix E. (C) Phylogenetic 100 A3

tree ofC. elegansDrosophilaand vertebrate ephrin sequences. Al

Phylogenetic analysis suggests that@helegangphrins 5183

diverged after the last common ancestor of vertebrates and 5 B2

nematodes; among tli& eleganephrins, EFN-4 is the most 60 EFN-2

rapidly evolving. Vertebrate ephrin sequences used are from DmEFN

humans except for ephrin A6 (chick). This tree was generated 83 EFN-1

using a neighbor-joining algorithm (MEGA); bootstrap values 62 52 EFN-S

< EFN-4
are indicated at branches.
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Table 1.efn-4 alleles and molecular lesions

Embryonic Larval Adult, Adult, Wild-type Mutant

Allele arrest (%) arrest (%) Vab (%) non-Vab (%) sequence sequence Effect

bx80 14.1 18.8 12.6 54.4 - - 1838 bp
deletion of exon 2

jul34 15.2 10.0 20.2 54.4 ACC AT T721

e36 111 105 17.7 60.6 TAT TAA Y69ochre

€660 7.0 5.2 21.4 66.4 CCG fee) P54L

el746 3.6 5.7 18.6 72.0 GCG fee) AT5V

1) (Wang et al., 1999). Like oth€r. elegansephrins, EFN-4 mab-26(bx80)mutation, identified on the basis of male tall

shows similarities to both trans-membrane and GPIl-anchoredorphogenetic defects (Chow and Emmons, 1994), causes

vertebrate ephrins within its receptor-binding domain (Figvariable defects in epidermal morphology throughout the body,

1B). However, the conserved domain of EFN-4 also containand maps to the same genomic regioefas4 (Fig. 1A). We

a 21-residue insertion relative to other ephrins (Fig. 1B); thisound that a 16.1 kb genomic DNA clone (pCZ148) containing

insert is predicted to affect a loop betwdestrands F and G the efn-4 locus completely rescued almab-26(bx80)

of the ephrin crystal structure (Toth et al., 2001). Phylogenetiphenotypes in transgenic lines (see Materials and Methods).

analysis suggests that EFN-4 is a rapidly diverging member dthe bx80 mutation is a 1.8 kb deletion iefn-4 and four

the C. elegansephrin family (Fig. 1C). additionalmab-26alleles result from point mutations in this
We reasoned that mutationséfn-4might cause defects in gene, confirming thatefn-4 corresponds tomab-26 we

epidermal morphogenesis similar to those caused by mutatiorabsequently refer to this gene am-4 All five efn-4

in the VAB-1 Eph receptor or the EFN-1 ephrin. Themutations are recessive and cause similar morphogenetic

N

E efn4e36) [ F efn-4(e36) G efir-1(jut)

Fig. 2.efn-4embryonic and larval phenotypes. Frames from 4D Nomarski DIC movies of individual embryos are shown; all embryos are
shown as ventral views; times are relative to first cleavage and are the same for all genotypes. Scai@ i@A-ZD) 50um in D-G.

(A) Embryogenesis of wild type (N2), ventral views. Note complete closure of the ventral gastrulation cleft (outlined) byu2&0 mi

(B,C) Frames from movies of two representagfre-4(bx80embryos, showing enlarged ventral gastrulation clefts. A total efr5&(bx80)

and 36efn-4(e36)embryos were recorded for 4D analysis; the range and penetrance of phenotypes was similar in both mutants and the data are
considered together below. Some phenotypesmfiembryos could be classified using the same phenotypic classes as used tovalasisify
andefn-1phenotypes (George et al., 1998; Chin-Sang et al., 1999). Twenty percent (14 ahimals displayed the Class | phenotype
shown in B, in which the gastrulation cleft was enlarged and persistent (dotted outline, 230-280 minutes), the epidetmenfddsd and
internal cells ruptured during early enclosure (330 minutes); this phenotype is seen inve®4 @)animals and 12% adfn-lanimals.

Three out of 94 animals exhibited a slightly weaker phenotype resemblingtitieClass Il phenotype (enlarged gastrulation cleft; epidermis
encloses, embryo turns then ruptures). One out eff84embryos displayed normal gastrulation clefts and arrested during elongatieh (
Class Il phenotype), compared with 38%vab-1or 16%efn-lembryos. Sixty-one out of &fn-4embryos displayed the phenotype shown in
C, in which the gastrulation cleft was transiently enlarged (230-280 minutes) and later closed; epidermal enclosure ardasongat

with normal timing, and the embryo hatched with deformations in the posterior epidermis. Ten out of 94 embryos displaymes wild-t
development. (D-G) L1 larvae, showing wild type (Bfp-4(e36)mutant tail morphology (arrow, E,F) arth-1(jul)Notch head morphology

(arrow, G).
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defects (Table 1; Fig. 2). The three strongest all&e®0, e36  embryonic defects irfn-4mutants is different from that seen
andjul34) probably abolistefn-4function. in vab-1or efn-1mutants.

When expressed in human 293T cells, EFN-4 is localized to ) ) .
the cell surface, as detected with anti-EFN-4 antibodies (dafaFN-4 is expressed in the developing nervous
not shown). In experiments using VAB-1-AP fusion proteinsSystem
to determine the affinity of VAB-1/EFN-4 interactions, asTo determine the expression pattern of EFN-4 we generated
previously described (Chin-Sang et al., 1999), we were unabbnti-EFN-4 antisera; these antisera were able to detect EFN- 4
to detect binding of VAB-1-AP (10 nM) to EFN-4-expressingin animals overexpressing EFN-4 although not in wild-type
cells. These data are consistent with previous evidence that tarimals. We also examined the expression of a functional
VAB-1/EFN-4 interaction may be weak (Wang et al., 1999)EFN-4::GFP reporter construct (see Materials and Methods).

relative to other VAB-1/EFN interactions. We observed indistinguishable expression patterns using both
methods.

EFN-4 regulates embryonic neuroblast movements We first detected EFN-4 at about the 100-cell stage in a large

and epidermal morphogenesis number of ventral surface cells, identified as neural or

efn-4(bx80)mutants display defects in the morphogenesis oépidermal precursors (Fig. 3E). During and after enclosure of
post-embryonic male tail sensilla (Chow and Emmons, 1994he epidermis, EFN-4 was expressed in many neurons and not
Hahn and Emmons, 2002)efn-4 mutants also have in epidermal cells (Fig. 3A-C). In later embryos, larvae and
widespread defects in embryonic morphogenesis of thadults, EFN-4-GFP was expressed in several head neurons,
posterior body: about 20-30% efn-4larvae and adults have pharyngeal cells and a small number of lateral and tail neurons,
blunted or mis-shapen posteriors (Fig. 2E,F), although theithin which EFN-4 was localized throughout the neuronal cell
head morphology defects (‘Notched head’; Fig. 2Gyalf-1  body and in axonal processes (Fig. 3M-O). When compared
or efn-1mutants (George et al., 1998; Chin-Sang et al., 1999)ith the expression pattern of EFN-1, EFN-4 expression is
are rarely seen iefn-4mutants. In general the post-embryonic relatively widespread (Fig. 3D-1) and only overlapping in part.
phenotypes oéfn-4mutants partly overlap those wéb-1or If EFN-4 is a cell-surface ligand for VAB-1 then it should
efn-1mutants. be expressed at least in part in cells that contact VAB-1-

The posterior morphology defects efn-4 mutants arise expressing cells. Our data show that this is the case. During
during embryogenesis. We analyzed the developmesfined  epidermal enclosure, EFN-4- and VAB-1-expressing cells are
embryos using four-dimensional (4D) time-lapse microscopyvidely distributed in the ectoderm, allowing many possible
and found thaefn-4 mutants displayed defects in the samepoints of contact (Fig. 3J-L). We conclude that EFN-4
embryonic morphogenetic processes as are affecteabii: expression in embryos is consistent with the possibility that it
neuroblast movements during closure of the ventrainteracts with VAB-1; interestingly, some cells appear to
gastrulation cleft, and enclosure of the epidermis (George ekpress both VAB-1 and EFN-4 (e.g. circled cell in Fig. 3J-L).
al., 1998; Chin-Sang et al., 1999). Although some embryonic .
defects of somefn-4mutants could be classified according to €fn-4 mutations enhance  vab-1 (Eph receptor) null
the criteria used previously in our analysesati-landefn-1, ~ Phenotypes and are synthetic-lethal with weak  vab-1
we also observed additional phenotypic classes, detailed beloRutations

Almost all efn-4mutant embryos displayed an enlarged andVe reasoned that én-4functions only in the same pathway
persistent gastrulation cleft (Fig. 2B,C, 230 and 280 minutesgs the VAB-1 Eph receptor, then the phenotype of a VAB-1
by contrast,vab-1 or vab-2 mutants display a much lower receptor null mutantpb-1(0] should not be enhanced by loss
penetrance of enlarged clefts. In wild-type development, thef EFN-4. Alternatively, if EFN-4 has functions that are
gastrulation cleft is 1-2im deep and remains visible as a gapindependent of the VAB-1 receptor, thenvab-1(0); efn-4
in the ventral neuroblast sheet for ~30 minutes to 1 hour (Figlouble mutant might be enhanced relativeala1(0)mutant.
2A, 230 min). By contrast, the gastrulation cleft ém-4  We constructed strains doubly mutant¥ab-1landefn-4 and
mutants varies betweenun and 10um in depth (=94), and  found thatefn-4 mutations enhancedab-1 null alleles. All
persists for longer than in the wild type. About 20%ebf-4  vab-1; efn-4double mutants displayed dramatically enhanced
embryos displayed an enlarged gastrulation cleft that remainéethality relative to the single mutants, and were maintained as
open until the time of epidermal leading cell migration,balanced strains for phenotypic analysis (see Materials and
resulting in a failure of epidermal enclosure and rupture at thielethods). Mostvab-1(0); efr4(0) double mutant animals
ventral midline, as shown in Fig. 2B; this phenotype resembleshowed the embryonic-lethal phenotype shown in Fig.4A,
the Class | phenotype wéb-1or efn-1mutants. In contrast to which is more severe than observed in eitheds-1 or efn-4
vab-1 or efn-1 mutants, which frequently rupture during single mutants, in that the gastrulation cleft is deeper (average
epidermal elongationvéb-1class 1V), less than 1% @&fn-4 ~10 pm, n=19) and the entire embryo appears mildly
embryos arrested in later embryogenesis. Méstdembryos  disorganized.
(65%) displayed a novel phenotype in which the gastrulation VAB-1 has both kinase-dependent and kinase-independent
cleft was enlarged and delayed in closing, yet epidermdlnctions (George et al., 1998). To determirefrit4mutations
enclosure and elongation proceeded normally; such animatynergized with either or both functions, we compared the
hatch with normal morphology or defective posteriorphenotypes ofvab-1(0) efn-4double mutants with those of
morphology (Fig. 2C). Six percent efn-1 animals display vab-1(kinase) efn-4double mutants. We found that
similar transient abnormalities in the gastrulation cleft that dewab-1(kinase); efn-4(0)double mutants displayed strong
not result in later epidermal rupture (Chin-Sang et al., 1999%ynergistic phenotypes that were nevertheless weaker than
In summary, although there is some overlap, the spectrum tfose ofvab-1(0); efn-4(0double mutants (compare Fig. 4A
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Fig. 3. Expression pattern of EFN-4. (A-C) EFN-4 :
expression during and after epidermal enclosure, ‘ '
detected using the EFN-4-GFP transggm&l09or in b "
animals overexpressing EFN-4 from the transgene 3 &

JUEXx35Q Genotype in A idin-15(n765); juls109[EFN- . "

4::GFP, lin-15(+)], stained with anti-GFP (green) and EFN-2*GFP

the monoclonal antibody MH27 to illustrate epidermal
adherens junctions (red); ventral view. (B,C) EFN-4
overexpressing embryos, stained with anti-EFN-4 (gree
and MH27 (red). B is a confocal midline section at about
the same stage as A; C shows a lateral view confocal
projection at comma stage, after enclosure. Note the
broad distribution of EFN-4-positive cells in the head.
Genotype for D-l idin-15(n765);EFN-4-
GFP(juls109);EFN-1(juls53)stained with anti-GFP,
anti-EFN-1 and MH27. (D-F) In early embryo (~100-cell
stage; ventral views). Both EFN-4 and EFN-1 are
broadly expressed. The expression of EFN-4 and EFN-
appears slightly complementary: some cells expressing
high levels of EFN-4 (circled) express lower levels of EFN-4-GFP
EFN-4, and vice versa. (G-l) Expression of EFN-1 and
EFN-4 during late epidermal enclosure, subventral
views. EFN-4 expression (green) partly overlaps (yellow
that of EFN-1 (blue). (J-L) Double staining (midline
confocal section) of EFN-4-GFP (green) and VAB-1
(purple) during epidermal enclosure. Circle indicates
pharyngeal cell expressing EFN-4-GFP and VAB-1.
Genotype ifn765; juls109; juEx44fvab-1(+)], also
stained with MH27 antibodies. (M) EFN-4-GFP in L1
stage larva. Double staining with anti-GFP and MH27
antibodies (red). (N,O) EFN-4-GFP expression in late
larvae. Note localization of EFN-4-GFP to nerve ring
(arrowhead, N) and ventral cord (arrowhead, O).
Genotype for M-O iguls109 Scale bar: 1qm (A-L);

20 pm (M); 50um (N,O).

with 4B) suggesting that EFN-4 acts redundantly with bottefn-2 efn-3triple mutant background. Suchiab-1(RNAI)
kinase-dependent and kinase-independent functionatnil efn-1,2,3quadruple-mutant embryos displayed morphogenetic
In addition, we constructed strains containingab-1  defects similar in range and penetrance toetimel,2,3triple
extracellular domain mis-sense mutatioe699, €856, €1029 mutant (data not shown). Although this experiment is subject to
or ju8) with either of the hypomorphiefn-4mis-sense alleles the caveat that RNAI does not fully abolighb-1function, we
(e6600r €174, and found that all eight such double mutantprovisionally conclude thafn-1, efn-2andefn-3are unlikely
combinations showed synergistic lethality (data not shownYo function redundantly in VAB-1-independent processes in
Because the synthetic-lethal interactionvab-1andefn-4is ~ morphogenesis.
allele nonspecific we conclude thatb-1andefn-4mutations . . )
affect para||e|, parﬂy redundant pathways_ efn-4 .mutatlons are synthetlc-lethal with ptp-3

The synergistic interaction efn-4mutations with mutations mutations
in the VAB-1 Eph receptor stands in contragfto-1mutations, Mutations in the LAR-like receptor tyrosine phosphafztpe3
which do not enhanceab-1(0)embryonic phenotypes (Chin- cause low-penetrance defects in neural and epidermal
Sang et al., 1998) (data shown for comparison in Fig. 5). Wnorphogenesis and also show synergistic interactions with
therefore asked if othe€. elegansephrins showed similar vab-landefn-1mutations (Harrington et al., 2002) that are, in
interactions withvab-1 that might be suggestive aofab->  general, weaker than those effi-4 mutations. The similarity
independent functions. We found that loss of functioefim2 of the ptp-3andefn-4phenotypes and genetic interactions led
but not in efn-3 slightly but significantly enhanced the us to test whetheatp-3might function in the same pathway as
embryonic and larval lethal phenotypes ofad-1null mutant  efn-4 We found thaptp-3; efn-4double mutants displayed a
(Fig. 5). efn-2 mutants andrab-1 efn-2double mutants also fully penetrant synergistic embryonic lethality, inconsistent
displayed a reduced brood size (average=158 progenwith PTP-3 functioning in a linear pathway with EFN-4 (Fig.
compared with vab-1 null mutants [average=281 for 4C). vab-1(0) ptp-3; efn-4riple mutant embryos displayed
vab-1(dx14) or otherefn mutants (data not shown); we have abnormal gastrulation clefts that were larger thamain-1(0)
not investigated the basis for the reduced fertilityefi-2  efn-4or ptp-3 efn-4double mutants (compare outlines in Fig.
strains. We further tested whetledn-1, efn-2andefn-3might 4D with 4A and 4C; see legend to Fig. 4 for quantitation of
have redundant functions in VAB-1l-independent pathwaygastrulation cleft morphology). Such triple mutant embryos
usingvab-1dsRNAI (see Materials and Methods) inefin-1  appeared qualitatively more abnormal than the double mutants,
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: '3
330 min

D vab-1 pip-3 efn-4

B

Fig. 4. Embryogenesis adfn-4; vab-landefn-4 ptp-3double mutants angab-1 ptp-3 efn-4riple mutant. Frames from 4D Nomarski DIC

movies of individual embryos are shown; all embryos are shown as ventral views; times are relative to first cleavage aatharttz
genotypes. (A) Typicalab-1(0) efn-4(0Oflouble mutant; open gastrulation cleft at 230-280 minutes is outlined. Nivetedr{0) efn-4(0)

double mutant embryos were recorded from strain CZ2251, genaabp&(e2027)/minl misl4; efn-4(bx8T)velve out of 19 were more
severely defective than the typicab-1Class | phenotype: the gastrulation cleft was deeper and did not close; cells also appeared loose and
disorganized throughout the embryo, and the epidermis failed to enclose. Six out of 16 displayed enlarged gastrulatiafechests,

epidermal enclosure and ruptured at 1.5-fold stage of elongation; one out of 19 displayeldCdass 11l phenotype (normal gastrulation cleft,
rupture at twofold stage). (Rjab-1(kinase) efn-double mutant, genotypeab-1(e118); efn-4(bx80%howing transiently enlarged gastrulation
cleft and elongation stage arrest; this phenotype resembles a combination of the most efmm#tpbanotype and theab-1Class I

phenotype. Seventeeab-1(kinase) efn-double mutant embryos were recorded. The embryo shown is from strain CZ2252, genotype
vab-1(e118)/mInl mis14; efn-4(bx86pur non-GFP-expressing embryos were recorded, of which one displayed a severe Class | phenotype;
three displayed milder gastrulation cleft defects and arrested at the twofold stage. Embryos were also recorded fron944age@xgpe
vab-1(e116); efn-4(bx80); juEx350[vab-1(+) efn-4(+Jhirteen embryos were recorded that had lost the array (judged from absence of GFP
expression). Of the thirteen, five displayed a typical Class | phenotype, six arrested at the 1.5-fold stage (ClasgliMikegrasted later in
elongation (Class Ill). We also recorded foab-1(ecd) efn-dlouble mutants from strain CZ2249, genotypb-1(e200)/miInl mis14;

efn-4(e36) Three out of four displayed a severe Class | phenotype and one displayed a Class IV-like phen@ypd(¢@}47); efn-4(bx80)
double mutant, showing Class | phenotype. Twelve out @if-3(op147); efn-4(bx8@mbryos recorded showed similar phenotypes.
Measured as a percentage of the embryo at the maximum extent of the cleft, the gastrulation clefts in the double mugais 83t806 of
embryonic width; 50-100% of embryonic length, and were on avergge&ep at their maximum extent. (b-1(dx31) ptp-3(opl47);
efn-4(bx80)riple mutant, illustrating extreme Class | phenotype and disorganization of embryonic blast cells during gastrulatitre A8 of
such embryos showed the phenotypes illustrated. Gastrulation clefts in these triple mutants extended to 50-75% of enthryts+e0f/tdof
embryonic length, and were on averagpt®deep. Scale bar: 20n.

in that cells were more mobile and less tightly packed in th&nction in the same pathway in embryogenesis, we examined
embryo. Becaus®ab-1 ptp-3 efn-4riple mutants appeared the embryonic morphogenetic defects mfb-20 mutants
more severely affected thaab-1 ptp-3vab-1 efn-dor ptp-3  using 4D analysis. We found thatab-20 mutants were
efn-4double mutants, these data suggest that VAB-1, PTP8equently defective in closure of the gastrulation cleft
and EFN-4 may function in distinct yet partly redundant(Fig. 6A, arrow at 230 minutes); in general, the defects

pathways in embryonic morphogenesis. resembled those seen a@fn-4 mutants. Thus, in addition to

) o its role in enclosure of the posterior epidermis, semaphorin
EFN-4 and MAB-20 Semaphorin-2A may function in signaling is also involved in the earlier process of neuroblast
common or opposing pathways in early embryonic migration.
morphogenesis We examined the consequences of reducing both MAB-20

Loss of function of theC. eleganssecreted Semaphorin-2A signaling and ephrin signaling on embryonic morphogenesis.
homolog MAB-20 causes defects in male tail morphogenesid/e made severahab-20 efn-4double mutant strains using
(Baird et al., 1991) similar to those efn-4mutants. It has either null or weak alleles of either gene. In contrasiatn-,
been suggested that these two genes might affect a commefm-1 or ptp-3 mutations, mab-20 mutations did not show
pathway in male tail development (Chow and Emmons, 1994ynthetic-lethal interactions witlefn-4 mutations. In all
Roy et al., 2000). To ask whetherab-20and efn-4 might = mab-20 efn-4double mutant strains the penetrance of
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embryonic lethality was not significantly different from that of efn-4 in embryonic morphogenesis suggests that these two
the correspondingiab-20single mutants (Fig. 7A). Using 4D genes might either have antagonistic roles or that they might
microscopy, we confirmed that mostab-20 efn-4double  operate in a common pathway.
mutant embryos showed morphogenetic defects that were lessWe analyzed later embryonic and larval phenotypes of
severe than expected from additivity of the single mutants. Imab-20and mab-20 efn-4ouble mutants to explore further
particular, the gastrulation cleft defectswdb-20 efn-4louble  whether mab-20 and efn-4 might function in common or
mutants were sometimes less severe than in either singdpposing pathways later in developmentab-20 mutants
mutant (Fig. 6C,D). The less than additive effeanab-20and  display defects in cell-cell associations in the ventral
epidermis, manifested as ectopic contacts between P cells (Roy
et al., 2000)efn-4mutants displayed normal contacts between
vab-1(0) vab-1(k) vab-1(ecd) ventral P cells during embryogenesis; furthermoeé)-4
A efn % efn efn mutations did not suppress the ectopic P cell contacts due to
mab-20mutations (62/78nab-20(ev574) efn-4(e668nbryos
displayed ectopic P cell contacts, compared with 53/75
mab-20(ev574gmbryos;P=0.7, Fisher's exact test). Overall,
mab-20 efn-4ouble mutants showed an increased penetrance
of larval lethality consistent with additivity of mutant
phenotypes (Fig. 7B). We provisionally conclude tinatb-20
andefn-4act independently in later development.
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s gi 3 g{:_ ® § 238 sa° EFN-4 is a divergent member of the ephrin family
YY) QY70 0§33 In this paper, we describe the genetic and molecular analysis
SS9 °o of the fourthC. elegansnember of the ephrin family. Although

B vab-1(0) vab-1(k) the primary sequence of EFN-4 shows only modest similarity
507 efn efn to those of other ephrins, EFN-4 shares all hallmarks of the
x ¥ ephrin family, including a conserved region containing several
invariant cysteine and proline residues, and a predicted C-
terminal GPI addition signal sequence. The major divergent
feature of the EFN-4 sequence is an insertion of 21 residues
(relative to vertebrate ephrin A proteins; 24 residues relative to
otherC. elegansphrins) in the conserved domain.

By reference to the structures of mouse ephrin B2 (Toth et
al.,, 2001) and of the ephrin-B2/EphB2 receptor co-crystal
(Himanen et al., 2001), the 21-residue insertion in EFN-4
§ appears to affect the loop betwdentrands F and G. In ephrin
= B2 this ‘F-G loop’ contributes to the ligand/receptor binding

interface. The F-G loop comprises eight residues in vertebrate

ephrin A proteins and five residues in vertebrate ephrin B

proteins and othef. elegansephrins, suggesting that an
Fig. 5. Quantitation of embryonic (A) and larval (B) lethality in enlarged F-G loop could affect the binding specificity of
vab-1 efrdouble mutantszab-1; efndouble mutants were _ EFN-4. Residues if-strand G have also been implicated in
constructed and lethality quantitated as described in the Materials binding of vertebrate ephrin-A2 to ADAM metalloproteases
and Methods. Alvab-1; efn4 double mutants (black bars) showed (Hattori et al., 2000), suggesting that the EFN-4 insert could

significantly enhanced lethality compared with the relevant single ff h . on- h h f th
mutants (white bars). vab(0); efn-4double mutants were fully affect such an interaction; however, the sequence of the
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lethal and maintained as balanced strains of genegipd/minl metalloprotease binding site itself is poorly conserved in all
mlis14; efn-4vab-1(e2); efn-4ndvab-1(e699); efn-diouble worm ephrins. Finally, the adjacent G-H domain [Area Il by
mutants were >96% lethal, with rare escapers; among these escapefeth et al. (Toth et al., 2001)] forms the interface between
30-50% were fertile with average brood sizes of 24 and 51, ephrin monomers in the dimeric crystal structure. An
respectively. Data forab-1; efn-1double mutants, included for intriguing possibility is that a longer F-G loop might affect

comparison, are taken from Chin-Sang et al. (Chin-Sang etal.,  ephrin homo- or heterodimerization and thus could allow

1998)_.efr_172mutations significantly increasg the embryonic lethality EEN-4 to act as an inhibitory ephrin. Genetic analysis of
o7 Sneanty deciase el e0altyob IOPIATS | convin double and tiple muanis fas 1ot uncovered any
lethal phenotypes afab-1(kinasejnutations, a result that contrasts evidence _for .SUCh an antagonistic Interacthn between
with the lack of enhancement wdb-1(kinasejnale tail phenotypes ~ C- €legansephrins (S. L. M and A. D. C., unpublished). An
by efn-2(Wang et al., 1999)ab-1; efn-Touble mutants were not  alternative possibility, suggested by the apparent receptor-
significantly different fronvab-1controls. Error bars indicate the independent nature of EFN-4 function (see below), is that the
s.e.m. Differences in penetrance betweain-1andvab-1; efn insert sequence in EFN-4 promotes dimerization in the
strains were compared using ANOVA;P<0.05; **, P<0.01. absence of receptor.
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Fig. 6. Gastrulation cleft phenotypes wiab-20/Semaphorin-2dutants andnab-20 efn-4louble mutants. Frames from 4D Nomarski DIC
movies of individual embryos are shown; all embryos are shown as ventral views; times are relative to first cleavage aathar®otts
genotypes except where indicated. (A,B) Embryonic morphogenesis of represendutiz®(ev574¢mbryos. Between 180 and 280 minutes
post first cleavage, most (28/38ab-20(ev574¢mbryos displayed a disorganized gastrulation cleft that was deeper and more persistent than in
the wild type (A, outlined 230-280 minutes). Of these, about half (13/28) displayed gastrulation clefts that persistattairgihei®sure;

leading epidermal cells failed to enclose and the embryos ruptured at the ventral midline, sefldmnbotants (compare series A 330 min

with Fig. 2 series C). Sixteen percent (6/38) of animals with disorganized gastrulation clefts completed epidermal enclasrrauptured

at the two- or threefold stage. Eight percent (3/38) closed the gastrulation cleft at the onset of epidermal enclosasteduad te twofold

stage of elongation (B, 500 minutes), a phenotype not obsereéa#mutants. Twenty-three percent (9/38) of embryos displayed an enlarged
gastrulation cleft yet underwent epidermal enclosure and hatched. (C,D) Morphogenedis2if(e819); efn-4(bx8@puble mutant embryos.
Forty-five percent (16/35) of embryos displayed aberrant gastrulation clefts and either ruptured during ventral enclasQrel@erie

minutes), arrested during epidermal elongation, or hatched (series D). Cellular disorganization was evident at the tndatiai ghedt

formation (D, 180 minutes). The terminal phenotypes resembled the mostefevéoe mab-20single mutant phenotypes (C, 430 minutes)
although the gastrulation cleft was often less open thafmid(e.g. C, 230-280 minutes). Most (26/35) double mutant embryos hatched, of
which one quarter (9/35) displayed gastrulation cleft defects. Typically, the gastrulation cleft remained partly opeteiricthatahe onset of
epidermal enclosure (outlined in D, 280 minutes) and epidermal enclosure occurred normally (D, 330 minutes). Scaha.bar: 20

Evidence that EFN-4 function is not VAB-1- lethality alone) were >99% inviable, suggesting that loss of
dependent efn-4function strongly sensitizes the animal to lossalb-1
Several lines of evidence suggest that EFN-4 can functiofunction, and vice versa. We propose teft-4 and vab-1
independently of the VAB-1 Eph receptor. First, #i@-4 function in parallel pathways that perform related and partly
mutant phenotype is only partly overlapping with theredundant functions in morphogenesis. In support of this, a
vab-1/EphRnull phenotype: in particular, the penetrance ofclear synergistic interaction was also seen in double mutants
gastrulation cleft defects is significantly higher than seen ibetweenefn-4andefn-1 null mutations in either gene cause
vab-1strains. Thus, unlike the phenotypesefii-1 mutants, ~30% lethality, whereas a double mutant using null alleles was
which are weaker but otherwise indistinguishable from thos&00% inviable (S. L. M. and A. D. C., unpublished).
of vab-1, the efn-4 phenotypes are distinctly different from A third line of evidence that EFN-4 may not solely signal
those caused by loss of receptor function. via VAB-1 is the apparently low affinity of EFN-4/VAB-1

A second line of evidence is the strong synergistidnteractions (Wang et al., 1999). The affinity of the VAB-1-
interaction betweervab-1 and efn-4 mutations. Again, this EFN-4 interaction appears to be much lower than that of the
result contrasts with the other three ephrins: loss of function IMAB-1-EFN-1 interactioniq ~5 nM) (Chin-Sang et al., 1999).
efn-1, efn-2,0r efn-3 does not exacerbate the phenotypes otven if EFN-4 does signal partly via VAB-1, this would not
vab-1 null mutants, with one exception. The fully penetrantinvalidate the conclusion from genetic analysis that EFN-4 also
lethality of avab-1(0); efn-4(0O)double mutant could reflect functions in a VAB-1l-independent pathway. Genetic and
additivity (~80% lethality of aab-1null combined with ~30% phenotypic analysis suggests that EFN-2 also may have
lethality of anefn-4null), and thus does not by itself imply functions independent of VAB-1. Thus, at least two of the four
redundancy ofab-landefn-4 However, double mutants made C. elegansphrins appear to have functions that do not require
with the weakest alleles of each gene (each resulting in <10%e only knownC. elegans€ph receptor.
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A mab-20(0) mab-20  mab-20(wk) inconsistent with PTP-3 being the sole EFN-4 receptor.
. AR efn-4(0) efn-awk) Becausevab-1 ptp-3 efn-4riple mutant embryos appear only
5 slightly more defective than any corresponding double
5401 mutants, our data do not rule out a model in which EFN-4
§ 30- signals redundantly via VAB-1 or PTP-3. However, in the
£,50] absence of evidence that EFN-4 directly interacts with either
e receptor, it is equally possible that VAB-1, EFN-4 and PTP-3
1°ji_|.. ’—'_‘- define three partly redundant pathways in morphogenesis.
Third, ephrins form dimers and higher-order multimers
& (Davis et al., 1994; Toth et al., 2001). Cell culture experiments
q@,«“ e@“‘ éz&‘ v@ suggest that co-expression of EFN-4 with EFN-1 does not
B modulate the ability of EFN-1 to bind VAB-1 (I. D. C.-S. and

A. D. C., unpublished), although it could alter the specificity

*0 ) of other ephrins so that a heterodimer could interact with an

£507 B unknown receptor. Additionally, if VAB-1 does bind EFN-4,
=R the co-expression of VAB-1 and EFN-4 in some cells could
530 alter the responsiveness of VAB-1 to other ligands, as
X201 demonstrated for co-expressed ephrins and Eph receptors in
10 r_‘ vertebrate retinal neurons (Dutting et al., 1999; McLaughlin
and O’Leary, 1999).
& «vq’ & & & Finally, EFN-4 might not interact directly with any
é“ @“‘ eq,x‘ @u‘\ receptor. Recent data from several groups have suggested that
£ e . . X X .
GPI-linked ephrins, like their transmembrane counterparts,
Fig. 7. Quantitation of genetic interactions betwedn-4andmab- can also function as bidirectional Slgnal'lng prOte'n_S (Knoll
20.Penetrance of embryonic lethality (A) and larval lethality (8) in and Drescher, 2002). Vertebrate Ephrin A proteins may
mab-20(white bars) and imab-20 efn-4louble mutants (black function in reverse signaling as a consequence of their
bars). Error bars indicate the s.e.m. Differences in penetrance localization to membrane microdomains (Bruckner et al.,

betweermmab-20andmab-20; efn-4trains were compared using 1999; Davy et al., 1999; Davy and Robbins, 2000), and
ANOVA; *, P<0.05; **, P<0.01.mab-20strains exhibited 20-30% C. elegansEFN-1 has functions independent of the VAB-1
embryonic lethality depending on the allele; innadlb-20; efn-4 kinase (Chin-Sang et al., 1999). We speculate that EFN-4
strains, the penetrance of embryomc lethality was not significantly might have evolved to be able to trigger ‘reverse signaling’
different compared with theab-20single mutant. Mosab-20; pathways in the absence of receptor binding. For example, the
efn-4(_jouble mutant strains Q|§played significantly increased larval E-G 100D i t in EEN-4 miaht all it to di .
lethality, consistent with additivity of mutant phenotypes. . P Insert in =rF might afiow 1t to dimerize more
easily than other ephrins, leading to activation of pathways in
the absence of the VAB-1 receptor. Further analysis of EFN-4
. ) . . could provide insights into how GPI-linked ephrins function
How might EFN-4 signal in morphogenesis? in bidirectional signaling.
We envisage several possibilities for how EFN-4 (and possibly
EFN-2) might signal in pathways that do not require the VAB-1Eph signaling, semaphorin signaling and cell
receptor. First, a trivial possibility is that a second Eph-likeadhesion in the early C. elegans embryo
receptor may exist in the <0.5% of t@e eleganggenome as mab-26(efn-4 was proposed to function in the same genetic
yet unsequenced, or that such a receptor may be sufficienthathway as the Semaphorin 2A MAB-20, based on the
diverged that it is not recognizable using current algorithmssimilarity and non-additivity ofmab-20and mab-26 mutant
Both these possibilities seem unlikely given the extensivphenotypes in male tail morphogenesis (Roy et al., 2000).
efforts to identify worm kinases (Plowman et al., 1999) andConsistent with the previous analysis of male tail phenotypes
RTKs (Popovici et al., 1999). we find that theefn-4 and mab-20embryonic phenotypes are
Second, EFN-4 may signal via a non-Eph-like receptor. Theverlapping and show less than additive effects in double
apparent epistasis @fn-4 and mab-20 mutant phenotypes mutants. However, our analysis has not conclusively
suggests that EFN-4 could signal via a component of thestablished whetheefn-4 and mab-20 act in a common
MAB-20 pathway (see below). Vertebrate ephrins can binghathway in embryogenesis. The apparent epistagisabf20
ADAM family metalloproteases (Hattori et al., 2000); efn-4double mutants is also compatible with a model in which
EFN-4 could signal via one of th€. elegans ADAM mab-20andefn-4play opposing roles. MAB-20 is ubiquitously
metalloproteases. Mutations in one such metalloprotease, tegpressed in embryos during morphogenesis stages (Roy et al.,
kuzbanian orthologsup-17 cause complex phenotypes that 2000), rendering possible several kinds of interaction with
reflect reduction oflin-12 and glp-1 function (Wen et al., EFN-4 pathways. Although ephrin and semaphorin pathways
1997); we are currently examining whethgup-17 plays  both can function in contact-dependent repulsion of axonal
additional roles inC. elegansephrin signaling. The receptor growth cones, the consequence of reducing both pathways
tyrosine phosphatase PTP-3 also functions in parallel to VAB-gimultaneously has not been explicitly addressed, and many
in morphogenesis (Harrington et al., 2002). However, the Ptp-8ther combinatorial interactions have been observed between
and Efn-4 phenotypes are distinct, aatp-3mutations display axon guidance pathways (Yu and Bargmann, 2001). Further
strong synergistic interactions withefn-4 mutations, analysis of genetic interactions between Eph signaling and



EFN-4 functions in morphogenesis 5509

semaphorin signaling will be necessary to elucidate their iDavis, S., Gale, N. W., Aldrich, T. H., Maisonpierre, P. C., Lhotak, V.,
vivo functional relationships. Pawson, T., Goldfarb, M. and Yancopoulos, G. 01994). Ligands for the

Most functions of Eph signaling involve modulation of cell- EPH—r(—_zlated receptor ty_rosine kinases that require membrane attachment or
Il adhesion. Indeed, ephrins were first identified as conta _clustering for actiityScience268 816-819. ;
ce : » ep qf)avy, A., Gale, N. W., Murray, E. W., Klinghoffer, R. A., Soriano, P.,

dependent axon repellents in the vertebrate central nervousreuerstein, C. and Robbins, S. M(1999). Compartmentalized signaling
system (Cheng et al., 1995; Drescher et al., 1995; Nakamoto eby GPl-anchored ephrin-A5 requires the Fyn tyrosine kinase to regulate
al., 1996). Numerous studies have confirmed and extended thjgellular adhesionGenes Del3, 3125-3135.

. . . . . . avy, A. and Robbins, S. M.(2000). Ephrin-A5 modulates cell adhesion
anti-adhesive role of ephrin signaling, both in the nervou and morphology in an integrin- dependent man&&BO J.19, 5396-

system and in non-neuronal cells (Wilkinson, 2001). However, s40s5.
it is clear that in some situations ephrin/Eph signaling camrescher, U., Kremoser, C., Handwerker, C., Loschinger, J., Noda, M. and
promote cell adhesion (Klein, 2001). The cellular basis for the Bonhoeffer, F.(1995). In vitro guidance of retinal ganglion cell axons by

; ; ; RAGS, a 25 kDa tectal protein related to ligands for Eph receptor tyrosine
early embryonic defects @&. elegansEph signaling mutants Kinases Cell 82, 359-370.

remains p_oorly understood, but probably reflects alterations Il'f)utting, D., Handwerker, C. and Drescher, U(1999). Topographic targeting
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